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A number of promising approaches to fabricate nanostruc-
tured surfaces, coatings, and films have been stimulated
by opportunities to enhance the properties of surfaces and
interfaces via the combination of surface structure, morphol-
ogy, and physical and chemical properties. Such functional
nanostructured surfaces, coatings, and films are playing
an increasingly important part in a broad range of novel
applications, such as energy, electronics, advanced materials,
and biomedical applications. This special issue features one
review article and twenty-seven research articles that cover
a wide range of recent progress in design, fabrication, and
characterization of innovative nanostructured surfaces with
the aim of improving their surface properties and functional
performance, as well as new insights on physical principles
underlying their properties and enormous potential applica-
tions. Highlighted below are important contributions from
this special issue.

In this issue, the review paper presented by C. Tang et al.
thoroughly overviews recent advances in molecular design
and potential applications of self-assembling surfactant-like
peptides. A. Pogrebnjak reports structures and properties of
nanostructured (Ti-Hf-Zr-V-Nb)N coatings. X. Hou et al.
report nanocomposite coatings co-deposited with nanoparti-
cles using aerosol-assisted chemical vapour deposition. Y. C.
Ching andN. Syaminie prepare nanosilica filled polyurethane
composite coatings on polypropylene substrates. H. Li et
al. fabricate a hierarchical superhydrophobic coating with
aluminate coupling agent modified kaolin. V. C. Gonçalves
et al. report effects of polymeric protective coatings on

the optical and electrical properties of poly(p-phenylene-
vinylene) derivatives.

J. L. Tsai et al. report microstructures andmagnetic prop-
erties of FeOx/Fe/FePt and FeOx/FePt films. K. Nadarajah
et al. investigate the influence of annealing on properties of
spray deposited ZnO thin films. M. Erkovan et al. study the
resistivity of platinum and cobalt alloy thin films. İ. Kariper
and Z. Liu deposit cobalt xanthate thin films by chemical bath
deposition method. X. Huang and Z. J. Liu report a method
to prepare TiO

2
nanotube array films (NAFs) decorated with

Cu
2
O nanoparticles, which shows more the photoactive than

the undecorated TiO
2
.

D. Yu et al. report preparation and photocatalytic prop-
erties of raspberry-like TiO

2
/yeast-carbon hybrid compos-

ites. X. Zhang et al. study the photocatalytic and magnetic
behaviors of BiFeO

3
nanofibers fabricated by electrospinning.

Y. Yang et al. report the upconversion luminescence and
photodegradation performances of Pr(III)-doped Y

2
SiO
5

nanomaterials. B. Huang et al. evaluate the antitumor activ-
ities of verbascoside-coated Ni nanoparticles. S. Oh et al.
investigate effects of RGD-peptide coated TiO

2
nanotubes

on the cell attachment and proliferation. P. Slepička et al.
report the cytocompatibility of plasma and thermally treated
biopolymers. V. Q. Nguyen et al. develop a method to syn-
thesize chitin/Ag NP composites, which exhibit antibacterial
and antifungal activities.

C. K. Chen et al. fabricate free-standing ordered copper
particles using an anodic aluminum oxide (AAO) template
by amultielectrolyte-step process. S. Y. Yoon et al. present the
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liquid-phase-deposition (LPD) of silica onto the hexagonally
close-packed silica sphere monolayers. B. Liu et al. fabricate
porous structures with subspot-size under the irradiation of
picosecond laser pulses. Y. Han et al. report the fabrication
of various pyramidal structures on monocrystalline silicon
surface by wet etching techniques and investigated their
applications to the solar cells. D. Ambrożewicz et al. prepare
hydrophobic powders via surface modification of silica or
magnesium silicate with selected fluoroalkylsilanes and alkyl-
silanes. X.Hou et al. synthesize polystyrene/detonation nano-
graphite composite microspheres with the core/shell struc-
ture via Pickering emulsion polymerization. L. Klapiszewski
et al. report the preparation and characterization of multi-
functional chitin/lignin materials. J. Kavinchan et al. prepare
antimony sulfide (Sb

2
S
3
) with different morphologies by

a wet chemical method. M. Nowacka et al. prepare and
characterize TiO

2
-SiO
2
/Ph-POSS functional hybrids.

As guest editors for this special issue, we hope that this
special issue will stimulate further developments in the field
of nanostructured surfaces, coatings, and films.
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A multi-electrolyte-step (MES) anodic aluminum oxide (AAO) method was used to achieve nanochannel arrays with good
circularity and periodic structure. The nano-channel array fabrication process included immersion in a phosphoric acid solution
with a 120–150 bias voltage. Bowl-shaped structures were then formed by removing the walls of the nano-channel arrays.The nano-
channel arrays were grown from the bottom of the bowl structure in an oxalic solution using a 50V bias voltage. A comparison of
this new MES process with the one-step and five-step AAO process showed a 50% improvement in the circularity over the one-
step process. The standard deviation of the average period in the MES array was 25 nm which is less than that of one-step process.
This MES method also took 1/4 of the growing time of the five-step process. The orderliness of the nano-channel arrays for the
five-step and MES process was similar. Finally, Cu nanoparticle arrays with a 200 nm period were grown using an electroplating
process inside the MES nano-channel arrays on fluorine doped tin oxide glass. Stronger surface plasmon resonance absorption
from 550 nm to 750 nm was achieved with the MES process than was possible with the one-step process.

1. Introduction

In recent years, surface plasmon resonance (SPR) in nanopar-
ticle array has attracted a lot of attention because of the
adjustable absorption band [1, 2]. SPR assisted energy conver-
sion in dye-sensitized solar cell has also been studied [3].The
SPR effect is dependent on the shape and the arrangement of
the nanoparticles but it is not easy to achieve good circularity
and periodicity in metallic nanoparticle arrays. It has been
shown that carbon nanotubes, nanoparticles, quantum dots,
and nanopillars can be grown in nanochannel arrays utilizing
various methods for their fabrication [4]. The use of the
anodic aluminum oxide (AAO) method for the fabrication
of nanochannel arrays to nanoparticle arrays has matured
[5]. However, the positioning of the nanochannel arrays
grown using the AAO method is random making it very
difficult to control the hole quality and to form orderly arrays.
There have been some methods for growing good quality
AAO nanochannel arrays developed. They require either
an increase in circularity or improvement in the period of

the channels, so it becomes a long process [6]. For example,
in the multistep AAO process [7], channels are repeatedly
grown and removed to achieve periodic arrays. The problem
is the thickness of the raw material, Al, has to be greater than
1 𝜇m, which is too thick for the deposition of a good quality
of film. Another method involves using mixed electrolytes
to improve the circularity of the nanochannel arrays. The
limitations of this method are that the period of the arrays
that can be grown is less than 150 nm and the arrangement
of the arrays is irregular [8, 9]. A nanoimprinting method
can be applied to control and regularize the positions of
the nanochannel arrays [10], but the imprinting mold is
easily broken during the imprinting process. The use of an
atomic force microscope (AFM) for prepatterning [11] is
good, but the working area is very small. In this study a
multi-electrolyte-step (MES) method was applied to improve
the circularity and period of the arrays. The goal was to
grow orderly nanochannel arrays in a simpler and more
useful fashion. A nanochannel template was applied for the
masking of antireflectance structures on a large area [12]
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for the production of omnidirectional reflectors [13]. Finally,
periodic copper particles with larger periods were grown in
the MES nanochannel arrays on fluorine doped tin oxide
(FTO) glass and the absorption of the spectrum was in the
visible region due to SPR.

2. Definition and Simulation

Nanochannel arrays for periodic structure applications have
to be precisely ordered with a regular period and good
circularity [14, 15]. The circularity 𝑓circ of the nanochannel
arrays can be defined as follows:

𝑓circ =
4𝜋𝐴

𝑃2
, (1)

where 𝑃 is the perimeter of a hole and 𝐴 is its area. When
the circularity is 1, the hole is a perfect circle. When the
hole flattens, the circularity approaches 0. In the past, AAO
nanochannel arrays were grown in phosphoric or oxalic
acid. The results of analysis of the circularities of the holes
produced from one-step AAO processes [16–27] are shown
in Figure 1. It can be seen that it is difficult to grow good
quality arrays with a period in the range from 150 to 300 nm
in phosphoric acid using the traditional AAO method. It has
also been proven that better quality arrays can be produced
using an AAO process with oxalic acid, with most holes
being in the upper 0.8 range in circularity. We devise an
MES method designed to grow orderly nanochannel arrays
in a simpler and more useful fashion, which produces arrays
with improved circularity and periodicity. We first simulated
a 200 nm bowl structure and applied an added bias of 50V
to see if the AAO process could be applied theoretically.
The simulation results obtained by finite element analysis
are shown in Figure 2. Parkhutik and Shershulsky [28] and
Houser and Hebert [29] proposed a model that can suitably
describe the charge characteristics of an AAO electrode.This
model [30] was also used to analyze the potential distribution
inside the anode.The results in Figure 2 show the distribution
of the potential and gradient of the potential, where A
indicates the position at the top of curve S, B at the middle,
and C at the bottom.The value of the gradient of the potential
at A is higher than that at B or C. The results indicate that
the maximum oxidation reaction rate occurs at A, due to
the geometrical symmetry effect. According to the simulation
results, the highest bias occurred at the central position of
the bowl structure, with a new channel growing there due to
the electrochemical reaction.Thus, we could design a process
for the growth of large-period nanochannel arrays at lower
voltages.

3. Experiments

In the experimental process, 99.5% aluminum foils were
used as the substrates which were electropolished in an
H3PO

4
/H
2
SO
4
/di water (2 : 2 : 1) solution; the roughness of

the substrate surface could range from 30 to 13.1 nm. After
substrate cleaning, the MES process was used to grow large-
period nanochannel arrays in a 10wt% phosphoric acid at
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4∘C with the application of a bias voltage of 120–150V for
10 minutes. The process design and its images are illustrated
in Figure 3. The size of the holes was increased by chemical
dissolution in a 0.5MNaOH solution until the walls of the
nanochannels were very thin, and bowl-shaped structures
were formed by removing the walls of the nanochannel
arrays. Nanochannel arrays were grown from the bottom of
the bowl structure using a 50V bias voltage in an oxalic acid
solution for 30 minutes. It was easier to obtain nanochannels
similar in shape to the circular holes in the oxalic acid
solution than in the phosphoric acid solution. The results of
the one-stepAAOprocesswere comparedwith theMESAAO
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H3PO4 electrolyte NaOH solution H2C2O4 electrolyte

(a) Large period growing (b) Bowl-shaped structure (c) The second growing at 50 volts
at 120–150 volts

Figure 3: Nanochannel arrays with a large period growing at 120–150 volts and the second growing at 50 volts.

results. The one-step process involved growth in a 10wt%
phosphoric acid with a voltage of 120–150V for 30 minutes.
The holes increased in size to 0.5M when the NaOH solution
was used. The one-step process was repeated five times (five-
step process); the results are also discussed in our study. It
should be noted that these are the usual methods that have
been used for the orderly growth of arrays in other studies.
After this comparison, 300 nm Al films were coated onto
FTO glass after cleaning it with alcohol and acetone, and
nanochannel arrays were grown using the one-step and MES
process. Cu particles with a 200 nm period were grown at
a bias voltage 1V in the 0.05MCuSO

4
solution utilizing an

electroplating process, after which the AAO nanochannel
arrays were removed by chemical dissolution. Finally, the
spectra of the Cu nanoparticle arrays were measured by an
integrating sphere spectrometer, where the scattered light
could be collected by the integrating sphere. Then the
absorption would be calculated. All of the chemicals used
in the experiments were obtained from the Echo Chemical
Co.

4. Results and Discussion

Analysis of the scanning electron microscope (SEM) images
of nanochannel arrays grown through the traditional one-
step and five-step processes and the MES AAO process was
carried out. Figures 4(a)–4(d) show the nanochannel arrays
produced after only 30 minutes of growth with the one-
step process, with voltages of 120V to 150V. The positions

of the channels in the arrays thus grown are nonuniform,
and the hole sizes are not orderly. It can be seen in Figures
4(e)–4(h) that the nanochannel arrays grown by the five-step
process are more orderly than those grown with the one-
step process, but the process took about 3 hours. Figures
4(i)–4(l) show the nanochannel arrays grown with the MES
process at voltages of 120–150V. The interpore distance
of the nanochannel arrays increased following an increase
in the bias voltage from 120 to 150V. The hole sizes of
the nanochannels produced during the five-step and MES
processes were larger than those produced in the one-step
AAO process. The interpore distance also increased slower
with the MES process than with the five-step process, being
similar to that obtained from the one-step AAO process, as
can be seen in Figure 4.We compared the circularity obtained
with the MES, one-step, and five-step AAO methods, as
determined by (1). The distribution curves for the circularity
are shown in Figure 5. Analysis shows that the highest peak
in Figure 5 is obtained for a circularity of 0.85–0.9 obtained
with 120–150 volts in MES. It was found that the circularity
in the nanochannel arrays grown using the one-step AAO
process (120–140V) was less than 50% (ranging from 0.8
to 1.0) of that obtained with the five-step or MES methods.
Using the MES AAO process, we were able to produce larger
numbers of nanochannel arrays with good circularity at 120–
150V. Furthermore, the MES AAO process could grow more
passable nanochannel arrays than with the one-step AAO
process at 120–140V. As a result, we could achieve a high
ratio of circularity and uniform nanochannel arrays with
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(a) (b)

One-step

(c)

2𝜇m

(d)

(e) (f)

Five-step

(g)

2𝜇m

(h)

(i) (j)

MSE

(k)

2𝜇m

(l)

Figure 4: Nanochannel arrays grown with the one-step process at voltages of (a) 120, (b) 130, (c) 140, and (d) 150V; five-step at voltages of
(e) 120, (f) 130, (g) 140, and (h) 150V; and the MES process at voltages of (i) 120, (j) 130, (k) 140, and (l) 150V.

Table 1: The standard deviations and periods of nano-channel
arrays produced at 120–150V by the one-step, five-step, and MES
processes.

Bias One-step Five-step MES
120V 202 ± 92 nm 213 ± 22 nm 233 ± 18 nm
130V 232 ± 54 nm 282 ± 25 nm 256 ± 17 nm
140V 261 ± 84 nm 332 ± 15 nm 292 ± 15 nm
150V 280 ± 31 nm 358 ± 19 nm 312 ± 23 nm

theMES AAO process. In addition, theMES arrays had good
circularity with a larger period compared to those obtained
with the other methods, as can be seen (triangle dots) in
Figure 1.

The Fast Fourier Transform (FFT) method was used to
analyze the average period and the standard deviation of
period which is the distance between the interpore centers.
The positional shift for the one-step process was larger than

50 nm at 120–140V, but less than 25 nm at 120–150V for
the five-step and MES processes, as shown in Figure 6. The
results prove that theMESmethod was able to produce better
periodic nanochannel arrays than the one-step method with
a shorter growing time, allowing for a large-period design;
see Figure 6. The average period for the one-step, five-step,
and MES processes was also analyzed. In the five-step AAO
process, the period increased slowly from 202 to 280 nm,
then more quickly from 213 to 358 nm, while in the MES
process the period increased from 233 to 312 nm, as shown
in Table 1. This method had the advantage of increasing the
period by repeating the growth steps. Figures 7(a) and 7(b)
show Cu nanoparticle arrays with a 200 nm period grown
on FTO glass by the electroplating process with the one-step
andMESnanochannel processes.Thediameters of the copper
particles were between 100 and 150 nm with 120–150 volts
in one-step and between 150 and 225 nm in MES process.
We can find that the Cu nanoparticle array has better period
and circularity in Figure 7(b) than in Figure 7(a). Figure 8
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Figure 5: Circularity analysis for the one-step, five-step, and MES processes with 120–150V.
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Figure 6: Average periods of AAO nanochannel arrays with a standard deviation (s.d.) at 120–150V for the one-step, five-step, and MES
AAO processes.

shows the absorption spectra of the Cu nanoparticle arrays
grown with the one-step and the MES AAO processes. The
results show that the SPR absorption from 550 nm to 750 nm
is stronger for the arrays producedwith theMES process than
with the one-step process.

5. Conclusion

This study proves that more orderly periodic nanochannel
arrays can be produced with an MES process combining two
electrolytes of phosphoric acid and oxalic acid. The analysis
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shows better circularity of 0.85–0.9 with 120–150V in the
MES process, with a standard deviation of the average period
of less than 25 nm. The advance in the development of
orderly nanochannel arrays with the MES method is similar
to that achieved with the longer five-step process. Finally, Cu
nanoparticle arrays with a period of 200 nm were grown in
AAO templates on FTO glass using the MES process. The
SPR absorption ranged from 550 nm to 750 nm, stronger than
with the one-step process.

Acknowledgment

The authors would like to thank the National Science Council
of Taiwan for their financial support of this research under

Contract nos. NSC 101-2221-E-008-052 and 101-3113-P-008-
009.

References

[1] S. Linic, P. Christopher, and D. B. Ingram, “Plasmonic-metal
nanostructures for efficient conversion of solar to chemical
energy,” Nature Materials, vol. 10, no. 12, pp. 911–921, 2011.

[2] J. F. Sanchez-Ramı́rez, “Preparation and optical absorption
of colloidal dispersion of Au/Cu nanoparticles,” Superficies Y
Vacio, vol. 15, pp. 16–18, 2002.

[3] B. Ding, B. J. Lee, M. Yang, H. S. Jung, and J. K. Lee, “Surface-
Plasmon Assisted Energy Conversion in Dye-Sensitized Solar
Cells,”Advanced EnergyMaterials, vol. 1, no. 3, pp. 415–421, 2011.

[4] R.-L. Zong, J. Zhou, B. Li, M. Fu, S.-K. Shi, and L.-T. Li, “Optical
properties of transparent copper nanorod and nanowire arrays
embedded in anodic alumina oxide,” Journal of Chemical
Physics, vol. 123, no. 9, Article ID 094710, 2005.

[5] Y. Zhang, W. Xu, S. Xu, G. Fei, Y. Xiao, and J. Hu, “Optical
properties of Ni and Cu nanowire arrays andNi/Cu superlattice
nanowire arrays,”Nanoscale Research Letters, vol. 7, no. 1, p. 569,
2012.

[6] C.-K. Chung, T. Y. Liu, and W. T. Chang, “Effect of oxalic
acid concentration on the formation of anodic aluminum oxide
using pulse anodization at room temperature,” Microsystem
Technologies, vol. 16, no. 8-9, pp. 1451–1456, 2010.

[7] C. Y. Han, G. A. Willing, Z. Xiao, and H. H. Wang, “Control
of the anodic aluminum oxide barrier layer opening process by
wet chemical etching,” Langmuir, vol. 23, no. 3, pp. 1564–1568,
2007.

[8] Y. Jia, H. Zhou, P. Luo, S. Luo, J. Chen, and Y. Kuang,
“Preparation and characteristics of well-aligned macroporous
films on aluminum by high voltage anodization in mixed acid,”
Surface and Coatings Technology, vol. 201, no. 3-4, pp. 513–518,
2006.

[9] S. Shingubara, K. Morimoto, H. Sakaue, and T. Takahagi,
“Self-organization of a porous alumina nanohole array using a
sulfuric/oxalic acid mixture as electrolyte,” Electrochemical and
Solid-State Letters, vol. 7, no. 3, pp. E15–E17, 2004.



Journal of Nanomaterials 7

[10] C. Y. Liu, A. Datta, and Y. L. Wang, “Ordered anodic alumina
nanochannels on focused-ion-beam-prepatterned aluminum
surfaces,”Applied Physics Letters, vol. 78, no. 1, pp. 120–122, 2001.

[11] S. Shingubara, Y. Murakami, K. Morimoto, and T. Takahagi,
“Formation of aluminum nanodot array by combination of
nanoindentation and anodic oxidation of aluminum,” Surface
Science, vol. 532–535, pp. 317–323, 2003.

[12] S. H. Chan, C. K. Chen, S. Z. Tseng, C. H. Hsu, and W. H.
Cho, “Atomic layer deposition of aluminum-doped zinc oxide
films for the light harvesting enhancement of a nanostructured
silicon solar cell,”The Journal of Vacuum Science and Technology
A, vol. 31, no. 1, pp. 01A125–01A128, 2013.

[13] C. K. Chen, Y. C. Huang, C. C. Lee, and S. H. Chen, “Omni-
directional reflectors for UV LED using symmetric autocloning
method,” Optical Review, vol. 20, no. 2, pp. 141–144, 2013.

[14] I. Cavarretta, C. O’Sullivan, and M. R. Coop, “Applying 2D
shape analysis techniques to granularmaterials with 3D particle
geometries,” in Proceedings of the 6th International Conference
on Micromechanics of Granular Media, Powders and Grains
2009, pp. 833–836, July 2009.

[15] A. P. Z. Stevenson, D. B. Bea, S. Civit, S. A. Contera, A.
I. Cerveto, and S. Trigueros, “Three strategies to stabilise
nearlymonodispersed silver nanoparticles in aqueous solution,”
Nanoscale Research Letters, vol. 7, pp. 151–158, 2012.

[16] O. Sanz, F. J. Echave, J. A. Odriozola, and M. Montes, “Alu-
minum anodization in oxalic acid: controlling the texture of
Al
2
O
3
/Al monoliths for catalytic aplications,” Industrial and

Engineering Chemistry Research, vol. 50, no. 4, pp. 2117–2125,
2011.

[17] A. Belwalkar, E. Grasing, W. Van Geertruyden, Z. Huang,
and W. Z. Misiolek, “Effect of processing parameters on pore
structure and thickness of anodic aluminum oxide (AAO)
tubular membranes,” Journal of Membrane Science, vol. 319, no.
1-2, pp. 192–198, 2008.

[18] K. Ersching, E. Dorico, R. C. da Silva et al., “Surface and
interface characterization of nanoporous alumina templates
produced in oxalic acid and submitted to etching procedures,”
Materials Chemistry and Physics, vol. 137, pp. 140–146, 2012.

[19] A. P. Li, F. Muller, A. Birner, K. Nielsch, and U. Gosele,
“Fabrication andmicrostructuring of hexagonally ordered two-
dimensional nanopore arrays in anodic alumina,” Advanced
Materials, vol. 11, no. 6, pp. 483–487, 1999.

[20] H. Masuda, H. Yamada, M. Satoh, H. Asoh, M. Nakao, and T.
Tamamura, “Highly ordered nanochannel-array architecture in
anodic alumina,” Applied Physics Letters, vol. 71, no. 19, pp. 10–
12, 1997.

[21] A. P. Li, F. Müller, and U. Gösele, “Polycrystalline and
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Verbascoside (VB) has attracted a great deal of attention due to ITS pharmacological properties. In our study, we synthesized a
multifunctional verbascoside coated Ni nanoparticles (VB-Ni). Transmission electron microscopy (TEM) and high performance
liquid chromatography (HPLC) display the characteristics of VB-Ni nanoparticles. Compared with VB, VB-Ni has been proven to
induce apoptosis and resist the growth of doxorubicin-resistant K562 cells in vitro and in vivo. Thus, VB-Ni nanoparticles can be
thought of as an ideal mode of cancer treatment.

1. Introduction

Cancer is quickly becoming the leading cause of death
worldwide [1]. Nickel nanoparticles (Ni NPs) have been
applied in a wide range of fields due to their unique structure
and properties [2–6]. Over the past decades, nanoparticles
have been increasingly applied in clinical diagnoses and
cancer therapy with promising and far-ranging prospects
in the medical fields. Increasing interest in the applica-
tion of nanotechnology for cancer therapy has been noted
[7–10]. Previous phytochemical studies have demonstrated
that flavonoids and phenylpropanoid glycosides are major
bioactive constituents of the Tsoong herb (Chinese name:
Banchunmaxianhao, BCM) [11]. Among these constituents,
VB has attracted a great deal of attention due to its phar-
macological properties [12–17]. Its properties include hep-
atoprotective, anti-inflammatory, antitumor, cytotoxic, and
antioxidant activities [18–20].

In recent years, many studies on the therapeutic effect
of drug-loaded nanoparticles have become a hot spot

[21, 22]. Based on the above considerations, we have verified
the biological effects of VB-Ni nanoparticles on treating
cancer cells [23, 24]. These observations indicate their great
potential in clinical and biomedical applications.

2. Materials and Methods

2.1. Materials. BCM were collected from Gangcha, QingHai,
China, and identified by Professor Li-Juan Mei (Northwest
Institute of Plateau Biology, Chinese Academy of Sciences).
Materials used for HPLC analysis were of analytical grade.

2.2. Cell Culture. K562 cells were purchased from Tianjin
Institute of Hematology and cultured in Dulbecco’s Mod-
ification of Eagle’s Medium (DMEM) supplemented with
10% FBS (GIBCO) and penicillin (100U/mL)/streptomycin
(100mg/mL) at 37∘C in a 5% CO

2
, water-saturated atmo-

sphere. To test the function of VB-Ni, VB-Ni, or VB was
added to K562 cells in the same concentration. Cells were
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observed by microscope after 48 or 72 h treatment, using
DNA Ladder to detect the apoptosis of cells.

2.3. Extract VB from BCM Plant. BCM (500 g) were pow-
dered and extracted three times with 70%EtOHunder reflux.
After concentration under vacuum, the residues were sus-
pended in distilled water and extracted with light petroleum,
EtOAc, and n-butanol, respectively. The n-butanol solutions
were evaporated to dryness under vacuum at 70∘C to generate
n-butanol extract, which was loaded on silica gel column
and eluted with various proportions of a mixture of chlo-
roform :methanol. The chloroform :methanol (3 : 1) fraction
was concentrated to produce crude sample for subsequent
high-speed counter-current chromatography (HSCCC) iso-
lation and purification. With a two-phase solvent sys-
tem composed of chloroform : n-butanol :methanol : water
(4 : 3 : 4 : 5, v/v), the crude sample was separated to yield
VB.

2.4. Preparation of Drug-Loaded Ni Nanoparticle. We mixed
2mgVB and 30mgNi nanoparticles with ddH

2
O in nitrogen

environment. Then, we separated the final product from the
mixture solution by magnet, washed them for three times,
and added 300mL distilled water to suspend. Finally, VB-
Ni nanoparticles were measured by transmission electron
microscope (TEM).

2.5. DNA Fragmentation Assay. K562 cells were incubated
with VB, Ni, or VB-Ni for 24 h, 48 h, and 72 h, respectively.
The untreated cells served as controls. DNA was extracted
from K562 cells using Apoptotic DNA ladder isolation kit
(Yuan Ping Hao Biotechnology Co., Ltd, Beijing, China),
and then loaded onto 1% agarose gel. The DNA ladders
stained with ethidium bromide were visualized under UV
light.

2.6. Acridine Orange/Ethidium Bromide (AO/EB) Staining
to Detect Apoptosis. K562 cells were incubated with VB-
Ni for 48 h or 72 h. To stain apoptotic cells, the cells were
trypsinized for 5min before adding 1𝜇L of AO/EB dye
mixture (100 𝜇g/mL acridine orange and 100 𝜇g/mL ethidium
bromide) to each well. Then, cells were viewed under the
fluorescent light microscope.

2.7. Experimental Animals. The female mice (6-week old)
were purchased from the Animal Feeding Farm of National
Institute for the Control of Pharmaceutical and Biological
Products (China). All K562 tumor C57 mice were housed
in the animal facility, and animal experiments, (1) control
(𝑛 = 3), (2) VB (𝑛 = 5), (3) VB-Ni plus a magnet fixed under
skin close to the tumor site (𝑛 = 5), that were conducted
followed the guidelines by the Animal Research Ethics Board
of Nanjing Medical University. Animals were kept in the
facility with free access to food and water. Injection was
intravenously administered by tail vein at days 0, 2, 4, 6, 8, 10,
12, 14, 16, and 18.The tumor volumeofmicewasmeasured and
calculated at the 20th day after treatment. The tumor volume

Figure 1: TEM images of VB-Ni nanoparticle. TEM image of an
individual nanocrystal of VB-Ni.

calculation was performed using the formula (𝜋 × long axis
× short axis × short axis)/6.

3. Results

3.1. Synthesis and Characterization of VB-Ni Nanoparticles.
In our previous study, the structure of VB has been identified
and synthesized through HPLC analysis. And the NMR data
of VB was in agreement with published data [25]. Herein, we
further measured the size of VB-Ni nanoparticle, which was
synthesized successfully by mixed 2mg VB with 30mg Ni in
solution. As shown in Figure 1, the average diameter of VB-
Ni nanoparticle was about 10 nm in TEM image. The size of
VB-Ni nanoparticles was about 15 nm in cell culture medium
through particle sizer analysis, which was relatively uniform
and stable (unpublished data).

3.2. The Effects of VB-Ni in Recipient K562 Cells. Many
researchers including us have reported that VB components
can increase the apoptosis and inhibit the growth of cancer
cells in vitro and in vivo [26]. As a new nanoparticle, we
also determined the effect of VB-Ni in doxorubicin-resistant
K562 cells. Firstly, K562 cells were incubated for 24 hours
with the same concentration of VB and VB-Ni. We found
that the apoptosis level was higher in VB-Ni group than
VB group (Figures 2(A), 2(b), and (c)). However, to study
the relationship between time and the enhanced effect of
apoptosis in K562 cells, we treated the cells with VB-Ni
at different time points. We further detected the apoptosis
level of K562 cells after treatment of VB-Ni. The result
demonstrated that the apoptosis rate of K562 cells was further
enhanced after 72 h treatment than 24 h (Figures 2(A) and
(d)). Consistent with our hypothesis, VB-Ni was effective to
increase the apoptosis of cancer cells. Besides, we observed a
similar inhibitory effect of VB-Ni on viability or survival in
K562 cells through MTT assay (Figure 2(B)).

3.3. FluorescenceMicroscopic Assay of Apoptosis in K562 Cells.
In order to further determine the apoptosis effect of VB-Ni,
next, we treatedK562 cells withVB-Ni.UsingAO/EB staining
for apoptotic cells, apoptotic nuclei were identified by their
characteristic features such as chromosomal condensation,
distinctively marginated, and fragmented under fluorescence
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Figure 2: The effects of VB-Ni in recipient K562 cells. (A) K562 cells were treated with or without VB-Ni, VB for 48 h or 72 h, and then
observed under microscopy. (a) Microscopy image of normal K562 cells. (b) K562 cells were treated with VB for 48 h. (c) K562 cells were
treated with VB-Ni for 48 h. (d) K562 cells were treated with VB-Ni for 72 h. (scale bar = 100 nm). (B) MTTmeasurement of cellular survival
in K562 cells treated with VB or VB-Ni.

microscope. We found that the apoptotic nuclei in K562 cells
treatment with VB-Ni (Figures 3(c) and 3(d)) were emerged
compared with normal control (Figures 3(a) and 3(b)).

3.4. DNA Fragmentation Experiments. To figure out whether
the cell growth inhibition was caused by the apoptotic
response, theDNA fragmentationswere examined by agarose
gel electrophoresis.WhenK562 cells were treatedwithVB-Ni
or VB (Figure 4), the intensity of fragmented chromosomal
DNA bands was much higher than that observed from cells
untreated (Figure 4, lanes 1 and 2, resp.) in a fixed time
interval (i.e., 24 h (a), 48 h (b), and 72 h (c)). The formation
of DNA ladders was clearly present after treatment with
VB-Ni (Figure 4, lane 1) but was only weakly discernible
when the cells were treated with VB (Figure 4, lane 2). Our

observations support the hypothesis that the remarkable
enhancement of apoptosis was induced by the synergistic
effect of VB-Ni nanoparticles on K562 cells.

3.5. VB-Ni Inhibits the Tumor Growth In Vivo. We next
tested whether delivery of VB-Ni can efficiently suppress
the implanted tumor growth in mice. In this experiment,
C57 mice were subcutaneously implanted with K562 tumor
cells.Mice were intravenously injectedwith different reagents
every other day. After 20 days, the treatment with VB-Ni
effectively reduced the volume (Figures 5(a) and 5(b)) or
weight (Figure 5(c)) of the implanted tumors compared with
VB-treated control. These data strongly suggest that the VB-
Ni can transfer Ni into the mouse implanted tumor cells, in



4 Journal of Nanomaterials

(a) (b)

(c) (d)

Figure 3: Fluorescence detection of the apoptosis of K562
cell. Detect the normal and apoptotic K562 cells by Acridine
orange/ethidium bromide (AO/EB) staining. (a) Early apoptotic
nuclei of normal control K562 cells were observed. (b) Later
apoptotic nuclei of normal control K562 cells were observed. (c)
Early apoptotic nuclei of treatment K562 cells with VB-Ni were
observed. (d) Later apoptotic nuclei of treatmentK562 cells withVB-
Ni were observed (400x). (bar = 10𝜇m).

which Ni with VB suppresses the tumor cell growth (plus a
magnet fixed under skin close to the tumor site).

4. Discussion

In this study, we demonstrated that a combination of verbas-
coside (VB) and Ni where the VB is bound to Ni surface by
electrostatic interaction will suppress the growth of tumor
cells. Compared with VB-Ni, the same or even higher con-
centration of VB did not cause a significant reduction in cell
viability in K562 cells. However, when K562 cells were treated
with VB-Ni, we observed a remarkable enhancement of cell
growth inhibition (Figure 2).The results strongly suggest that
the VB-Ni nanoparticles can induce cell growth inhibition of
K562 cell in vitro.

Two major types of cell death are recognized: apoptosis
and necrosis [27]. Apoptosis is a regulated process that
can be triggered by different stimuli and is mediated by
a cascade of enzymes. Necrosis is a catastrophic form of
cell death which does not involve the regulated action of
enzymes. Studies have demonstrated that the presence of
smaller DNA fragments is believed to reflect the release
of nucleosomes from apoptotic cells and higher molecular
weight DNA molecules are believed to reflect release from
necrotic cells. Apoptosis results in fragmentation of cells
into apoptotic bodies which are engulfed by neighboring
cells and macrophages. However, uptake of necrotic cells

(a) (b)

(c) (d)

Figure 4: DNA fragmentation in K562 cells after different treat-
ments. Genomic DNA was extracted from K562 cells treated with
various regents using Apoptotic DNA ladder isolation kit and then
loaded onto 1% agarose gel. Then, DNA ladders were visualized
under UV light with ethidium bromide staining. (a) K562 cells were
treatedwithVB-Ni (lane 1), VB (lane 2), or control (lane 3) treatment
for 24 h. (b) K562 cells were treated with VB-Ni (lane 1), VB (lane 2),
or control (lane 3) treatment for 48 h. (c) K562 cells were treatedwith
VB-Ni (lane 1), VB (lane 2), or control (lane 3) treatment for 72 h. (d)
Normal K562 cells.

has been reported to be less efficient than phagocytosis of
apoptotic cells. So active anticancer drugs which induce
apoptosis in malignant cells should be a main way to clinical
antitumor. Interestingly, we found that VB-Ni can induce
K562 cell apoptosis with a rate significantly higher than that
of VB, or Ni alone treatment in vitro. Moreover, we analyzed
the cells apoptosis morphology from various assays, nuclei
staining. When cells were treated with VB-Ni, they exhibited
characteristic morphological features of apoptosis, such as
chromosomal condensation and DNA fragment.

As the above results illustrated, we recognized the evi-
dence of apoptosis of cancer cells in vitro. It is possible that
VB-Ni could play a critical role in inducing apoptosis in vivo.
The tumor growth in group 3 mice (treated with VB-Ni)
(Figure 5(b)) was suppressed most efficiently.
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Figure 5: Inhibit the tumor growth in K652/ADM mice with VB-
Ni treatments. (a) and (b) Tumor volumes in mice treated with
various regents. Cancer cells were injected into the abdominal area
of mice (plus a magnet fixed under skin close to the tumor site).
When the tumors reached a minimal size of 300mm3, mice were
divided to 3 groups with 3–5 mice in each group.The mouse groups
received various reagents every other day by tail-vein injections. (c)
The weight of tumor in (a).

5. Conclusion

In summary, in the current study, we have investigated the
synergistic effect of Ni with the anticancer drug verbascoside
(VB) on the induction of apoptosis of K562 cell. Our obser-
vations demonstrate that Ni readily facilitated the uptake of
the VB into K562 cells by electrochemical assay. Apoptotic
staining and DNA fragmentation further demonstrate that
treatment of VB-Ni can clearly activate apoptosis in K562
cells. Moreover, our in vivo study indicates that the treatment
of VB-Ni effectively inhibited the mice tumor growth. The
increased cell apoptosis rate was closely correlated with the
enhanced inhibition of tumor growth in the studied animals
(plus amagnet fixed under skin close to the tumor site).Thus,
VB-Ni may serve as a novel strategy to sensitively track the
respective cancer cells for efficient cancer chemotherapy.
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Zinc Oxide (ZnO) thin films were deposited on glass substrates via the spray pyrolysis technique. The films were subsequently
annealed in ambient air from 300∘C to 500∘C. The morphology and structural properties of the thin films were studied by field
emission scanning electron microscope (FESEM), atomic force microscopy (AFM), and X-ray diffractometry (XRD) techniques.
Electrical resistivity of the thin films was measured using a data acquisition unit. The optical properties of the films were
characterized by UV-vis spectroscopy and photoluminescence (PL) technique. X-ray diffraction data showed that the films were
grown in the (002) direction with a hexagonal wurtzite structure. The average grain size ranged from 15 to 27 nm. Increasing
annealing temperatures resulted in larger grain sizes and higher crystallinity, with the surface roughness of annealed films being
more than twice if compared to unannealed film. The electrical resistivity of the films decreased with the increasing annealing
temperature.TheUV and visible band emissions were observed in the photoluminescence spectra, due to exciton and defect-related
emissions, respectively. The transmission values of the films were as high as 90% within the visible range (400–700 nm).

1. Introduction

Currently, ZnO nanomaterials are being applied in electron-
ics, photonics, catalysis, lighting, and chemical sensing. It
is well known that ZnO exhibits many favorable properties,
such as high chemical stability, wide bandgap of 3.37 eV,
high exciton binding energy of 60meV, and abundance
in nature, and is also regarded as nontoxic [1, 2]. High-
quality ZnO films aremainly fabricated by using physical and
chemical methods. The physical methods include sputtering
[3], molecular beam epitaxy [4], and laser ablation [5], while
the chemical method includes spray pyrolysis [6], chemical
vapor deposition (CVD) [7], sol-gel [8], spin coating [9], dip
coating [10], and electrodeposition [11]. Most of the methods
mentioned in the literature are not ideally suited for large
area coatings. However, the spray pyrolysis method is one
of the best methods to produce large area coatings based
on the previous studies [3–11]. Additionally, it is simple,
has low temperature deposition, is cost-effective, has good
adhesion between films and substrate, and demonstrates

uniform particle distribution, high purity, and excellent
optical properties [12]. Some of the main factors affecting the
properties of the film that uses spray pyrolysis technique are
chemical solution (chemical composition, concentration),
the distance between the substrate and atomizer interac-
tion during film deposition, spray temperatures, substrate
homogeneity, annealing conditions, and spray rates [13].
The spray pyrolysis method is efficient in producing thin
film, multilayer film, thick film, and porous film on an
inexpensive substrate [12]. Several oxides, such as ZnO [14],
CdO [15], TiO

2
[16], SnO

2
[17], NiO [18], and Bi

2
O
3
[19],

have been deposited using a spray pyrolysis method. This
technique involves a water/alcohol solution of metal salts
sprayed onto a heated substrate, followed by allowing it to
decompose into an oxide film. The formation of oxide due
to the decomposition reaction is thermodynamically feasible
and leaves no residue on other reactants. The substrate
temperature strongly affects film morphology. By increasing
the temperature, the film’s morphology can be changed
from a cracked to a porous structure [20]. The types and
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Figure 1: Schematic diagram of spray pyrolysis experimental setup.

concentrations of precursor and additive elements are other
vital variables that influence the properties and structure [21].
The unannealed spray deposited film has high resistivity, low
roughness, and less transparency due to its low crystallinity
and the presence of organic residues [22–24]. The properties
of the unannealed film can be enhanced due to the thermal
annealing, plasma treatment, and laser treatment [25, 26]. Of
these options, the thermal annealing is one of the simplest
and effective ways to treat the spray deposited films. The
thermal annealing temperatures, time, and various gaseous
environments influence films and structural defects in the
materials. During the thermal annealing process, dislocations
and other structural defects in the material, adsorption, or
decomposition are retained on the surface; therefore, the
structure and the stoichiometric ratio of the material are
altered [27]. Oxygen interstitials, zinc interstitials, oxygen
vacancies, zinc vacancies, and excess oxygen are common
defects found in deposited ZnO films. Zinc interstitial and
oxygen vacancies are the most common defects [28, 29].

Nunes et al. [30, 31] reported the deposition of ZnO thin
films using zinc acetate as a precursor. Their work reported
the structural, optical, and electrical properties of undoped
and doped ZnO thin films under different conditions. Yoon
and Cho [32] demonstrated the synthesis of ZnO thin films
using a zinc acetate dihydrate as a precursor. Their work
reported on the effects of different substrate temperatures
and heat treatments on the luminescence properties of ZnO
film. Ayouchi et al. [33] also synthesized ZnO thin films
using zinc acetate precursor and described the effects of
substrate temperature and the physical properties of ZnO
thin films. Despite our knowledge of various influences
on film structure, the effects of annealing temperature on
the ZnO films prepared by spray pyrolysis are unknown.
In this study, the effects of annealing on the structural,
morphological, electrical, optical, and photoluminescence
behavior of ZnO films are investigated.

2. Experimental

2.1. Sample Preparation. The ZnO thin films were deposited
on glass and Si substrates using spray pyrolysis techniques.
The substrates were ultrasonically cleaned in methanol and
acetone for 20 minutes and then immersed into 0.1M HCl
for 12 hours to remove the ionic contamination and metal
residues. These substrates were rinsed with deionized water
and dried in ambient air prior to the deposition. 0.1M zinc
acetate (Zn (C

2
H
3
O
2
)
2
99.9%purity SigmaAldrich) was used

as a precursor. A 2mL acetic acid was added to the ethanol
to assist in the complete dissolution of the zinc acetate. A
schematic diagram of the spray pyrolysis system is illustrated
in Figure 1. The precursor solution was atomized into fine
uniform droplets on the heated substrate using the spray
gun which is connected with nitrogen gas. The substrate was
heated to 250∘C during the deposition process.The outlet gas
pressure was kept constant at 30 psi. The distance between
the substrate and target was kept at 100mm, and spray rate
was 30 sec. After spraying, the deposited films were annealed
in ambient air from 300∘C to 500∘C for 120 minutes. The
annealing temperature was conducted until 500∘C in this
study since further increase of the temperature would cause
the bending of the soda-lime glass substrate.

2.2. Characterization of Film. The morphologies of the
film and grain size were studied with a Zeiss Ultra-60
field emission scanning electron microscopy (FESEM). The
roughness and surface morphology were evaluated using an
Ambios 4500 model atomic force microscope (AFM). Film
crystallinity was characterized by Bruker X-ray diffraction
(XRD) with CuK𝛼 radiation. The electrical resistivity of the
film was measured using data acquisition unit. The film
thickness was measured using KLA Tencor surface profile.
The crystalline quality of the filmwas studied using Renishaw
inVia Raman spectroscope with a He-Cd laser at 325 nm.
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Figure 2: FESEM images of ZnO thin film deposited on Si substrate (a) unannealed, (b) annealed at 300∘C, (c) annealed at 400∘C, and (d)
annealed at 500∘C.

Optical transmission spectra were characterized using a
double beam UV-vis spectrophotometer (Cary 50) in the
wavelength range of 300–800 nm.

3. Results and Discussion

3.1. Surface Morphology Study of Films by FESEM. Figure 2
illustrates the surface morphologies of the films before and
after annealing (300∘C and 500∘C) process. It appears that
the grain size andmorphology of the films improved with the
increasing annealing temperatures. The FESEM micrograph
shows that the unannealed films are not compact and have
very small crystallites on Si substrate, which occur due to
incomplete intermediate products from the spray pyrolysis
technique. The well-defined round shapes of the grains are
observed in the film at an annealing temperature of 300∘C.
A 30 nm average grain size of ZnO films is achieved when
the annealing temperature reaches 500∘C. The grain size
increases with the increase in the annealing temperatures,
due to reduction of grain boundaries in ZnO thin film [34].

3.2. AFM Morphology Study of Films. Figures 3(a) to 3(c)
show the AFM images with the corresponding rms value
of unannealed and annealed ZnO thin films grown on Si
substrates. For the unannealed films (Figure 3(a)), the result
exhibits less elongated grains over the surface. Figures 3(b)

and 3(c) display fine grains that exhibit greatly improved
vertical alignment (nanotips-like morphology) than the
unannealed films,which is consistentwith the FESEMresults.
The surface roughness of the ZnO film is determined using
AFM software. The rms roughness value can be estimated
using the following formula [35]:

𝑅 (rms) = (
∑
𝑁

𝐼=1
(𝑍
𝑖
− 𝑍avg)

2

𝑁
)

1/2

, (1)

where 𝑁 is the number of points, 𝑍
𝑖
is the 𝑖th point of

Z, and 𝑍avg is the average value of the 𝑍. The unannealed
film roughness is 2.1 nm. After being annealed at 300∘C,
400∘C, and 500∘C, the film’s roughness increased to 4.3 nm,
5.4 nm, and 5.6 nm, respectively. The measurements of sam-
ples revealed that the average roughness of annealed films
increased compared to that of the unannealed film. As a
result of this, the annealing temperature enhances elongated
grains over the surface of the film, which leads to the slight
increase of surface roughness. Tong et al. [36] have reported
that an increase of roughness is suitable for the growth of ZnO
nanowires on ZnO thin films.

3.3. Structural Studies of Films. The phase composition of
ZnO thin films is determined using XRD at room temper-
ature, with monochromatic CuK𝛼 (𝜆 = 0.15406 nm). The
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Figure 3: AFM images of ZnO thin film deposited on Si substrate (a) unannealed, (b) annealed at 300∘C, (c) annealed at 400∘C, and (d)
annealed at 500∘C.
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Figure 4: XRD pattern of ZnO thin film on Si substrate (a)
unannealed, (b) annealed at 300∘C, (c) annealed at 400∘C, and (d)
annealed at 500∘C.

intensity data is collected over a range of 2𝜃, from 30∘ to 70∘,
with a scan rate of 0.03 deg/s. The XRD spectra of the spray
pyrolysis deposited unannealed and annealedZnOfilms on Si
substrate are illustrated in Figure 4. ZnOdiffraction peaks are
indexed as (100), (101), (002), (102), (110), (103), and (112)
for corresponding peak positions of 31.766∘, 34.419∘, 36.251∘,
47.536∘, 56.591∘, 62.852∘, and 67.942∘. These diffraction peaks’
position and intensities quantities are well matched with the
Joint Committee on Powder Diffraction Standards (JCPDS)
card no. 067454. The patterns observed from the XRD
measurements show that the films possess the hexagonal
wurtzite structure and a space group P6

3
mc.The unannealed

film shows lower diffraction peak intensities compared to
that of the annealed film. The diffraction peaks intensities
increase with the increasing annealing temperatures. Thus,
the 500∘C annealed film shows a strong preferential growth
orientation along the (002) plane.The diffraction peaks of the
film become more intense when the annealing temperature
increases, which in turn leads to increase in the grain size, as
well as the enhancement of crystallinity. The full width half
maxima (FWHM) values decrease with increasing annealing
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Figure 5: Electrical resistivity variation of ZnO thin film on glass
substrate as a function of annealing temperatures.

temperatures. The grain size (D) can be computed using the
following Scherrer’s formula [37]:

𝐷 =
0.94𝜆

𝛽 cos 𝜃
, (2)

where 𝛽 is FWHM, 𝜆 is wavelength of X-ray, and 𝜃 is
Bragg’s diffraction angle. Furthermore, the average grain
sizes are estimated to be around 15, 20, 22, and 27 nm for
unannealed and 300∘C, 400∘C, and 500∘C annealed films,
respectively. The decrease of FWHM with the increase of
annealing temperature can be attributed to the increase of
grain sizes. This correlates with the findings reported by
previous researchers [24, 38].

3.4. Electrical Resistivity Study of Films. Figure 5 illustrates
the electrical resistivity of ZnO thin films as a function of
annealing temperatures. The electrical resistivity is greatly
influenced by the annealing temperatures. It is observed that
the resistivity of the film decreases dramatically up to 400∘C
and again decreases slowly afterward. This might be due
to either an increase in the mobility and/or increase of the
carriers. The increase of annealing temperature is attributed
to larger grain sizes, thus leading to the increase of mobility
change that has been reported in the literature [39]. At room
temperature, there are very small numbers of charge carriers
that are available in ZnO. The electronically active carriers
increase when the temperature increases, thereby leading to
an excess carrier in the conduction band. This increase in
carriers occurs due to thermal excitation giving rise to the
conductivity of the films. Similar results have been reported
in the literature [40]. The resistivity of the 500∘C annealed
film is measured to be 0.81Ω cm.

3.5. Photoluminescence Studies of Films. The room temper-
ature photoluminescence (PL) spectra of unannealed and
annealed ZnO thin films on glass substrate are illustrated in
Figure 6. There are three peaks positions that are observed
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Figure 6:The photoluminescence spectra of ZnO thin film on glass
substrate (a) unannealed, (b) annealed at 300∘C, (c) annealed at
400∘C, and (d) annealed at 500∘C.The inset shows the intensity vari-
ation of near band edge emission at different annealed temperatures.

from the spectra. For unannealed films, the PL spectrum
consists of three emission bands: a strong UV emission band
at ∼382 nm (3.25 eV), yellow band at ∼603 nm (2.06 eV),
and orange-red band at ∼672 nm (1.85 eV), respectively. The
band emission occurring in the UV range is due to excitonic
recombination, while the band emission existing at the visible
emission band is due to the recombination of deep-level
holes and electrons [41]. All of the deep-level emissions
are correlated to the defects arising during the growth of
crystallites and are related to the change of crystallinity due to
zinc interstitials, zinc vacancies, oxygen interstitials, oxygen
vacancies, and dislocations [42]. Previous works [43, 44]
reported that the yellow-orange emission originated from
oxygen interstitials in ZnO, while the orange-red emission
could be related to excess oxygen on the ZnO surface. From
the spectra, it is observed that the PL peak intensity increases
with the increasing annealing temperature. The increase of
the visible emissions of the ZnO film is due to the increase
of the oxygen interstitials and excess oxygen concentrations
[45] by the increase of annealing temperature. The UV peak
position is red shifted from 3.25 eV (for unannealed film)
to 3.22 eV (for 500∘C annealed film). The red shift can be
explained by the quantum confinement theory, which states
that the energy bandgap of a semiconductor decreases with
increasing grain sizes [46]. However, after annealing, the
yellow emission is improved with a blue shift towards a
wavelength of 594 nm. Fujihara et al. [47] and Chen et al.
[48] have also reported a blue shift in their studies.

The inset of Figure 6 shows the UV portion of the PL
emission centered at 385 nm as a function of annealing
temperatures. The intensity of UV-PL peak increases with
the increasing annealing temperature, as shown in the inset
of Figure 6. The increase in the UV portion of the PL
emission is due to the removal of microstructural defects and
homogenization of the films.
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Figure 7: The transmission spectra of ZnO thin film on glass
substrate (a) unannealed, (b) annealed at 300∘C, (c) annealed at
400∘C, and (d) annealed at 500∘C. The inset shows the films
thickness variation of different annealed temperatures.

3.6. Transmission Studies of ZnO Thin Films. The optical
transmission of ZnO films is carried out using a double
beam spectrophotometer in the wavelength range from 300
to 800 nm. Figure 7 shows optical transmission spectra of
both unannealed and annealed ZnO thin films. The average
transmittance values are directly related to the thickness of
films. The inset in Figure 7 illustrates the average thickness
variation of the films with the increase of annealing temper-
atures. The thickness of unannealed film is 282.2 nm. After
annealing at 300∘C, 400∘C, and 500∘C, the film thickness
decreases to 268.6 nm, 250.6 nm, and 228.4 nm, respectively.
The relationship between the optical transmission and thick-
ness is given by the Beer-Lambert equation as follows [49]:

𝑇 =
𝐼

𝐼
𝑜

= 𝑒
(−𝛼𝑡)
, (3)

where 𝐼 is the transmitted intensity at a particularwavelength,
𝐼
𝑜
is the incident light intensity,𝛼 is the absorption coefficient,

and 𝑡 is the film thickness. The equation shows that the
optical transmission of the ZnO films will decrease inversely
proportional to the film thickness. The optical transmission
is inversely proportional to the thickness of the films. The
transmission in the visible region of the unannealed film
is approximately 80%. The visible transmission of the ZnO
films increases from 90% to 92% when annealing tempera-
ture increased from 300∘C to 400∘C. The transmission film
approaches to 96% when the annealing temperature reached
500∘C. A very steep absorption edge near 370 nm is observed
for both unannealed and annealed films indicating high
crystal quality, which could enhance luminescent efficiency.
The transmission of films increases in tandemwith annealing
temperatures due to the increase in grain sizes, structural
homogeneity, and crystallinity. The same observation has
been reported by previous researchers [50, 51]. Jayatissa
et al. [52] have demonstrated that the transmission of ZnO

films can be improved by annealing, which could lead to
the reaction of oxygen with ZnO. It suggests that ambient
conditions annealing would greatly influence the optical
transmission of ZnO films. This is especially valuable for the
applications as a front electrode and window materials in
solar cell.

4. Conclusions

ZnO thin films were prepared by spray pyrolysis method,
and it was thermally annealed at different temperatures. The
structural, electrical, and optical properties of the ZnO thin
films were characterized using XRD, AFM, data acquisition
unit, and UV-vis spectrophotometer. The grain size of the
films increases with the increase of annealing temperatures.
The XRD diffractogram revealed that the thermal annealed
film at 500∘C possesses good crystalline hexagonal wurtzite
structure, with a preferred plane orientation along (002).
The grain size estimated from FESEM analysis is in good
agreement with XRD data. The PL emission of the samples
shows a narrow emission centered at 385 nmand a broad peak
emission located at 594 nm and 672 nm.The ZnO films show
an increase of transmission with the increase of annealing
temperature. In particular, ZnO film annealed at 500∘C
achieves high light transmission of 96% in the visible range
with low electrical resistivity of 0.82Ω cm. These properties
render that the ZnO film is attractive to optoelectronic device
applications.
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[7] S. Faÿ, U. Kroll, C. Bucher, E. Vallat-Sauvain, and A. Shah, “Low
pressure chemical vapour deposition of ZnO layers for thin-
film solar cells: temperature-induced morphological changes,”
Solar Energy Materials and Solar Cells, vol. 86, no. 3, pp. 385–
397, 2005.

[8] D. Bao, H. Gu, and A. Kuang, “Sol-gel-derived c-axis oriented
ZnO thin films,” Thin Solid Films, vol. 312, no. 1-2, pp. 37–39,
1998.

[9] G. Srinivasan, N. Gopalakrishnan, Y. S. Yu, R. Kesavamoorthy,
and J. Kumar, “Influence of post-deposition annealing on the
structural and optical properties of ZnO thin films prepared by
sol-gel and spin-coating method,” Superlattices and Microstruc-
tures, vol. 43, no. 2, pp. 112–119, 2008.

[10] C. J. Brinker, G. C. Frye, A. J. Hurd, and C. S. Ashley,
“Fundamentals of sol-gel dip coating,”Thin Solid Films, vol. 201,
no. 1, pp. 97–108, 1991.

[11] E. A. Dalchiele, P. Giorgi, R. E.Marotti et al., “Electrodeposition
of ZnO thin films on n-Si(100),” Solar Energy Materials and
Solar Cells, vol. 70, no. 3, pp. 245–254, 2001.

[12] D. Perednis and L. J. Gauckler, “Thin filmdeposition using spray
pyrolysis,” Journal of Electroceramics, vol. 14, no. 2, pp. 103–111,
2005.

[13] G. Korotcenkov, V. Brinzari, J. Schwank, and A. Cerneavschi,
“Possibilities of aerosol technology for deposition of SnO

2
-

based films with improved gas sensing characteristics,” Mate-
rials Science and Engineering C, vol. 19, no. 1-2, pp. 73–77, 2002.

[14] M. Krunks and E. Mellikov, “Zinc oxide thin films by the spray
pyrolysis method,”Thin Solid Films, vol. 270, no. 1-2, pp. 33–36,
1995.

[15] O. Vigil, F. Cruz, A. Morales-Acevedo, G. Contreras-Puente, L.
Vaillant, and G. Santana, “Structural and optical properties of
annealed CdO thin films prepared by spray pyrolysis,”Materials
Chemistry and Physics, vol. 68, no. 1–3, pp. 249–252, 2001.

[16] C. Natarajan, N. Fukunaga, and G. Nogami, “Titanium dioxide
thin film deposited by spray pyrolysis of aqueous solution,”Thin
Solid Films, vol. 322, no. 1-2, pp. 6–8, 1998.

[17] V. Brinzari, G. Korotcenkov, and V. Golovanov, “Factors influ-
encing the gas sensing characteristics of tin dioxide films
deposited by spray pyrolysis: understanding and possibilities of
control,”Thin Solid Films, vol. 391, no. 2, pp. 167–175, 2001.

[18] P. S. Patil and L. D. Kadam, “Preparation and characterization of
spray pyrolyzed nickel oxide (NiO) thin films,” Applied Surface
Science, vol. 199, no. 1–4, pp. 211–221, 2002.

[19] T. P. Gujar, V. R. Shinde, and C. D. Lokhande, “Spray pyrolysed
bismuth oxide thin films and their characterization,” Materials
Research Bulletin, vol. 41, no. 8, pp. 1558–1564, 2006.

[20] C. Chen, E. M. Kelder, P. J. J. M. van der Put, and J. Schoonman,
“Morphology control of thin LiCoO

2
films fabricated using

the electrostatic spray deposition (ESD) technique,” Journal of
Materials Chemistry, vol. 6, no. 5, pp. 765–771, 1996.

[21] S. Golshahi, S. M. Rozati, R. Martins, and E. Fortunato, “P-type
ZnO thin film deposited by spray pyrolysis technique: the effect
of solution concentration,” Thin Solid Films, vol. 518, no. 4, pp.
1149–1152, 2009.

[22] S. Salam, M. Islam, M. Alam et al., “The effect of processing
conditions on the structural morphology and physical proper-
ties of ZnO and CdS thin films produced via sol-gel synthesis
and chemical bath deposition techniques,” Advances in Natural
Sciences: Nanoscience and Nanotechnology, vol. 2, no. 4, Article
ID 045001, 2011.
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The resistance to photodegradation of poly[(2-methoxy-5-n-hexyloxy)-p-phenylene vinylene] (OC
1
OC
6
-PPV) films was signifi-

cantly enhanced by the use of poly(vinyl alcohol) 99% hydrolyzed as protective coating. The deposition of poly(vinyl alcohol) onto
OC
1
OC
6
-PPV films did not affect the absorption and the emission spectra of the luminescent polymer. The protected film showed

5% drop on the absorbance at 500 nm after 270 hours of light exposure while the unprotected film completely degraded in the same
conditions. The conductivity of the protected film remained stable (around 7 × 10−10 S/m) while the value for the unprotected one
dropped around two orders of magnitude after 100 hours of light exposure.

1. Introduction

Poly(p-phenylene vinylene), PPV, derivatives have been
widely explored for applications in optoelectronics such as
photoluminescent devices, light-emitting diodes, and sensors
[1–3]. Despite their wide range of possible applications,
the PPV derivatives are highly susceptible to photodegra-
dation, by the combined action of light and oxygen. The
photodegradation reaction involves mainly the vinyl group,
leading to the formation of carbonyl groups, reducing the
conjugation length and, in further stages, leading to chain
scission [4–14]. The photodegradation occurs in solution
or in the solid state, causing a decay in the absorbance
intensity and a blue shift in the absorbance and, consequently,
in the emission spectrum of the polymer. In solid state,
the photodegradation is thickness dependent due to mainly
two factors. The first factor is the difference in the light
intensity through the thickness of the material due to the
light absorption. The light intensity should be maximum
at the surface and decrease exponentially with the increase
in thickness (Lambert’s law) [15]. The second factor is

the oxygen concentration throughout the material, which
depends on the oxygen diffusion through the film [11]. Some
approaches have been used in order to prevent or at least try
to minimize the photodegradation in the PPV derivatives.
An alternative is the use of different encapsulations [16–
21]. In a previous paper [16], we presented some results
on the use of polymer protective layers aiming to reduce
the effects of the photodegradation PPV derivatives. We
observed that, among the several polymers’ tested, poly(vinyl
alcohol) (PVA) which is 99% hydrolyzed and deposited onto
films of poly(2-methoxy-5-hexyloxy-p-phenylene vinylene)
(OC
1
OC
6
-PPV) remarkably reduced the photodegradation

of these films. However, PVA is water soluble and can
absorb water at room conditions. Then, the effect of this
protective layer on the electrical properties of OC

1
OC
6
-

PPV has to be explored prior to its use in conductivity-
based devices. In this paper, thin films and single layer
devices fabricated with OC

1
OC
6
-PPV and coated with PVA

were submitted to continuous white light exposure and their
optical and electrical properties, such as conductivity and
electroluminescence, were explored.
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2. Experimental

Cast films of OC
1
OC
6
-PPV (ca. 300–400 nm thickness) were

deposited onto glass substrates, indium tin oxide (ITO) or
interdigitated chromium-gold array at room temperature in
the dark [22] from chloroform solutions (0.3mg/mL). The
PVA coatings were prepared by dipping the samples into
a 2wt% solution of PVA 99% hydrolyzed in ethanol-water
mixture and drying them under reduced pressure at 40∘C,
yielding 𝑎 ≈ 1 𝜇m layer. The gold array was prepared by
lift-off lithography with 100 lines of 5mm length electrodes
with 100 nm of thickness, separated by 10 𝜇m of distance.
Photodegradation experiments were performed with a white
light from a halogen lamp (50W, 12 V-Osram) placed at
a fixed distance from the samples, yielding 17mW/cm2 of
power at the sample surface. These irradiations were per-
formed at room atmosphere at 25∘C. UV-Vis absorption
measurements were carried out in a HITACHI U-2001 spec-
trophotometer in the range between 400 and 650 nm. The
emission spectra of the film (𝜆exc = 490 nm) and the emis-
sion spectra of the device (current applied = 6mA) were
recorded in a Shimadzu 5301 PC spectrofluorimeter. All films
used in the photodegradation measurements presented the
same optical density in order to avoid the effect of film
thicknesses on photodegradation. The device used to record
the electroluminescence spectra was ITO/OC

1
OC
6
-PPV/Al;

the OC
1
OC
6
-PPV active layer was made of cast film from

0.25mg/mL chloroform solution (ca. 300 nm). In this case,
the PVA layer was applied over the aluminum layer. A 90 nm
thick Al cathode was vacuum evaporated (10−6 Torr) and
with an active area for the devices of 0.12 cm2. The electrical
behavior was carried out by measuring the current versus
voltage at room conditions with a Keithley238 high voltage
source-measure unit.

3. Results

The characteristic current versus electrical field curves do
not show significant differences with the use of PVA as
coating, as shown in Figure 1. The onset voltage of the device
coated with PVA was around 5V, which is similar to other
devices of OC

1
OC
6
-PPV made from cast films and the same

configuration [23–25].
The absorption in the visible region of the cast films

with and without the PVA coating showed no significant
differences, and the maximum wavelengths of absorption
are at 500 nm (Figure 2). The same result was obtained for
the photoluminescence (PL) and electroluminescence (EL)
spectra of these films, as also shown in Figure 2 and its inset.
The emission wavelength of the zero-phonon transition was
about 590 nm for all samples. It is worth to note that the
values of absorbance, PL and EL, of protected film are nearly
the same of the neat film since the protective coating is
completely transparent and does not absorb or have emission
on the visible range and all the film production and the
coating processes are performed in dark. Extreme care should
be taken to reproduce intensity values of the photo- and
electroluminescence spectra of OC

1
OC
6
-PPV because even
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Figure 2: Visible, photoluminescence, and electroluminescence
spectra of OC

1
OC
6
-PPV films with and without a PVA coating.The

electroluminescence spectra were carried out onto ITO/OC
1
OC
6
-

PPV/Al (neat and coated with PVA).

the ambient light degrades the neat film. Also, very short
exposures to the excitation light have to be used to record
the photoluminescence spectra of these films in ambient
conditions.

The electroluminescence of two single layer devices
of OC

1
OC
6
-PPV (ITO/OC

1
OC
6
-PPV/Al), neat and coated

with poly(vinyl alcohol) over the aluminum layer (as in inset
of Figure 3), was recorded continuously for 300 seconds at
ambient conditions as shown in Figure 3. After the turn-on,
the devices presented some instability due to the electrical
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cast film coated with PVA. The lines are only to guide the eyes.

contacts. After 150 seconds of stabilization, the coated device
presented 60% of the initial emission intensity while the
neat one presented just 40%. Studies on the effects of the
luminance and lifetime of the devices are subject of future
works. For single layer devices, interface and Joule effects
are more pronounced in long-term experiments which is
required for lifetime studies, turning the resultsmore compli-
cated to analyze properly. Build-up of multilayer devices can
introduce more variables in the analysis turning the system
evenmore complicated to reach a clear conclusion.Therefore,
long-term experiments of light exposure were performed
only with optical and conductivity measurements and not
with the devices.

The absorption spectra of OC
1
OC
6
-PPV cast film with-

out the poly(vinyl alcohol) coating, taken after several peri-
ods of exposure to the white light, showed a behavior similar
to the one observed in earlier reports [13, 14].The absorbance
initially decreases without changing the line shape of the
spectra or the wavelength of maximum absorbance and, in a
further step of the degradation, the spectra are blue shifted
while continuously decreasing the maximum absorbance
values [14]. However, when the cast film is coated with
poly(vinyl alcohol), the changes in the spectra are drasti-
cally reduced, and, in the same period of irradiation, the
decrease in the absorbance values was about 5%, while in
the same period the nonprotected OC

1
OC
6
-PPV film was

completely degraded. This effect is clearly seen by plotting
the normalized absorbance values at 500 nm (wavelength of
maximum absorption of the nondegraded OC

1
OC
6
-PPV) in

function of the irradiation time as shown in Figure 4. This
figure shows the results of the film coated with poly(vinyl
alcohol) in function of the continuous exposure of the film to
the white light till 620 hours, showing a total decrease of ca.
12% of the absorbance values.The inset of Figure 4 shows the
kinetic plot from which the photodegradation rates could be
estimated, being two orders ofmagnitude lower for the coated
film: ca. 4 × 10−2 h−1 and 2 × 10−4 h−1, respectively, for the
neat film and the film coated with PVA. It is very important
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1
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to emphasize that these estimated values are only valid for
samples with thicknesses of ca. 300–400 nm since there is a
strong dependence between the absorbance decay rates and
the film thickness.

Similar protecting effect of the PVA coating against
OC
1
OC
6
-PPV photodegradation can also be seen in the

photoluminescence characterization. The PL intensity of the
pure film drops 50% in the first 40minutes of exposure, while
the intensity for the coated one remains the same.

For the conductivity measurements, a constant voltage of
6V was applied for several hours at room conditions while
exposing the films under the electrodes to the white light and
measuring the current at different time intervals.The conduc-
tivity measurements showed that the cast films coated with
PVA presented a more stable conductivity than that observed
for neat OC

1
OC
6
-PPV films (Figure 5). The conductivity

values obtained for the PVA-protected OC
1
OC
6
-PPV film

deposited onto an interdigitated chromium-gold array under
the illumination remain constant (around 7 × 10−10 S/m)
for at least 100 hours of continuous light exposure. For the
unprotected OC

1
OC
6
-PPV, the conductivity decreased two

orders of magnitude in the same exposure period (from 4.5×
10
−10 S/m to 2.5 × 10−12 S/m).

4. Conclusions

In conclusion, the use of coatings of poly(vinyl alcohol)
onto OC

1
OC
6
-PPV films was successful in minimizing the

photodegradation, probably due to its low oxygen perme-
ation, showing only 12% of absorbance decay after 30 days
of continuous exposure to a 50W halogen lamp. The coating
did not affect the optical properties, such as emission and
absorption spectra, of the OC

1
OC
6
-PPV. The conductivity

of the protected OC
1
OC
6
-PPV film showed remarkable

stability under the exposure to light. This method of coating
allows fabrication of stable devices which, after the proper
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optimization of fabrication, can be used in applications such
as sensors and FETs, among others.
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Liquid phase deposition is a method used for the nonelectrochemical production of polycrystalline ceramic films at low
temperatures, most commonly silicon dioxide films. Herein, we report that silica spheres are organized in a hexagonal close-packed
array using a patterned substrate. On this monolayer of silica spheres, we could fabricate new nanostructures in which deposition
and etching compete through a modified LPD reaction. In the early stage, silica spheres began to undergo etching, and then, silica
bridges between the silica spheres appeared by the local deposition reaction. Finally, the silica spheres and bridges disappeared
completely. We propose the mechanism for the formation of nanostructure.

1. Introduction

Silicon dioxide (SiO
2
) films are widely useful in various

fields. These films act as interlayer dielectrics and gate oxides
in transistors and in the fabrication of integrated circuits
and ultralarge-scale integration (ULSI) technologies [1–7]. In
addition, SiO

2
films play an important role in semiconductor

devices as electrical insulators preventing the motion of
carriers from [8] and could be universally applicable as one
of the chief components of optical antireflection coatings
and liquid crystal display (LCD) substrates as a mask to
prevent alkali ions from diffusing to the ITO films [9]. Many
techniques to produce SiO

2
films have been researched, such

as thermal oxidation, chemical vapor deposition (CVD), and
sputtering [7, 9, 10]. However, these techniques have several
drawbacks, mainly the need for specific equipments such
as vacuum systems or glove boxes as well as expensive and
sensitive organometallic precursors [11]. Furthermore, some
techniques require a high reaction temperature of around
several hundred degrees centigrade.

Recently, among various techniques, the liquid phase
deposition (LPD) has been focused on as a useful method for
the deposition of oxide films at low temperatures in aqueous
solutions. LPD can overcome the abovementioned drawbacks
of conventionalmethods because it does not require the use of

vacuum systems and sensitive reagents. LPDprogresses easily
at room temperature, demands low production costs, and has
minimal environmental impact. LPD is especially useful in
coating not only flat substrates but also nonplanar substrates
[11].

Upuntil now, research regarding LPDhas investigated the
formation and kinetics of films on planar substrates. In 1998,
Nagayama et al. reported that SiO

2
films could be deposited

on glass in an H
2
SiF
6
solution supersaturated with silica,

after H
3
BO
3
was added to the H

2
SiF
6
solution which was

saturated with SiO
2
[12].Whitsitt and Barron found that SiO

2

films could be formed on substrates in an H
2
SiF
6
solution

supersaturated with SiO
2
by dissolving aluminum instead of

H
3
BO
3
[11]. Further, Tsukuma et al. researched other silicic

acid solutions having the unique ability to deposit films on
a substrate and described the processing and properties of
the silica film with some organic groups, deposited in the
liquid phase [13]. However, most of the LPD research has
been focused on flat substrates, and research on nanostruc-
tured substrates remains to be investigated. Kim and Roh
fabricated isolated nanostructure by using the selective LPD
on silicon substrates with grooves formed through etching
[14]. Whitsitt and Barron researched different morphology
of silica particles by LPD method with different surfactant
[15]. Here, we investigated LPD on nanostructured surfaces
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Figure 1: SEM images of silica spheres synthesized by the Stöber method. The average diameter of the silica spheres is 450 nm (a), 590 nm
(b), and 810 nm (c), denoted by S-450, S-590, and S-810, respectively. The distribution of the diameters of silica spheres is shown in (d). Scale
bars are 1𝜇m.

formed by the manual-assembled building blocks, which
are different from previous research. For more effective
production of oxide films, it is possible to either increase
the concentration of water or decrease the concentration
of hydrofluoric acid based on Le Chatelier’s principle. To
decrease the concentration of hydrofluoric acid, boric acid
or aluminum metals are commonly used to function as
fluoride (F−) scavengers [10]. Boric acid or aluminummetals
could be used to produce more silicon dioxide; however,
the use of these supplementary additives affects the film
properties because other materials might be doped into
SiO
2
film and increase the impurity level. Consequently,

the quality and insulating properties of the SiO
2
film are

degraded.
In this study, we assembled silica spheres with hexago-

nally close-packing by using a patterned substrate. Then, we
performed a modified LPD reaction on the nanostructure,
which meant the silica sphere array, without additives but by
changing the saturation of hydrofluorosilicic acid (H

2
SiF
6
).

As a result, we fabricated a new nanostructure showing local
deposition and etching reaction at the same time and pro-
posed themechanism of formation of the new nanostructure.

2. Experiments

2.1. Synthesis of Silica Spheres. Silica spheres were synthesized
using the Stöber method, which involves the hydrolysis of
tetraethyl orthosilicate (TEOS) in ethanol in the presence
of ammonia (NH

3
) as a catalyst [16, 17]. By controlling

the concentration of reactants, we changed the size of the
silica spheres. Ammonia and ethanol adjusted to the proper
concentrations were placed in a glass flask and stirred. After
stabilizing the solution, TEOS was added and stirred to
induce hydrolysis and condensation process. Finally, the
silica suspension was centrifuged and washed by repeated
redispersion in pure ethanol several times.

2.2. Assembly of Silica Spheres. The silicon wafer with
a 300 nm thick SiO

2
layer was coated with poly(methyl

methacrylate) (PMMA) C2 by spin coating. The patterned
Si substrates were immersed in piranha solution for 30min
and washed with deionized (DI) water. To prepare the
poly(dimethylsiloxane) (PDMS) stamp, PDMS was poured
onto the cleaned, patterned Si substrates and baked at 70∘C
for a few hours. Then, a small amount of the silica spheres
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powder was placed on the PDMS stamp and rubbed repeat-
edly in the same direction using a PDMS slab. After rubbing,
the randomly aggregated upper layers of silica spheres were
removed from the bottom layer with hexagonally close-
packing (HCP) by using a fresh sticky PDMS slab for a few
seconds on top of the silica sphere array and subsequently
removing the PDMS slab. Finally, this monolayer of the HCP
silica spheres on the PDMS stamp was transferred to the
precoated silicon wafer with a 300 nm thick SiO

2
layer with

PMMA [18].

2.3. Liquid Phase Deposition of Nanostructure. Asmentioned
in the previous section, HCP silica spheres were heated
at 200∘C for 2min to soften PMMA, which immobilized
the silica spheres on PMMA layer. On the other hand, the
liquid phase deposition solution was prepared as follows.
First, 110mL of hydrofluorosilicic acid (H

2
SiF
6
, 35%) and

2 g of fumed silica (SiO
2
) powder were mixed and stirred at

400 rpm overnight. After stirring, this solution was filtered
using a vacuum filtration, and DI water was added to the
filtered solution at a ratio of 1 : 2 to allow for supersaturation
with silicic acid. Immediately after preparing the solution, the
sampleswere immersed in the solution for various times from
5 to 30min. After the reaction, the sample was rinsed with DI
water and dried with nitrogen blowing.

3. Results and Discussion

Wesynthesized silica sphereswith various sizes by controlling
the concentrations of the reactants (Figure 1). Among them,
S-590 was the most uniform. Narrow size distribution is
an important factor in forming a uniform nanostructure
consisting of silica spheres with a low density of defects
using patterned substrates. We used the silica spheres with
a diameter of around 600 nm. The assembly process of silica
spheres using patterned substrates is described in Figure 2.
We fabricated a patterned Si substrate with hexagonal arrays
of spherical protrusions. PDMS was poured and hardened
on this patterned Si substrate, and then, a patterned PDMS
stampwith hexagonal array ofwells, contrary to the patterned
Si substrate, was created (see the Supplementary Material
for SEM images of patterned substrate available online
at http://dx.doi.org/10.1155/2013/510524). After rubbing the
silica spheres on the PDMS stamp, the monolayer of silica
spheres was transferred onto the precoated silicon wafer with
a 300 nm thick SiO

2
layer with PMMA.One advantage of this

method is the utilization of silica sphere powder rather than
a dispersion solution of silica spheres. When the Langmuir-
Blodgett assembly method is used, a diluted dispersion
solution of silica spheres that can suspend and spread along
the interface between air and water is required [19, 20].
As the silica sphere array dries after the Langmuir-Blodgett
assembly, water evaporates from them.This evaporation may
influence the assembly of the silica spheres, which may crack
because of particle shrinkage, but eventually, grain formation
occurs. Although it is possible to rub silica sphere powder on
glass, this method may lead to crack formation, as in the case
of the Langmuir-Blodgett assembly. However, when the silica
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Figure 2: Schematic diagram of the general procedure to prepare
perfect hexagonally close-packed arrays of silica spheres.

sphere powder is rubbed on the patterned Si wafer substrate,
a perfect hexagonally close-packed assembly is formed over a
very large area. Thus, this process is highly rapid and simple.

We conducted the LPD of silica on the hexagonally
close-packed monolayer of silica spheres. The general LPD
reaction, hydrofluorosilicic acid supersaturated with silicon
dioxide is used to make the LPD solution. In this study, we
experimented with LPD solutions consisting of unsaturated
hydrofluorosilicic acid with 2 g of fumed silica powder, as
the source of silicon dioxide. When supersaturated hydroflu-
orosilicic acid is filtered, undissolved silica substances are
commonly sieved from the solution. However, our solution
was not supersaturated because of insufficient silicon dioxide,
and hence, there were no filtered substances. The experiment
progressed using this LPD solution, and the results according
to time are shown in Figure 3. In the general LPD reaction,
silicon dioxide is homogeneously precipitated onto the sub-
strate; however, we obtained surprising outcomes. Before the
LPD reaction (0min), the silica spheres were hexagonally
close-packed (Figure 3(a)). After the LPD reaction for 5min,
the silica sphere size was reduced. It should be emphasized
that at this point, short and fine bridges between silica
spheres started appearing (Figure 3(b)). The average length
of the bridges and the standard deviation were 32.59 nm
and 6.32 nm, respectively. After another 5min, the silica
spheres were continuously reduced, and the bridges became
more elongated to 108.18 nm ± 14.82 nm (Figure 3(c)). The
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Figure 3: SEM images of liquid phase deposition according to the deposition time: (a) 0min, (b) 5min, (c) 10min, and (d) 30min. The
dashed circle represents the bridge between silica spheres. Scale bars are 1𝜇m, and inset scale bars are 500 nm.

surface of the silica spheres and the bridges after 10min
were different from those observed after 5min. Commonly,
bridge formation is observed in both assemblies, which
is the result of deposition. However, in Figure 3(c), the
silica spheres seem to be very rough, which is an evidence
of the etching reaction. Therefore, both reactions, that is,
deposition and etching, occur simultaneously in one solution
and compete with each other. After the LPD reaction in
30min, all the silica spheres and bridges were etched and
eventually disappeared. Only a trace of the embedded silica
spheres was discovered (Figure 3(d)). We reported a similar
nanostructure in our previouswork using the same processes:
first, isotropic etching of silica spheres, formation of a sphere-
bridge networks (SB-NWs), and eventual disappearance of
the silica spheres and SB-NWs structure [21].

The changes in silica sphere size during the LPD reaction
with time are shown in Figure 4(a). Once the reaction com-
menced, the silica spheres were etched and their size showed
a consistent decrease. During the etching reaction, the silica
spheres size decreased, and the bridge length between the
silica spheres increased. Finally, the bridges disappeared after
30min because of perfect etching. In our previous work,
while the etching reaction was progressed, the etching rate
of the silica sphere array decreased because the amount
of hydrofluoric acid decreased. On the other hand, while
the current LPD reaction progressed, silicon dioxides were
formed in hydrofluorosilicic acid from the silica spheres by

etching themselves. In accordance with this reaction, a large
amount of hydrofluoric acid was produced because of the
reaction between silicon dioxide and hydrofluorosilicic acid.
For this reason, the reaction rate increased, in contrast to
our previous work, and was probed throughout the slope of
the graph. The slope tended to increase with time. Energy
dispersive X-ray spectrometry (EDS) analysis of the silica
spheres and networks are shown in Figures 4(b) and 4(c).
The EDS spectra measured at the centers of the silica spheres
and bridges confirmed the existence of Si and O. The Si/O
atomic ratio in the silica sphere was estimated to be 1 : 1.17,
which is quite similar to that of the bridge (1 : 1.20) and close
to the stoichiometric composition of SiO

2
. Thus, this analysis

confirms that the bridges are composed of SiO
2
in a ratio

essentially equal to that in the case of the silica spheres.
In our previous work, the sphere-bridge network struc-

ture was formed by etching using a neutral solution of
1 : 30 (v/v) mixture of 49% HF acid and 40% NH

4
F, and

a mechanism for the formation of SB-NW structures was
proposed. This work demonstrates an increased ammo-
nium hexafluorosilicate (AHFS) concentration in the formed
droplets at the interstitial sites of three adjacent silica spheres,
and it indicates where the three materials, that is, AHFS,
silica sphere, and aqueous silicic acid, are in contact, that
is, the bridges formed between the silica spheres through
the precipitation of silicic acids. As opposed to our previ-
ous work, in the present case, we used an LPD solution
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Figure 4: (a) Graph of the reaction rate of liquid phase deposition with respect to time. EDS analysis of the center of a silica sphere (b) and
a bridge (c).

containing 2 g of fumed silica instead of a near neutral solu-
tion. In our LPD solution, the following reaction occurred [1]:

H
2
SiF
6
+ SiO

2
←→ 3[SiF

6
SiF
4
]
2−

+ 2H
2
O + 6H+

[SiF
6
SiF
4
]
2−

+ 2H
2
O←→ [SiF

4
(OH)
2
]
2−

+ 2HF
(1)

In these reactions, hydrofluoric acid could start etching
the silica spheres, which were composed of silicon dioxide;
accordingly, the size of the spheres was reduced. Meanwhile,
silicic acid was produced at the same time as the etching
reaction, as per the following reactions [1, 21]:

SiO
2
+ 6HF←→ H

2
SiF
6
+ 2H
2
O

H
2
SiF
6
+ 4H
2
O←→ Si(OH)

4
+ 6HF

[SiF
4
(OH)
2
]
2−

+ 2H+ ←→ SiF
4
+ 2H
2
O

3SiF
4
+ 4H
2
O←→ 2SiF

6

2−
+ Si(OH)

4
+ 4H+

(2)

The concentration of silicic acid was much higher at the
point of contact between the silica spheres than at any other
site. At that contact point, therefore, polymerization of silicic
acid could progress, leading to the formation of bridges
between the silica spheres. In other words, the formation of

bridges indicates a deposition reaction in the local region
which the silica spheres contacted. Concurrently, the etching
reaction occurs in the region of uncontacted silica spheres.
Therefore, two reactions, deposition and etching, competed
with each other. After lapse of time, according to the
abovementioned process, the concentration of hydrofluoric
acid increased, and hence, the etching reaction became more
predominant. After the silica sphere size decreased and
the bridges between silica spheres elongated, the bridges
were also etched. Thus, all the silica spheres and bridges
were etched and eventually disappeared. This final etch-
ing result is explained by (1) the equilibrium reaction of
silicic acid and silicon dioxide and (2) the change in the
reaction rate according to the acidic conditions. First, the
equilibrium reaction of silicic acid and silicon dioxide occurs
as follows:

SiO
2
(s) + 2H

2
O←→ Si(OH)

4
(aq) (3)

In accordance with this reaction, the equilibrium constant
is dependent on the concentration of silicic acid. While
the LPD reaction progressed, the amount of silicic acids
was insufficient. Therefore, the abovementioned reaction
accelerated toward the formation of silicic acid and silicon
dioxide, consistently supplied by the self-etching of the
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Figure 5: Schematic illustration depicting themechanism of formation of nanostructure. (a) Hexagonally close-packed spheres in an aqueous
solution. (b) Decrease in the size of silica spheres through homogeneous etching. (c) High concentration of silicic acid (blue) between the
silica spheres. (d) Deposition of silica bridges between silica spheres. (e) Reduction of the nanostructure size due to etching. (f) Disappearance
of the bridges.

silica spheres. Moreover, in the conditions under pH 7,
the rate of the condensation reaction rapidly decreases,
but the rate of hydrolysis sharply increases [22]. Because
this reaction progresses in acidic solutions, the hydrol-
ysis reaction occurs more easily than the condensation
reaction does. Through this mechanism, we can fabricate
nanostructures that have not been traditionally obtained
by general methods such as synthesis and growth. Figure 5
depicts in brief the mechanism for the formation of the
nanostructure.

4. Conclusions

In this work, we fabricated an array of perfect hexagonally
close-packed silica spheres over a large area of a patterned
substrate. Then, we experimented with a modified LPD
reaction on this nanostructured substrate and demonstrated
a new nanostructure that certified simultaneous deposition
and etching, that is, between these two processes; then, we
proposed themechanism for the formation of this nanostruc-
ture. This nanostructure could be useful in the biointerface
field as a substrate that influences biological systems such as
cell and bacteria. Because biological behaviors are dependent
on the external environment, the unique surface topography
of the nanostructure could trigger new biological responses
such as cellular adhesion, development, differentiation, pro-
liferation, and so on.
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A superhydrophobic coating was fabricated from the dispersion of unmodified kaolin particles and aluminate coupling agent
in anhydrous ethanol. Through surface modification, water contact angle of the coating prepared by modified kaolin particles
increased dramatically from 0∘ to 152∘, and the sliding angle decreased from 90∘ to 3∘. Scanning electron microscopy was
used to examine the surface morphology. A structure composed of micro-nano hierarchical component, combined with the
surface modification by aluminate coupling agent which reduced the surface energy greatly, was found to be responsible for the
superhydrophobicity. The method adopted is relatively simple, facile, and cost-effective and can potentially be applied to large
water-repellent surface coatings.

1. Introduction

Recently, superhydrophobic surfaces have drawnmuch atten-
tion because of the potentials for both academic research
and industrial applications [1, 2]. The criteria for a superhy-
drophobic surface are having a water contact angle (WCA)
higher than 150∘ and a sliding angle (SA) lower than 10∘
[1, 3, 4]. They show many particular properties, such as bio-
mimicking anti-sticking, contamination prevention, water
repellency, self-cleaning, anti-fogging, and anti-reflection,
and so forth [2, 5, 6]. Lots of relevant reports have emerged,
including oil-water separation [7–9], industrial metal clean-
ing [10], tunable wettability surfaces [6, 11–14], self-repairing
surfaces [15], fluidic drag reduction [5], electronic devices
protection [16], and biomedical instruments [17]. Despite
the intense research, these surfaces are still restricted by
the following problems: limited hydrophobicity with high
contact angle hysteresis, failure upon physical friction, weak
environment stability, substrate limitation, and high produc-
tion cost, whichmeans a significant restriction of applications
[15, 18].

Kaolin is a type of clay mineral consisting mainly of
hydrated aluminum silicate or kaolinite [19], which is com-
mercially available and low in cost [20]. Kaolin is also
an important industrial material, and because of its high

whiteness, it was once used as the leading white pigment—
in point of tonnage-consumed by North American industry
[21]. Lots of applications of kaolin have emerged, such as
paper coating, plastic and rubber filling, refractory, and
ceramic and paint industries [19, 21–23]. Clay-polymer com-
posites have drawnmuch attention because the incorporation
of clay particles can lead to desirable changes in the material
properties [24].

Herein, we present a very facile and simple method to
fabricate a hierarchical superhydrophobicmaterial by surface
modifying kaolin particles of size 100–400 nmwith aluminate
coupling agent (ACA). ACA is an important surfactant.
Usually, their colors show faint yellow to white, which is near
to kaolin’s color. It also has high activity in surface reactions
and a high decomposition temperature and is environmental-
friendly. The structural formula is (RO)

𝑥
Al(OCR)

𝑚
⋅ D
𝑛
.

There are two different kinds of functional groups in ACA, in
which (RO)

𝑥
are hydrophilic and (OCR)

𝑚
are hydrophobic.

And D
𝑛
represent coordinating groups, such as N and O.

The hydrophilic groups can make chemical reactions with
the polar groups on the kaolin particles, making the particles
coated with hydrophobic groups, which can reduce the
surface energy greatly.

In this study, ACA modified kaolin was coated on com-
mercially available glass slides to fabricate superhydrophobic
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Scheme 1: Illustration of chemical reaction between kaolin and ACA.

Figure 1: Images of water droplets dyed by methylene blue with
different sizes on the ACAmodified kaolin particles coating. Insets:
profiles of water droplets on the surface have the contact angles of
152∘.
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Figure 2: IR spectra of kaolin and aluminate coupling agent
modified kaolin.

surfaces.This technique has no tedious procedures or expen-
sive instruments and the resulting superhydrophobic mate-
rial shows an excellent environment stability [25]. Because
the fabricated particles were superhydrophobic, this can dra-
matically improve the application convenience. Furthermore,
the material can be used on a variety of substrates, which
can greatly expand the scope of applications. To examine
the material’s environmental stability, it was put outside;
after three months of environmental exposure, it still shows
excellent superhydrophobicity. For all the reasons above,

both for academic and industrial aspects, the as-prepared
superhydrophobic material is expected to be of great value.

2. Materials and Methods

2.1. Materials. Kaolin particles of size 100–400 nm were
purchased from Sinopharm Chemical Reagent Co., Ltd. and
before used, they were dried at 120∘C for 5 h to remove water.
Aluminate coupling agent purchased from Nanjing Daoning
Chemical Co., Ltd. was used as received. All other reagents
were of AR grade and used as received.

2.2. Substrate Treatment. Glass slides were ultrasonically
cleaned with water for 10min and then immersed in ethanol
for about 15min, followed by rinsing with a copious amount
of water prior to use.

2.3. Fabrication of the SuperhydrophobicMaterial. 0.16 gACA
was dissolved in 11mL anhydrous ethanol at 30∘C for 20min,
and then 5.0 g kaolin particles were ultrasonically dispersed
in the mixture for 15min. Then, they were heated at 106∘C
for 26min. Scheme 1 showed the reaction equation. At last,
the mixture was drop-coated on glass slides. Samples were
dried at room temperature, covered with a culture dish to
slow down ethanol evaporation, and then cured at 120∘C for
1 h. Another, for the convenience of use, ACAmodified kaolin
particles can also be obtained. The mixture was centrifugally
separated for 5min, and then the particles were collected by
suction filtration using a sand core funnel. Finally, they were
dried at 100∘C for 1 h.ACAmodified kaolin particles (500mg)
were suspended in 1.2mL anhydrous ethanol, subsequently,
by heating for 25min at 100∘C to make a suspension. The
preparation of the samples and the following treatments are
the same as the stated above.

2.4. Characterization and Instruments. Infrared (IR) spectra
were recorded on a Brucher Tensor 27 IR spectrometer
(Brucher, Germany) with KBr as the background in the
range of 4000–400 cm−1. Samples were prepared by pressing
the particles into KBr pellets. Water contact angle (WCA)
and sliding angle measurements were performed using a
SL200B instrument (Solon Tech., Shanghai, China) at ambi-
ent temperature. The volumes of probing liquids in the
measurements were approximately 5 𝜇L for the contact angle
measurement and 10 𝜇L for the sliding angle measurement.
Each contact angle reported was an average value of at least
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Figure 3: SEM micrographs of the as-prepared superhydrophobic surface. The scale bars represent (a) 10 𝜇m, (b) 5𝜇m, (c) 2𝜇m, and (d)
1 𝜇m, respectively.
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Figure 4: TEMmicrographs of kaolin particles. The scale bars represent (a) 200 nm, (b) 200 nm, (c) 50 nm, and (d) 20 nm, respectively.
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Figure 5: Images of water droplets dyed by methylene blue with
different sizes on the ACA modified kaolin particles coating after
three months of exposure to outdoor conditions.

five independent measurements on different positions. A
scanning electron microscopy (SEM) (Hitachi S-4800) was
used for examining the sample surface morphology in top-
view or in cross-sections. Before the SEM investigations,
all the samples were coated with gold cluster. Transmission
electron microscopy (TEM) measurements were carried out
using a JSM-1200EX transmission electron microscopy.

3. Results and Discussion

As noted above, the application of superhydrophobic surfaces
is greatly hampered for the problem of high contact angle
hysteresis, failure upon physical friction, weak environment
stability, substrate limitation, and high production cost. Our
work is to prepare a coating, which is superhydrophobic,
using a very facile and cost-effective method, and can be
applied on various substrates. Such a superhydrophobic coat-
ing was obtained by surface modification of kaolin particles
usingACAas a surfactant. After the sampleswere cured in the
oven, the as-prepared ACA modified kaolin particles surface
had a static WCA of 152∘, as shown in Figure 1; compared to
the WCA of the unmodified kaolin, which was almost 0∘, it
had demonstrated an outstanding superhydrophobicity. The
SA was only 3∘ and water droplets on this superhydrophobic
coating surface easily rolled off even when there is only little
tilt of the surfaces and made it very difficult to measure the
WCA.

The coupling reaction was confirmed by IR analyses of
ACA modified kaolin. In Figure 2, the dark and red lines are
the modified and unmodified kaolin particles, respectively.
For the ACA modified kaolin particles, the characteristic
peaks of the asymmetric and symmetric CH

2
stretching

vibration at 2919.77 and 2851.27 cm−1, respectively, suggested
a complete alkylation reaction between ACA and kaolin.

To further analyze the morphology of the surface, SEM
was applied. The SEM images in Figure 3 showed the mor-
phography of the coating surface. In Figures 3(a) and 3(b),
it can be seen that the kaolin particles of different sizes
were distributed evenly in the coating. Figures 3(c) and
3(d) revealed that the particles formed a micro-nano hier-
archical structure, which, combined with the hydrophobic
groups introduced by ACA modification, is supposed to be

essential for superhydrophobicity [26–29]. All these features
endowed the coating superhydrophobicity.The images exhib-
ited an evident morphology of the surface roughness, which
explained the prominent superhydrophobicity.

Themodified kaolin particles were also analyzed by TEM
(Figure 4). The TEM images revealed that the size of kaolin
particles was in a range of 100–400 nm and that the surfaces
of the particles were not smooth, which were composed of
many overhang and re-entrant structures. Both the different
particle sizes and the rough surface were contributed to the
construction of hierarchical structures, so as to potentially
render the particle coating superhydrophobic.

To estimate the durability of the superhydrophobic coat-
ings, an environmental stability experiment was carried out.
The coatings were exposed to environmental conditions by
keeping them outdoor. The results indicated that, after three
months of exposure to outdoor conditions, no superhy-
drophobicity decrease was found. Water drops still kept a
spherical shape in the surface with a WCA of 151∘ and
were also easily rolling off, taking dusts away in their paths
(see Figure 5). We also coated the material on a variety
of other substrates, such as commercial marble, limestone,
plank, and plasterboard, and all the samples showed good
superhydrophobicity. The results indicated that the coating
can be applied on a variety of substrates.

4. Conclusions

In the present work, a coating fromACAmodified kaolin was
fabricated to render the surface with superhydrophobicity.
The superhydrophobic surface exhibited a highly rugged
structure with micro-nano hierarchical particles randomly
distributed all through the coating. Both the hierarchical
structure and the ACA modified kaolin furnished the sur-
face with superhydrophobicity. Furthermore, the as-prepared
superhydrophobicmaterial showed very good environmental
durability and practicability. The technique utilized here is
cost-effective, environmental-friendly, and the coating can
be prepared easily on various substrates; we expect that this
technique can considerably expand the range for various
applications, examples of whichmay include fabricating large
water-repellent surface coatings.
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Acrylic based polyurethane (PU) coatings with various amounts of nanosilica contents were prepared using solution casting
method. The nanosilica (SiO

2
) particles used are around 16 nm in diameter. The friction and wear test was conducted using the

reciprocating wear testing machine. The tests were performed at rotary speed of 100 rpm and 200 rpm with load of 0.1 kg to 0.4 kg
under 1N interval.The effect of the PU/nano-SiO

2
composite coating on friction and wear behavior of polypropylene substrate was

investigated and compared. The worn surface of coating film layer after testing was investigated by using an optical microscope.
The introduction of PU/nanosilica composite coating containing 3wt% of nano-SiO

2
content gives the lowest friction coefficient

and wear rate to PP substrate. Both the friction and wear rate of PP substrate coated with >3wt% of nano-SiO
2
filled PU coating

would increase with the increasing of applied load and sliding time.

1. Introduction

Polypropylene (PP) is an attractive engineering material due
to its low cost, ease of processability, good mechanical prop-
erties, resistance to organic solvents, and favorable environ-
mental aspects. However, the disadvantages of polypropylene
are the lack of adhesion and poor scratch resistance [1, 2].
Current technologies applied to improve scratch resistance of
PP included coating, lamination, additives, and altering the
nature of the PP resin. Incorporating metal-oxide nanopar-
ticles such as nanoalumina and nanosilica into polymer
coatings to enhance mechanical durability has been widely
utilized in the current antiscratch and mar technologies [1].
Generally, hydrophobic surface type nanomaterials will be
more attractive for polymer coating due to their unique prop-
erties such as self-cleaning, antisticking, water repellence and
anticontamination [3, 4]. From the recent research studies
in nanoparticles field, hydrophobic nano-SiO

2
particles have

been widely introduced into coatings to improve the heat
resistance, wear resistance, hardness, antisticking, and optical
properties of the polymer materials [1, 2].

In polymeric coatings, the use of nanoparticles is more
towards upgrading the level of resistance to wear and friction.
The presence of nanoparticle in the surface layer of film

enhances the scratch hardness and hence protects both the
coating film and substrate against marring, cracking, wear,
and mild abrasions [2]. Blees et al. [1] have studied the adhe-
sion of the sol gel coating on polypropylene by using scratch
test method that focuses on the effect of friction between
indenter and coating on the critical load. The critical load
(normal to the surface) showed a pronounced decrease of
more than the order of magnitude with increasing of friction
coefficient. Zhou et al. [2] have reported that the addition
of nano-SiO

2
can improve the hardness, abrasion resistance,

scratch resistance, tensile strength, modulus, and weather-
ability of the polymer based coating lacquer. Despite using
nano-SiO

2
particles, the other nanoparticles such as TiO

2
,

SiC, ZnO, ZrO
2
, and Al

2
O
3
were also chosen to improve tri-

bological properties [5–14]. Song et al. [5] have studied the tri-
bological behaviours of the phenolic composite coating filled
with modified nano-TiO

2
. The addition of small amounts

of TiO
2
or TF-TiO

2
can improve the friction-reduction and

antiwear abilities of phenolic coating, and TF-TiO
2
as a filler

is superior to TiO
2
in terms of ability to decrease the friction

coefficient and wear rate of phenolic coating [6].
Recently, the gradual replacement of metal parts into

polymeric components takes place in several industries
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especially in automotive and aerospace manufacture. Thus,
the need for understanding the tribological behaviour of
polymers substrate and polymer base coating materials
becomes important.The polymer matrix composites (PMCs)
are subjected to abrasive wear inmany applications especially
plowing effect from counterface hard asperities during coal
handling, and the mining process has resulted in material
removal and groves. Previous studies [15–18] have reported
the effect of inorganic fillers to the friction and wear behavior
of polyurethane coating; however, the tribological studies
related to the performance of these polymers composite coat-
ings onto various substrates are limited. Thus, this study was
mainly focused on the effect of acrylic based polyurethane
coating embedded with nanosilica to the wear and friction
resistance of polypropylene substrate.

2. Experimental

2.1. Materials. In this work, acrylic based polyurethane,
PU340, was supplied fromWorldtex Specialty Chemical. PU
340 is a one-pack translucent solventborne polyurethane
based on aliphatic urethane with approximately 30% solid
content (viscosity at 25∘C: 80MPa). Meanwhile, nanosilica,
Aerosil R972, supplied by Degussa Huls, was used for the
preparation of the nanocomposites. Aerosil R972 is one type
of hydrophobic fumed silica treated with dimethyldichlorosi-
lane (DDS) based on hydrophilic fumed silica. The average
primary particle size of Aerosil R972 was 16 nm in average
diameter with the specific surface area of 130m2/g. The mix-
ture of toluene/isopropanol/ethyl acetate in a fixed volume
fraction of 6 : 3 : 1 was employed in the present work as a
solvent. Polypropylene (PP) substrate with a size of 110mm
× 25mm × 1mm was used as a substrate for PU/nanosilica
composite coating. Various amounts of nanosilica powders
ranging from 0 to 10wt% were added to the polyurethane
(PU) resin. The mixture was vigorously stirred using mag-
netic stirring at ambient temperature for at least 1 hour until
clear dispersion and homogeneousmixturewere obtained. To
obtain the same coating thickness of around 3 micrometers
for all samples, 1 g of the mixed suspensions was then directly
coated on each PP substrate using RodMayer technique.The
coating thickness is mainly determined by the withdrawal
speed, by the solid content, and by the viscosity of the liquid
[19]. The consistency of the coating thickness was controlled
by monitoring the three factors above. Only the sample
with the consistent thickness will be used for the further
characterization study.

2.2. Preparation of PU/Nanosilica Composite Coating on
PP Substrate. Nanosilica particles were directly embedded
into the acrylic resin solution at 60∘C under vigorous stir-
ring for an hour. Polyurethane/nanosilica composite was
deposited on polypropylene substrate using a Rod Mayer
bar. The Rod Mayer technique was used to deposit the
polyurethane/nanosilica composite material on the surface
of the polyethylene substrate. Wire-wound rod 0.5 inch
in diameter and 12 inches in length was used to spread
the nanocomposite materials on the surface of the ceramic

Load

Carriage

Directing
reciprocating

motion

Slidersblock

arm

Pin

Weight

Counterface
plate/substrate

Figure 1: Schematic diagram of reciprocating wear machine.

substrate. The wire-wound rod used has wire of 20 mils.
The PU/nanocomposite coating passes through the grooves
between the wires and then levels off to a uniform thickness
on the substrate. All the samples were cured in the laboratory
with relative humidity of 40–60% and temperature of 25∘C.
After solvent evaporation, a thin film around 3𝜇m was
obtained on the substrate.

2.3. Characterization. The nanocomposite coating thickness
was measured by using optical microscope DM750P. The
microstructure of PU coating and PU/nanosilica composite
coatings was examined with a Field Emission Scanning
Electron Microscope (FESEM, Hitachi Corporation, Japan)
with accelerating voltage of 0.8 kV. For SEM study, a 1 cm ×
1 cm size piace was cut from the middle part of the sample.
In order to increase the resolution for the SEM observation,
the tested polymeric samples were plated with gold coating
to render them electrically conductive. The friction and wear
test was conducted under a dry and clean condition using
Reciprocating Wear Testing Machine (BICERI). This appa-
ratus consists of a stationary pin sliding on a reciprocating
plate with its axis perpendicular to the direction of motion as
illustrated schematically in Figure 1.The sizes of samples used
are 110mm × 25mm with the thickness of 2mm. The sliding
performs at a rotary speed of 100 rpm and 200 rpm with the
load varying from 0.1 kg to 0.4 kg.The reciprocal sliding tests
were run at a sliding distance of 80mm/revolution with an
interval of 0.1 kg and duration time of 10 minutes. The worn
surface after testing was then observed using light optical
microscope. All the friction and wear tests were carried
out at ambient temperature, 20∘C to 25∘C, with the relative
humidity of 60%. A computer program periodically records
the amount of linear wear, which is equal to the decrease in
pin height plus the depth of the groove worn in the plate.

3. Results and Discussion

FESEM was used to investigate the dispersion of nano-SiO
2

particle and surface morphological changes of the nano-
SiO
2
filled PU coating. The FESEM micrograph in Figure 2

reveals the dispersion condition of 3 wt% and 7wt% of nano-
SiO
2
contents in polyurethane coating. From Figure 2(a),

the dispersion of 3 wt% of nanosilica particles in PU matrix
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(a) (b)

Figure 2: FESEMmicrographs of PP substrate coated with (a) 3 wt% and (b) 7wt% nano-SiO
2
filled PU coating.

can be concluded to be well distributed with numerous
clusters. However, there were higher agglomerates and aggre-
gates found in polyurethane filled with 7wt% of nano-SiO

2

(Figure 2(b)). This microstructure had caused the increase of
surface roughness for polyurethane films containing 7wt%
of nano-SiO

2
content. The strong tendency of nano-SiO

2

to agglomerate has caused difficulty to achieve homogenous
dispersion in PU/nano-SiO

2
composite coating especially

filled with high content of nano-SiO
2
particles. It was also

found that there were some cavities or pores on the surfaces
of PU/nano-SiO

2
composite coating containing 7wt% of

nano-SiO
2
that might be caused by the trapped air bubbles

generated during the mixing and stirring process [6–11].
According to Kansy et al. [20], nanoparticles dispersion and
surface roughness have considerable impact on the friction
and wear behaviors of the nanocomposite coating. Higher
roughness increases the asperities slope angle which in turn
increases friction coefficient [21].

Figure 3 illustrates that the neat polypropylene achieves
the highest friction coefficient with a value of 0.6 under
0.2 kg load. When neat polyurethane coating was introduced
to PP substrate, it shows that there was a slight decrease
in the coefficient of friction. The introduction of 3 wt% of
nano-SiO

2
into the PU coating layer has successfully reduced

the friction coefficient of the nanocomposite coated PP
from 0.56 to 0.30. This might be due to the thin layer of
PU/nano-SiO

2
coating with low amount of nanomaterials

which has provided a form of self-lubrication during sliding.
The same observation was found in the research on titanium-
containing amorphous hydrocarbon coatings [22, 23] and
titanium carbide amorphous composite coating [24]. How-
ever, there was a sharp increase of friction coefficient of PP
coated with PU/nano-SiO

2
composite film when 7wt% and

10wt% nano-SiO
2
particles were introduced to the compos-

ite.Thismay be closely related to the amount and distribution
state of nanosilica particulates on coating surfaces, that is, the
coating surface roughness. The polyurethane nanocomposite
coatings with lower content of nanosilica may have smaller
surface roughness thus lower friction coefficient, and for
polyurethane nanocomposite coating with higher content of
nanosilica, they may have larger surface roughness which
leads to higher coefficient of friction. This is possibly due to
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Figure 3: The friction coefficient of PU/nano-SiO
2
composite

coated PP substrates under load of 0.2 kg with a speed of 100 rpm
in 10min sliding time.

the different extent of abrasion action of nanosilica aggregates
[22]. Hence, it can be concluded that the addition of small
amounts of nano-SiO

2
content can exhibit the improvement

of friction coefficient of the polyurethane coated PP matrix.
Figure 4 shows the effect of applied load on the friction

coefficient of nano-SiO
2
filled PU coating under the speed

of 100 rpm in 10min sliding time. It can be seen that PP,
PP coated with a neat PU coating, and PP coated with PU
filled with high amount of nano-SiO

2
would increase with

increasing applied load from 0.1 kg to 0.4 kg. However, the
friction coefficient of PP coated with 3wt% of nano-SiO

2

filled PU coating dropped when applied load increases from
0.1 kg to 0.2 kg.This might be with the incorporation of small
amounts of nanosilica; the effect of load on friction coefficient
was caused by the elastic deformation of surface asperities
under relatively lower load and the plastic deformation under
relatively higher load [25, 26]. At low load of 0.1 kg to 0.2 kg,
the particle-shaped or flaky debris on the surface of PP coated
with PU/nano-SiO

2
-3% composite would be crashed, staved,
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Figure 4: Effect of applied load on the friction coefficient of
PU/nano-SiO

2
composite coated PP under speed of 100 rpm.

or sheared into thinner flakes or small particles accordingly,
thus reducing the surface roughness [27]. The newly formed
debris would become more integrated, and concurrently, the
film on the worn surface would be thinner. Consequently, the
more integrated smaller debris but the thinner film on the
worn surface would bring smaller friction coefficient due to
the decrease in the degree of the two-body abrasive wear [28].
Therefore, the minimal friction coefficient was observed on
PP coated with PU containing 3wt% of nano-SiO

2
particles

under the applied load of 0.2 kg. At higher loads, the plastic
deformation occurs at the asperities in contact. Increasing
applied load on nanocomposite layer with 3wt% of nano-
SiO
2
content would result in more nano-SiO

2
dropping out

from the polyurethane matrix during the friction process,
which led to severe abrasive wear and resulted in a higher
friction coefficient.With the high amount of >3wt% of nano-
SiO
2
in PU coating, the friction coefficient increased with

the increasing of applyied load due to the combination of
both high amounts of nanosilica aggregates, and applied load
would lead to severe plastic deformation of polyurethane
coating, owing to mechanical incompatibility between the
coating and substrate.

Since 3wt% of nano-SiO
2
filled PU composite coated

on PP substrates shows the lowest friction coefficient, hence
it appears as the optimal nanosilica content in PU. This
proportion was further investigated for the effect in terms
of applied load and speed on the friction behavior. Figure 5
illustrates the friction coefficient of PP coated with 3wt%
of nano-SiO

2
filled PU under sliding speeds of 100 rpm and

200 rpm at different applied loads. The friction coefficient
of all composite coated samples increases as sliding speed
goes up from 100 rpm to 200 rpm. The increase of friction
coefficient with sliding speed is closely related to the friction-
induced heat. At higher speed, the friction-induced heat will
pay a significant role at the frictional interface sliding com-
pared to that at lower speed.This accelerated the degradation
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Figure 5: Effect of speed rate on friction coefficient of 3 wt% nano-
SiO
2
filled PU coated PP substrate with different applied loads.
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Figure 6: Effect of applied load on the wear rate of various
compositions of PU/nano-SiO

2
composite coated PP under speed

of 100 rpm.

and decomposition of the polyurethane resin matrix and
nanosilica, thus causing the increase of friction coefficient of
the composite, and substrates became more severe at high
sliding speed [29].

The effect of applied load on the wear rate of various
compositions of PU/nano-SiO

2
composite coated PP sub-

strate under speed of 100 rpm and 10min sliding time is
shown in Figure 6. The neat PP without composite coating
layer shows the highest wear rate throughout the applied load
ranges. The wear rate of PP substrate decreases significantly
with the introduction of neat PU coating and PU/nanosilica
composite coatingmodified with small amount of nano-SiO

2
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Figure 7: Effect of speed rate on the wear rate of 3 wt% nano-SiO
2

filled PU coated PP substrate with different applied load.

particles. However, with addition of >3wt% of nano-SiO
2

to the PU coating layer would increase the wear rate of the
samples significantly. Hence, it can be concluded that the
addition of small amounts of nano-SiO

2
content at 3 wt%

would lead to the improvement of wear rate of polyurethane
coated PP substrate.

Same as the effect of friction coefficient, 3 wt% of nano-
SiO
2
filled PU coating provides the lowest wear rate to PP

substrate for all the applied loads from 0.1 kg to 0.4 kg. The
wear rate increases with the increasing of applied load for
uncoated PP and PP coated with PU containing high amount
of nano-SiO

2
fillers (e.g., 7–10wt%).The increase in wear rate

as a result of increasing load may be due to the failure of
the coatings to protect the surface of the substrate as high
applied load can lead to severe plastic deformation of the
polyurethane coating. The plastic deformation is due to the
mechanical incompatibility between the polyurethane coat-
ing and the substrate under high applied load.Higher amount
of nano-SiO

2
fillers also means a more severe aggregation of

the fillers, thereby hindering the friction-reducing behavior
of the filled composite coating, due to the abrasion action
of the filler aggregates [2, 30, 31]. On the other hand, small
amount of nano-SiO

2
filler aggregates on composite coating

surfaces may function to resist abrasion by the counterface
asperities, thereby resulting in improved wear resistance of
the composite coating [2, 30].

Figure 7 illustrates that the wear rate of 3 wt% nano-SiO
2

filled PU coated PP substrate increases with the rising of
applied loads of >0.2 kg for both sliding speeds of 100 rpm
and 200 rpm. This indicates that the addition of nanosilica
has helped in improving the ability of carrying loads in
the polyurethane coating. The better antiwear behavior of
nano-SiO

2
coating under different applied loads mainly

dominated by the elastic deformation of surface asperities
under relatively lower load and plastic deformation under
relatively higher load as has been described before [25, 30].

Hence, it can be concluded that the optimal amount of
nano-SiO

2
at 3 wt% filler aggregates on composite coating

surfaces may function to resist abrasion by the counterface
asperities, thereby resulting in improved wear resistance of
the composite coating.

Figure 8 shows the optical micrographs of the worn
surface of PU/nano-SiO

2
composite coated PP substrate with

various content of nano-SiO
2
tested under the applied load

of 0.2 kg and a speed of 100 rpm. The worn surface after
wear test for PP coated with a neat PU coating shows signs
of adhesion and abrasive wear (Figure 8(a)). The surface
was very rough, displaying plucked and ploughed marks
indicative of adhesive wear and ploughing.This might be due
to fatigue-delamination generated under repeated loading
during sliding [32]. Fatigue wear has been regarded as a main
mechanism responsible for the sliding of the unfilled PU
coating against a hard counterpart.

With the introduction of 3 wt% of nano-SiO
2
contents in

the PU coating layer, it can be seen that the worn surface
of the nanocomposite coated PP substrate was smooth and
showed only fine scratches as shown in Figure 8(b). It can
be inferred that a polymer film layer can be transferred
to the steel counterpart, and this results in a new counter
surface producing primarily an adhesive wear mechanism.
For polymer coating sliding surface, this mechanism is less
harmful if compared to abrasive wear as this mechanism
will result in a lower coefficient of friction and wear rate.
This smooth, uniform, and compact worn surface leads
to the good influence in increasing the wear resistance of
PU/nano-SiO

2
coating layer.This is proven from the previous

friction and wear behaviors study. However, the worn surface
appeared with severe plastic deformation and microcracking
as the nano-SiO

2
content in PU/nano-SiO

2
composite was

increased to 7wt% (Figure 8(c)).
The worn surfaces of PP substrate coated with 3wt%

nano-SiO
2
filled PU coating under different applied loads

are shown in Figures 9(a)–9(c). Figure 9(a) shows that the
worn surface of the coating was smooth under 0.1 kg load
with speed of 100 rpm. When the applied load was increased
to 0.2 kg, there are some adhesion marks and cracks on the
worn surfaces as shown in Figure 9(b). With further increase
of applied load, there are some large amounts of cracks or
flaky debris in the worn surface that would be crushed or
sheared into smaller particles or thinner flakes and act as
lubricants (Figure 9(c)). At the same time, the newly formed
debris would come into being a more integrated layer on the
worn surface and reduced the “direct contact” between the
fabric composite and the counterpart.

The effect of speed on the worn surface of 3 wt% nano-
SiO
2
filled PU coated PP substrate is shown in Figure 10.

Mild wear occurred on the worn surface of the sample tested
with the speed of 100 rpm (Figure 10(a)). In Figure 10(b), the
wear became severe under speed 200 rpm indicating that
the serious fatigue wear is the main wear mechanism of the
filled PU coating when sliding under higher speed. It can be
inferred that large area of frictional surface of the filled PU
coating would flake away if the speed increases further and
the coating would be seriously damaged.
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Figure 8: Optical micrographs of the worn surface of PU/nano-SiO
2
composite coated PP with various content of nano-SiO

2
(a) 0 wt%, (b)

3 wt%, and (c) 7wt% (0.2 kg, 100 rpm, 10min).
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Figure 9: Optical micrographs of the worn surfaces of PP coated with 3wt% nanosilica filled PU coating under different applied loads (a)
0.1 kg, (b) 0.2 kg, and (c) 0.4 kg (100 rpm, 10min).
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Figure 10: Optical micrographs of the worn surfaces of 3 wt% nanosilica filled polyurethane coating under 0.2 kg load, with different speeds
of (a) 100 rpm and (b) 200 rpm (10min).

4. Conclusions

PU/nano-SiO2 composite coating without agglomeration
was successfully prepared by using a magnetic stirring tech-
nique. Introduction of small quantities of nano-SiO2 into PU
coating would resist the abrasion by counterface asperities
and hence can improve the wear resistance of composite
coating. The friction and wear behavior of PU/nano-SiO2
composite coatingwas closely related to the sliding condition,
such as sliding speed and applied load. The sliding speed
and applied load have influenced the wear process and the
worn surface. The low load and speed combination has
made the matric tend to adhere to nanoparticles and give
the lesser degree of debris formation. The wear resistance
behavior of PU/nano-SiO2 composite coating under different
applied loads was mainly dominated by both the elastic and
plastic deformation. In this study, PU/nano-SiO2 composite
coating with 3wt% of nano-SiO2 content exhibits a strength-
ened filler-matrix bonding has successfully protected the
polypropylene substrate against wearing and mild abrasions.
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Copyright © 2013 Damian Ambrożewicz et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Hydrophobic powders were obtained via surface modification of silica or magnesium silicate with selected silanes. A modified
precipitation method, carried out in an emulsion system, was used for monodisperse silica synthesis, while magnesium silicate
was precipitated in a traditional water system. Functionalization of the obtained inorganic supports was performed with selected
alkylsilanes: one newly synthesized, 3-(2,2,3,3,4,4,5,5-octafluoropentyloxy)propyltriethoxysilane (OPF), and two commercial,
octadecylsilane (ODS) and octyltriethoxysilane C

14
H
32
O
3
Si (OCS), in amounts of 3, 5, or 10 weight parts by mass of SiO

2
. It was

determined how the chemical modification of the silica or magnesium silicate surface affected its physicochemical properties.
The dispersive characteristics of both unmodified and functionalized silica-based systems were evaluated. The morphology and
microstructure of the samples obtained were analyzed using scanning electron microscopy. The parameters of porous structure of
the prepared systems were evaluated on the basis of BET equation as well as nitrogen adsorption/desorption isotherms. Wettability
tests as well as elemental analysis of the obtained inorganic oxide hybrids were also performed. In order to verify the effectiveness
of silica and magnesium silicate surface functionalization with selected silanes, FTIR spectra were investigated. The resulting
experimental data allowed calculation of the degree of coverage of the silica-based systems with modifying agents.

1. Introduction

Manymethods for chemical surfacemodification of silica and
silicate fillers have been proposed. The selection of a specific
method depends on the scale of the process (laboratory,
industrial), the thickness of the target layer, and the degree
of modification [1].

Since the activity of silica fillers depends mainly on their
structure, much attention has been paid to the chemical
character of surface and possibilities of its modification. An
important problem is the modification of their surface by
chemical reactions. First of all, the surface of silica and silicate
is modified to improve their affinity to organic compounds,
polymers in particular. This can be achieved by reduction

of surface hydrophilicity and its energy as well as by the
introduction of appropriate functional groups [2].

Many methods have been proposed to perform the
surface modification of fillers, including the sol-gel method
(in which organofunctional groups are introduced onto, e.g.,
silica during its synthesis) [3, 4], a method based on the
use of water solvents (modification is carried out in a polar
environment of water-methanol or water-acetone type) [5],
a method based on the use of organic solvents (carried out
in anhydrous conditions, anhydrous organic solvent, and
dehydrated surface, and the stage of silane hydrolysis being
omitted) [6–10], the method of self-organized monolayers
(a variation of adsorption from liquid phase) [11–13], the
intermediate hybrid method (developed by Sandoval et
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Figure 1: Synthesis of 3-(2,2,3,3,4,4,5,5-octafluoropentyloxy)propyltriethoxysilane.

al., employing a two-stage silanization-alkylation procedure
instead of alkylsilylation) [14–16], and the gas phase method
(fluidal bed) [17–19].

Modification is a complex process depending on many
parameters, including the type of solvent, the type and
concentration of modifying substance, pH, duration, and
the catalysts used. The process involving surface wetting of
the substrate is performed in a reactor that should ensure
minimum consumption of the modifying agent (the solvent)
and the modifier (the proadhesive compound). In the pro-
cess, the silane coupling agents are attached to the functional
silanol groups of the powder substance via the mechanism of
electrophilic substitution [20–24].

An addition of a small amount of an organofunctional
silane to a certain filler significantly improves its binding
ability with organic and/or bioorganic compounds and thus
improves the physicochemical properties of final polymer
products. Apart from the above application, silane coupling
agents are used to enable bonding of metal complexes (catal-
ysis) or enzymes (biochemistry) and to permit the separation
of mixtures of hydrocarbons (chromatography).

In the process of modification, organofunctional silanes
are deposited from a solution, emulsion, or water suspen-
sion. In water media, two processes take place: hydrolysis
and condensation. The rate of hydrolysis depends on the
concentration of silane, the pH of the solution (pH > 10 and
pH < 5 give a high rate, pH near 7 gives the slowest rate),
and the character of the functional groups of silanes and
alkoxy groups [20–22]. Hydrolysis is catalyzed by hydronium
ions H

3
O+, hydroxyl ions OH−, Lewis bases, and some

metals. Hydrolysis is followed by silane condensation, which
is slowest at a pH of 4-5, so this is the optimum pH of
the reaction environment, ensuring fast hydrolysis and slow
condensation.

Surfactants (anionic, cationic, and non-ionic) [24–29]
and proadhesive compounds (silanes: titanates, borates,
phosphates, zirconates, and hafnates) [30–36] are commonly
used modifiers. Modification significantly extends the range
of application of a given silica-based filler. Modified silicates
with reduced wettability are used in the construction of
sunlight collectors, elements of touch panels for optical and
other devices used in industry, and motor vehicles and
household utensils and also in the production of new types
of textile products [37, 38].

The aim of this study was to obtain silica-based systems
characterized by well-defined physicochemical properties
including high degree of dispersion and high hydrophobicity,
by means of surface functionalization with selected alkylsi-
lanes.

2. Experimental

2.1. Materials. Highly dispersed silica was obtained in a
process of precipitation, carried out in an emulsion system,
using 5% solutions of sodium silicate (Na

2
O 8.50%, SiO

2

27.18%, density 1.39 g/cm3, modulus 3.3, Vitrosilicon SA)
and hydrochloric acid (analytical grade, density 1.19 g/cm3,
POCh SA) as the initial substrates. Cyclohexane (analytical
grade, density 0.779 g/cm3, POCh SA) as the organic phase
and nonylphenylpolyoxyethyleneglycol ethers NP3 and NP6
(C
9
H
19
Ph(CH

2
CH
2
O)
𝑛
H, purchased from Sigma-Aldrich)

as emulsifying agents determining the stability of the emul-
sion were also used.

On the other hand, magnesium silicate was precipitated
from5%aqueous solutions of sodium silicate andmagnesium
sulfate (MgSO

4
⋅7H
2
O, analytical grade, density 2.66 g/dm3,

purchased from Chempur).
The surface of those inorganic supports was grafted with

selected silanes: one newly synthesized, 3-(2,2,3,3,4,4,5,5-
octafluoropentyloxy)propyl-triethoxysilane C

14
H
24
F
8
O
4
Si

(OPF), and two commercial, octadecylsilane C
18
H
40
Si (ODS)

and octyltriethoxysilane C
14
H
32
O
3
Si (OCS), both with 97%

purity, purchased from Sigma-Aldrich (Table 1).

2.1.1. Synthesis of Fluorocarbofunctional Triethoxysilane
(OPF). Synthesis of OPF was carried out in a two-stage
process. In the first stage, allyl-fluoroalkyl ether was obtained
via the Williamson reaction, using fluoroalkyl alcohol and
allyl chloride. Then the allyl-fluoroalkyl ether was subjected
to hydrosilylation with triethoxysilane in the presence of
siloxide rhodium complex as catalyst [39] (Figure 1).

1,1,2,2,3,3,4,4-octafluoropentyl allyl ether in a quantity
of 20.4 g (75mmol) and rhodium catalyst in a quantity of
0.22 𝜇g (10−5mol Rh/1mol ≡Si–H) [{Rh(OSiMe

3
)(cod)}

2
]

were placed in a three-neck round-bottom flask equipped
with a thermometer, condenser, and magnetic bar. Then
11.5 g of triethoxysilane (70mmol) was introduced, and the
solution was heated up to 60∘C and kept at that temperature
for 1 h. After the reaction was completed, the solvent and
excess of olefin were evaporated under vacuum to give the
product in a quantity of 29.9 g (98% of the theoretical yield).

The product structure was confirmed by NMR analysis.
1H NMR. (C

6
D
6
, 298K, 300MHz) 𝛿 (ppm): 0.6

(2H, –SiCH
2
–); 1.13 (9H, CH

3
–); 1.67 (2H, –CH

2
–);

3.17 (2H, –CH
2
O–); 3.47 (2H, –OCH

2
–CF
2
–); 3.72

(6H, CH
3
–CH
2
O–); 5.59 (1H, –CF

2
H).

13CNMR. (C
6
D
6
, 298K, 75.5MHz) 𝛿 (ppm): 6.73 (–SiCH

2
–);

18.38 (–CH
3
); 23.34 (–CH

2
–); 58.47 (–OCH

2
CH
3
); 67.52
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Table 1: Alkylsilanes’ characteristics.

Name Acronym Chemical
formula Structure

3-(2,2,3,3,4,4,5,5-
octafluoropentyloxy)propyl-
triethoxysilane

OPF C
14
H
24
F
8
O
4
Si Si

OEt
EtO

OEt

O R1

R1 = CF2CF2CF2CF2H

Octadecylsilane ODS C18H40Si Si

H

H

H

Octyltriethoxysilane OCS C14H32O3Si Si

O
O

O

(–OCH
2
CF
2
–); 75.03 (–CH

2
O–); 108.17, 111.53, 116.00

(–CF
2
–); 119.39 (–CF

2
H).

29Si NMR. (C
6
D
6
, 298K, 59.6MHz) 𝛿 (ppm): −46.14

((EtO)
3
SiCH
2
–).

2.2. Procedures and Methods

2.2.1. Precipitation of Silica. Precipitation of the silica support
took place in a two-emulsion system. The first emulsion, E1,
was formed using 5% solution of sodium silicate (as silica
precursor), cyclohexane (as organic phase), and nonionic
surfactants NP3 and NP6 in quantities of 2.3 g and 2.5 g,
respectively (as emulsifiers). Emulsion E2 was formed with a
5% solution of hydrochloric acid, cyclohexane, and a mixture
of the same emulsifiers but in quantities of 1.5 g and 1.3 g,
respectively. Before the precipitation process, emulsion E2
was placed in a special reactor equipped with a high-speed
homogenizer, to which homogenized E1 was added at a
constant rate of 10 cm3/min. As a result of the reaction, an
emulsion containing silica was obtained. Then the reaction
system was heated up to 80∘C, in order to destabilize the
emulsion, and after that it was possible to separate the
organic phase using a vacuum evaporator made by Büchi
Labortechnik GmbH. The mixture was filtered off under
reduced pressure and the filtrate was washed with hot water
and then with acetone in order to remove surfactant residues.
Finally, the samplewas dried by a convectionmethod at 105∘C
for 48 h, using a MEMMERT dryer.

2.2.2. Precipitation of Magnesium Silicate. Highly dispersed
magnesium silicate was precipitated in a reactor of 10 dm3 in
capacity (made byQVFMiniPlant PILO-TEC) equippedwith

a high-speed stirrer (1000 rpm). The precipitation reaction
was carried out at room temperature. At the beginning of
the process, a certain volume of a 5% solution of magnesium
silicate was placed in the reactor, to which a 5% solution of
sodium silicate was introduced using a peristaltic pump at a
constant rate of 20 cm3/min.The process lasted for about 5 h.

The precipitate was separated from the postreaction
mixture by filtration, and then the filtrate was washed a
few times with hot, distilled water to remove residues of
unreacted salts. Then the samples were dried at 105∘C and
classified.

The silica and the magnesium silicate obtained were
subjected to a comprehensive range of tests to evaluate their
physicochemical properties.

2.2.3. Surface Modification of Silica and Magnesium Silicate
by Chemical Method. The inorganic powders obtained were
subjected to surface modification with selected silanes (see
Table 1) used in quantities of 3, 5, and 10 weight parts by
mass of SiO

2
. Modifying agents were first hydrolyzed in

a methanol/water system (4/1, v/v) with a controlled pH
value being maintained in the range of 4-5. After that, the
modifying mixture was sprayed onto the surface of the filler.
Modification was performed using a vacuum evaporator, to
which the mixture of obtained silica or silicate together with
the modifying agent was introduced. In this way, it was
possible to remove the organic solvent (methanol) from the
reaction mixture. The process lasted for 1 hour.

2.2.4. Physicochemical Properties of the Obtained Hybrids.
The dispersive characteristics (particle size distributions) of
the fillers obtained were evaluated with a Zetasizer Nano
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ZS and a Mastersizer 2000, both made by Malvern Instru-
ments Ltd., using the noninvasive backscattering (NIBS)
method and laser diffraction technique, respectively. These
two devices enable the measurement of particle sizes in
different ranges: 0.6–6000 nmand 0.2–2000𝜇m, respectively.
Mastersizer 2000 allowed to obtained characteristic disper-
sion parameters such as d(0.1), d(0.5), d(0.9), andD[4.3].The
terms d(0.1), d(0.5), and d(0.9) correspond, respectively, to
the frequencies of 10%, 50%, and 90%. For instance, d(0.5)
means that 50% of the particles possess a diameter less
than a given value. Thus, the term D[4.3] is described as
mean particle diameter calculated form the whole sample
volume. The morphology and microstructure of the samples
were determined using a scanning electronmicroscope (Zeiss
EVO40).The observations permitted evaluation of the degree
of dispersion, the structure of particles, and the nature of
agglomerations. The effectiveness of the functionalization
process was also evaluated on the basis of zeta potential
measurements. Zeta potential was measured by the elec-
trophoretic light scatteringmethodusing aZetasizerNanoZS
instrument equipped with an autotitrator made by Malvern
Instruments Ltd. The electrokinetic potential was measured
in the presence of a 0.001M NaCl electrolyte. Measurements
were performed in the pH range from 1.5 to 11, which enabled
the determination of the electrokinetic curves. The standard
deviation of the zeta potential at a given pH was ±1.5mV or
less, and the error in the pH was estimated to be 0.05 pH
units or lower. The degree of modification of the inorganic
supports with selected alkylsilanes was determined using a
FTIR EQUINOX 55 spectrophotometer made by Bruker.The
obtained fillers were subjected to FTIR analysis after tablet-
ting using KBr. The chemical composition of the modified
fillers was determined using a Vario EL Cube apparatusmade
by Elementar Analysensysteme GmbH and using a Specs
Phoibos-100 spectrophotometer operating based on the XPS
(X-ray photoelectron spectroscopy) method. Parameters of
porous structure (surface area and pore size distribution)
were also evaluated for selected samples. Measurements were
made using an ASAP 2020 instrument made by Micromerit-
ics Instrument Co. operating on the basis of low-temperature
nitrogen adsorption.

In order to characterize the hydrophilic/hydrophobic
character of the obtained fillers, they were subjected to
wettability tests, performed by the sorption method using a
K100 tensiometer (Krüss).Measurements were performed for
about 600 s, until the sample attained a constant mass.

3. Results and Discussion

In the first stage of the research, a comparative analysis was
carried out on the dispersive and morphological properties
(SEM observations) of unmodified silica and SiO

2
func-

tionalized with 5 weight parts by mass of 3-(2,2,3,3,4,4,5,5-
octafluoropentyloxy)propyltriethoxysilane (OPF), octade-
cylsilane (ODS), and octyltriethoxysilane (OCS) (Figures 2
and 3).

Figure 2 presents the particle size distributions, accord-
ing to volume contribution, determined for both unmod-
ified and silica modified with 5 weight parts by mass of
OPF (Figure 2(b)), ODS (Figure 2(c)), or OCS (Figure 2(d)).
Monodisperse particle size distribution was obtained only
for unmodified silica, and the dominant volume contribution
of 38.3% was recorded for particles of 531 nm in diameter.
Modification of the silica surface resulted in an increase in
the particles’ tendency to agglomerate (presence of secondary
agglomerates). The sample modified with 5 weight parts
by mass of ODS is characterized by bimodal particle size
distribution; the two bands correspond to particle diameters
in the range of 91–295 nm and 1480–6440 nm, respectively.
Similarly, the particle size distribution of the samplemodified
with 5 weight parts by mass of OPF is also bimodal, with
the two bands covering the particle diameter ranges of 142–
255 nm and 2670–6440 nm (Figure 2(b)). The SEM image of
unmodified silica (Figure 3(a)) confirms the high homogene-
ity and spherical shape of the particles, with low tendency
towards agglomerate formation, which is also confirmed by
the low polydispersity index of 0.289.The SEM image of silica
modified with 5 weight parts by mass of OPF also confirms
the presence of spherically shaped particles, but they are less
regular and tend to form agglomerates (Figures 3(b)–3(d)).
The polydispersity index of this sample is 0.460.

As follows from the literature [40–42], the alkoxysilanes,
especially those containing =NH or –NH

2
groups, have been

mostly used for surface modification of emulsion silicas
and induce a considerable increase in the tendency towards
formation of primary and secondary agglomerates. The SEM
images presented in Figures 3(e)-3(f) also confirm that the
particles’ tendency to form agglomerates in the sample of
silica modified with applied silanes is greater than in the
unmodified SiO

2
. Microscopic observations are in agreement

with particle size measurement results.
Figure 4 allows a comparison of the particle size dis-

tributions obtained for both unmodified and magnesium
silicate modified with 5 weight parts by mass of the three
different silane coupling agents. Table 2 gives the dispersive
characteristics of magnesium silicate-based fillers. As follows
from these data, themodification process ofMgO⋅SiO

2
causes

small changes in the particle sizes of the obtained fillers. The
unmodifiedmagnesium silicate is composed of particles with
diameters ranging from 1 to 100 𝜇m. The dominant volume
contribution of 5.01% is recorded for particles 39.8𝜇m in
diameter (Figure 4 and Table 2). Analysis of the results shows
that in this sample 10% of particles have diameters not greater
than 3.8 𝜇m, 50% have diameters not greater than 22.5𝜇m,
and 90% have diameters smaller than 73.6 𝜇m. The mean
diameter of particles D[4.3] in the sample of unmodified
MgO⋅SiO

2
is 31.5 𝜇m. Modification of magnesium silicate

with 5 weight parts by mass of OPF, ODS, or OCS resulted
in increased particle size. The sample modified with 5 weight
parts by mass of OPF contained 10% of particles with
diameters below 8.7𝜇m, 50%with diameters not greater than
35.6 𝜇m, and 90% with diameters smaller than 94.0 𝜇m. In
turn, the inorganic support modified with 5 weight parts by
mass of ODS is characterized by a 10% volume contribution
of particles with diameters below 6.6 𝜇m, while 50% have
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Figure 2: Particle size distributions of unmodified silica (a) and silica modified with 5 weight parts by mass of OPF (b), ODS (c), and OCS
(d).
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(a) (b)

(c) (d)

(e) (f)

Figure 3: SEM images of unmodified silica, (a) silica functionalized with 3, 5, and 10 weight parts by mass of OPF ((b), (c), and (d)),
respectively, and 5 weight parts by mass of ODS (e) and OCS (f).
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Table 2: Dispersive parameters of unmodified MgO⋅SiO2 and magnesium silicate modified with different alkylsilanes.

Sample Diameter (𝜇m) Mean diameter D (4.3) (𝜇m)
d (0.1) d (0.5) d (0.9)

MgO⋅SiO2 3.8 22.5 73.6 31.5
MgO⋅SiO2 + 5 weight parts by mass of OPF 8.7 35.6 94.0 42.0
MgO⋅SiO2 + 5 weight parts by mass of ODS 6.6 30.8 91.0 46.0
MgO⋅SiO2 + 5 weight parts by mass of OCS 8.2 37.0 96.0 44.0
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Figure 4: Comparison of particle size distributions of unmodified
MgO⋅SiO

2
and magnesium silicate modified with 5 weight parts by

mass of different silanes.

diameters below 30.8 𝜇m and 90% have diameters below
91.0 𝜇m.Moreover, the dispersive parameters d(0.1) = 8.2𝜇m,
d(0.5) = 37.0 𝜇m, and d(0.9) = 96.0 𝜇m are found for the
magnesium silicate sample modified with 5 weight parts by
mass of OCS. The particle diameter ranges are confirmed by
the SEM images presented in Figure 5.

Figure 6(a) presents a comparison of the dependencies
of zeta potential on pH for unmodified silica and for the
samples modified with 5 weight parts by mass of selected
silanes. Modification with silanes leads to the introduction of
new chemical groups on the silica surface, which changes its
initial properties and also the surface charge, manifested by
the values of zeta potential.

Electrokinetic potential of unmodified silica is negative
in the entire pH range studied and the isoelectric point (IEP)
was reached at pH close to 1.7.Theunmodified silica is charac-
terized by high electrokinetic stability for pH values ranging
from 4 to 11, which is manifested by zeta potential values
from −30mV to −52mV. The most pronounced changes in
the electrokinetic properties were noted as a result of silica
modification with 5 weight parts by mass of OPF, while the
changes caused by modification with 5 weight parts by mass
of OCS and ODS with respect to the curve obtained for the
unmodified silica sample were insignificant. Modification of

the SiO
2
surface with OPF results in a significant shift of the

electrokinetic curve towards higher pH, relative to that for
the unmodified sample. Sample modified with OPF is stable
at pH from 6 to 11 and its zeta potential values vary from −2
to −33mV over the pH range analyzed.

The character of electrokinetic curves is an indirect
confirmation of the effectiveness of the proposed method of
surface modification.

In the case of magnesium silicate grafted with different
silanes, changes in the electrokinetic properties was notmuch
significant. Magnesium silicate-based samples are character-
ized with zeta potential range of 10–(−48)mV. In the pH
range of 3–12 all samples have negative zeta potential values
with the highest negative value of −48mV obtained for the
sample modified with 5 weight parts by mass of OPF silane.
In comparison to the silica-based fillers, all samples of MgO-
SiO
2
grafted with silanes exhibit IEP (isoelectric point—pH

at which zeta potential is 0) which value is determined by its
higher base surface character and the surface charge changes
caused by modification process. Unmodified magnesium
silicate has IEP at pH = 3; on the other hand, samplemodified
with 5 weight parts by mass of ODS—pH = 3.3 and samples
modified with 5 weight parts by of OPF and OCS—pH = 3.6.

The effectiveness and chemical nature of the modifica-
tion process were evaluated on the basis of FTIR spectra.
Figure 7(a) shows the FTIR spectra of raw silica and SiO

2

functionalized with 5 weight parts by mass of three different
alkylsilanes.The FTIR spectra show common bands assigned
to various vibrations in the solid network. The analysis of
those spectra revealed the broad band centered at around
3470–3450 cm−1 which corresponds to the overlapping of the
–OH stretching bands of hydrogen-bonded water molecules
as well as Si–OH stretching of surface silanols hydrogen-
bonded to molecular water. Furthermore, the Si–O in-plane
stretching vibrations of the silanol Si–OH groups appear at
around 960 cm−1, and the absorption bands corresponding to
the adsorbed water molecules deformation vibrations appear
at 1653–1634 cm−1 which is in agreement with [43]. The
absorption of watermolecules on the surface of such powders
is due to the existence of the surface silanol groups and there-
fore to the hydrophilic nature of those materials. The intense
silicon-oxygen covalent bonds vibrations appear mainly in
the 1200–1000 cm−1 range, revealing the existence of a dense
silica network, where oxygen atoms play the role of bridges
between each two silicon sites. The very intense and broad
band appearing at 1095–1089 cm−1 and the shoulder at around
1200 cm−1 are assigned, respectively, to the transversal optical
and longitudinal optical modes of the Si–O–Si asymmetric
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Figure 5: SEM images of unmodified magnesium silicate (a) and MgO⋅SiO
2
modified with 5 weight parts by mass of OPF (b), ODS (c), and

OCS (d).
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Figure 7: Comparison of the FTIR spectra of silica (a) and MgO⋅SiO
2
(b) modified with 5 weight parts by mass of silanes.

stretching vibrations as also presented in [44]. On the other
hand, the symmetric stretching vibrations of Si–O–Si appear
at 800 cm−1 and its bending mode appears at 469–467 cm−1
which is in agreement with [43]. The FT-IR spectrum of
silica modified with 5 weight parts by mass of OPF shows
that the bands attributed to the stretching vibrations of
–CH groups (2965–2850 cm−1) as well as of –CH

3
groups

become much more intensive. The increase in the intensities
of these peaks is coupled to the increase of the intensities
of the C–H deformation peaks appearing between 1466 and
1379 cm−1. This spectrum also shows peak at 1341 cm−1 that
could be assigned to the –CH

2
– deformation vibrations of the

propyl group. Thus, the spectrum of silica modified with 5
weight parts by mass of OCS shows very intense asymmetric
and symmetric C–H stretching vibrations between 2930 and
2858 cm−1. The existence of these intense bands is due to the
large number of –CH

2
groups in the octyl-modified silica

material, showing their rocking vibrations at 723 cm−1. The
existence of these octyl-surface groups is coupled with an
increase of the hydrophobicity of the samples shown by the
decrease of the intensities of the surface-absorbed water at
3450 and 1635 cm−1. FT-IR spectrum for sample modified
with 5 weight parts by mass of ODS shows an increase in
the intensities of the CH

3
(from ](C–H)) 2956 cm−1, –CH

2

2913 and 2848 cm−1, and C–H deformation peaks appearing
between 1466 and 1379 cm−1. The spectra showed peaks at
1341 cm−1 that could be assigned to the –CH

2
– deformation

vibrations of the silane group which is in agreement with
[45, 46].

Figure 7 shows IR spectra of unmodified silicate and
powder modified with 5 weight parts by mass of different
silanes. The FTIR spectra confirm the hydrophilic surface
character of the magnesium silicate result from the process
of its precipitation in a polar medium. They show a clear

character with the principal Si–O stretching bands at 1000–
1080 cm−1, a Si–OH deformation band at 895 cm−1, a single
Si–O–Mg bending vibration at 450 cm−1 (with a shoulder
at 400 cm−1), and perpendicular Mg vibrations at 555 cm−1,
which is in agreement with [47, 48]. The absorption band
covering the range of 3850–3150 cm−1 is attributed to water
adsorbed on the surface of silicate, the same as in the case
of silica (Figure 7(a)). Modification of magnesium silicate
with different silanes results in the same changes in the FTIR
spectra and presence of the same groups characteristic for
modifier molecules as compared to silica spectra, but less
intensive.

The effectiveness of modification and the degree of
coverage of the inorganic support with the applied modifiers
were estimated on the basis of elemental analysis and X-
ray photoelectron spectroscopy (XPS). The content of car-
bon, hydrogen, oxygen, fluorine, silicon, and magnesium
in the structure of the samples was determined. Percentage
contributions of the above-mentioned elements are given
in Tables 3 and 4. According to the data collected, the
content of fluorine on the surface of both fillers (silica
and magnesium silicate) increases with increasing quantity
of alkylsilane applied in the process of modification. The
quantity of fluorine in the silica sample modified with 10
weight parts by mass of OPF was 23.10% atm., while in the
magnesium silicate sample modified with the same amount
of the samemodifier it was 8.07% atm. An increasing amount
of modifier also caused an increase in the content of carbon,
from 1.72% for unmodified silica to 6.27% for silica modified
with 10 weight parts by mass of ODS and from 0.00% to
3.59% for unmodified and ODS-grafted magnesium silicate,
respectively. The degree of coverage of the support surface
with selected modifier also increases with increasing amount
of silane used, reaching amaximum value of 7.61 𝜇mol/m2 for
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Table 3: Chemical composition and degree of coverage of both unmodified and grafted silica.

Sample
Content

Degree of coverage (𝜇mol/m2)Elemental analysis XPS
C (%) H (%) O (% atm.) F (% atm.) Si (% atm.)

SiO2 1.72 1.46 54.21 — 24.98 —
SiO2 + 3wt./wt. of OPF 2.17 1.57 48.51 11.12 22.91 4.53
SiO2 + 5wt./wt. of OPF 2.57 1.67 42.97 17.85 19.64 5.24
SiO2 + 10wt./wt. of OPF 3.27 1.67 39.25 23.10 18.81 7.61
SiO2 + 3wt./wt. of ODS 2.80 1.54 38.98

Not determined

19.87 3.74
SiO2 + 5wt./wt. of ODS 4.30 1.85 42.83 21.59 4.14
SiO2 + 10wt./wt. of ODS 6.27 2.36 45.79 24.65 4.78
SiO2 + 3wt./wt. of OCS 2.25 1.87 48.78 22.68 4.48
SiO2 + 5wt./wt. of OCS 2.59 1.98 50.57 24.82 4.65
SiO2 + 10wt./wt. of OCS 3.08 2.00 53.78 27.98 5.20

Table 4: Chemical composition and degree of coverage of both unmodified and grafted magnesium silicate.

Sample
Content

Degree of coverage (𝜇mol/m2)Elemental analysis XPS
C (%) H (%) O (% atm.) F (% atm.) Si (% atm.) Mg (% atm.)

MgO⋅SiO2 — 3.03 63.29 — 21.90 8.00 —
MgO⋅SiO2 + 3wt./wt. of OPF 1.57 2.78 59.88 3.12 19.67 7.09 0.21
MgO⋅SiO2 + 5wt./wt. of OPF 1.95 2.86 57.82 4.51 17.35 7.42 0.25
MgO⋅SiO2 + 10wt./wt. of OPF 2.29 2.98 50.34 8.07 19.31 7.21 0.30
MgO⋅SiO2 + 3wt./wt. of ODS 1.90 3.06 56.78

Not determined

19.10 7.11 0.17
MgO⋅SiO2 + 5wt./wt. of ODS 2.14 3.13 58.35 20.50 7.71 0.17
MgO⋅SiO2 + 10wt./wt. of ODS 3.59 3.29 59.98 22.05 7.99 0.21
MgO⋅SiO2 + 3wt./wt. of OCS 1.02 2.46 59.78 19.87 7.10 0.20
MgO⋅SiO2 + 5wt./wt. of OCS 1.25 2.73 62.10 21.33 8.45 0.22
MgO⋅SiO2 + 10wt./wt. of OCS 1.58 2.97 65.34 24.56 9.98 0.26

silica modified with 10 weight parts by mass OPF, while for
magnesium silicate modified with the same alkylsilane in the
same amount the degree of coverage is 0.30 𝜇mol/m2.

To verify the possibility of using the silicas and mag-
nesium silicate as adsorbents and polymer fillers, their
parameters of porous structure were characterized, based
on BET equation as well as nitrogen adsorption/desorption
isotherms. Table 5 presents the parameters of porous struc-
ture of functionalized silica and silicate fillers. Irrespective of
the modifier used, a decrease in the values for the surface
area of functionalized hybrid fillers was observed, which
indirectly testifies to the effectiveness ofmodification process.
For silica-based fillers the highest value of surface area
was found for unmodified silica (48m2/g), and the lowest
one (17m2/g) for silica modified with 10 weight parts by
mass of ODS. The surface area of unmodified magnesium
silicate is 480m2/g, which is much higher than that obtained
for the hydrophobized samples. In turn, the lowest surface
area of 310m2/g was obtained for the sample of MgO⋅SiO

2

functionalized with 10 weight parts by mass of OCS.
Besides the introduction of functional groups, the

functionalization process is also intended to enhance the

hydrophobicity of the samples relative to that of the raw
silica or magnesium silicate. The hydrophilic/hydrophobic
properties of the samples were evaluated on the basis of
wettability profiles (Figure 8). Analysing the experimental
data, an increase in the hydrophobicity of the modified
samples was noted. The smallest mass increase, and thus the
weakest affinity to water, was established for the silica and
magnesium silicate samples modified with 5 weight parts by
mass of OPF (Figures 8(a) and 8(b)).

Many previously published papers have been focused
on the silane-functionalization of inorganic fillers, but the
novelty of the present work is the application of newly
synthesized fluorosilane for this purpose. Using this silane for
modification of fillers will probably extend the range of their
functionality and utility.

4. Conclusions

Modification of silica andmagnesium silicate carried outwith
3-(2,2,3,3,4,4,5,5-octafluoropentyloxy)propyltriethoxysilane
(OPF), octadecylsilane (ODS), or octyltriethoxysilane
(OCS), used in amounts of 3, 5, and 10 weight parts by mass,
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Figure 8: Wettability profiles of (a) silica- and (b) magnesium silicate-based fillers.

Table 5: Parameters of porous structure of the obtained fillers.

Filler type Modifying
agent type

Amount of
modifying agent

(wt./wt.)
𝐴BET (m

2/g)

SiO2

— — 48

OPF
3
5
10

32
31
28

ODS
3
5
10

37
22
17

OCS
3
5
10

38
37
24

MgO⋅SiO2

— — 480

OPF
3
5
10

471
367
362

ODS
3
5
10

392
369
341

OCS
3
5
10

360
324
310

resulted in increased hydrophobicity of the hybrid fillers
and pronounced agglomeration of the products’ particles.
The products with optimal physicochemical parameters
(relatively high homogeneity and hydrophobicity) proved
to be those modified with 3-(2,2,3,3,4,4,5,5-octafluoropen-
tyloxy)propyltriethoxysilane. Based on electrokinetic prop-
erties evaluation, it was confirmed that this kind of oxide
systems is characterized by high electrokinetic stability,

especially in alkaline pH range. Moreover, functionalization
of oxides surface with selected silanes (especially with OPF)
significantly affect the measured values of the zeta potential
and the electrokinetic stability.

Performed FTIR and XPS spectral investigations as well
as elemental analysis results proved the chemical nature of
interactions and the effectiveness of themodification process.

Surface modification of silica-based fillers with 3-
(2,2,3,3,4,4,5,5-octafluoropentyloxy)propyltriethoxysilane
caused the smallest decrease in the surface area, even when
used in the amount of 10 weight parts by mass. Due to
obtained results, it is expected that inorganic powders
modified with OPF will be successfully applied as functional
fillers in selected polymer composites, as an alternative for
commonly used silanes.
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A study was presented in this paper on porous structure with microsize holes significantly smaller than laser spot on the stainless
steel 304 target surface induced by a picosecond Nd:van regenerative amplified laser, operating at 1064 nm. The target surface
variations were studied in air ambience.The estimated surface damage threshold was 0.15 J/cm2.The target specific surface changes
and phenomena observed supported a complementary study on the formation and growth of the subspot size pit holes on metal
surface with dependence of laser pulse number of 50–1000 and fluences of 0.8 and 1.6 J/cm2. Two kinds of porous structures were
presented: periodic holes are formed from Coulomb Explosion during locally spatial modulated ablation, and random holes are
formed from the burst of bubbles in overheated liquid during phase explosion. It can be concluded that it is effective to fabricate a
large metal surface area of porous structure by laser scanning regime. Generally, it is also difficult for ultrashort laser to fabricate
the microporous structures compared with traditional methods. These porous structures potentially have a number of important
applications in nanotechnology, industry, nuclear complex, and so forth.

1. Introduction

The application of lasers surface structure fabrication to
different materials including metal is of great interest. With
the appearance of ultrashort laser in 1990s, material/metal
surface texturing gained a whole new dimension. From that
moment, it became possible to touch three time regimes from
fs, ps, to ns [1]. Surface structure fabrications by ultrashort
laser have been paid serious attention because it can manu-
facture structures with sub-spot size and can provide greater
flexibility in fixing the position of ablated areas [2, 3]. They
have widely potential applications in the fields of physics,
chemistry, and materials, such as enhancing light absorption
[4], improving catalytic action [5], and strengthening tribo-
logical and hydrophilic properties [6].

In the recent years, the fabrication of the micro- and
nanosized periodical structures on the surface of materials
by laser radiation with intensity exceeding the melt threshold
has been intensively studied [7–9]. Periodic patterns of the
ripples are often referred to as one of the most common
laser-induced periodic surface structures (LIPSS). Some pit
holes with diameters significantly smaller than laser spot are
often observed during LIPSS fabrication on material surface

[10, 11]. So far, many studies have been carried out on LIPSS
formed by laser pulses [7–9]. However, a detailed study on the
origin and development of these pit holes is rare, but some
underlying physical effects have been preliminarily investi-
gated by pump-probemicroscopy on a Ta

2
O
5
/Pt layer system

on glass substrate [12]. Fan and Zhong found that spe-
cific porous coral-like structures on Cu by picosecond can
enhance broadband absorption [13], and Zhao and Zhang
found that the porous structure on MoO

3
films can be used

for supercapacitors [14].
In thiswork, a complementary studywas presented on the

influence of the laser pulse number and fluence on the forma-
tion and growth of these subspot size pit holes on metal sur-
face. Nano/micrometer-sized holes were found to be formed
under specific irradiation conditions. A comparison of these
experimental results based on the currently accepted mecha-
nism revealed the evolution of the holes.

2. Experimental

The laser system (High-Q IC-1500) based on a regenerative
Nd:van amplifier using chirped pulse amplification technique
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Figure 1: Experimental device.

provides high-intensity picosecond laser pulses for the exper-
iment. The pulse duration of the output beam from amplifier
is 10 ps with nominal wavelength at 1064 nm.The laser system
delivers ∼0.3mJ per pulse at 1 kHz repetition rate and 𝜆 =
1064 nm, 10 ps pulse length, and observed bandwidth Δ𝜆
∼5.5 nm. The power density distribution of the laser beam
is Gaussian with a measured 3D Gaussian fit parameter of
∼0.87.The IR (1064 nm) radiation can be converted into green
(532 nm) by a Second Harmonic Generator (SHG) unit. The
experimental setup is depicted in Figure 1. The laser power is
adjusted by using a combination of a half-wave plate and a
linear polarizer. A pyroelectric detector is used to inspect the
laser power in real time with a beam splitter. The number of
pulses is programmable using an electromechanical shutter
control. The laser beam are focused and normally irradiated
onto the surface of sample using 𝑓-theta lens (𝑓 = 150mm).
A motorized 𝑥𝑦𝑧 stage controlled by computer is used to get
a precise positioning of the samples.

The experiment was performed on the stainless steel
304 which is widely used in industry. Firstly, the surface of
the steel sample was mechanically polished with sandpaper
with a grit size of 2500 grooves/mm and subsequently fine
polished with the Alumina powder with an average particle
size of ∼500 nm. After the polishing process, the sample was
cleaned in an ultrasonic bath firstly by acetone to remove oily
contaminants for 10 minutes and subsequently by alcohol for
10minutes. Finally, the sample was rinsed with distilled water
and dried by nitrogen.

In experiments, all the laser ablation experiments were
performed in air. The samples were irradiated by a series of
laser pulses with the different fluence and pulse number at
wavelength 1064 nm and 1 kHz repetition rate. After laser
irradiation, the ablated surfaces of the sampleswere inspected
with a Scanning Electron Microscope (SEM: Hitachi SU-
8010) and Energy Dispersive X-ray (EDX) which is the com-
ponent of SEM. For a detailed 3D characterization of multi-
pulse laser ablated craters, Laser Confocal Scanning Micro-
scopy (LCSM: Olympus OLS-400) imaging was used.

3. Results and Discussions

The surface of the stainless steel 304 had a typical silver-
grey metallic color before irradiation. The investigation of

the effect of picosecond laser on target morphological chan-
ges was started with a series of the spot irradiated by different
pulse numbersN and fluences F. It was interesting to find that
some sub-spot holes are formed at the bottomof some ablated
crater under the certain situations.

3.1. Generation of Holes Depended on Laser Fluence . Figure 2
shows SEM images of craters ablated by picosecond laser with
fluences 𝐹 = 0.8 and 1.6 J/cm2 and the pulse numberN = 500.
The specific surface morphology of the ablated craters can be
observed in SEM images.

Figure 3 shows LCSM images of ablated craters for laser
fluences of 0.8 and 1.6 J/cm2 with 500 pulses. 3D feature is
shown in the LCSM images with typical cross-sectional
graphs taken along the crater centre at the right-hand side of
each image.

For the fluence of 0.8 J/cm2, microholes on the irradiated
surface are shown in Figures 2(a) and 3(a).These pit holes var-
ied in dimension with the dependence of the Gaussian laser
energy distribution field. Holes with the average diameters
of ∼1.5 𝜇m are observed in the center of ablated crater (left-
hand inset SEM images in Figure 2(a)); while near the edge of
ablated crater, pit holes with the average diameter of ∼0.9 𝜇m
also appear among the ripples (right-hand inset SEM images
in Figure 2(a)). All holes seem to be regularly lying along lines
which are directed almost perpendicular to the ripples, and
the average distance between two adjacent holes ∼3.6 𝜇m led
to hole-lying lines with period ∼3.6 𝜇m.These periodic holes
were also observed in previous report while in-depth analysis
was absent [11]. At the outer edge of ablated crater, ripples
just remain because of the lower fluence.The depth of ablated
crater reaches ∼7 𝜇m, but the depth of pit holes in the center
of ablated crater bottom is very small.

When the fluence increased to 1.6 J/cm2, morphology of
the microholes had a significant change as shown in Figures
2(b) and 3(b); the maximum size of holes in center of
ablated crater reaches ∼5 𝜇m (left-hand inset SEM images in
Figure 2(b)). Holes are nonperiodic in the center of ablated
crater, which can be called as random holes. The dimension
of random holes decreases to ∼2 𝜇m near the edge of ablated
crater, with dependence of theGaussian laser energy distribu-
tion field. A few periodic holes ∼1 𝜇m are still observed near
the edge of ablated crater (right-hand inset SEM images in
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Figure 2: SEM images of 500 pulse ablated craters using fluences of 0.8 J/cm2 (a) and 1.6 J/cm2 (b), respectively. The location where pointed
spectral analysis was conducted is marked.
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Figure 3: LCSM images of 500 pulse ablated craters using fluences of 0.8 J/cm2 (a) and 1.6 J/cm2 (b), respectively.

Figure 2(b)). Compared with Figure 3(a), the average depth
of ablated crater seems to be decreasing obviously; however,
the depth of microholes on the crater bottom reaches ∼9𝜇m.
A lot of microholes with large depth and diameter make the
quality of the crater bottom worse in roughness, as shown
in Figure 3(b). It is also inferred that formation of holes in

center of ablated crater in Figure 3(b) may be explained by
a mechanism that the rapid cooling and resolidification after
overheated liquid explosion which differs from the moderate
characterization in Figure 3(a).

Irradiation on the target sample was performed in air
atmosphere; therefore, the oxygen content in the irradiated
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region is expected to increase. For monitoring of the target
constituents, including oxygen, before and after the irradia-
tion of laser pulses, EDXmethod was used; and the elemental
analysis was carried out along the ablated crater at 3 points
in Figure 2(a). The results obtained are given in Table 1.
Generally, irradiation of the sample laser resulted in the
increase of oxygen content and the decrease of carbon content
from the periphery towards the center (Table 1, Figure 2(a)).
This result implies a relatively efficient removal of carbon
from the steel surface.

As shown in Figures 2 and 3,morphologies of the different
pit holes in different laser irradiated regions indicate that the
hole-formation significantly depends on laser fluence. So it is
necessary to understand the effect of laser fluence.

Damage threshold is defined as the minimum laser
energy/fluence necessary for creating detectable damage on
the material surface. Based on the micrographs of craters
ablated by different numbers of pulses (1–500) and fluences
(0.2–1.7 J/cm2), the damage thresholds of the target were
determined for different numbers of pulses, as shown in
Figure 4. These damage thresholds and focused beam radius
can be evaluated using the method given in references [10, 15,
16].The focused beam radius𝜔

0
was calculated to be ∼45 𝜇m.

The region of holes did not obviously increase with the
increase of the number of pulses. The surface morphology
ablated by 500 pulses was used to predict the formation of
pit holes dependence of a Gaussian spatial beam fluence
profile, which is schematically presented in Figure 5. The
fluence of each ablate crater has a Gaussian profile, shown
in Figure 5(a). Fth2 is the threshold for random pit holes and
Fth1 is the threshold for periodic pit holes. Fth1 or Fth2 can be
calculated by the following equations:

𝐹 (𝑟) = 𝐹
pk
0

exp(−2𝑟
2

𝜔2
0

)

𝐹
pk
0
=
2𝐸
𝑝

𝜋𝜔2
0

,

(1)

where 𝐹pk
0

is the peak laser fluence (the fluence at the center
for 𝑟 = 0), 𝐸

𝑝
is laser pulse energy. Based on the surface

morphologies in Figures 2(a) and 2(b), Fth1 and Fth2 are
∼0.76 J/cm2 and ∼1.2 J/cm2, respectively.

During laser interaction with metals, when the laser flu-
ence is significantly higher than multipulse damage thresh-
old, the thermal diffusivity cannot be neglected [17, 18], and
a series of thermal effects such as melting, vaporization of
molten material, and dissociation, can be generated on the
target [19]. Here a calculation for thermal effects based on two
temperatures in ablation process is presented [1]. Considering
the following set of parameters for the stainless steel 304
(density 𝜌 = 7.93 g/cm3, heat capacity C

𝑃
= 605 J kg−1K−1

calculated at an average temperature of T = 1005K between
room temperature T

0
= 298K and the melting temperature

T
𝑚
= 1713 K [20], and the thickness dabs equaled to the laser

optical energy penetration depth of 𝛼−1 = 20 nm [21]), the
relationship between the temperature and the pulse fluence
can be obtained using the equation of ΔT = F/(𝜌C

𝑃
dabs) [10].

During laser acting on the thick material surface layer, only
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Figure 5: Illustration of laser ablation: (a) the profile of Gaussian
beam intensity in 𝑟-axis and (b) the exposure area of ps-laser.

about 10% of the incidence energy fluence is absorbed [22],
and the rest is used for the expanding plasma tomove into the
ambient air with a small part lost in radiation [23, 24]. Thus,
it is easily calculated that the pulse fluence of 0.147 J/cm2 can
cause surfacemelting and the fluence of 0.283 J/cm2 can cause
surface vaporizing. The theoretically calculated threshold
0.147 J/cm2 agrees with the experimentally calculated thresh-
old 0.150 J/cm2 well. According to the above analysis, the laser
fluences 0.80 and 1.6 J/cm2 used in Figures 2 and 3 are enough
to vaporize the material in skin surface and conduct heat into
the bulk of material. Thermal diffusivity indeed occurs.

As the fluence increases from 0.8 to 1.6 J/cm2, the depth
and dimension of pit holes increase. However, the formation
of pit holes can be obviously divided into two phases based
on the characteristics of pit holes and adopted laser fluences.
In phase I, for low fluences (0.76 < F < 1.2 J/cm2), more
laser energy irradiation makes a growth of periodic pit holes
from ∼0.9 to ∼1.5 𝜇m. The formation of these periodic holes
may be resulted from Coulomb Explosion [5] during locally
spatial modulated ablation. Compared with ripples, the holes
have a superiority in absorbing laser energy, which promotes
an increasing size of pit holes for prompted dissolution of
bubbles of materials after irradiation. In phase II, for high
fluences (F > 1.29 J/cm2), the random pit holes present a
characteristic of overheated liquid explosion, which differs
from phase I. So the creation of holes in phase II may be
explained by the phase explosion [25, 26].



Journal of Nanomaterials 5

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6: SEM images of an array of craters ablated on the surface of stainless steel 304 with fluence 0.8 J/cm2 and pulse number of 100 (a),
200 (c), 500 (e), and 1000 (g) and fluence 1.6 J/cm2 and pulse number of 100 (b), 200 (d), 500 (f), and 1000 (h), respectively.



6 Journal of Nanomaterials

Table 1: EDX elemental analysis of the stainless steel 304 surface. Measuring locations are given in Figure 2(a).

Spectrum (wt.%) C O Si Cr Mn Fe Ni Total
Spectrum 1 8.28 2.77 0.51 16.72 1.11 62.81 7.80
Spectrum 2 5.37 5.25 0.40 17.24 1.88 62.90 6.96 ∼100
Spectrum 3 2.26 7.97 0.48 18.07 2.33 62.70 6.18
(SEM SU-8010, voltage: 15.0 Kv, magnification: 10.0 Kx, count rate: 1434 cts).
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3.2. Surface Morphology of Ablated Craters Evolution with
Number of Pulses. The section above has discussed two kinds
of pit holes, the periodic and random ones, and their causes
under the action of different fluences. The following content
mainly discusses the role of the pulse number during the
formation of pit holes. Figure 6 shows an analysis of the
surface morphology of ablated craters irradiated by multiple
(N = 50–1000) laser pulses with two fluences (0.8 and
1.6 J/cm2). It is found that two kinds of pit hole formation
both depend on the number of pulses. As the number
of pulses increases from 50 to 500, a transition of main
surface structures occurs from ripples (Figures 6(a) and
6(b)) to pit holes (Figures 6(e) and 6(f)). However, due to
different mechanisms in two kinds of pit hole formation
(discussed in Section 3.1), for F = 0.826 J/cm2 and N =
1000, the size of periodic holes increases, and eventually
they join together and form channels (Figure 6(g)). These
channels also can be deemed a type of periodic surface
structure. For F = 1.650 J/cm2 andN = 200–500, from Figures
6(d) and 6(f), holes start to form between the center and
edge of the ablated crater, whose resolidification is obvi-
ously presented in the center; laser with the highest intensity
in the center of the beam spot can bemainly used formaterial
removal in the effective penetration depth, which causes less
mix of gas-liquid and burst of bubbles in the molten bottom
of ablated crater. When N reaches 1000, the size of random
holes also increases and the surface of ablated crater presents

porous with resolidification. Images in Figure 6 show that the
depth of ablated crater increases obviously but the distribu-
tion area of pit holes does not obviously increase with the
increasing number of the pulses. Figure 7 shows that the dia-
meter of periodic/randomholes increases with the increasing
number of the pulses from 200 to 1000. It is interesting that
both of the periodic pit holes and the random pit holes begin
to appear at 200 pulses; likewise the ablation threshold tends
asymptotically to a constant value at 200 pulses, as shown in
Figure 4. It is inferred that the first 200 pulses results in a
stable ablatedmaterial status and then subsequent pulses have
excess energy to reinforce the formation of pit holes.

During laser interaction with metals, the laser energy
is absorbed primarily by free electrons [18]. The absorbed
radiation energy in the skin layer involves thermalization of
electrons. Part of the electron energy is transferred into the
bulk in the form of heat, while the later part is transferred to
the lattice subsystem. In the first case, the electron diffusion
process is essential. Finally, if the initial laser fluence is suffi-
cient, surface damage/ablation will take place. In our experi-
ments, for laser pulses with fluence higher than 0.283 J/cm2,
a single pulse could generate the afterheat, which made a rise
of temperature in skin layer of ablated crater. However, the
afterheat from a single pulse was not enough for the burst of
bubbles in molten material. Seen in Figure 5, the most dra-
matic decrease of the ablation threshold presents the most
dramatic decrease during the first 200 laser pulses: the single
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Figure 8: SEM images of surface irradiated by laser pulses of 532 nm (a) and 1064 nm (b), with 0.8 J/cm2 and 250 pluses.

pulse ablation threshold of 0.247 J/cm2 is reduced to 0.151 J/
cm2, which is an almost 38% decrease, when 200 laser
pulses are applied. As the number of pulses exceeds 200, the
threshold fluence tends asymptotically to a constant value of
∼0.150 J/cm2 in this case. After first 200 pulses, the subse-
quent pulses do not have to use most energy to ablate surface
material so that afterheat accumulated promotes the gener-
ation of pit holes. So 200 pulses irradiated are necessary for
the generation of pit holes. From the different cases among
Figures 6(c)–6(f), the optimal number of pulses to form holes
for the corresponding fluence needs further study.

3.3. Porous Structures of Ablated Craters Affected by Other
Experimental Conditions. The morphological changes
induced by picosecond laser on the stainless steel 304 target
primarily have shown their dependence on the laser fluence
and the number of accumulated pulses, and they are also
affected by other factors, such as laser beam characteristics
(wavelength, pulse length) and laser irradiation environment
(in air atmosphere or in vacuum).

Metals are surface absorbers, with low ionization poten-
tial, high electron number density, and higher absorption
coefficient for shorter wavelength laser [27]. It means that
the morphology of subspot size holes will change with the
varying laser wavelength. In order to confirm this inference,
the sample surface characteristics are compared after the irra-
diation of 532 nm and 1064 nm wavelength laser, as shown in
Figure 8.The experimental result shows the close dependence
of the spacing of these periodic holes and the wavelength of
incident laser pulses: subspot size holes produced by 532 nm
laser pulses have a period ∼1.8 𝜇m, which is about half of the
ones produced by 1064 nm laser pulses.

In pulsed laser ablation, depending on the respective
pulse length range, different beam-matter interaction mech-
anisms become dominant [1]. For laser pulses in the micro-
and nanosecond range, the ablation process is dominated by
heat conduction,melting, evaporation, and plasma formation
[19]. Ultrashort pico- and femtosecond laser pulses (where
thermal diffusion into the material is small) were used,
the generated vapor becomes rapidly ionized [19], and due

to the short interaction time, the material cannot evaporate
continuously but can be transferred into a state of overheated
liquid for the phase explosion [25, 26]. Fromabove, long pulse
lengthmay lead to bubbing inmolten liquid for mild random
holes.

Irradiation of the target sample in this paper was per-
formed in air atmosphere; if in vacuum, the oxidation
reaction on the surface can be neglected with absence of the
oxide [28]. Ultrafast laser ablation in vacuum leads to the
bubbles of materials directly produced from the irradiated
material through phase explosion and their flying away from
the target surface ahead of the plume with a characteristic
velocity of ∼104m/s [29].Therefore, it is inferred that subspot
size holes with larger size will be obtained.

3.4. Preparation of Large-Area Porous Structures. In order to
explore the effect of porous structures as a kind of functional
modified surface structure, the preparation of large-area
porous structure is presented. According to the processing
parameters discussed above, we choose F = 1.1 J/cm2 and V =
0.174mm/s (the effective number of pulses in a fixed position
during laser scan N

𝑓
= 500) for a large scanned area of

porous structure, as shown in Figure 8. Pit holes are formed
on the surface of the scanned area, which have the average
diameter of∼5 𝜇m(as shown in inset SEM image of Figure 9).
And the processing technology for laser scan forming porous
structure in large area remains need to be further optimized.

After preparing large-area porous structures, the surface
is modified for the hydrophobic surface by fluoroalkyl silane.
It is seen that the surface has a contact angle of 151.3∘, as
shown in Figure 10. Therefore, the porous structure surface
has wettability. In addition, porous structure may have many
other important applications such as lighting absorption and
abrasion resistance, which will be the focus of the future
research.

4. Conclusion

A study was presented about local morphological changes on
the stainless steel 304 target surface induced by a picosecond
Nd:van regenerative amplified laser, operating at 1064 nm.
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Figure 9: SEM image of large-area porous structure fabricated on
the surface of stainless steel 304.

CA left: 151.3∘

CA right: 151.3∘

Figure 10: Image of contact angle measurements of a water drop on
the large-area porous structure surface of stainless steel 304.

It was shown that laser pulses in the fluences of ∼0.8 and
1.6 J/cm2 and the numbers of pulses N = 100–1000, in air,
induced specific morphological changes at the stainless steel
304 target. High energy treatment (1.65 J/cm2, 500 pulses)
resulted in the formation of sub-spot hole with the size of
∼5–3𝜇m, while the reduced energy (0.824 J/cm2, 500 pulses)
led to the creation of sub-spot periodic holes with the size of
∼1.5–1 𝜇m.The experimental results prove that the formation
of sub-spot holes on the target depends not only on the num-
ber of pulses but also on laser fluence. Although 200 pulse
irradiation can cause an initial to form these sub-spot holes,
the formation of holes can be obviously divided into 2 phases
based on characteristics of holes and energy conditions for
their formation. For fluences (0.76 < 𝐹 < 1.2 J/cm2), more
irradiating laser energymakes a growth of periodic structures
from pits ∼300 nm to holes ∼1.5 𝜇m, finally to periodic
groove; for fluences (𝐹 > 1.2 J/cm2), the holes present a char-
acteristic of overheated liquid explosion without period and
have a larger size.

Generally, it can be deduced that the sub-spot holes with
a homogeneous distribution across the whole modified area
can have a number of important applications in nanotechnol-
ogy, industry, nuclear complex, and so forth. Thus, prepara-
tion of sub-spot porous structure homogeneously distributed

across the whole modified area in large area will be the main
direction of our future study.
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In the present work, we report the preparation and photocatalytic properties of TiO
2
@yeast-carbon with raspberry-like structure

using a pyrolysis method. The products are characterized by field emission scanning electron microscopy (FE-SEM), energy
dispersive spectrometry (EDS), X-ray diffraction (XRD), thermal gravimetric anddifferential thermal analysis (TGA-DTA), Fourier
transformed infrared spectroscopy (FT-IR), and ultraviolet visible spectroscopy (UV-VIS), respectively. The results show that the
hybrid TiO

2
@yeast-carbon microspheres have ordered elliptic shapes of uniform size (length = 3.5 ± 0.3 𝜇m; width = 2.5 ± 0.5 𝜇m).

UV-VIS ascertains that the as-prepared microspheres possess an obvious light response in a wide range of 250–400 nm. In the
decomposition of typical model pollutants including methylene blue and congo red, the hybrid composites exhibited excellent
photocatalytic activity for the methylene blue due to the enhanced adsorption ability. Further investigation reveals that the
combined effect of adsorption from the yeast-carbon core and photocatalytic degradation from the attached TiO

2
nanoparticles

were responsible for the improvement of the photocatalytic activities. Hereby, the raspberry-like TiO
2
@yeast-carbon has promising

applications in water purification.

1. Introduction

In the past few years, raspberry-like composite particles
with well-defined structures have become the subject of
rapidly growing interest due to their high surface roughness
and potential applications [1, 2]. The unique raspberry-
like composites have combined excellent characteristics of
host particles and guest particles, such as higher surface
area, increased chemical and biological stability, rich surface
chemical component, and different magnetic or optical prop-
erties [3].

The high surface area, large pores (macroporosity), and
the presence of surface hydroxyl groups make carbon sub-
stance an ideal catalyst support [4–6]. Like the titania photo-
catalysts supported on the carbon matrix by means of
several strategies [7–9] appear to have various benefits and
advantages for providing a cheap and effective wastewater
treatment and remediation options [10, 11]. For example, Hu
et al. [12] obtained TiO

2
nanoparticles/carbon nanotubes

particles with raspberry-like structure by combining sol-gel
and electrospinningmethods. Liu et al. [13] demonstrated the
formation of TiO

2
/carbon fibers (ACFs) composite photo-

catalyst via sol-gel method and the TiO
2
/ACFs is especially

helpful for the removal of low molecular weight organic
pollutants in the contaminated water. Areerachakul et al.
[14] prepared well-structured TiO

2
/granular-activated car-

bon (GAC) hybrid particles.TheTiO
2
/GAC showed excellent

capabilities in decomposing the herbicide of metsulfuron-
methyl (MM) from waste water. In brief, using carbon mate-
rials above-mentioned as catalyst supports has increased the
photodegradation rate by progressively allowing an increased
quantity of substrate to come in contact with the TiO

2
by

means of adsorption. In this respect, carbon matrix has
been proven to be an invaluable support in promoting the
photocatalytic process [15–17] through providing a syner-
gistic effect by creating a common interface between both
the carbon phase and the TiO

2
nanoparticle phase. Such

synergistic effect can be explained as an enhanced adsorption
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of the target pollutant onto the carbon phase followed closely
by a transfer through an interphase to the TiO

2
phase, giving

a complete photodegradation process [18].
The yeast-carbon is a porous and amorphous solid carbon

material, which is derived mainly from baker’s yeast. For
instance, Nacoo and Aquarone [19] reported the fabrica-
tion of yeast-carbon by carbonizing in a gas-heated muffle.
The obtained yeast-carbon possessed higher surface area.
Similarly, Guan et al. [20] synthesized amphiphilic porous
hollow carbonaceous materials via mild hydrothermal treat-
ment of yeast cells. The resultant carbon material displayed
effective adsorption of organic chemicals in wastewater
treatment. Thus, in the present study, a novel TiO

2
@yeast-

carbon microsphere with raspberry-like morphology was
fabricated firstly by a single-step strategy based on the
pyrolysis method. The obtained hybrid microspheres were
characterized by FE-SEM, EDS, XRD, TGA-DTA, FT-IR,
and UV-VIS, respectively. A possible mechanism for the
formation of the composite microspheres was proposed. In
addition, the synergistic effect of adsorption-photocatalysis
performance in the TiO

2
@yeast-carbon microspheres was

evaluated by examining the decolonization ofmethylene blue
and congo red.

2. Materials and Methods

2.1. Materials. The powdered yeast was purchased from
Angel Yeast Company. Photocatalyst was TiO

2
fromDegussa

and was used without further purification. In all prepara-
tions, absolute ethanol and double-distilled water were used.
Methylene blue (MB) and congo red (CR) were analytic
grades andwere used as themodel pollutants in present work.

2.2. Preparation of Raspberry-Like TiO
2
@Yeast-Carbon

Hybrid Microspheres. In a typical synthesis procedure,
125.0mg yeast powder was washed with distilled water and
absolute ethanol for three times, respectively. The yeast was
dissolved in 20.0mL of distilled water and stirred vigorously
for 30 minutes. The pH was adjusted to approximately
3 by adding drop wise sulfuric acid. Further, 10.0mg
TiO
2
was dispersed in 20.0mL of distilled water, using

ultrasonic vibration for 1.0 minute. The pH was adjusted
to approximately 9-10 with sodium hydroxide and stirred
for 30.0min. Then the suspended TiO

2
and yeast were

gathered by centrifugation from their own suspensions
and redistributed in 20.0mL of distilled water. Afterwards,
TiO
2
and yeast suspensions were mixed and magnetically

stirred for 1.5 h at room temperature and left for 3.0 h
without further stirring or shaking to ensure the formation
of TiO

2
@yeast particles. Thus, the mixture was centrifuged

in three or more cycles to remove the undesired components
and finally desiccated at 353K for 1.0 h. Subsequently the
TiO
2
@yeast particles were calcined at 573K for 1.0 h in a

nitrogen pipe furnace and cooled to room temperature. After
that, the TiO

2
@yeast-carbon composite microspheres were

obtained.

2.3. Sample Analysis. Philips XL-30 field emission scanning
electron microscope (FE-SEM) was used to observe the
morphology of samples. X-ray diffraction (XRD) patterns
were collected on X. Pert Pro diffractometer using Cu K𝛼
radiation (𝜆 = 0.15418 nm) at a scanning rate of 10∘/min.
Thermal gravimetric analysis and differential thermal anal-
ysis (TGA-DTA) were carried out on an EXSTAR apparatus
at a heating rate of 40∘/min in flowing high purity N

2
.

Fourier-transform infrared spectroscopymeasurements (FT-
IR) were recorded with a Bio-Rad FTS135 spectrometer
in the rage of 370–4000 cm−1. UV-VIS diffuse reflectance
spectra (UV-VIS) weremeasured on aHITACHI 340UV-VIS
spectrophotometer.

2.4. Photocatalytic Activity. The methylene blue (MB) dye
and congo red (CR) are widely used in dye industry. There-
fore, the elimination of these compounds is becoming an
increasingly important environmental problem. Photocat-
alytic degradation of MB and CR was evaluated under UV
irradiation in an aqueous media. The initial concentration of
MB and CR was set as 2∼3mg/L, respectively. The amount
of photocatalysts including yeast-carbon and TiO

2
@yeast-

carbon were kept at 0.25 g/L. Before UV irradiation, the sus-
pension containing photocatalyst,MB, and CRwas deposited
within 50.0min to establish adsorption-desorption equilib-
rium. Then the suspension was irradiated under a UV lamp
(the intensity of irradiation is 60W). The concentration
of MB and CR was traced by UV-VIS spectroscopy. The
absorbance characteristic at bands 666.4 nm and 499.0 nm
was taken to determine MB and CR concentration by using a
calibration curve, respectively.

3. Results and Discussion

3.1. Materials Characterization. The shape and structure of
the samples are shown in Figure 1. The SEM image in
Figure 1(a) shows that the prime yeast cells have a regular
ellipsoidal shape with a diameter varying between 2.6 and
3.7 𝜇m. Figure 1(b) shows an image of the precursor of
TiO
2
@yeast-carbon. Compared with the bared yeast, the

size of the TiO
2
@yeast (length = 3.7 ± 0.4 𝜇m; width =

2.6 ± 0.5 𝜇m) was gently increased due to the attachment
of TiO

2
nanoparticles. The picture in Figure 1(d) shows an

overall image of the TiO
2
@yeast-carbon microspheres. The

particles maintained the shape of the original precursor and
had the average diameter (length = 3.7 ± 0.3 𝜇m; width =
2.5 ± 0.5 𝜇m). Further, higher resolution image in Figure 1(f)
shows that the nano-sized TiO

2
particles randomly decorated

the surface of yeast spheres, which have the morphology
of raspberry-like composites. Similar morphology has been
reported for the synthesis of the raspberry-like PMMA/SiO

2

hybrid microspheres [21]. Moreover, the nanoparticles TiO
2

were relatively dispersed on the yeast-carbon in comparison
with the agglomerated TiO

2
in the TiO

2
/spherical acti-

vated carbons composed by Oh et al. [22]. In addition,
the raspberry-like morphology of the TiO

2
@yeast-carbon

microspheres can be confirmed through the EDS analysis. In
the insert image in Figure 1(f), the sample contained Ti, C, O,
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Figure 1: SEM images of (a) the naked yeast, (b) general observation of the raspberry-like TiO
2
@yeast precursor, (c) the yeast-carbon, (d) the

overall view of the raspberry-like TiO
2
@yeast-carbon microspheres, (e) the selected raspberry-like TiO

2
@yeast-carbon microspheres, and

(f) typical raspberry-like TiO
2
@yeast-carbon microspheres observed under high magnification.

S, and P; no other impurity element is detected, confirming
that the TiO

2
particles were coated on the surface of the yeast-

carbon. By comparing the TiO
2
@yeast precursor with the

TiO
2
@yeast-carbon product, it can be seen that the color of

particles changed from pure white to ash black. Thus, it can
be inferred that the carbonization of the yeast occurred in
the pyrolysis process. In this respect, the control experiments
of the yeast-carbon without the attachment of nanoparticles
TiO
2
have been conducted under the same conditions. The

image of yeast-carbon in Figure 1(c) indicates that the yeast-
carbon with an average diameter (length = 3.5 ± 0.4 𝜇m;
width = 2.3 ± 0.50 𝜇m) has smooth surface morphology

and rich pore structure, which contrasts with themorphology
of yeast-carbon synthesized by Shen et al. [23] in which a
relatively high distribution of broken shells was observed.

XRDpatterns of yeast, yeast-carbon, TiO
2
@yeast-carbon,

and TiO
2
are displayed in Figure 2. The broad peak around

2𝜃 = 20∘ indicates that the yeast carbon (in Figure 2(a)) and
the yeast (in Figure 2(b)) can be assigned to amorphous
species. In Figures 2(c) and 2(d) display the XRD patterns
of the hybrid TiO

2
@yeast-carbon.The broad peaks centering

at 2𝜃 = 25∘, 37∘, 48∘, 55∘, and 63∘ are assigned to anatase-
type TiO

2
(JCPDS. No: 21-1272) [24]. Other diffraction peaks

are in good agreement with diffraction peaks of rutile-type
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Figure 3: TGA-DTA curves of the yeast and the TiO
2
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carbon.

TiO
2
(JCPDS. No: 21-1276) [25]. The relative intensity of

diffraction peaks of TiO
2
@yeast carbon is approximately

identical with the original components of the TiO
2
as guest

particles (P
25
TiO
2
: 78% anatase-type TiO

2
and 22% rutile-

type TiO
2
). The broad peaks at 2𝜃 = 20∘ in the Figures 2(c)

and 2(d) are mainly caused by the amorphous structure of
yeast-carbon.

In Figure 3, the distinct decrease in weight of the bare
yeast is shown during a wide temperature range of 280–
600∘C. The rapid weight loss of approximately 50.0% at the
temperature range of 280–370∘C may be associated with the
split of the polysaccharide chains in the yeast [26, 27], which
is accompanied by a broad exothermal peak at about 370∘C in
the DTA curve. The ultimate weight loss from 400 to 600∘C
can be resulted from the cross-linking of oligosaccharides

[28] in the yeast, which is accompanied by the endothermic
peak at 500∘C in the DTA curve.The total weight loss reaches
to about 30.0% and the last weight of the residual ashes
is approximately 70.0% of the original yeast biomass. In
comparison with the naked yeast, the carbonization reaction
of the TiO

2
@yeast precursor was started at temperatures

about 250∘C. The broad exothermal peak at around 200–
300∘C may be related to the carbonized decomposition of
organic substrate in the yeast along with the rapid weight
loss of 50.0%. It is worth noting that the broader exothermal
peak appeared at around 300–450∘C. This may be caused by
the release of constitution water and further crystallization of
TiO
2
[29]. The wider exothermal peak at 450–600∘C can be

ascribed to the crystal shift from anatase to rutile phase.
After pyrolysis entirely, the raspberry-like TiO

2
@yeast-

carbon microspheres can be attained, which has been proved
by SEM analysis. The connection between the guest par-
ticles TiO

2
and the host particles of the yeast-carbon can

be elaborated further by FT-IR analysis. FT-IR spectra of
the yeast, yeast-carbon, TiO

2
@yeast precursor, TiO

2
and

TiO
2
@yeast-carbon composites are presented in Figure 4,

respectively. For the yeast-carbon, the band around 1570 cm−1
can be ascribed to –C=C– stretching bond originated from
the inherent structure of yeast, and the bands at 1704 and
1210 cm−1 correspond to C=O, C–O stretching of carboxyl
groups, respectively [30]. As for TiO

2
@yeast-carbon compos-

ites, the broad and intense peak at 3500–3200 cm−1 can be
assigned to the stretching of –OH group due to the bound
water in the TiO

2
@yeast-carbon composites [31, 32]. The

stretching bond corresponding to skeletal Ti–O–Ti is clearly
represented in the region of 509 cm−1. The band at 1171 cm−1
suggests the presence of C–O bond [33]. The band at around
620 cm−1 can be attributed to the Ti–O–C vibration, which
indicates that TiO

2
nanoparticles were chemically bonded

with yeast-carbon in hybrid particles [34]. Moreover, the
band at 3350 cm−1 is more prominent in TiO

2
@yeast-carbon

composites than that of TiO
2
, indicating that there were

more hydroxyl groups in the TiO
2
@yeast-carbon hybrid

particles. Generally, more hydroxyl groups lead to generation
of more ∙OH radicals in photocatalysis, which can enhance
the photocatalytic activity of TiO

2
[35].

Based on the characterization discussed above, the fol-
lowing mechanism that appeared in Scheme 1 is proposed
to account for the formation procedure of the raspberry-
like TiO

2
@yeast-carbon hybrid microspheres. In Scheme 1,

the opposite zeta potentials of yeast cells with a positive
charge (H+) and the nanoparticles TiO

2
with a negative

charge (OH−) were adjusted previously by tuning the pH of
their own aqueous suspensions.Then the TiO

2
@yeast hybrid

precursorwith raspberry-likemorphologywas obtained once
the aforementioned aqueous suspensions were mixed [36].
In the obtained raspberry-like TiO

2
@yeast precursor, the

yeast acted as the host cores and TiO
2
as the guest particles.

Afterwards, the carbonization of yeast core in the precursors
of raspberry-like TiO

2
@yeast can be fulfilled by a gradual

temperature-rise procedure, which can obtain the hybrid
TiO
2
@yeast-carbon composites. TGA-DTA results showed

that the finalweight loss is approximately 50.0% in the process
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of carbonization. In the obtained raspberry-like TiO
2
@yeast-

carbon, TiO
2
nanoparticles were chemically bonded with

yeast-carbon through FT-IR analysis.
Figure 5 shows the UV-VIS diffuse reflectance spectra of

the yeast-carbon, TiO
2
nanoparticles, and the TiO

2
@yeast-

carbon hybrid particles. In Figure 5(a), the yeast-carbon
showed a strong absorption in the range from the UV to the
visible light, which was similar to the commercial activated
carbon [37]. In Figure 5(b), the band gap energy (𝐸

𝑔
) of

nanoparticles TiO
2
is estimated about 3.2 ev [38], corre-

sponding to a thresholdwavelength of 376 nm. In comparison
with the nanoparticles TiO

2
, in Figure 5(c), TiO

2
@yeast-

carbon composites remain optical response in a wide range
of 250–400 nm. Besides, in the insert images of Figure 5,
the color of the TiO

2
@yeast-carbon sample was ash black

in comparison with the pure white TiO
2
@yeast precursor,

which was consistent with its adsorption spectrum.

3.2. Combined Adsorption and Photocatalytic Degrada-
tion of Methylene Blue and Congo Red. The raspberry-
like TiO

2
@yeast-carbon microspheres containing an incom-
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Figure 5: UV-VIS diffuses reflectance spectra of the yeast-carbon,
TiO
2
nanoparticles, and the obtained raspberry-like TiO

2
@yeast-

carbon samples ((a) the yeast-carbon, (b) the TiO
2
nanoparticles,

and (c) the hybrid TiO
2
@yeast-carbon).

pletely covered surface of yeast-carbon may possess unique
properties for getting rid of water pollutants. The rich
pore structure of yeast-carbon might promote adsorption of
organic dyes, while the outer TiO

2
nanoparticles can be in

charge of the photocatalytic degradation of the dyes [39].That
is to say that immobilizing TiO

2
nanoparticles on adsorbent-

like yeast-carbon can result in a synergistic effect on the
efficient degradation of dye in the photocatalytic process.
Specially, yeast-carbon core has the capability to extend
the separation lifetime of photogenerated e−/h+ from outer
TiO
2
nanoparticles [40] and thus increasing the quantum

efficiency of TiO
2
. In turn, TiO

2
nanoparticles can destroy

dyes by photocatalytic oxidation, thus regenerating the yeast-
carbon in situ. In order to test the activity of the composite
TiO
2
@yeast-carbon catalysts, the photocatalytic experiments
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Table 1: Comparison of the adsorption constant for MB and CR.
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Figure 6: Photocatalytic activities of yeast-carbon and TiO
2
@yeast-

carbon under UV irradiation.

were carried out for the degradation of MB and CR aqueous
solution widely used as model compound for photocatalytic
nanomaterial standardization.

From the results shown in Figure 6, the MB and CR
aqueous solution is barely photolyzed by UV light irradia-
tion in Figure 6(a). In Figure 6(b) the adsorption-desorption
equilibrium was set up within 50.0min dark environment.
The adsorption capacity of the TiO

2
@yeast-carbon micro-

spheres for MB was higher than that for CR, which can
be assigned to the negatively charged surface of the cata-
lyst. Hereafter, the experiments of the removal of dyes in
aqueous solution were preceded for about 120.0min under
UV light irradiation. During 50.0∼140.0 minutes, only the
adsorption procedures of MB and CR dyes onto the yeast-
carbon continuously occurred in the yeast-carbon suspen-
sion in Figure 6(b). In the presence of the TiO

2
@yeast-

carbon catalysts, the adsorption and photocatalysis occurred

simultaneously in Figure 6(c). Thus, the degradation rate of
the dye in the TiO

2
@yeast-carbon catalyst suspension was

significantly higher than that in the yeast-carbon suspen-
sion. After 140.0 minutes, the adsorption of dyes onto the
yeast-carbon tended to reach the adsorption equilibrium.
However, the photocatalytic reactions under UV irradiation
still proceeded constantly by TiO

2
@yeast-carbon catalysts.

Finally, approximately 87.0% degradation rate of MB was
achieved, whereas only around 30.0% CR was removed from
the suspension. The distinct disparity of degradation rate
between MB and CR dye aqueous solution can be attributed
to their own adsorption performance onto the TiO

2
@yeast-

carbon catalyst.
The adsorption constant for MB and CRwas listed in

Table 1. From the results in Table 1, the maximum adsorp-
tion amount of the hybrid TiO

2
@yeast-carbon catalysts for

cationic MB was significantly higher than that for anionic
CR. In addition, the Langmuir model for MB and CR yields
a somewhat better fit than the Freundlich model. The value
of 1/n is equal to 0.94 (MB) and (0.13), respectively, which
indicates that the adsorption may belong to the favorable
adsorption [41]. This prior adsorption of MB than CR dyes
on the surface of the TiO

2
@yeast-carbon microspheres may

be assigned to the negatively charged properties of composite
catalyst. The discriminatory adsorption for the MB and CR
dyes by the TiO

2
@yeast-carbon composite catalyst inevitably

leads to the disparity of above-mentioned photocatalytic
degradation rate. Therefore, the adsorption behavior on the
surface of the TiO

2
@yeast-carbon microspheres has a direct

impact on the photocatalytic degradation of the MB and CR
dyes.

4. Conclusions

In summary, we prepared hybrid raspberry-like TiO
2
@yeast-

carbon utilizing pyrolysis method.The as-synthesized hybrid
TiO
2
@yeast-carbon had ordered elliptic shapes of uniform

size (length = 3.7 ± 0.3 𝜇m; width = 2.5 ± 0.5 𝜇m).
The potential applications of these novel composites for the
removal of contaminants were ascertained for the removal of
MB and CR. The results showed that the hybrid composites
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exhibited excellent photocatalytic activity for the MB due
to its enhanced adsorption ability. The novel TiO

2
@yeast-

carbon hybrid microspheres have potential applications not
only in polluted water treatment but also in other areas such
as sensors devices and dye sensitized solar cells.
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Mahé, “Structure and composition of passive titanium oxide
films,” Materials Science and Engineering B, vol. 47, no. 3, pp.
235–243, 1997.

[8] S. Karuppuchamy, K. Nonomura, T. Yoshida, T. Sugiura, and H.
Minoura, “Cathodic electrodeposition of oxide semiconductor
thin films and their application to dye-sensitized solar cells,”
Solid State Ionics, vol. 151, no. 1–4, pp. 19–27, 2002.

[9] F.-D.Duminica, F.Maury, and F. Senocq, “Atmospheric pressure
MOCVD of TiO

2
thin films using various reactive gas mix-

tures,” Surface and Coatings Technology, vol. 188-189, no. 1–3, pp.
255–259, 2004.

[10] C.-S. Kuo, Y.-H. Tseng, C.-H. Huang, and Y.-Y. Li, “Carbon-
containing nano-titania prepared by chemical vapor deposition
and its visible-light-responsive photocatalytic activity,” Journal
of Molecular Catalysis A, vol. 270, no. 1-2, pp. 93–100, 2007.

[11] B.-Y. Jia, L.-Y. Duan, C.-L. Ma, and C.-M. Wang, “Charac-
terization of TiO

2
loaded on activated carbon fibers and its

photocatalytic reactivity,” Chinese Journal of Chemistry, vol. 25,
no. 4, pp. 553–557, 2007.

[12] G. J. Hu, X. F. Meng, X. Y. Feng, Y. F. Ding, S. M. Zhang,
andM. S. Yang, “Anatase TiO

2
nanoparticles/carbon nanotubes

nanofibers: preparation, characterization and photocatalytic
properties,” Journal ofMaterials Science, vol. 42, no. 17, pp. 7162–
7170, 2007.

[13] J.-H. Liu, R. Yang, and S.-M. Li, “Preparation and application
of efficient TiO

2
/ACFs photocatalyst,” Journal of Environmental

Sciences, vol. 18, no. 5, pp. 979–982, 2006.
[14] N. Areerachakul, S. Vigneswaran, H. H. Ngo, and J. Kandasamy,

“Granular activated carbon (GAC) adsorption-photocatalysis
hybrid system in the removal of herbicide from water,” Sepa-
ration and Purification Technology, vol. 55, no. 2, pp. 206–211,
2007.

[15] M.-L. Chen, C.-S. Lim, and W.-C. Oh, “Preparation with
different mixing ratios of anatase to activated carbon and their
photocatalytic performance,” Journal of Ceramic Processing
Research, vol. 8, no. 2, pp. 119–124, 2007.

[16] A. K. Subramani, K. Byrappa, S. Ananda, K. M. Lokanatha
Rai, C. Ranganathaiah, and M. Yoshimura, “Photocatalytic
degradation of indigo carmine dye using TiO

2
impregnated

activated carbon,” Bulletin of Materials Science, vol. 30, no. 1, pp.
37–41, 2007.

[17] J. M. Dona, C. Garriga, J. Arana et al., “The effect of dosage on
the photo-catalytic degradation of organic pollutants,” Research
on Chemical Intermediates, vol. 33, pp. 351–358, 2007.

[18] G. Li Puma, A. Bono, and J. G. Collin, “Preparation of titanium
dioxide photocatalyst loaded onto activated carbon support
using chemical vapor deposition: a review paper,” Journal of
Hazardous Materials, vol. 157, no. 2-3, pp. 209–219, 2008.

[19] R. Nacco and E. Aquarone, “Preparation of active carbon from
yeast,” Carbon, vol. 16, no. 1, pp. 31–34, 1978.

[20] Z. G. Guan, L. Liu, L. L. He, and S. Yang, “Amphiphilic hollow
carbonaceous microspheres for the sorption of phenol from
water,” Journal of Hazardous Materials, vol. 196, pp. 270–277,
2011.

[21] M. Chen, S. X. Zhou, B. You, and L.M.Wu, “A novel preparation
method of raspberry-like PMMA/SiO

2
hybrid microspheres,”

Macromolecules, vol. 38, no. 15, pp. 6411–6417, 2005.
[22] W.-C. Oh, J.-G. Kim, H. Kim et al., “Synthesis of spherical

carbons containing titania and their physicochemical and pho-
tochemical properties,” Journal of the Korean Ceramic Society,
vol. 48, no. 1, pp. 6–13, 2011.

[23] W. Z. Shen, Y. He, S. C. Zhang, J. F. Li, and W. B. Fan,
“Yeast-basedmicro-porous carbonmaterials for carbon dioxide
capture,” ChemSusChem, vol. 5, pp. 1274–1279, 2012.

[24] A. Pottier, S. Cassaignon, C. Chanéac, F. Villain, E. Tronc, and
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The results of studies involving the innovative TiO
2
-SiO
2
/Ph-POSS hybrid were presented. An inorganic TiO

2
-SiO
2
oxide

composite was precipitated from an emulsion media. The functionalisation of surface for the obtained composite was carried out
with the use of TriSilanolPhenyl POSS (Ph-POSS) and a silane coupling agent—phenyltrimethoxysilane (PTMS). Electrokinetic
and physicochemical as well as structural characteristics of obtained hybrids were evaluated. The zeta potential value has been
determined, which provides relevant information regarding the interactions between colloid particles. Measurement of the zeta
potential values allowed for an indirect assessment of stability for the studied hybrid fillers. In the next step, the degree of dispersion
and surface morphology were evaluated based on the obtained particle size distribution curves and TEM images. The hydrophilic-
hydrophobic character of the surface was assessed by analysing the wettability profiles. The modification degree of the TiO

2
-SiO
2

oxide composite was evaluated based on the infrared spectroscopy studies (FT-IR). Determination of the parameters of the porous
structure was conducted by determining the specific surface area and the total volume and mean size of pores. Thermogravimetric
measurements (TGA) were also carried out in order to measure the changes in sample mass as a function of temperature.

1. Introduction

Since the last decade, scientists work on the new organic-
inorganic hybrid materials called silsesquioxanes. Polyhedral
oligosilsesquioxanes (POSS) are considered a novel class
of compounds with a general formula of (RSiO

1.5
)
𝑛
or

R
𝑛
T
𝑛
, where R may stand for hydrogen, alkyl, aryl or other

functional organic group.The inorganic skeletonmay exhibit
a completely condensed, closed, or open structure [1]. POSS
is an intermediate product between silica (SiO

2
) and silicone

(R
2
SiO) with a particle size ranging from several to dozens

of nanometers, and its properties are determined by its
composition and the type of organic substituents [2–4]. The
specific structure of this type of compounds contributed to a
broad range of applications [5–8].

Polyhedral oligosilsesquioxanes make for a significant
base for the synthesis of novel functional materials and
nanomaterials. Numerous researchers proved that POSSmay

be successfully used for obtaining novel hybrid materials [9].
Since POSS compounds are costly fillers, several attempts
have been made to combine them with inorganic oxide com-
posites, such as: TiO

2
-SiO
2
, MgO-SiO

2
, ZnO-SiO

2
, or indi-

vidual oxides for example, SiO
2
and TiO

2
[10–12]. Recently,

the number of studies focused on obtaining such novel
hybrid materials has considerably increased. Godnjavec et al.
has confirmed that Trisilanolphenyl-POSS may be integrated
into a poly(methyl methacrylate) chain, which allows for
obtaining a composite with excellent properties [1]. In our
previously published researches, Ambrozewicz et al. obtained
hybrid materials based on magnesium silicate and POSS
compounds.The inorganic matrix (MgO-SiO

2
) was obtained

according to the previously proposed method, described in
[13]. The presented method in article [14] results confirmed
that such products are thermally stable at the temperature
of 600∘C, which enables their use as fillers in the plastics
industry.
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Table 1: The POSS used for the surface modification of TiO2-SiO2 oxide composite.

Chemical formula Name of the POSS Solvent solubility Solvent insolubility

O
O O

O

O
O

O

O O

OH

OH
OH

HO

Si

Si

Si

Si

Si

Si

Si
TriSilanolPhenyl POSS

(Ph-POSS)
THF, acetone, ethylacetate,

toluene
Methanol, ethanol, water,
acetonitrile, chloroform

In this study, the TiO
2
-SiO
2
oxide composite was selected

as an inorganic carrier to be used in the process of obtaining
hybrid filler due to its unique physicochemical properties.
Such composites are often employed as efficient catalysts and
photocatalyst which participate in various chemical reac-
tions, such as the polycondensation of ethyl polyterephtalene,
hydration of carbon oxide as well as selective oxidation in the
liquid phase by organic peroxides. Additionally, these com-
pounds serve as photocatalysts during the neutralisation of
textile wastewater and production of nitriles, nylon, plastics
and synthetic rubber [15–17].

In order to increase the possibility to use this type of oxide
materials, the synthetic silicates are frequently subjected to
surface modification with silane proadhesive compounds.
Such surface functionalisation allows for the introduction
of functional groups, which facilitate the bonding with
polymers. The mechanism and modification method have
been described in numerous scientific reports [18, 19].

When trying to evaluate the application potential of
inorganic carrier/POSS hybrid materials (i.e., for the plas-
tics industry), it is also important to determine their zeta
potential values. The surface properties are a crucial factor
which characterises nanoparticles, since, according to the
DLVO theory, the parameters such as surface charge density,
spherical interactions, or the Hamaker constant determine
the dispersive properties in colloids [20].

The main aim of the presented studies was to obtain
novel inorganic/organic hybrid fillers (TiO

2
-SiO
2
/Ph-POSS),

which may be successfully used in the constantly developing
plastics industry. In the second stage of studies, a detailed
characterisation of electrokinetic and physicochemical prop-
erties was carried out for the obtained hybrid materials.

2. Experimental Section

2.1. Preparation of the Functionalised
TiO
2
-SiO
2
/Ph-POSS Hybrids

2.1.1. Method of Obtaining the TiO
2
-SiO
2
Oxide Composite

from an Emulsion Media. The TiO
2
-SiO
2
oxide composites

were precipitated in the emulsion system; this type of pro-
duction was described detailed by Siwinska-Stefanska et al.
[21].

2.1.2. The Silane Proadhesive Agent. Phenyltrimethoxysilane
(PTMS) produced by Fluka was used in order to introduce
functional groups which facilitate the bonding with other
active substances on the surface of the TiO

2
-SiO
2
oxide

composite. An adequate amount of the substance was first
hydrolysed in a methanol : water (4 : 1, v/v) system and then
applied on the surface of the silica according to the “dry
method”, which is described in detail in [18, 22]. The surface
of the oxide composite was modified with 3, 5, and 10 weight
parts by mass of the applied silane.

2.1.3. SurfaceModification of the Precipitated TiO
2
-SiO
2
Oxide

Composite with the Selected Silsesquioxane (Ph-POSS). In the
next experimental stage, the precipitated TiO

2
-SiO
2
oxide

composite was subjected to the modification with the use of
Ph-POSS (purchased inHybrid Plastics) in order to change its
surface properties (see Table 1). TiO

2
-SiO
2
oxide composite

was introduced into the reactor, and afterwards the Ph-
POSS (in an amount of 3, 5, and 10 parts by mass) was
dissolved in 10 cm3 of toluenewas introduced into the reactor.
Simultaneously, the dispersion with modifying agent was
intensively stirred for 1 h. Upon introducing the Ph-POSS,
the solution was transferred into a Büchi Labortechnik AG
R—210 rotary evaporator in order to evaporate the organic
solvent.

2.2. Electrokinetic, Physicochemical, and Structural Analysis.
The zeta potential values have been determined with the
use of the Zetasizer Nano ZS apparatus equipped with
an autotitrator, which incorporates a combination of elec-
trophoresis and laser determination of particlemobility based
on the Doppler phenomena. The apparatus measures the
speed of particle translocation in a liquid upon switching the
electric field, which is referred to as electrophoretic mobility.
Knowing this value, the zeta potential can be calculated from
Henry’s equation. The apparatus allows for determining the
electrophoretic mobility of particles in the range of 5 nm to
100 𝜇m. The zeta potential was determined in a pH range
of 1.5–11, in a 0.001M NaCl electrolyte. Simultaneously, the
changes in the conductivity and pH values of the studied
suspension were also studied during the measurement. Prior
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to the measurement, the apparatus was calibrated by deter-
mining the zeta potential of a latex suspension andmeasuring
the pH of buffer solutions with a pH value of 4 and 9. The
analysed dispersions were stabilised in the ultrasonic bath for
15 minutes. In order to avoid potential measurement errors
each analysed sample wasmeasured ten times and the general
standard deviation was ±0.01mV (zeta potential) and ±0.01
(pH).

The particle size distribution curves of the analysed
hybrid fillers were obtained by using a Zetasizer Nano ZS
apparatus (Malvern Instruments Ltd.).The equipment allows
for a dispersive evaluation of particles with a diameter ran-
ging from 0.6 to 6000 nm. The apparatus employs the NIBS
(non-invasive back scattering) technique.

Studies focused on assessing themicrostructure andmor-
phology of the obtained powder substances were carried out
in order to obtain data regarding themorphology of seeds, the
structure of a given particle as well as the agglomeration and
dispersion characteristics. The JEOL 1200 EX II transmission
electron microscope was used during these studies.

Analysis of composition and the degree of modification
was based on FT-IR spectra obtained with the use of the
EQUINOX 55 spectrophotometer (Bruker). The analysed
materials were studied as KBr tablets.

The wettability profiles in aqueous systems were deter-
mined with the use of the K100 tensiometer with a specialised
software from Krüss in order to evaluate the hydrophilic-
hydrophobic character of the powder surface.Thesemeasure-
ments were carried at an equal time interval (10 minutes) for
a constant sample mass (0.4 g).

Theparameters of porous structure of the obtained hybrid
fillers were carried out with the use of the ASAP 2020
apparatus (Micromeritics Instrument Co.). In order to do
this, the parameters such as the specific surface area as well
as the volume and mean the pore size were determined.
Prior to the measurement, the samples were degassed at the
temperature of approx. 120∘C for 4 h.The specific surface area
was determined with the use of a multipoint BET (Brunauer-
Emmett-Teller) equation. In order to assess the pore volume
and the mean pore diameter value, a BJH (Barrett-Joyner-
Halenda) algorithm was employed. Measurement of the
parameters of porous structure of the samples analysed was
performed based on the low-temperature nitrogen adsorp-
tion.

The thermal analysis of the obtained fillers was carried
out with the use of Jupiter 449 TG/DTA/DSC apparatus
(Netzsch). The mass of the sample was approx. 10mg. The
sample was heated at 10∘C/min (in the temperature range of
30–600∘C). The analyses were carried out in the atmosphere
of nitrogen, with a flow rate of 10 cm3/min.

3. Results and Discussion

3.1. Zeta Potential of TiO
2
-SiO
2
/Ph-POSS, TiO

2
-SiO
2
/PTMS,

and TiO
2
-SiO
2
/PTMS/Ph-POSS Hybrids. Nanoparticles in

dispersive systems exhibit a notable tendency to agglomerate,
however this process may be successfully controlled by mea-
suring the zeta potential (which allows for determining the
value of electrostatic interactions between colloid particles

dispersed in aqueous solutions) and analysing the particle
size distribution curves [23–25].

In the first experimental stage, the values of the zeta
potential for the unmodified TiO

2
-SiO
2
oxide filler and the

silsesquioxane (Ph-POSS) selected for subsequent surface
modification were carried out (see Figure 1(a)). Next, the
zeta potential values for the functionalised TiO

2
-SiO
2
/Ph-

POSS hybrid fillers were measured, and the obtained results
were presented in Figure 1(b). The measurement of the zeta
potential values allows for determining the isoelectric point
(i.e.p.), which is a crucial parameter for characterising solids
dispersed in liquids. By knowing the i.e.p. value, the surface
charge type can be recognised, that is, metal oxides exhibit
a positive surface charge value in a pH range < pHi.e.p and
a negative value in a pH range > pHi.e.p.. This knowledge
helps to understand the occurring coagulation and adhesion
phenomena. Overall, the charge on the surface of metal
oxides is influenced mainly by the pH and the ionic force
of the solution. However, the charge and the overall course
of the electrokinetic curve should not change as a result of
changes in the electrolytes concentration [26].Thedifferences
in acid-base properties of TiO

2
-SiO
2
oxide composites and

their modified forms have a profound impact on the obtained
zeta potential values [27]. Upon analysing the course of the
electrokinetic curve for the unmodified TiO

2
-SiO
2
oxide

composite it can be established that its zeta potential is
decreasing with increasing the pH values, which confirms
that the zeta potential value strongly depends on the pH
value. The influence of the zeta potential on the distribution
of the surface charge on oxide composites was presented
detailed in previously published paper [13].

In our previously published studies [27], we reported that
the zeta potential of unmodified TiO

2
-SiO
2
oxide composites

reaches the value of the isoelectric point at a pH value of
approx. 4.9 and exhibits zeta potential values from 30 to
−30mV in the whole studied pH range (1.7–11). The TiO

2
-

SiO
2
oxide composite presented in the framework of this

study is characterised by an isoelectric point at the pHvalue of
4.9 and reaches zeta potential values from 8 to −48mV in the
studied pH range. Marginal differences in the electrokinetic
properties of the studied inorganic filler are a result of the
proposed synthesis method and the percent composition of
a given oxide. Lower i.e.p. value of the studied synthetic
oxide composite is most likely caused by a higher percent
composition of silica, which is characterised by an isoelectric
point at a pH value of 2. The value of the point zero charge
(PZC) and the isoelectric point for TiO

2
and SiO

2
has been an

object of numerous studies and described in detail in several
literature reports [28, 29].

The course of the electrokinetic curve for the analysed
POSS compounds is similar to that obtained for SiO

2
[20].

Ph-POSS does not exhibit an i.e.p. value, however, the course
of the curve suggests a tendency to reach i.e.p. at a pH value
of approximately 1.0.

Upon analysing the results shown in Figure 1(b) it can
be established, that the functionalisation of the TiO

2
-SiO
2

oxide composites surface with the selected silsesquioxane
does not decrease the electrokinetic stability of the studied
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Figure 1: Zeta potential values as a function of pH for the (a) unmodified TiO
2
-SiO
2
oxide composite and the analysed silsesquioxane (Ph-

POSS). Then, (b) for the inorganic composite modified with Ph-POSS, (c) PTMS, and (d) additionally functionalised with Ph-POSS.

oxide systems in the whole range of the studied pH and that
the course of electrokinetic curves as well as the change of the
obtained isoelectric point values confirms the effectiveness of
the employed surface functionalisation method.

The electrokinetic curves obtained for the oxide com-
posite modified with various amounts of the selected silane
(PTMS) were shown in Figure 1(c).The obtained results were
compared with the electrokinetic potential of the unmodified
carrier. The surface functionalisation of the TiO

2
-SiO
2
oxide

composite with the use of PTMS silane (see Figure 1(c)) did
not contribute to any notable changes in the electrokinetic
stability compared to the base oxide composite.Themodified
hybrid fillers are characterised by a zeta potential value
ranging from 5 to −50mV, and their stability is high in the
pH values from 6 to 11.

In the next experimental stage, the zeta potential val-
ues for the oxide composite modified with the use of the

selected silanes and further functionalised with the use of
the silsesquioxane (Ph-POSS) were measured. The obtained
results were presented in Figure 1(d). The proposed method
of bifunctionalisation of the composite surface did not
notably change the obtained zeta potential values.

3.2. Particle Size Distributions and Surface Morphology and
Microstructure Analysis. In the next experimental stage the
dispersive and morphological characteristics of the studied
hybrid fillers were analysed. The particle size distribution
curve in relation to the volume percent for the base inorganic
filler (see Figure 2(a)) shows a single band in the range of 164–
531 nm.Themaximum volume percent (26.4%) was observed
for particles with a diameter of 295 nm. The results obtained
for the composite upon surface modification with 10 weight
parts by mass of Ph-POSS led to a single broad band in
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Figure 2: Particle size distribution curves and TEM images for (a) the unmodified TiO
2
-SiO
2
oxide composite, (b) the composite modified

with 10 weight parts by mass of Ph-POSS, (c) PTMS, and (d) the TiO
2
-SiO
2
oxide composite bifunctionalised with 10 weight parts by mass

of PTMS and Ph-POSS.

the range of 295–955 nm, with a maximum volume percent
(21.8%) for particles with a diameter of 615 nm (Figure 2(b)).

Studies focused on assessing themicrostructure andmor-
phology of the obtained powder substances were carried out
in order to obtain data regarding themorphology of seeds, the
structure of a given particle as well as the agglomeration and
dispersion characteristics. The presented TEM images of the
analysed oxide systems (both for the unmodified composite
and after modification with the POSS compound) show that
the particles are characterised by a regular, spherical shape
with a marginal tendency to form agglomerated structures.
Upon analysing the TEM pictures, the Ph-POSS bonded to
the surface of the inorganic carrier can also be observed.
The particle size distribution curves and TEM images for the
TiO
2
-SiO
2
synthetic compositemodifiedwith 10 weight parts

by mass of PTMS were shown in Figure 2(c).
In the case of the particle size distribution curve in

relation to the volume percent obtained for the oxide com-
posite upon modification with 10 weight parts by mass of
PTMS, a band in the range of 295–1110 nm can be observed.
The maximum volume percent (15.4%) can be attributed
to particles with a diameter of 459 nm. The obtained TEM
images confirm that the particles had a spherical shape. A
detailed procedure for the modification of the TiO

2
-SiO
2

oxide composite with silane proadhesive agents has been
described in a previous publication [30].

In the next step, the morphological characteristics of
the oxide composite modified with the PTMS silane and

additionally functionalised with the selected silsesquioxanes
(Ph-POSS) have been carried out, and the obtained results
were shown in Figure 2(d).

In the case of sample modified with 10 weight parts
by mass of the PTMS and the POSS compound, a single
band ranging from 255 to 955 nm could be observed. The
maximum volume percent (18.9%) could be attributed to
particles with a diameter of 531 nm. The TEM image showed
that these particles were of regular spherical shape and a
marginal tendency to form agglomeration structures.

3.3.WaterWettability Profiles. Analysis of the water wettabil-
ity profiles for the synthetic TiO

2
-SiO
2
composite modified

with a POSS compound showed that the studied samples
exhibit a lower mass increase in time compared to unmod-
ified samples (see Figure 3(a)).

The lowest mass increase was observed for samples
modified with 10 weight parts by mass of Ph-POSS, which
confirms that, with the increase of the surface functionalised
with Ph-POSS, the hydrophobicity of the analysed oxide
system is increased.

Analysing the water wettability profiles of samples mod-
ified with silane proadhesive agents and subsequently func-
tionalised with the POSS compound (see Figure 3(c)), it can
be observed that the lowest mass increase in time occurred
for samples modified with 10 weight parts by mass of PTMS
and Ph-POSS.This suggests that the increase of hydrophobic
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Figure 3: Water wettability profiles (a) for the unmodified TiO
2
-SiO
2
oxide composite and (b) composite modified with PTMS and (c) for

the composite bifunctionalised with PTMS and Ph-POSS.

properties in comparison to the unmodified composite was
greatest in this case.

3.4. FT-IR Evaluations. The spectroscopic studies were car-
ried out in order to evaluate the efficiency of themodification
process (appearance of characteristic functional groups) for
the selected samples of unmodified and modified TiO

2
-SiO
2

composite. The obtained spectra were shown in Figure 4.
The carried out FT-IR analysis proved that the modifica-

tion of the base sample with the use of Ph-POSS leads to a
decrease of intensity for the –OH band with a wavenumber
of approx. 3620 cm−1 which is proportional to the amount
of the POSS compound used for the modification of the

carriers surface.The broad band between 500 and 800 cm−1 is
associated with the Ti-O-Ti group. The bands corresponding
to the silsesquioxane “cages” can be observed at approx.
1118 cm−1. Other visible bands include CH

2
(2927 cm−1) and

CH
3
(2954 and 2871 cm−1) groups [31].

The FT-IR spectra for the unmodified TiO
2
-SiO
2
oxide

composite and the modified 10 parts by mass were shown
in Figure 4(a); sample unmodified and bifunctionalised were
shown in Figure 4(b). The presented spectra confirm the
efficiency of the surface functionalisation process for the
analysed oxide composite.

The Si-OH absorption bands of silicate matrix are shown
at 3750 cm−1 as well as width bands related in the range of
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Figure 4: FT-IR spectra obtained (a) for the unmodified TiO
2
-SiO
2
oxide composite and composite modified with Ph-POSS and PTMS, (b)

for the composite bifunctionalised with PTMS and Ph-POSS.
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Figure 5: TGA curves obtained (a) for the unmodified TiO
2
-SiO
2
oxide composite and composite modified with Ph-POSS and (b) composite

bifunctionalised with 10 weight parts by mass of PTMS and Ph-POSS.

3500–3000 cm−1 with physically adsorbed water has being
noted. The band at 1106 cm−1 can be associated with the
stretching vibration of Si-O-Si groups. A visible band cor-
responding to Ti-O-Si groups is also visible at 970 and
1400 cm−1. The band at 1106 cm−1 can be associated with
the stretching vibration of Si-O-Si groups. For the sample
modified PTMS, we can observe the peaks at 3044 cm−1
(CH stretching vibrations) and 1580, 1554, and 1542 cm−1
(C=C vibrational stretching of phenyl groups). Two distinct
changes can be observed in the FT-IR spectra of POSS silanol
(TriSilanolPhenyl POSS). The absorption peaks of the Si-OH

groups at 3750–3000 cm−1 as well as the width band at 3500–
3000 cm−1 decrease in intensity obviously. This suggests that
the condensation reaction of the Si-OH group between POSS
silanols and hydroxyl-terminated on silicate surface has taken
place. Another distinct change is the peak intensity between
1000 and 1300 cm−1. The intensity of the Si-O-Si absorption
band increases with the incorporation of POSS silanol. A
visible band corresponding to Ti-O-Si groups is also visible
at 970 and 1400 cm−1. A band of the trisilanol-silsesquioxane
cage appeared at 1118 cm−1 and was accompanied by CH

2

(2927 cm−1) and CH
3
(2954 and 2871 cm−1) stretching and
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Scheme 1: Mechanism of PTMS silane modification (a) and Ph-POSS grafting of TiO
2
-SiO
2
oxide composite (b).

corresponding deformational modes (1461, 1350, 1230, and
839 cm−1). Band corresponding toCH

3
at 2950 and 1230 cm−1

indicates the occupation of the free sites on the surface.
In Scheme 1, proposedmechanismof PTMSmodification

and grafting with Ph-POSS of TiO
2
-SiO
2
oxide composite is

presented.

3.5. Structural Properties. In the next experimental stage, the
parameters of the porous structure of the unmodified and

modified TiO
2
-SiO
2
oxide composite have been determined,

and the obtained results were shown in Table 2.
The value of specific surface area of the unmodified TiO

2
-

SiO
2
composite sample was at 24.8m2/g, while the pore

volume was at 0.040 cm3/g. The average pore diameter value
was 5.9 nm. Subjecting the TiO

2
-SiO
2
oxide composite to

modification with the selected silsesquioxane contributed to
a notable decrease of the basic adsorptive parameters. Upon
modification with 10 weight parts by mass of Ph-POSS, the
studied oxide composite reached a specific surface area value
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Table 2: Parameters of porous structure of both unmodified and
modified TiO2-SiO2 oxide composite.

Sample 𝐴BET (m
2/g) 𝑉𝑝 (cm

3/g) 𝑆
𝑝
(nm)

TiO2-SiO2 24.8 0.040 5.9
TiO2-SiO2 + 10 weight parts
by mass of Ph-POSS 7.0 0.030 17.1

TiO2-SiO2 + 10 weight parts
by mass of PTMS 6.6 0.020 12.6

TiO2-SiO2 + 10 weight parts
by mass of PTMS + 10 weight
parts by mass of Ph-POSS

3.3 0.008 10.4

of 7.0m2/g and a pore volume of 0.030 cm3/g. The average
pore diameter value for the oxide composite modified with
10 weight parts by mass of Ph-POSS was 17.1 nm.

Measuring the specific surface area showed that the
changes occurring on the surface of the TiO

2
-SiO
2
oxide

composite subjected to the functionalisation process with
POSS type compounds are very notable. Due to this process
the active centers on the surface of the composite are blocked.

In the next experimental stage, the obtained function-
alised TiO

2
-SiO
2
/PTMS/POSS hybrid fillers were subjected

to an analysis of their structural properties. The obtained
results suggest that the use of silanes (PTMS) for func-
tionalisation of the oxide composite surface contributes to
a decrease of the BET specific surface area. This effect is
a result of blocking active centres present on the surface
of the composite. Due to subsequent modification of the
functionalised composite with POSS compounds, a further
decrease of the specific surface area was observed. The
obtained resultsmay also be used for an indirect confirmation
of the proposed modification methods efficiency.

3.5.1. Thermogravimetric Analysis. Thermal analysis is an
important method which enables the determination of the
thermal durability or lifetime for the studied materials and
allows for evaluating the thermodynamic and kinetic param-
eters of the reaction. Due to this fact, the thermal analyses
are frequently employed in several branches of science and
industry. In the framework of the presented studies the TGA
technique was used, which allows for registering the changes
in sample mass as a function of temperature.

The thermogravimetric curves obtained for the unmodi-
fied TiO

2
-SiO
2
oxide composite and the composite modified

with 10 weight parts by mass of Ph-POSS were shown in
Figure 5(a). The total decrease of mass for the analysed sam-
ples changes with the increase in temperature. The highest
decrease ofmass for theTiO

2
-SiO
2
/Ph-POSShybrid fillerwas

observed at 150∘C. On the other hand, the highest decrease
of mass for the unmodified oxide composite was observed at
approx. 300∘C [32].

The thermogravimetric curves obtained for the unmodi-
fied TiO

2
-SiO
2
oxide composite and the composite modified

with 10 weight parts by mass of PTMS and Ph-POSS were
shown in Figures 5(a) and 5(b). It was observed that up to the
temperature of 150∘C, the physically and chemically bound

water is removed from the sample, while for samplesmodified
at 300∘C, the degradation of groups from the open cage
occurs. Since the cages consist of 8 silica atoms, they aremore
thermally stable compared to POSS with open cages, which
tend to bond more easily but are less thermally resistant.

4. Conclusions

In the framework of the presented studies, the efficiency of the
proposed surface modification method for TiO

2
-SiO
2
oxide

composites with POSS compounds and bifunctionalisation of
surface with POSS and selected silane proadhesive agents has
been presented and confirmed by the results of FT-IR and
TGA analyses.

Based on the obtained results, it was established that
bifunctionalisation leads to the deterioration of dispersive-
morphological properties compared to samples modified
with the use of silsesquioxanes only. The samples obtained
upon modification with silanes and subsequent modification
with POSS exhibit a higher tendency to form agglomeration
structures, which is why the disappearance of nanometric
particles can be observed.This fact becomes especially visible
with increasing amounts of the silane used for modification.
The electrokinetic studies have shown that the samples
modified with POSS only exhibit better stability. Modifica-
tion of the TiO

2
-SiO
2
oxide composite with the mentioned

silsesquioxane improves its hydrophobic properties, as con-
firmed by the water wettability studies. It was established
that the bifunctionalisation with PTMS and POSS leads to
a marginal increase of the hydrophobic properties for the
analysed hybrid fillers.

To summarize, from the point of future applications of
this type of functionalised hybrids, better electrokinetic and
physicochemical properties were exhibited by oxide compos-
ites modified only with POSS-type compounds. Based on
the obtained results, it can be established that the proposed
TiO
2
-SiO
2
/Ph-POSS hybrids may be successfully applied

in the constantly developing plastics industry and others
applications.
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“Polyhedral oligomeric silsesquioxane trisilanols as pigment
surface modifiers for fluoropolymer based Thickness Sensitive
Spectrally Selective (TSSS) paint coatings,” Solar Energy Mate-
rials and Solar Cells, vol. 95, no. 2, pp. 423–431, 2011.

[32] T. Ozawa, “Thermal analysis: review and prospect,” Ther-
mochimica Acta, vol. 355, no. 1-2, pp. 35–42, 2000.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 425726, 13 pages
http://dx.doi.org/10.1155/2013/425726

Research Article
Preparation and Characterization of Multifunctional
Chitin/Lignin Materials

Aukasz Klapiszewski,1 Marcin Wysokowski,1

Izabela Majchrzak,1 Tomasz Szatkowski,1 Magdalena Nowacka,1

Katarzyna SiwiNska-StefaNska,1 Karolina Szwarc-Rzepka,1 PrzemysBaw Bartczak,1

Hermann Ehrlich,2 and Teofil Jesionowski1

1 Institute of Chemical Technology and Engineering, Faculty of Chemical Technology, Poznan University of Technology,
M. Sklodowskiej-Curie 2, 60965 Poznan, Poland

2 Institute of Experimental Physics, Faculty of Chemistry and Physics, TU Bergakademie Freiberg, 09599 Freiberg, Germany

Correspondence should be addressed to Teofil Jesionowski; teofil.jesionowski@put.poznan.pl

Received 16 July 2013; Revised 16 August 2013; Accepted 17 August 2013

Academic Editor: Yuan Zhang

Copyright © 2013 Łukasz Klapiszewski et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Multifunctional chitin/lignin materials were synthesized. In order to combine mechanical milling of the biopolymers with
simultaneousmixing, a centrifugal ball mill was utilized.The resultingmaterials, differing in terms of the proportions of precursors
used, underwent detailed physicochemical and dispersive-morphological analysis. On the basis of FT-IR spectra and results of
elemental analysis, the efficiency of the preparation of thematerials was determined.The influence of the precursors on the thermal
stability of the resulting systems was also evaluated. Zeta potential was determined as a function of pH to describe the electrokinetic
stability of aqueous dispersions.This is important for evaluating the utility of the materials and indirectly confirms the effectiveness
of the proposed method of synthesis of chitin/lignin products. Measurements were performed to determine basic colorimetric
parameters, crucial in the production technology of multiple colored materials. It is expected that chitin/lignin materials will find
a wide range of applications (biosorbents, polymer fillers, and electrochemical sensors), as they combine the unique properties of
chitin with the specific structural features of lignin to provide a multifunctional material.

1. Introduction

Lignin is an organic substance found in wood and the lig-
nified elements of plants, such as straw. From a chemical
point of view, the parent lignin is an amorphous, polypheno-
lic material arising from enzyme-mediated dehydrogenative
polymerization of three phenylpropanoid monomers: p-
coumaryl, coniferyl, and sinapyl alcohols [1–4]. The copoly-
mer thus formed consists of substituted C9 units (6 aromatic
and 3 propene carbons) interconnected by C–O (mostly
etheric) or C–C bonds [5].

Lignin from various pulping processes has been shown
to be applicable in electrochemical sensors owing to its
residual quinone moieties, which are redox and thus electro-
active [6, 7]. In order to intensify the chemical properties of
lignin that make it suitable for electrochemical applications,

various methods of combining these materials with electrical
conductors (carbon nanotubes or conducting polymers) have
been proposed [8, 9]. Lignin has been also studied as a
potential low-cost “green” biosorbent of heavy metals [10–
12]. The usefulness of lignin in the adsorption of harmful
organic compounds (including heavy metals) results from
the presence of multiple functional groups in its structure,
including phenolic, hydroxyl, carboxyl, andmethoxy groups.
In addition to the sorption of metals, lignin is also used for
the removal of other compounds, such as dyes, pesticides, and
phenols [13]. Lignin can also serve as an additive to synthetic
polymers, giving them distinctive and unique properties [14,
15].

Numbers of scientific reports prove that chitin is one of
the key polymers of the 21st century [16, 17]. Chitin is a
building block of the skeletons of crustaceans [18, 19], insects



2 Journal of Nanomaterials

Kraft lignin Chitin

Milling, 4 h

1 2 Multifunctional
chitin\lignin material

105
∘C

H2O2

Figure 1: Scheme of chitin/lignin material preparation: (1) ball mill and (2) stationary drier.

[20], and diatoms [21]. Recently the biopolymer has been
discovered in the skeletons of several species of marine
sponges [22–24]. From a chemical point of view chitin is a lin-
ear aminopolysaccharide, composed ofN-acetylglucosamine
units linked by 𝛽-1,4-glycosidic bonds [25]. The unique
properties of chitin are due to the presence of (acetyl)amino
groups in the polysaccharide backbone [26]. For instance,
biodegradability, nontoxicity, and bioactivity contribute to
applications of chitin in various areas of biomedicine [27–30].
On the other hand, its high affinity to peptides and metal
complexation is interesting from the point of view of catalysis
[31] and of waste water treatment [32, 33]. The presence of
reactive –OH and –NH groups in chitin’s structure also pro-
vides opportunities for its functionalization [34]. This prop-
erty enables the obtaining of novel, advanced chitin-based
materials with a wide spectrum of application, including
polymer fillers, adsorbents, biosensors [35], a drug delivery
systems.

Consequently, in this study, chitin powder was mod-
ified with Kraft lignin solution to obtain multifunctional
chitin/lignin materials. Combination of these two polymers
has been poorly studied in the literature. However, Wang and
Xing [36] proved that modification of chitin with lignin leads
to improvement in the adsorption of hydrophobic organic
compounds. In this study a synthesis of advanced materials
was performed by a mechanochemical method.This method
was chosen because it can promote reactions between solids
quickly and quantitatively, with either no added solvent or
only nominal amounts. Additionally, it is highly efficient with
regard to the use of energy, time, and materials [37]. In
comparison with the method described by Wang and Xing
[36], the main advantage of the proposed mechanochemical
method is the elimination of the need to use organic solvent
(acetone), whichmakes the process environmentally friendly.

2. Experimental Section

2.1. Materials. Chitin powder from crab shells was mechan-
ically combined with Kraft lignin (both biopolymers were
purchased from Sigma-Aldrich).The final chitin/lignin prod-
ucts were obtained using various proportions of the reagents,
which were additionally treated with 15% hydrogen peroxide
(Chempur).

2.2. Preparation of Multifunctional Chitin/Lignin Materi-
als. Chitin and lignin were combined using a process of

mechanical milling of the materials with simultaneous
homogenization, using a centrifugal ball mill (Fritsch). The
substrates were soaked in a small amount of 15% hydrogen
peroxide and were closed in a milling container together
with the milling balls. The container with the precursors was
then fitted to the mill’s metal base. Milling took place with
simultaneous movement of the metal base and container.
The rotational speed of the rotating milling container was
300 rpm. In order to achieve the required homogeneity of
the final material, milling was carried out for 4 hours. The
product was then placed in a stationary drier at a high
temperature of 105∘C for 12 hours. A simplified process
scheme of the preparation of chitin/lignin products is shown
in Figure 1.

Immediately after the drying process, the chitin/lignin
materials were passed through a sieve with size equal 100𝜇m,
thus increasing their uniformity. Products with varying
content of chitin in proportion to lignin were obtained. In the
further part of the research, the products were subjected to
physicochemical analysis.

2.3. Evaluation of Physicochemical Properties

2.3.1. Scanning Electron Microscopy. The morphology and
microstructure of the chitin/lignin products were analyzed
to obtain detailed information concerning such properties as
dispersion, morphology of the grains, structure of individual
particles, and agglomeration characteristics. The observa-
tions were based on SEM images recorded from a EVO40
scanning electron microscope (Zeiss). Prior to testing, the
samples were coated with Au for a time of 15 seconds, using a
Balzers PV205P coater.

2.3.2. FT-IRAnalysis. Thechitin/ligninmaterials and precur-
sors (chitin and Kraft lignin) were also subjected to FT-IR
spectral analysis, using an IFS 66 v/S instrument (Bruker).
Here the materials were analyzed in tablet form made by
pressing a mixture of anhydrous KBr (ca. 0.1 g) and 1mg of
the tested substance in a special steel ring, under a pressure of
approximately 10MPa.The transparent tablet was placed in a
cuvette, whichwas then fitted in the clamp of the apparatus, at
the focal point of the light beam.Analysis was performed over
a wave number range of 4000 to 400 cm−1 (at a resolution of
0.5 cm−1).
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2.3.3. Elemental Analysis. The elemental contents of the
products were established using a Vario EL Cube instrument
(Elementar Analysensysteme GmbH), which is capable of
registering the percentage content of carbon, hydrogen,
nitrogen, and sulfur within samples, after high-temperature
combustion. A properly weighed sample was placed on an
80-position autosampler and combusted. The decomposed
sample was carried in a stream of helium gas into a chro-
matography column, where the percentage of each element
was analyzed.

2.3.4. Electrokinetic Characteristics. The zeta potential was
measured with a Zetasizer Nano ZS equipped with an
autotitrator. The measurements were performed in a 0.001M
solution of NaCl. This instrument employs a combination of
electrophoresis and laser measurement of particle mobility,
based on the Doppler phenomenon. The speed of particles
moving in the liquid in an electric field, known as the
electrophoretic mobility, is measured. Then from the Henry
equation (1), the value of the zeta potential is obtained:

𝜇
𝐸
=
2𝜀𝜁𝑓 (𝜅𝑎)

3𝜂
, (1)

where 𝜇
𝐸
denotes electrophoretic mobility, 𝜀 denotes the

dielectric constant, 𝜁 denotes the electrokinetic (zeta) poten-
tial, 𝜂 denotes the viscosity, and 𝑓(𝜅𝑎) denotes the Henry
function.

The Henry function 𝑓(𝜅𝑎) is monotonic, increasing from
1.0 at 𝜅𝑎 = 0 to 1.5 at 𝜅𝑎 = ∞. At the lower limit, it reduces to
the Hückel equation (𝜇

𝐸
= 2𝜀𝜁/3𝜂), and at the upper limit, it

reduces to the Smoluchowski equation (𝜇
𝐸
= 𝜀𝜁/𝜂).

2.3.5. Thermal Stability. A thermogravimetric analyzer (TG/
DTA/DSC, model Jupiter STA 449F3, Netzsch) was used to
investigate the thermal decomposition behavior of the sam-
ples. Measurements were carried out under flowing nitrogen
(10 cm3/min) at a heating rate of 10∘C/min over a temperature
range of 25–1000∘C, with an initial sample weight of approx-
imately 5mg.

2.3.6. Porous Structure Analysis. In order to characterize the
parameters of the porous structure of the examined sub-
stances, nitrogen adsorption/desorption isotherms at 77K,
surface area, pore volume, and average pore size were deter-
mined using an ASAP 2020 (Accelerated Surface Area and
Porosimetry) instrument (Micromeritics Instrument Co.).
All samples were degassed at 120∘C for 4 hours in a vacuum
chamber prior to measurement.The specific surface area was
determined by the multipoint BET method using adsorption
data under relative pressure (𝑝/𝑝

0
).The BJH (Barrett-Joyner-

Halenda) method was applied to determine the total pore
volume and the average pore size.

2.3.7. Adsorption Experiments. Adsorption tests were per-
formed with the use of tetrahydrate cadmium nitrate as a
precursor of cadmium(II) ions (POCh SA). In order to
determine the optimum time of heavy metal removal from
aqueous solutions, the adsorption process was carried out

over 30, 60, 90, 120, and 180 minutes, with the cadmium(II)
ion concentration equal to 30mg/dm3. Time optimization
was performed for three sorbent types independently: pure
lignin, chitin, and the final chitin/lignin material in a weight
ratio of 1 : 1. The prepared cadmium(II) solutions were placed
in a conical flask, into which 5.0 g of sorbent was added.
The system was stirred using a magnetic stirrer (Ika Werke
LabortechnikGmbH) for the set length of time.After stirring,
the mixture was filtered under reduced pressure, with the
use of special apparatus and filters (Sartorius). The resulting
precipitatewas dried for 2 hours at 105∘C.Thefiltratewas then
analyzed to determine the efficiency of adsorption.

2.3.8. Evaluation of Adsorption Efficiency. An important goal
was to determine the effectiveness of removal of cadmium(II)
ions from aqueous solution. For this purpose, atomic absorp-
tion spectrometry was used, which enables the detection of
ions in the filtrate after the adsorption process. The analysis
was performed on a Z-8200 spectrometer (Hitachi). Before
the analysis, it was necessary to prepare a calibration curve.
The results of the AAS analysis were used in calculations to
determine the efficiency of cadmium(II) ion removal. For this
purpose, the following equation was used:

% removal = (
𝑐
0
− 𝑐
𝑒

𝑐
0

) × 100%, (2)

where 𝑐
0
and 𝑐
𝑒
are, respectively, the initial and equilibrium

concentrations of cadmium(II) ions (expressed in mg/dm3).

2.3.9. Colorimetric Analysis. Colorimetric analysis was per-
formed using a colorimeter (Specbos 4000, JETI Technische
Instrumente GmbH). Daylight (D65) was used as a standard
light source. The instrument evaluated the color in terms
of the CIE 𝐿∗𝑎∗𝑏∗ color space system. This describes all
the colors visible to human eye and was created to serve
as a device-independent model, extremely useful for the
preparation of a reference sample. In this color space, 𝐿∗
represents the brightness, and 𝑎∗ and 𝑏∗ are appropriate
color coordinates. The parameter dE describes the total color
change.

3. Results and Discussion

3.1. Dispersive-Morphological Properties. In order to evaluate
the morphology and microstructures of the biopolymers,
SEM photographs were taken (Figure 2). In the pictures
shown it is easily observable how the precursors differ
from each other. Chitin (Figure 2(a)) is characterized by
nonhomogeneity and the presence of irregular fragments in
its structure. Lignin possesses irregularly shaped particles
as well, but its structure is slightly more homogeneous
(Figure 2(b)).

SEM photographs were taken for selected products
(Figure 3). It is easily noticeable that the ratio of the biopoly-
mers used to make the samples significantly influences their
morphological andmicrostructural properties.The character
of a given sample clearly depends on the quantities of
precursors used.
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Figure 2: SEM images of chitin powder from crab shells (a) and Kraft lignin (b).
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Figure 3: SEM images of chitin/lignin material samples: 1 (a), 4 (b), 7 (c), 8 (d), 10 (e), and 13 (f).

3.2. FT-IR Analysis. Analysis of the FT-IR spectra were car-
ried out to confirm the presence of characteristic functional
groups in the tested compounds, through measurement
of the absorption intensity of specific infrared radiation.
Additionally, based on the adsorption band, conclusions can
be drawn regarding the appropriateness and effectiveness of
the proposed methodology of multifunctional chitin/lignin
material synthesis. Figure 4 shows the FT-IR spectra of the
precursors, lignin and chitin, and final chitin/ligninmaterials
obtained by the proposed method.

In analysis of the lignin spectrum, the following bands
were detected: stretching vibrations of O–H groups (phenolic
–OH and aliphatic –OH) in the range 3600–3200 cm−1 and
C–H stretching vibrations in the range 2960–2920 cm−1 (CH

3

and CH
2
) and 2850–2840 cm−1 (OCH

3
). A wider band in

the range 1710–1550 cm−1 results from stretching vibrations

of C=O bonds. Also of significance in the analysis of the
lignin FT-IR spectrum are bands with absorption maxima
at the wave numbers 1375 cm−1, 1265 cm−1, and 1220 cm−1,
associated with stretching vibrations of C–O, C–O(H), and
C–O(Ar) bonds of phenolic groups, as well as etheric bonds,
which play an important role in the connection of elements
in the analyzed biopolymer. The presence of C–O–C etheric
bonds is additionally confirmed by a stretching vibration
band at wave number 1045 cm−1. The last noteworthy group
of bands in the case of lignin consists of in-plane deformation
bands 𝛿ipAr C–H (1140 cm−1) and out-of-plane 𝛿opAr C–
H (bands at wave numbers below 1000 cm−1, including
854 cm−1, 816 cm−1, and 790 cm−1). The analysis of Kraft lig-
nin performed for the purpose of this work is in agreement
with the data presented in previously published papers [38,
39].
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Figure 4: FT-IR spectra of the precursors and of selected chitin/lignin materials: samples 1, 4, and 7 (a) and 8, 10, and 12 (b).

In turn, the analysis of chitin revealed the presence of
bands corresponding to stretching vibrations of O–H groups
in the range 3600–3400 cm−1, asymmetric stretching vibra-
tions at wave number 3268 cm−1, and symmetric vibrations at
3106 cm−1 originating from N–H groups. A stretching vibra-
tion band in the range 3000–2800 cm−1 is associated with
the presence of (CH

3
+ CH

2
) groups. A wider band corre-

sponding to stretching vibrations in the range 1660–
1620 cm−1 is the so-called first amide band characteristic of
chitin, which results from the overlapping of stretching vibra-
tion bands of C=O groups. The second amide band is visible
in the chitin spectrum at a wave number of 1558 cm−1. This
band is undoubtedly associated with stretching vibrations
of C–N groups and bending vibrations of N–H. The region
in range 1420–1375 cm−1 is attributed to bending vibrations

associatedwith –CH
2
andC–CH

3
groups. Aweak absorption

band of stretching and bending vibrations at wave number
1312 cm−1 (the third amide band) is associated with C–N and
N–H groups, respectively. A wide band in the range 1250–
950 cm−1 is attributed to asymmetric stretching vibrations
of C–O–C groups and stretching vibrations of C–O groups.
Of importance in the chitin spectrum is a weak band in the
range 896–890 cm−1, which confirms the presence of the 𝛽-
1,4-glycoside bond in the biopolymer structure. The analysis
carried out for chitin is in agreement with available literature
data concerning 𝛼-chitin [40–42].

In Figures 4(a) and 4(b), FT-IR spectra for selected
chitin/lignin materials are presented. Analysis of the spectra
indicates that the process of chitin/lignin product synthesis
was fully controlled and completed with satisfactory results.
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Figure 5: Schematic representation of possible interactions in the obtained chitin/lignin materials.

Individual bands characteristic of the discussed precursors
overlap with bands obtained for the final products. Addition-
ally, modification of themass fraction of any of the precursors
causes changes in the peaks’ intensity. For instance, when
the mass fraction of lignin decreases in products 1 to 7, the
intensity of the bands in the spectrum also decreases. The
results obtained at this stage of the investigation confirmed
the effectiveness of chitin/lignin preparation. An interesting
relationshipwas observed for product 13 (with a chitin : lignin
weight ratio of 0.05 : 1). The spectrum of this product is
similar to the spectrum of pure lignin. This observation is
obviously justified and additionally confirms the correctness
of the suggested research methodology. The spectra reveal
shifts and deformations of the first and second amide bands,
which are probably the results of hydrogen bond formation
between chitin and lignin. At this stage of the research a
simplified mechanism of chitin and lignin combination was
constructed (Figure 5).The proposedmechanism is based on
the formation of hydrogen bonds between –OH groups of
lignin and functional C=O, –OH, and NH groups of chitin.

3.3. Elemental Analysis. Elemental analysis, determining the
percentage content of nitrogen, carbon, hydrogen, and sulfur,
was performed for selected final products and for their
synthesis precursors. The results are given in Table 1.

Table 1: Elemental content of nitrogen, carbon, hydrogen, and
sulfur in the precursors and in chitin/lignin materials.

Sample number Elemental content (%)
N C H S

Pure chitin 6.21 40.54 7.36 —
Pure lignin — 42.21 5.02 3.14
1 6.06 45.25 8.26 3.13
2 6.04 44.60 8.18 2.23
3 5.99 44.44 8.14 1.11
4 6.06 44.32 8.11 0.85
5 6.17 43.01 8.04 0.51
6 6.04 42.80 8.04 0.30
7 6.12 42.82 8.03 0.05
8 4.32 43.54 7.34 3.11
9 2.34 44.51 6.61 3.10
10 1.67 44.45 6.54 3.10
11 1.19 44.19 6.11 3.06
12 0.87 44.14 6.05 3.11
13 0.38 43.93 5.85 3.14

In analysis of the results obtained for the elemental
composition of selected chitin/ligninmaterials, the quantities
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Figure 6: Zeta potential versus pH of precursors (a) and chitin/lignin materials ((b) and (c)).

of precursors used in the preparation of the final products are
found to have a noticeable influence. The largest differences
were observed for the percentage content of nitrogen and
sulfur. Similar nitrogen content was found in samples with
constant chitin content and variable lignin content (samples
1–7), which is to be expected since chitin has acetamide
groups in its structure. In samples 9, 11, and 13 a decrease
in nitrogen content is observed, which is a result of the
diminishing fraction of chitin. A similar situation is found
for sulfur content. In samples 1 to 7 the lignin content
gradually decreases as is clearly confirmed by the decreasing
percentage of sulfur in the products. In the other materials
(samples 8–13) lignin content remains unchanged, while
chitin content varies; thus the sulfur percentage content is
similar. The changes in the percentage contents of carbon
and hydrogen were comparably small. The highest carbon
content was recorded for sample 1 (chitin : lignin ratio 1 : 1),

and the smallest was recorded for sample 7 (chitin : lignin
ratio 1 : 0.05).

Elemental analysis enables estimation of the percentage
elemental contribution in the precursors and in the final
multifunctional chitin/ligninmaterials.The analysis provides
proof of the different elemental compositions of the various
samples and indirectly confirms the effectiveness of the
preparation of chitin/lignin materials.

3.4. Electrokinetic Properties. Electrokinetic properties undo-
ubtedly depend on the surface character of the examined
materials. Thus in the next part of the research, the value
of the zeta potential was determined as a function of pH
(Figure 6), providing information about the electrokinetic
properties of particles dispersed in aqueous systems.

Zeta potential was determined for the precursors (chitin
and Kraft lignin) and for the obtained chitin/lignin materials
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with various weight fractions of the precursors. Measure-
ments were carried out over a wide pH range (1–11) in
0.001MNaCl solution. The stability of water dispersions was
indirectly determined through the value of zeta potential. In
addition, the effectiveness of the proposed multifunctional
material synthesis was confirmed.

Chitin is obtained industrially via chemical isolation in
three stages: demineralization, deproteinization, and depig-
mentation. The deproteinization stage is usually carried
out using aqueous solution of NaOH or KOH, which
hydrolyses some of the acetamide bonds present in poly-
1,4-N-acetylglucosamine. Thus the process needs to be
strictly controlled. Chitin is always a copolymer of N-
acetyloglucosamine and glucosamine mers, with a degree of
deacetylation in the range 50–95% [43]. Various functional
groups present on the surface of chitin undergo protonation
at solution pH values lower than pHIEP. Amine groups (R–
NH
2
) undergo proteinization to (RNH

3
)+. Consequently, in

this solution, pH range, a formation of a positive surface
charge, has been observed on the surface of chitin [44, 45].
The formation of the surface charge on chitin dispersed in an
aqueous system can be expressed by the following reaction:

R–NH
2
+H+ ⇐⇒ R–NH

3

+ (3)

Surface –NH
3

+ groups cause repulsive electrostatic forces
between particles dispersed in aqueous systems.TheR–NH

3

+

group is weakly acidic, and its degree of proteinization is
described by the value 𝑝𝐾

𝑎
. According to calculations based

on the value of 𝑝𝐾
𝑎
, published in [45], surface amine groups

are completely proteinized at a pH of 3.5 or lower and
undergo complete dissociation at a pH of 7. Between these
two pH values, amine groups are only partly protonated [46].
From the results obtained for chitin’s zeta potential, it was
concluded that the isoelectric point (IEP) is equal to 3.49.
At this point the colloidal system is the least stable. Over

the analyzed pH range, chitin has zeta potential values
ranging from 21 to –38mV. Chitin dispersed in aqueous
systems exhibits good electrokinetic stability, particularly at
alkaline pH.Thus in thesemeasurement conditions, repulsive
forces prevail between dispersed chitin particles.

The electrokinetic curve of Kraft lignin, obtained as a
result of zeta potential measurement, does not reach the iso-
electric point; however, its shape suggests that it approaches
IEP at a pH of around 1. Functional groups present on
the surface of lignin have a significant influence on the
obtained values of isoelectric point. Kraft lignin has a negative
zeta potential over the entire pH range. The surface charge
formed strongly depends on the degree of dissociation of such
functional groups as –OH, –COOH, and –SH present on the
surface of the particles dispersed in the aqueous system [47].
From the work carried out under the present study and from
available literature data, it can be concluded that a significant
quantity of carboxyl and phenolic groups (and others) is
present on the surface of Kraft lignin. The mechanism of
surface charge formation has been discussed in detail in [48,
49].The significant changes in zeta potential (and therefore in
surface charge density) as a function of solution pH confirm
unequivocally that in the analyzed dispersive system the
potential-forming ions are H+ and OH−. The electrokinetic
analysis of Kraft lignin is in agreement with literature data
available for the compound [48, 50].

Figures 6(b) and 6(c) show the electrokinetic curves
of the obtained chitin/lignin materials with various weight
fractions of the components. The suggested methodology of
chitin/lignin system preparation makes it possible to obtain
a final product with specified electrokinetic properties. The
results of zeta potential measurements indirectly confirm the
effectiveness of the proposed method of synthesis. Increas-
ing the content of lignin in proportion to chitin causes a
proportional decrease in the electrokinetic (zeta) potential
values obtained. This is particularly noticeable for samples
9, 11, and 13 (Figure 6(c)), with chitin : lignin weight ratios of
0.5 : 1, 0.2 : 1, and 0.05 : 1, respectively. In turn, increasing the
weight contribution of chitin in proportion to lignin caused
a shift of the electrokinetic curve toward higher values of
zeta potential. The most visible change in the surface charge
was recorded for sample 7 (chitin : lignin ratio 1 : 0.05). The
analyzed systems offer relatively good electrokinetic stability
over a wide pH range. In these conditions particles will tend
not to form agglomerates, due to the presence of repulsive
forces between them, which is of great importance from the
point of view of potential applications.The stability improves
when the weight fraction of lignin relative to chitin increases.

3.5. Thermal Stability. Thermal stability measurements were
performed for selected chitin/lignin materials. For compari-
son purposes, measurements were also made for the biopoly-
mers.The obtained thermogravimetric curves showmass loss
caused by the transformations that occur as the temperature
increases. Figure 7 shows the TG curves obtained for the
precursors and the results of the thermal analysis of selected
final products.

The curves obtained for the initial biopolymers (Figure 7)
show that chitin has a lower resistance to high temperature.
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The TG curve for chitin shows relatively significant mass loss
of over 90%.This occurs in two important stages. The first, at
a temperature below 200∘C, involves desorption of water.The
second, starting from ∼300∘C, involves considerable mass
loss (∼75%) associated with a one-step thermal degradation
of the biopolymer [18]. Data published in the literature [51]
confirm the results obtained in the present research.

In the case of lignin the thermogravimetric curve does
not demonstrate such significant mass loss as with chitin
(mass loss ∼60% of initial sample mass). The TG curve for
lignin indicates three clear stages. The first, as in the case
of chitin, is associated with loss of water. The second, the
most important stage of high mass loss (about 35%) in the
temperature range 200–600∘C, is related to a complicated
thermal decomposition of the compound, which includes
bonds newly formed in cross-linking reactions. The third
and last stage starts at a temperature of about 600∘C and is
associated with fragmentarization of the lignin compound
and gradual thermal degradation. The data obtained are in
agreement with the literature [52, 53].

Figure 7 shows the thermogravimetric curves of selected
chitin/lignin products. Sample 2, containing the largest
amount of chitin in proportion to lignin among the three ana-
lyzed products, displayed the lowest thermal stability (mass
loss as high as 70% of the initial sample mass). Slightly better
thermal properties were displayed by the other twomaterials,
samples 9 and 11, which had similar mass loss values of 58%
(sample 11) and 60% (sample 9).The results at this stage of the
experiment are in agreement with expectations. It is clear that
the addition of lignin slightly improves the thermal stability
of the resulting multifunctional chitin/lignin materials.

3.6. Porous Structure Analysis. In order to determine the
porous structure parameters of the final products, analysis
was carried out to determine the BET specific surface area,
total volume, andmean size of pores.The results are shown in
Figure 8. For comparison purposes, analysis of the precursors
(chitin and lignin) was also carried out.

Values recorded for the BET specific surface area are
relatively low, equal to 2.7m2/g and 0.1m2/g for chitin and
lignin, respectively. Pore volume in chitin is significantly
higher than in lignin.Themean size of chitin pores is 25.9 nm,
while that of lignin pores is smaller, at 12.1 nm.

The lowest value of BET specific surface area among the
analyzed samples was recorded for sample 13 (1.2m2/g), and
the highest one was recorded for sample 7 (3.0m2/g). In the
case of BET specific surface area, there are clear differences
in the values obtained depending on the ratio of precursors
used to prepare the final products. The values of total pore
volume and pore size also clearly depend on the quantities of
the precursors. With an increase in the chitin-to-lignin ratio
(samples 1–7; Figure 8(c)), total pore volume increases up to
0.019 cm3/g. Pore size also rises gradually, reaching a value
of 25.1 nm for sample 7. Samples 8–13 (Figure 8(d)) show
the reverse behavior. The values obtained for these samples
show a gradual decrease in total pore volume and in pore
size. Although the BET specific surface area is relatively low,
the biomaterials should nonetheless be considered efficient

and selective biosorbents, especially for harmful chemical
substances, most importantly heavy metal ions. Very often,
with the aim of improving lignin’s adsorptive properties,
surface activation is carried out in order to increase its surface
area. One such process was suggested in [54]. The authors
described amethod of physical activation of lignin, consisting
of carbonization of lignin in a nitrogen atmosphere in the first
step and its activation using CO

2
in the second. In this way

a product was prepared with a surprisingly high BET surface
area of 1613m2/g. It was reported that depending on the type
of lignin used, activated carbon with various specific surface
area parameters can be obtained [54].

Anothermethodwhichmay enable an increase in the spe-
cific surface area of biopolymers of this type is combination
with an inorganic support offering excellent porous structure
parameters, for instance, silica or magnesium silicate. The
procedure significantly extends lignin’s application as a selec-
tive biosorbent and results in an increase in capacity for heavy
metal ion adsorption [55, 56].

Chitin, like lignin, has a great number of various func-
tional groups in its structure; this means that in spite of the
small BET surface area, these compounds cannot be excluded
as biosorbents with good long-term promise.

The chitin/ligninmaterial obtained can be identified with
unique properties which enable it to be used as an effective
sorbent of heavy metals. As part of the study, a test of the
removal of cadmium(II) ions from aqueous solution was car-
ried out using the chitin/lignin biosorbent, as well as native
chitin and lignin. The influence of process duration (30–
180min) on the effectiveness of adsorption of cadmium(II)
ions (30mg/dm3) was determined, as shown in Figure 9. It
can be concluded that adsorption equilibriumwas established
after 60 minutes for both the chitin/lignin sorbent and the
pure precursors. This can therefore be considered to be the
most effective length of time for which the adsorption process
should be maintained. Most importantly, the chitin/lignin
sorbent proved to be the most effective. The efficiency
of cadmium(II) ion removal reached values in the range
95.7−98.4%, while for the lignin and chitin precursors, the
values were only 65.9−71.8% and 78.0−84.8%, respectively.

The results of the analyses indicate that chitin/lignin
hybrids are excellent sorbents of heavy metal ions. It is
expected that the investigated materials will be equally
effective in the sorption of other heavy metals such as
lead, mercury, chromium, and uranium.The results obtained
provide a basis for realization of the adsorption process in real
industrial waste systems.

3.7. Colorimetric Analysis. For the synthesized chitin/lignin
products as well as for the initial precursors, colorimetric
analysis was carried out using the CIE 𝐿∗𝑎∗𝑏∗ color system.
The results are given in Table 2.

Chitin has a light beige color, while lignin is a dark brown
solid. The parameter 𝐿∗, determining brightness, is 85.47 for
pure chitin and 41.26 for lignin. The parameters 𝑎∗ and 𝑏∗,
reflecting the contribution of red and yellow in a sample’s
color, were as follows: for chitin 𝑎∗ = 1.42 and 𝑏∗ = 14.43; for
pure lignin 𝑎∗ = 10.16 and 𝑏∗ = 25.92. Another important
parameter in colorimetric analysis is the 𝑑𝐸 variable, which
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Figure 8: Nitrogen adsorption/desorption isotherms and adsorptive properties for chitin (a), lignin (b), and chitin/lignin materials ((c) and
(d)).

determines total color change. For lignin its value is 58.24,
and for chitin it is 14.41.

On analyzing the values of 𝐿∗, it is noticeable that for
samples 1–7, containing a constant amount of chitin and
gradually diminishing amount of lignin, the value of the
parameter systematically increases, reaching a value of 83.95
for sample 7. This is similar to the value obtained for pure
chitin. For chitin/lignin samples from 8 to 13, where the chitin
fraction decreases, the brightness parameter 𝐿∗ was found to
decrease, down to a value of 50.98 for sample 13 (chitin : lignin
ratio 0.25 : 1).

Comparing the values of parameters 𝑎∗ and 𝑏∗ for the
final products 1–7, a progressive decrease in red (parameter
𝑎
∗) and yellow (𝑏∗) color is observed. For samples 8–13, the

values of these parameters systematically increase, reflecting
the increasing color intensity of the obtained materials in

which the content of chitin varies against a constant amount
of lignin. The values of 𝑑𝐸 confirm the correctness of
the measurements. Initially its value decreases (samples 1–
7), but in the later stage it increases (samples 8–13). The
results obtained in this phase of the study are in agreement
with expectations and confirm the appropriateness of the
proposed method of synthesis. This means that the products
may be utilized in various fields of industry in which color is
a significant factor in production.

4. Conclusions

Advanced multifunctional materials have been obtained as
a combination of natural polymers: chitin powder from
crab shells and Kraft lignin. These precursors underwent
a mechanical milling process with simultaneous mixing in
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Table 2: Colorimetric data of precursors (pure chitin and lignin)
and chitin/lignin materials.

Sample number Colorimetric data
𝐿
∗

𝑎
∗

𝑏
∗

𝑑𝐸

Pure chitin 85.47 1.42 14.43 14.41
Pure lignin 41.26 10.16 25.92 58.24
1 67.31 12.56 39.51 46.93
2 67.37 11.74 38.69 45.26
3 68.82 10.11 35.42 43.21
4 71.08 8.46 32.92 38.64
5 78.77 4.87 26.08 29.79
6 81.29 3.63 22.32 24.92
7 83.95 1.03 19.96 18.80
8 60.66 12.13 38.21 50.08
9 58.48 12.54 30.51 50.24
10 58.02 13.17 34.73 50.86
11 57.30 13.62 34.98 51.50
12 57.09 14.04 36.80 52.42
13 50.98 14.13 38.21 53.50

a centrifugal ball mill. The final chitin/lignin products and
the precursors were subjected to detailed physicochemi-
cal, dispersive-morphological, electrokinetic, thermal, and
colorimetric analyses. The effectiveness of the preparation
of chitin/lignin materials was confirmed by FT-IR spectra
and elemental analysis. We suggest that the formation of
chitin/lignin materials occurs by hydrogen bonding of the
–OH and =NH groups of chitin with –OH groups from
lignin. Increasing the quantity of lignin relative to chitin
results in an improvement in the thermal properties of the
analyzed systems, thus creating an opportunity to utilize
the materials in biodegradable polymer fillers. The results
of electrokinetic (zeta) potential measurements confirm the
effectiveness of the preparation of the chitin/lignin materials.
Moreover, their good electrokinetic stability gives reason to

believe that they will find a wide spectrum of applications,
including in medicine and pharmacy. Additionally, color
measurements determined the most important colorimetric
parameters, which may play a vital role in the production
technology of new materials. The results of the analyses
performed indicate that chitin/lignin hybrids act as excellent
sorbents of heavy metal ions.
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The Fe(6 nm)/FePt film with perpendicular magnetization was deposited on the glass substrate. To study the oxygen diffusion
effect on the coupling of Fe/FePt bilayer, the plasma oxidation with 0.5∼7% oxygen flow ratio was performed during sputtered
part of Fe layer and formed the FeOx(3 nm)/Fe(3 nm)/FePt trilayer. Two-step magnetic hysteresis loops were found in trilayer with
oxygen flow ratio above 1%. The magnetization in FeOx and Fe/FePt layers was decoupled. The moments in FeOx layer were first
reversed and followed by coupled Fe/FePt bilayer. The trilayer was annealed again at 500∘C and 800∘C for 3 minutes. When the
FeOx(3 nm)/Fe(3 nm)/FePt trilayer was annealed at 500∘C, the layers structure was changed to FeOx(6 nm)/FePt bilayer due to
oxygen diffusion. The hard-magnetic FeOx(6 nm)/FePt film was coupled with single switching field. The FeOx/(disordered FePt)
layer structure was observed with further annealing at 800∘C and presented soft-magnetic loop. In summary, the coupling between
soft-magnetic Fe, FeOx layer, and hard-magnetic L1

0
FePt layer can be controlled by the oxygen diffusion behavior, and the oxidation

of Fe layer was tuned by the annealing temperature. The ordered L1
0
FePt layer was deteriorated by oxygen and became disordered

FePt when the annealed temperature was up to 800∘C.

1. Introduction

Equiatomic FePt film with anisotropic face-centered tetrag-
onal (fct) L1

0
ordered structure has high magnetocrystalline

anisotropy which is the promised material in energy assisted
perpendicular magnetic recording. The L1

0
FePt phase was

ordered from disordered FePt phase with face-centered cubic
(fcc) structure after high temperature annealing [1–6]. The
disordered and L1

0
FePt phases show soft- and hard-magnetic

properties, respectively. The ordering degree can be changed
from 0 (disordered) to 1 (ordered) that depends on the
process temperature or condition. The granular structure
with columnar grains [7, 8] and well c-axis alignment normal
to the film surface with low switching field distribution are
required for FePt perpendicular recording media. For c-
axis alignment, [001] textured FePt films have been pre-
pared on amorphous glass substrate or MgO underlayer
with lower ordering temperatures [9–11]. To write in per-
pendicular recording media, measure can be taken from
energy assisted writing process called heat assisted magnetic
recording (HAMR) [12]. To down the writing temperature

under fixed writing field, minor adjusting of the intrinsic
magnetic anisotropy of FePt film was required.Themagnetic
anisotropy and the coercivity of FePt film can be tuned by
composition and the third element addition [13]. The [001]
textured FePt film was not easily formed when target com-
position far deviated from equal atomic ration. In addition,
the magnetic anisotropy was usually diluted by nonmagnetic
doping. As a result, it is necessary to have high [001] textured
FePt granular film with lower coercivity that was accepted by
writing temperature and field. Traditionally, exchange spring
media and exchange coupled composite (ECC) media with
higher and lower magnetic anisotropic layer were introduced
to reduce the writing field requirement and maintain the
same thermal stability and grater insensitivity to easy axis
[14–20]. The motivations of this work are try (1) to know
the oxygen diffusion effects on magnetic properties of FePt
film and prove the change of magnetic properties by the
second annealing process, (2) to modify the morphology of
dewetted FePt film by FeOx, and (3) to study the coupling
effect via FeOx/Fe/FePt trilayer structure. The structure of
FeOx may be cubic FeO, tetragonal 𝛾-Fe

2
O
3
(maghemite)
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or spinel Fe
3
O
4
(magnetite), with ferrimagnetism. Plasma

oxidation and further annealingwere proposed and proven to
change the magnetic properties and microstructure of FeOx/
Fe/FePt films. The [001] textured FeOx/FePt dewetted film
with perpendicular magnetization was also observed.

2. Experimental

The FePt film was deposited on a glass substrate at room
temperature (RT) by magnetron sputtering. The sputtering
systemwas designed for ultrahigh vacuumwith base pressure
of 5 × 10−8 Torr, and the load-lock system was used to
transfer the substrate via prechamber with base pressure of
5 × 10−7 Torr. The FePt and Fe targets were used, and a
working pressure was fixed at 1.5 × 10−3 Torr under high
purity argon gas. The total thickness of FePt film is 10 nm,
and the chemical composition of the FePt layer was Fe

48
Pt
52

measured by an energy dispersive spectrometer (EDS) on
a single thicker FePt layer. After deposition, the films were
annealed under argon atmosphere by using a rapid thermal
annealing process (RTP) at 800∘C for 3 minutes with heating
rate of 10∘C/s and formed the L1

0
FePt thin film.The Fe layer

with thickness of 6 nm was deposited at RT on FePt film and
formed the Fe/FePt bilayer. To study the oxygen diffusion
effect on the coupling of Fe(6 nm)/FePt bilayer, the plasma
oxidation with varied oxygen flow ration [𝑃 = 𝑃O

2

/(𝑃O
2

+

𝑃Ar) = 0.3, 0.5, 1, 3, 7%] was performed during sputtered
part of Fe layer and formed the FeOx(3 nm)/Fe(3 nm)/FePt
trilayer. More precisely, the oxygen was introduced during
sputtering in half of the Fe layer thickness which is 3 nm.
The trilayer was further annealed at 500∘C, 800∘C and finally
formed the FeOx/FePt, FeOx/(disordered FePt), respectively.
The thickness of each layer or sputtering rate of each mate-
rial was measured by atomic force microscopy. The crystal
structure of the samples was identified using a standard X-
ray diffraction (XRD) technique (BRUKER, D8 Discover).
The film microstructure was observed by scanning electron
microscopy (JEOL JSM-6700F) and atomic force microscopy
(DI 3100). The surface chemical property was measured
by X-ray photoelectron spectroscopy ((XPS) PHI5000Versa-
Probe). Magnetic hysteresis loops were measured at room
temperature using a vibration sample magnetometer ((VSM)
Lakeshore 7400) with a maximum magnetic field of 2T. The
magnetic field was applied to be parallel and perpendicular
to film surface to obtain in-plane and out-of-plane hysteresis
loops, respectively.

3. Results and Discussion

Figures 1(a)–1(f) show standard XRD patterns of FePt single
layer, Fe(6 nm)/FePt bilayer, and FeOx/Fe/FePt films. In
Figure 1(a), the FePt single layer was ordered in L1

0
phase,

and the (001) superlattice diffraction peak and the (002)
fundamental reflection are clearly observed.TheXRDprofiles
suggest that the L1

0
FePt crystal has a [001] texture. Figures

1(b)–1(f) show theXRDpatterns of Fe(6 nm)/FePt bilayer and
FeOx(P)/Fe/FePt trilayer (𝑃 = 0.5, 1, 3, and 7%). In Figures
1(b)–1(f), the L1

0
FePt films also show strong (001) and (002)
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Figure 1: XRD patterns of (a) FePt single layer, (b) Fe(6 nm)/FePt
bilayer, and FeOx(P)/Fe/FePt films with different oxygen flow
rationes, 𝑃 = (c) 0.5%, (d) 1%, (e) 3%, and (f) 7%.
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Figure 2: XRD patterns of FeOx(P)/Fe/FePt trilayer further
annealed at 500∘C with 𝑃 = (a) 1%, (b) 3%, and (c) 7% and 800∘C
with 𝑃 = (d) 1%, (e) 3%, (f) 7%.

peaks that were not smeared out by Fe and FeOx deposited at
RT. The peaks of Fe and FeOx were not found in standard X-
ray diffraction (XRD) due to strong FePt (001) texturing.The
standardX-ray peaks of Fe (JCPDS 89-7194), FeO (JCPDS 89-
7100), Fe

2
O
3
(JCPDS 89-8104), and Fe

3
O
4
(JCPDS 89-6466)

were marked in Figures 1 and 2. The ordering parameter,
S, was calculated from (I∗

(002)
/I∗
(001)
)
1/2
(I
(001)
/I
(002)
)
1/2 or

proportional to I
(001)
/I
(002)

ratio [21]. The (I∗
(002)
/I∗
(001)
)
1/2

value, for example, 0.4915 in L1
0
FePt film, was obtained after

considering all the corrected factors in the XRD data. Fully-
ordered L1

0
FePt X-ray diffraction peak intensity is given

by (I∗
002
/I∗
001
) = (|𝐹|

2
× LPDA)

002
/(|𝐹|
2
× LPDA)

001
[21]. For

L1
0
FePt, the structure factor 𝐹 is 𝐹

ℎ𝑘𝑙
= 𝑓Fe(1 + 𝑒

𝜋𝑖(ℎ+𝑘)
) +

𝑓Pt(𝑒
𝜋𝑖(𝑘+𝑙)
+𝑒
𝜋𝑖(ℎ+𝑙)
), and𝑓 is atomic scattering factor [21].The



Journal of Nanomaterials 3

H (kOe)
−20 −10 0 2010

700

350

0

−350

−700

M
(e

m
u/

cc
)

(a)

H (kOe)
−20 −10 0 2010

700

350

0

−350

−700

M
(e

m
u/

cc
)

(b)

H (kOe)
−20 −10 0 2010

700

350

0

−350

−700

M
(e

m
u/

cc
)

(c)

H (kOe)
−20 −10 0 2010

700

350

0

−350

−700

M
(e

m
u/

cc
)

(d)

In plane
Out of plane

H (kOe)
−20 −10 0 2010

700

350

0

−350

−700

M
(e

m
u/

cc
)

(e)

H (kOe)
−20 −10 0 2010

700

350

0

−350

−700

M
(e

m
u/

cc
)

In plane
Out of plane

(f)

Figure 3: In-plane and out-of-plane magnetic hysteresis loops of (a) FePt single layer, (b) Fe(6 nm)/FePt bilayer, and FeOx(P)/Fe/FePt films
with different oxygen flow rationes; 𝑃 = (c) 0.5%, (d) 1%, (e) 3%, and (f) 7%.
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Figure 4: In-plane and out-of-plane magnetic hysteresis loops of FeOx(P)/Fe/FePt trilayer further annealed at 500
∘Cwith 𝑃 = (a) 1%, (b) 3%,

and (c) 7% and 800∘C with 𝑃 = (d) 1%, (e) 3%, and (f) 7%.
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Lorentz factor (𝐿) is [1/sin2(𝜃)cos(𝜃)], and the polarization
factor (𝑃) is (1 + cos2(2𝜃)).The temperature factor (𝐷) is 𝑒−2M
and M = (sin(𝜃)/𝜆)2, and absorption factor (𝐴) is 1 −
exp(−2𝜇t/(sin𝜃)). The average mass absorption coefficient
was estimated as 𝜇 = [𝜇Fe ×wt%Fe+𝜇Pt ×wt%Pt] × [𝑋Fe𝜌Fe +
𝑋Pt𝜌Pt] [21], and the value is 3323.8 in this study. Here, 𝑋Fe,
𝑋Pt and 𝜌Fe, 𝜌Pt are the atomic fraction and density of Fe
and Pt, respectively. The values for 𝜇Fe and 𝜇Pt are tabulated
[21]. I∗

(001)
and I∗
(002)

mean the theoretical integrated intensity
of X-ray diffraction peaks, and the I

(001)
and I
(002)

are the
integrated peak intensity from the experimental results for a
partially ordered film. In Figure 1(a), the ordering parameter
S estimated from (I∗

(002)
/I∗
(001)
)
1/2
(I
(001)
/I
(002)
)
1/2 is 0.75, and

the S value in Figures 1(c)–1(f) is 0.71∼0.72.
Figures 2(a)–2(f) show standard XRD patterns of

FeOx/Fe/FePt trilayer further annealed at 500∘C and 800∘C,
respectively. In Figures 2(a)–2(c), the FeOx/Fe/FePt trilayer
was further annealed at 500∘C and became FeOx/FePt bilayer.
In addition to the wideness (full width of half maximum
(FWHM)) of (001) and (002) peaks in Figure 2(b), the
L1
0
FePt still shows strong (001) texture. It means that the

L1
0
FePt layer was not influenced almost by further being

annealed at 500∘C. In Figures 2(d)–2(f), the FeOx/Fe/FePt
trilayer was further annealed at 800∘C, and the (001) texture
was almost diminished, and (200) disordered FePt peak was
observed. It is suggested that the oxygen was diffused into
the L1

0
FePt layer and the layer, structure was changed to

FeOx/(disordered FePt). The FePt (111) peak was not found
in standard XRD patterns in Figures 1 and 2 due to strong
FePt (001) texture. The ordered or disordered FePt (111) peak
was indexed in grazing incident X-ray diffraction (GID).
The nonsymmetric GID was used to measure the grains in
nonoriented area in textured film.

Figure 3 shows in-plane and out-of-plane magnetic hys-
teresis loops of FePt single layer, Fe(6 nm)/FePt bilayer, and
FeOx(3 nm)/Fe(3 nm)/FePt trilayer. In Figure 3(a), the FePt
single layer shows high perpendicular magnetization, and
the out-of-plane coercivity (Hc) is 15.3 kOe. The component
in in-plane magnetization is nearly zero and shows the
linear loop. In Figure 3(b), the magnetization was increased,
and the Hc was reduced to 11.8 kOe in soft/hard exchange
coupled Fe/FePt bilayer. Figures 3(c)–3(f) show the loops
of FeOx/Fe/FePt trilayer with different oxygen flow rationes
[𝑃 = 𝑃O

2

/(𝑃O
2

+ 𝑃Ar) = 0.5, 1, 3, 7%]. In Figure 3(c), there is
just a minor shoulder in the loop of FeOx/Fe/FePt film with
low oxygen flow rationes (𝑃 = 0.5%). When the oxygen flow
ration was increased to 1, 3, and 7%, the step or shoulder
was found in magnetization curve in Figures 3(d)–3(f).
The FeOx layer was decoupled to the Fe/FePt bilayer and
reversed the magnetization previously. The magnetization
in FeOx layer was decreased as the negative applied field
increased, and, up to the critical value, the magnetization
was not changed with increased field. The critical value was
defined as the Hc of FeOx layer. In Figures 3(d)–3(f), the
Hc of the FeOx layer is 1.37, 1.66, and 1.09 kOe, and the Hc
values of Fe(3 nm)/FePt bilayer are 13.7, 13.7, and 13.4 kOe,
respectively. The Hc value of Fe(3 nm)/FePt is between FePt
single layer in Figure 3(a) and Fe(6 nm)/FePt in Figure 3(b).
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Figure 5: The Fe-2p X-ray photoelectron spectra of FeOx(3 nm)/
Fe(3 nm)/FePt films at the depth position below 3 nm from film
surface: (a) RT, (b) 500∘C, and (c) 800∘C, and at the depth position
within 3 nm from film surface: (d) RT, (e) 500∘C, and (f) 800∘C.

The samples in Figures 3(d)–3(f) are the same to Figures
4(a)–4(c). The trilayers (samples in Figures 3(d)–3(f)) were
further annealed at 500∘C and 800∘C, respectively. Figure 4
shows in-plane and out-of-planemagnetic hysteresis loops of
annealed FeOx(3 nm)/Fe(3 nm)/FePt trilayer. Figures 4(a)–
4(c) show the loops of FeOx(3 nm)/Fe(3 nm)/FePt films
annealed at 500∘C with oxygen flow ration of 1%, 3%, and
7%, respectively The shoulders appearing in the loops in
Figures 3(d)–3(f) disappeared after further annealing. and
the loops present single magnetization reversal process. It
suggested that the Fe layer was further oxidative, and the
layer structure was changed to exchange coupled FeOx/FePt
film. In Figures 4(a)–4(c), the out-of-plane Hc were 14.4,
10.4, and 14.8 kOe which are similar to the measured Hc
in Figures 3(d)–3(f). Figures 4(d)–4(f) show the loops of
FeOx(3 nm)/Fe(3 nm)/FePt films annealed at 800∘C with
oxygen flow ration of 1%, 3%, and 7%, respectively, and
the soft-magnetic loops were obtained. The oxygen was
diffused into FePt layer and disordered the L1

0
phase, and

the layer structure was changed to FeOx/(disordered FePt).
In summary, the interlayer coupling andmagnetic ansiotropy
were tuned by the kinetic diffusion behavior of oxygen driven
by temperature.

To understand the oxidation state of Fe and FeOx (oxy-
gen flow ration of 3%) layer in FeOx(3 nm)/Fe(3 nm)/FePt
film, XPS were performed on samples with different depth
profiles. Figures 5(a)–5(c) show the Fe-2p X-ray photo-
electron spectra of FeOx(3 nm)/Fe(3 nm)/FePt films at the
depth position below 3 nm from film surface. The curve
in Figure 5(a) shows the Fe0 spectrum that is obtained in
FeOx(3 nm)/Fe(3 nm)/FePt film without further annealing.
Themetallic Fe-2p3/2 shows the peak at the binding energy of
706.5 eV [22]. In Figure 5(b), the FeOx(3 nm)/Fe(3 nm)/FePt
films were further annealed at 500∘C, and the binding energy
shifts the Fe-2p

3/2
core level to 709∼711 eV. This shift may
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Figure 6: SEM images of (a) Fe/FePt film, (b) FeOx(7%)/Fe/FePt trilayer, (c) FeOx(7%)/Fe/FePt film annealed at 500∘C, and (d) FeOx(7%)/
Fe/FePt film annealed at 800∘C.

prove the formation of iron in the Fe2+ oxidation state
that was FeO, and the binding energy of the Fe-2p

3/2
core

level was shifted around to 709.6 eV [23]. In Figure 5(c), the
FeOx(3 nm)/Fe(3 nm)/FePt films were further annealed at
800∘C, and the peak was smeared out in the iron-oxide area.
Figures 5(d)–5(f) show the Fe-2pX-ray photoelectron spectra
of FeOx(3 nm)/Fe(3 nm)/FePt films at the depth within 3 nm
from film surface. In Figures 5(d)–5(e), the FeOx layer before
and after further annealing at 500∘Cwas in the Fe2+ oxidation
state thatwas FeO, and the binding energy of the Fe-2p

3/2
core

level was shifted around to 709.3 eV. In Figure 5(f), the peak
was also smeared out in the iron-oxide area when annealed
at 800∘C. In summary, first, further annealed at 500∘C, the
Fe (3 nm) may oxidize or mix with FePt film and form
FeOx/FePt layer structure. Second, further annealed at 800

∘C,
the oxygen was diffused into the FePt lattice, deteriorated the
ordering degree, and formed the FeOx/(disorder FePt) film.

Figure 6 shows the scanning electron microscopy (SEM)
image of Fe(6 nm)/FePt and FeOx(3 nm)/Fe(3 nm)/FePt
films with oxygen flow ration of 7%. In Figure 6(a), the
annealed Fe(6 nm)/FePt film was dewetted in the net-
work structure, and the dewetted area was 44%. When
the Fe layer was partially plasma oxidized and formed
the FeOx(3 nm)/Fe(3 nm)/FePt layer structure, the dewetted
area was reduced to 30% as shown in Figure 6(b). The
FeOx has lower surface energy than FePt and was easy to
wet on the glass substrate. As a result, the dewetted area

was reduced around 14%. In Figures 6(c) and 6(d), the
FeOx(3 nm)/Fe(3 nm)/FePt film was furthered annealed at
500∘C, 800∘C, and the dewetted area was 42%, 55%, respec-
tively. Due to large difference of surface energy between FePt
and glass substrate, the dewetted area was increased again
with annealing temperature.

Figure 7 shows the surface roughness of Fe/FePt and
FeOx/Fe/FePt filmwith oxygenflow ration of 7%measured by
atomic force microscopy (AFM). In Figure 7(a), the average
surface roughness of Fe/FePt film was 7.1 nm. In Figures 7(b)
and 7(c), when the FeOx layer was capped on Fe/FePt film
at RT without annealing or with further annealing at 500∘C,
the average surface roughness became 4.9 nm and 3.2 nm,
respectively. In Figure 7(d), the surface roughness was up to
13 nm when the annealed temperature was high to 800∘C.
In summary, the dewetted area in Fe/FePt film was partially
covered by FeOx layer deposited at RT but aggregated into
small area again with further annealing at high temperature.
The surface roughness shows the same tendency to the
dewetted area. The FePt film with thickness of 10 nm was
dewetted due to strain release when the ordering (rapid phase
transformation) was complete at 800∘C. The dewetted area
and surface roughnesswere increasedwith annealing temper-
ature, and the critical dewetted temperature is 650∘C in this
study. After annealing, the sample was cooled down naturally
in the argon atmosphere in RTP system. Cooling rate was not
changed in this experiment and will be check in the future.
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Figure 7: AFM images of (a) Fe/FePt film, (b) FeOx(7%)/Fe/FePt trilayer, (c) FeOx(7%)/Fe/FePt film annealed at 500∘C, and (d) FeOx(7%)/
Fe/FePt film annealed at 800∘C.

4. Conclusions

The plasma oxidation was performed during sputtered part
of Fe layer in Fe/FePt film and formed the FeOx(3 nm)/
Fe(3 nm)/FePt trilayer. The magnetization in FeOx and
Fe/FePt layers was decoupled and shown the shoulders in
hysteresis loops. When the FeOx(3 nm)/Fe(3 nm)/FePt tri-
layer was further annealed at 500∘C, the layers structure was
changed to FeOx(6 nm)/FePt bilayer due to oxygen diffusion.
The hard-magnetic FeOx(6 nm)/FePt film was coupled with
single switching field. The coupling between soft-magnetic
Fe, FeOx layer, and hard-magnetic L1

0
FePt layer was tuned

by two-stage annealing process.
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This paper is focused on the surface characterization of plasma and consequently thermally treated biocompatible polymers. PLLA
(poly(L-lactide acid) and PMP (poly-4-methyl-1-pentene) are studied.The influence of Ar plasma treatment on the surface polarity
of substratemeasured immediately after treatment and during the polymer surface aging is studied. Surface roughness,morphology,
wettability, and surface chemistry were determined. Plasma treatment leads to significant changes in PLLA surface morphology
and chemistry, with the PMP being slightly affected.The higher resistance to plasma fluence results in smaller ablation of PMP than
that of PLLA. The plasma treatment improves cell adhesion and proliferation on the PMP. Plasma treatment of PLLA influences
mostly the homogeneity of adhered and proliferated VSMC.

1. Introduction

The aim of the material engineering is to observe and modify
the properties of materials with the purpose of consecutive
application in different branches of science and engineering.
The interdisciplinary studies are arising from the fields of
applied physics and chemistry, which are focusing on the
relationships between materials’ structure on the molecu-
lar and atomic levels and their macroscopic behavior. The
nanotechnology allows for manipulating and studying the
materials on an atomic level (or the properties less than
100 nm in one dimension), so that both themanipulation and
sensitive analysis can be performed [1]. The nanotechnology
involves the study of metals, semiconductors, special glasses,
and also polymers in different forms, which can be also
applied as biomaterials.

The observations in this field are crucial for the applica-
tions in medicine, pharmacology, biology, tissue engineering
[2], or material science. The usage of biomaterials (polymers,
ceramics, and others) can be found in dental replacements

[3], orthopedic or spinal implants [4], or the materials for
the application of targeted drug release [5]. The biomaterials
can be either separate types, for example, metals, ceramics
or polymers, or their combinations of specific type, com-
posites, which are combined from one or more substances
with different properties. The biocompatibility of polymeric
materials can be also increased by excimer lamp irradiation
[6] ion beam modification [7] or consequent carbon layer
deposition [8]. Such materials can be successfully applied in
tissue engineering [9, 10].

Polymers exhibit interesting mechanical and physico-
chemical properties as a scaffold in tissue engineering [11].
The surface physicochemical properties of polymer cell car-
riers can be also improved by surface grafting processes
[12–14], which can mainly enhance the cell adhesion and
proliferation. The methods of modification allow significant
changes of surface properties, while the bulk properties
(mostly mechanical) remain almost unchanged. Application
of biomaterials for the cell cultivation is determined by the
cell adhesion and their consecutive cell growth. Cell adhesion
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or their tenacity is closely connected with material sur-
face properties, for example, its wettability, polarity, surface
energy, electrical properties, morphology, roughness, and
chemical structure. These properties can be also naturally
altered by various types of surface modification [15–17].
Wettability (water contact angle) is one of themost important
parameters influencing the cell’s adhesion. The contact angle
measurement is mostly used for its quantitative analysis.
There is no “optimal” contact angle for the cell adhesion
and proliferation in common; different cell types “need,”
for example, different surface polarity and surface rough-
ness. Neither too hydrophilic nor hydrophobic materials are
demanded [18]. For example, the observation of adhesion and
growth of Chinese hamster ovary (CHO) cells revealed that
the best results were obtained for the surface with contact
angle of 50∘ [19]. The amount of “well” adhered cells can be
also influenced by the chemical structure, that is, types of
functional group present on the polymer surface and their
concentration.

This work studies surface properties of two materials:
(i) poly(L-lactide acid) (PLLA) and (ii) poly-4-methyl-1-
pentene (PMP). The PLLA substrate was chosen since it is
biodegradable polymer; the biodegradation after successful
growth of different types of cell lines is its great benefit. PMP
is widely used polymer in tissue engineering with excellent
mechanical properties.Therefore the improvement of its bio-
compatibility and the altering of its surface properties are of
great importance. The initial part is devoted to the influence
of modification of Ar plasma on polarity immediately after
modification and during aging process. The thickness of
ablated layer and surface morphology induced by plasma was
determined. In the next section, attention is paid to thermal
stress in combination with plasma adjustment, during which
the study was focused on the surface morphology.The results
from adhesion and proliferation of cells on selected substrates
are also presented.

2. Materials and Methods

2.1. Materials, Plasma, and Heat Treatment. Biopolymer (i)
poly(L-lactide acid) (PLLA, density 1.25 g cm−3, 𝑇

𝑔
= 60
∘C,

crystallinity 60–70%, 50 𝜇m thick foils, supplied by Good-
fellow, Ltd.) and (ii) linear isotactic poly-4-methyl-1-pentene
(PMP, density 0.835 g cm−3, 𝑇

𝑔
= 25
∘C, 𝑇
𝑚
= 228

∘C, crys-
tallinity 52%, 50 𝜇m thick foils, supplied by Goodfellow, Ltd.)
were used for the experiments.

The samples were modified in diode plasma discharge on
Balzers SCD 050 device for 0–480 s, using DC Ar plasma
(gas purity was 99.997%, power 5 and 10W). Chamber
parameters were Ar flow 0.3 l s−1, Ar pressure 10 Pa, electrode
area 48 cm2, the interelectrode electrode distance of 50mm,
and chamber volume 1000 cm3.

Thermal treatment of the polymers was accomplished
in thermostat BINDER. The samples were heated at 60∘C
(PLLA) and 160∘C (PMP, Vicat softening point). The pristine
and modified samples (immediately after plasma treatment)
were heated for 30 minutes and then they were cooled down
to room temperature.

2.2. Measurement Techniques

2.2.1. Contact Angle and Surface Free Energy. Contact angle
was determined by goniometry with static water drop
method. The measurements of water contact angles
(error±5%) were performed using distilled water (9 different
positions) using the Surface Energy Evaluation System (SEE
System, Advex Instruments, Czech Republic). By Automatic
pipette the water drop of volume (8.0 ± 0.2) mL was
deposited on the polymer’s surface and the consequent photo
was evaluated. Estimation of surface energy was also based
on a measurement with SEE System, and two liquids (water
and glycerol) were used. On the basis of Owens-Wendt
method the values of surface free energy for the two liquids
were evaluated. The measurement was carried out at room
temperature.

2.2.2. X-Ray Photoelectron Spectroscopy. The presence of ox-
ygen and carbon in the modified PMP and PLLA surface
layer was proved by X-ray photoelectron spectroscopy (XPS).
An Omicron Nanotechnology ESCAProbeP spectrometer
was used. The exposed and analyzed area had a dimension
of 2 × 3mm2. The X-ray source was monochromated at
1486.7 eV and the measurement was performed with a step
size of 0.05 eV. Characteristic O(1s) and C(1s) S(2s) peaks
were searched for. Atomic concentrations of elements were
determined by CASA XPS program using integrated area
of spectrum lines and relative sensitivity factors which are
quoted in the database of CASA XPS. The intensity calibra-
tion was carried out by the measurement of copper and the
calculation of calibration constant for each used pass energy.

2.2.3. Surface Morphology. Surface morphology and rough-
ness of the pristine and modified polymer samples were
examined by theAFM technique using aVEECOCP II device
in tapping mode. A Si probe RTESPA-CP with the spring
constant 20–80Nm−1 was used. The mean roughness value
(𝑅
𝑎
) represents the arithmetic average of the deviations from

the central plane of the sample.

2.2.4. Gravimetry. Thickness of the ablated surface layer
after plasma treatment was measured using a Mettler Toledo
UMX2. In order to enhance the sensitivity of the measure-
ment the samples (diameter 2.5 cm) were exposed to plasma
from both sides. The thickness of the ablated layer was
calculated from the change in weight of 10 samples before
and after the treatment using tabulated polymer density. The
depolarization high-frequency gate was used to eliminate
surface discharge in order to minimize the influence of
surface electrostatic charge on the measurement.

2.2.5. Electrokinetic Analysis. Zeta potential determination
of all samples was accomplished on SurPASS Instrument
(Anton Paar GmbH, Austria) by two methods (streaming
current and streaming potential) and calculated by two
equations (Helmholtz-Smoluchowski, HS, and Fairbrother-
Mastins, FM). Samples were studied inside the adjustable gap
cell with an electrolyte of 0.001mol dm−3 KCl at constant
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pH= 6.1 and at room temperature. Two samples of each
surface were measured four times with the relative error of
5%.

2.3. Cell Culture, Adhesion, Proliferation, and Cell Number
Determination. For cell culture experiments, four pristine
and the same number of plasma modified samples (power
5 and 10W, exposure times 40 and 240 s) were used. The
samples were sterilized for 1 hour in ethanol (75%), air-dried,
inserted into polystyrene 12-well plates (TPP, Switzerland),
and seeded with vascular smooth muscle cells (VSMCs)
derived from the rat aorta by an explantation method.
VSMCs were seeded on the samples with the density of
50.000 cells/well (i.e., about 17.000 cells cm−2) into 3mL of
Dulbecco’s modified Eagle’s Minimum Essential Medium
(DMEM; Sigma, USA, Cat. no. D5648), containing 10% fetal
bovine serum (FBS; Sebak GmbH, Aidenbach, Germany).
Cells were cultivated at 37∘C in a humidified air atmosphere
containing 5% of CO

2
. The number and the morphology of

initially adhered cells were evaluated 24 hours after seeding.
The cell adhesion and proliferation activity was estimated
from the increase in the cell numbers achieved 1, 2, 5, and
7 days after seeding. Phosphate buffer (PBS) was used for cell
rinsing, and trypsine with ethylenediaminetetraacetic acid
(EDTA)was used for cell releasing from the substrate surface.

For the cell number determination the method of visual
field was chosen.The results obtained on pristine and plasma
treated PLLA and PMP were confronted with those obtained
on TCPS (tissue polystyrene). The method was used for the
cell number determination of adhered cells (24 and 48 hours
from seeding) and the number of proliferated cells (120 and
168 hours from seeding). The samples were rinsed with PBS
and fixed by 70% ethanol solution (−20∘C). The fluorescence
dyes were consequently used for the coloring of plasmatic
membranes (Texas Red C2 maleimide) and chromosomes in
cell nuclei (Hoechst # 33342). The coloring was performed
for 1 hour at room temperature. When colored the samples
were rinsed with PBS again and placed between microscopic
glasses.TheOlympus IX51was used for taking 20 photos from
different positions on each of the samples.Thenumber of cells
was consequently processed with Lucia software and Origin
8.0.TheVi-CELL utilizes the widely accepted trypan blue dye
exclusion method to determine cellular viability. When cells
die their membranes become permeable, thus allowing for
the uptake of the trypan blue dye. As a result, the dead or
nonviable cells become darker than the viable cells. It is this
contrast that is measured to determine viability.

The standard deviations for the data introduced in the
graphs in the paper were calculated with the standard Excel
function STDEV (corrected sample standard deviation):

𝑠 = √
1

𝑁 − 1

𝑁

∑

𝑖=1

(𝑥
𝑖
− 𝑥)
2

, (1)

where (𝑥
𝑖
, . . . , 𝑥

𝑛
) are the observed sample values and 𝑥 is the

mean value of these observations, while the denominator 𝑁
stands for the number of the values.

The 𝑅
𝑎
determination (average roughness, AFM) is con-

structed from the matrix 512 × 512 points; the equation is

𝑅
𝑎
=
∑
𝑁

𝑖=1


𝑍
𝑖
− 𝑍cp


𝑁
, (2)

where 𝑍cp is the value of the central plane, 𝑍
𝑖
is the actual

𝑍 value, and 𝑁 is the number of points, where the 𝑍
𝑖
is

evaluated.

3. Results and Discussion

3.1. Contact Angle and Surface Energy Measurement. The
influence of plasma treatment (exposure time 5–240 s, power
5 and 10W) on PLLA and PMP surface polarity was stud-
ied with goniometry which can be determined by contact
angle measurement [20–23]. From contact angles of distilled
water and glycerol the surface energy was observed. As the
results indicate, the pristine samples exhibit low values of
surface energy and the plasma treatment causes its significant
increase (Figures 1(a) and 1(b)). The value of surface energy
31.9mJm−2 was determined for pristine PLLA. Even the short
time of plasma treatment results in sharp increase in polymer
surface energy. The PMP samples exhibit “more regular”
behavior. The value of pristine PMP sample was determined
to have surface energy 18.8mJm−2. By the plasma treatment
the value of the PMP’s surface energy significantly grows.
For higher exposure times (>15 s) the energy remains almost
constant with the value of 74mJm−2.

3.2. Aging of Treated Polymers. Thegood stability of substrate
properties in tissue engineering is important for their applica-
tion as biomaterials. Due to this we study also the behavior of
properties during aging of samples. For potential application
of biomaterial in tissue engineering it is very important to
determine whether the material exhibits “constant” behavior
in time. It is clear from Figure 2 that the time from the plasma
treatment significantly influences the values of contact angle.
The aging measurements were performed for power 5 and
10W and exposure time 240 s. This combination resulted
previously in the highest decrease in contact angle both for
PLLA and PMP; therefore the combination of parameters
was chosen for the aging studies. Both the tested polymers
exhibit the same trend of contact angle during aging process
in general. The PLLA sample exhibits the value of pristine
foil 71.1∘, as was mentioned before. The sharp decrease
immediately after the treatment is changed to increase with
increasing aging time. This increase reaches the saturated
value of 83∘ for PLLA treated with 5W (Figure 2(a)), with the
aging time being 50 hours. Also the treatment of PLLA with
10W leads after 50 hours of aging process to estimation of a
saturated value of ca 87∘ (Figure 2(a)). Both saturated values
are higher than pristine PLLA sample, which is the result of a
lower polarity of PLLA after the aging process. A significant
difference is that the PMP samples also exhibits almost
similar values for both applied plasma powers (Figure 2(b)),
with the value being lower than that for pristine PMP (ca
104∘). The orientation of the oxygen containing groups, the
rearrangement of degraded macromolecules and molecular
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Figure 1: Dependence of the surface energy of plasma treated (with 5 and 10W) PLLA (a) and PMP (b) on Ar plasma exposure time.
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Figure 2: Dependence of contact angle of plasma treated (with 5 and 10W) PLLA (a) and PMP (b) on aging time. Values for pristine polymers
are shown by solid line.
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streaming potential method and Fairbrother-Mastins equation.

fragments into the polymer bulk, which may occur on the
polymer surface in the process of aging, is the main reason
for the increase in contact angle during the aging process.

3.3. Ablation, Zeta Potential, and Surface Morphology. Dur-
ing plasma treatment process the ablation of polymer takes
place. The ablation has been studied gravimetrically. The
ablation loss of polymer was consecutively recalculated to

polymer thickness. From Figure 3 it is apparent that the
exposure time and power significantly influence the ablation
of both polymers. The samples were modified using plasma
by 5 and 10W and exposure times from 5 to 240 s. As
expected, with increasing the exposure power and time the
higher ablation loss is apparent. This phenomenon is more
progressed in case of PLLA. This implicates that surface
of PMP is more resistant to plasma treatment than PLLA
surface. The highest ablation loss was observed for PLLA
foil modified with 10W and 240 s. The thickness of ablated
material was ca 73 nm (see Figure 3). The mass loss for
treatment parameters (10W and 240 s) was 18.5 𝜇g cm−2 for
PLLA and 4.8 𝜇g cm−2 for PMP. From Figure 3 it can be
concluded that the ablation ismore pronounced on the PLLA.

Results of electrokinetic analysis are presented in Fig-
ure 4. Because PMP was the slightly affected in comparison
with PLLA, we present results for only PLLA. The trend
of zeta potential changes obtained by both of the applied
methods, streaming current (HS) and streaming potential
(FM), is the same. As it is clear, the plasma treatment (after
the aging process and surface relaxation) does not exhibit
significant changes in surface charge represented by zeta
potential. It can be explained by the high ablation of surface
during treatment discussed above. On the other hand, zeta
potential of pristine PLLA and also plasma treated one
increases after annealing at 60∘C due to increasing surface
polarity. Therefore it can be concluded that the annealing
process has a significant effect on the ability to influence the
surface-ion interaction.

Surface morphology of pristine and treated samples
was studied with AFM. The pristine PLLA exhibits the
surface morphology with no obvious surface irregularities
and surface roughness 𝑅

𝑎
= 6.9 nm (Figure 5). The plasma

treatment has significant effect on the surface morphology.
As a result of the plasma irradiation, the surface roughness
dramatically increases and sharp fragments appear on the
modified surface. The ablation takes place (as discussed in
Section 3.3, 1st paragraph), preferentially with the amorphous
phase being ablated and the crystalline amount of PLLA
surface being revealed. Rather different situation arises in
case of PMP. A mild decrease in surface roughness after
treatment of PMP surface has been observed. The surface
morphology is almost unaltered by the plasma treatment.
From the surface morphology study it can be concluded that
PMP is more plasma resistant than PLLA and no significant
changes are made as a result of plasma treatment. The
surface morphology can be also significantly influenced by
the surface etching, which will be discussed later.

3.4. Thermal Treatment. The thermal treatment of pristine
PLLA caused mild increase in surface roughness (see Figures
5 and 6). The change of surface morphology of pristine
PLLA induced by thermal treatment is minor. The situation
is dramatically changed after plasma treatment. It is obvious
fromFigure 5 that the combination of plasma and consecutive
thermal treatment leads to significant changes in surfacemor-
phology and roughness. This change is strongly influenced
by the plasma power. It is evident that lower plasma power
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Figure 5: AFM images of pristine polymers (PLLA and PMP) and polymers treated with Ar plasma (power 5W and time 240 s) (PLLA/5W
and PMP/5W). 𝑅

𝑎
is average surface roughness in nm.

(5W) in combination with thermal treatment leads to change
of surface roughness from 7.0 to 13.0 nm and the surface
structure gets a “worm-like character.”Themost pronounced
changes were observed for the samples modified for 10W
(240 s) and then thermally treated. The dramatic increase in
surface roughness up to 23 nm combined with significant
change of surface morphology (worm-like structure) was
observed.The changes in surface morphology and roughness
are probably induced by different amount of crystalline and
amorphous phase on the very surface ofmodified PLLA layer,
affecting the melting process and process of solidification.

The PMP foils were heated to 160∘C (Vicat softening
point) and their morphological stability was determined. For
the sake of clarity only the surface morphology of PLLA
heated sampleswas introduced in Figure 6.The thermal treat-
ment has no significant effect neither on surface morphology
nor roughness in case of plasmamodifiedPMP samples. After
thermal treatment, both the surface morphology of 5 and
that of 10W exposed PMP samples remained only mildly
altered.This effect is in good correspondence with previously
obtained results from gravimetry (see Figure 3). The higher
resistance to plasma influence results in smaller ablation of
PMP material and thus supports the morphological stability
during thermal treatment of plasma exposed samples.

3.5. Chemistry of Modified Polymers. The surface chemical
structure of polymers was studied with XPS. The selected
results for PMP and PLLA treated with 5 and 10W are
introduced in Table 1.The oxygen concentration dramatically

increases on the PMP surface after plasma treatment (from
0.3 to 20.5%). The oxygen concentration is further increased
by the surface aging. This surprising fact can be probably
caused by additional surface oxidation and polymer segments
reorientation (increase of 4%). The difference may be due to
combination of applied plasma power, which together with
surface morphology changes, and air oxygen could induce
this slight increase in surface oxygen concentration. The
observation of increasing oxygen concentration during aging
process was also observed for PMMA [24].

3.6. Cells Adhesion and Proliferation. For the cell prolif-
eration and differentiation studying their adhesion on the
substrate is essential. After successful adhesion the lag phase
occurs, usually between the first and the second day from
seeding, but it can be up to 72 hours. The cells adapt on
their new environment. After this phase the proliferation
phase develops. For the cell compatibility studies the PLLA
was selected. The vascular smooth muscle cells (VSMC)
were seeded also on tissue polystyrene (TCPS) as a material
standard (Figure 7).

The cell adhesion represents the first stage of the cell-
substrate interaction and the quality of this phase influences
the cell ability to proliferate and differentiate in the contact
with the substrate. The initial number of cells (17000 cm−2)
was seeded on studied substrates and the decrease to
4500 cells cm−2 after 24 hours was observed. This decrease
was caused by the processes of adhesion of cell to substrate,
where approximately one fourth of the cells survived. If we
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Figure 6: 2D AFM images of PLLA thermally treated by 60∘C: pristine (PLLA/60∘C), PLLA treated with plasma (5W and 240 s)
(PLLA/5W/60∘C), and PLLA treated with plasma (10W and 240 s) (PLLA/10W/60∘C). 𝑅

𝑎
is the surface roughness in nm.

compare the shape and distribution of cells during the initial
adhesion stage we can conclude that the cells of pristine
polymers are small, round shaped, and not well spread. The
TCPS exhibits slightly better distribution of cells on the
surface.Themodified surfaces (both PLLA and PMP) exhibit
during the initial adhesion stage (first day) the best results
according to the shape and distribution over the surface.
The Live/Dead assay by the Vi-CELL instrument (Table 2)
revealed that the results except for pristine PMP (first day)
were better than 70% and for TCPS were better than 80%.

48 hours after seeding the evident increase in cell number
was detected (about 2000 cells cm−2) for the samples mod-
ified with plasma (5W, 40 and 240 s) and (10W, 240 s) as
well as on standard TCPS. The pristine PLLA and PLLA
modified (10W, 40 s) exhibited almost no progress in cell
number. After 5 days from seeding, when the lag phase is over,
the cell differentiation starts to increase. The most successful
was evaluated PLLA sample modified with 10W and 240 s
after 5 days from seeding (Figure 7). The lowest cell number
was detected, on the contrary, on the PLLA modified with
5W and 240 s. The PLLA polymer itself also exhibited “very
good” results, that is, high cell numbers. The best result
for PMP substrate was determined for modification with

5W and 40 s (Figure 7). The reason for the enhancing of
VSMC proliferation on PLLA with 10W and 240 s and PMP
with 5W and 40 s, compared to pristine samples, lies in the
change of its roughness in combination with theirs surface
wettability. Compared to the surface wettability, roughness,
and chemistry the PLLA modified with 10W and 240 s
has the pronounced globular structures on its surface with
high roughness, while the PMP modified with 5W and
40 s exhibits significant increase in oxygen concentration
compared to pristine PMP, whichmay be the main reason for
the enhancing of VSMC proliferation.

The selected pictures of PLLA polymer modified with
10W for 40 and 240 s are introduced in Figure 8. The photos
from comparative material TCPS after the first and seventh
days are introduced in Figures 8(a) and 8(b) too. The results
on TCPS revealed the highest number of proliferated cells
from all studied samples. The inhomogeneous cell distribu-
tion in the first stage of the cell growth is apparent (Figures
8(c), and 8(d)). The dimensions of cells after successful
adhesion process may be in relatively wide interval. Also
the shape of the cells implicates that the “width” dimension
could be approx. 40–50 𝜇mand the “length” dimension about
150–200𝜇m. The diameter of cell core is approx. 15 𝜇m. The
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Figure 7: Dependence of the number of adhered and proliferated
cells after 1, 2, 5, and 7 days from seeding on pristine PLLA and
PMP and PLLA and PMP treated in plasma (power 5 and 10W, time
40 and 240 s). The values for tissue polystyrene as standard material
(TCPS) were also introduced for comparison.

dimensions of the cell significantly depend on the density
of cells on particular surface area. Seven days from seeding
the cells are joined into conglomerates and form continuous
layer (Figure 8(f)). From those figures it is obvious that the
higher number of cells was determined on the sample treated
with power 10W and 240 s, but the cell’s dimensions are
significantly higher in comparison to those on TCPS (see
Figure 8).

4. Conclusions

The influence of Ar plasma and thermal treatment on the
surface properties of PLLA and PMP was determined by
different techniques. The process of aging of the modi-
fied polymers was studied too. The pristine and treated
polymers were used as substrates for cultivation of VSMC.
The plasma treatment significantly alters the contact angle
between surface and water (wettability) of polymer. Due to
plasma treatment the contact angle decreases and the surface
energy increases. With the increasing aging time the surface
polarity is spontaneously reduced. The ablation caused by Ar
plasma was more pronounced on the PLLA in comparison
to PMP. The surface morphology of PLLA was significantly
altered with both plasma modification and consecutive ther-
mal treatment. The higher resistance to plasma treatment
resulted in smaller ablation of PMP and thus supported the
morphological stability during thermal treatment of plasma
treated samples. The increase in oxygen concentration on
PMP surface induced by plasma treatment was proved. The

Table 1:The element concentration on the PMP and PLLA samples.
The values were determined by XPS method for pristine, plasma
treated (5W or 10W, 240 s), plasma treated, and aged samples.

Sample Element concentration (at. %)
Carbon Oxygen

PMP
Pristine 99.7 0.3
Plasma 5W 79.5 20.5
Plasma 5W/aged 75.5 24.5
Plasma 10W 80.3 19.7
Plasma 10W/aged 75.6 24.4

PLLA
Pristine 66.1 33.9
Plasma 5W 66.3 33.7
Plasma 5W/aged 61.5 38.5
Plasma 10W 66.6 33.4
Plasma 10W/aged 64.8 35.2

Table 2: Live/Dead assay by theVi-CELL instrument for the studied
samples (in %).

1st day 2nd day 5th day 7th day
PLLA 5W 40 s 87 83 81 79
PLLA 10W 40 s 88 100 76 85
PLLA 5W 240 s 73 76 76 83
PLLA 10W 240 s 88 85 70 80
PLLA pristine 100 95 82 86
PMP 5W 40 s 88 87 83 82
PMP 10W 40 s 88 88 84 82
PMP 5W 240 s 100 92 78 82
PMP 10W 240 s 92 93 81 79
PMP pristine 65 86 84 72
TCPS 94 87 89 86

plasma treatment improves cell adhesion and proliferation
on the PMP. The higher number of cells was determined on
the sample treated with power 10W and 240 s, but the cell’s
dimensions are significantly larger in comparison to those on
TCPS. The potential application of plasma treated PLLA and
PMP is connected with construction of biodegradable and
biocompatible scaffolds for the growth of different types of
cell lines.
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onization of ion-modified polyethylene with vascular smooth
muscle cells in vitro,” Biomaterials, vol. 23, no. 14, pp. 2989–
2996, 2002.



10 Journal of Nanomaterials
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A novel method for decoration of anodic TiO
2
nanotube array films (NAFs) with Cu

2
O nanoparticles has been reported. The

method is based on the reduction of Cu(II) in a mixture of ethylene glycol and N,N-dimethylformamide at 120∘C for 16 h, where
the resulting Cu

2
O can heterogeneously nucleate and grow on TiO

2
NAFs. The nanosized Cu

2
O is found to be well dispersed on

the wall of TiO
2
nanotubes without blocking the nanotube, a commonly observed phenomenon in the case of deposition of Cu

2
O

via electrochemical method. The amount of Cu
2
O deposited on the TiO

2
NAFs can be varied by adjusting the concentration of

Cu(II) in the organic solution. UV-vis spectra measurement indicates that the decoration of TiO
2
NAFs with Cu

2
O nanoparticles

greatly improves their ability to respond to visible light. By examining the photocurrent and photodegradation of methyl orange
under simulated sunlight, it is found that these Cu

2
O-decorated TiO

2
NAFs show much more photoactive in comparison with the

as-prepared TiO
2
NAFs.

1. Introduction

Because of their large aspect ratio and high specific surface
area, materials with one-dimensional (1D) structures, for
example, nanotubes and nanowires, often exhibit different
performances compared to the bulk counterparts.Theunique
properties of these 1D nanostructures have shown potential
applications inmany fields, such as electronics, catalysis, data
storage, optics, and sensors [1–3]. 1D TiO

2
nanostructures

are of great scientific and technical interest because they
exhibit excellent photocatalytic activities [4–7]. Over the past
decade, great attention has been paid into the synthesis and
application of TiO

2
nanotube arrays prepared by anodic

oxidation of Ti metal in F−-containing solutions [7–11].
The highly ordered nanotube arrays not only possess high
surface area, but also provide an efficient transport channel
for photogenerated electrons [12]. Furthermore, unlike the
powder-typed TiO

2
photocatalysts which often need be

immobilized onto solid substrates for practical application
[13, 14], the TiO

2
nanotube arrays are grown on Ti substrates

and thus the formed TiO
2
nanotube array films (NAFs) can

be directly used as photoanodes for photoinduced redox
reactions such as water splitting [15] and decomposition of
harmful compounds [7].

However, TiO
2
nanotube arrays possess a wide band gap

(∼3.2 eV) and thus only respond well to ultraviolet light,
which is a great hindrance to their use under sunlight. To
extend their light-response scope from ultraviolet to visible
light region, a common approach is postdecoration of TiO

2

NAFs with narrow band gap semiconductors, for example,
Cu
2
O [16–20], Fe

2
O
3
[21] and CdS [22]. When TiO

2
NAFs

are decorated with Cu
2
O, a p-type semiconductor with a

direct band gap of ∼2.2 eV, electrons excited under visible
light may transfer from the conduction band of Cu

2
O to

that of TiO
2
since the conduction band (CB) edge for Cu

2
O

is much higher than that of TiO
2
[23]. As a result, the

recombination probability of the photoexcited electrons and
holes will be reduced, leading to a great improvement in
photocatalytic activity. So far, the methods for the decoration

http://dx.doi.org/10.1155/2013/517648
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of TiO
2
nanotube arrays with Cu

2
O mainly include elec-

trodeposition [16–18], sonoelectrochemical deposition [19],
and photocatalytic reduction [20]. In the present work, we
report a new method for loading of Cu

2
O nanoparticles

onto TiO
2
NAFs. The method is based on the reduction

of Cu (II) in a mixture of ethylene glycol (EG) and N,N-
dimethylformamide (DMF), where the resulting Cu

2
O can

heterogeneously nucleate and grow on TiO
2
NAFs. In com-

parison with commonly used electrodeposition (including
sonoelectrochemical deposition), the size of Cu

2
O is small,

and the nanosized Cu
2
O is well dispersed on the wall of TiO

2

nanotubes without blocking the nanotube.

2. Experimental Details

2.1. Synthesis of the Films. Ti foils were cut into pieces (7.2 cm
× 1.7 cm × 0.4mm), polished with abrasive paper, and then
washed with deionized water. The polished Ti pieces were
degreased in a mixed solution of NaOH and Na

2
CO
3
(the

ratio of NaOH :Na
2
CO
3
: H
2
O by weight is 5 : 2 : 100, resp.)

at 85∘C for 1.5 h, and then washed with deionized water.
Before anodic oxidization, one side of the pretreated Ti
piece was sealed with epoxy resin, and then etched in a
10wt% HF aqueous solution at room temperature for about
20 s, followed by washing with deionized water. The anodic
oxidization of the Ti piece was conducted in an EG solution
containing KF (0.7 wt%) and H

2
O (1.8 wt%) at ∼25∘C, where

a Cu plate was used as cathode and a constant voltage of
50V was applied between two electrodes. The anodic oxide
layer was formed by a three-step method. Firstly, the Ti piece
was anodized for 2 h, and then the grown oxide layer was
removed by an adhesive tape. Secondly, the above procedure
was repeated. Finally, the Ti piece was reanodized under the
same conditions for 1 h. After anodization, the sample was
washed thoroughly with deionized water and then dried in
the oven at 40∘C for about 12 h.

Deposition of Cu
2
O on TiO

2
NAFs was conducted in a

50mL Teflon-lined autoclave. The autoclave was filled with a
solution containing 30mL of EG and 10mL of DMF, where
a certain amount of CuSO

4
(ranging from 0.005 to 0.05 g)

was previously dissolved. The as-prepared TiO
2
NAFs were

immersed in the organic solution, and then the sealed auto-
clave was kept in an oven at 120∘C for 16 h. After the autoclave
was cooled down to room temperature naturally, the resulting
samples were removed from the organic solution, washed
several times with deionized water, and subsequently dried
in an oven at 40∘C for about 12 h.

2.2. Characterization and Photocatalytic Activity Evaluation of
the Films. Thesurfacemorphology of the filmswas examined
using a scanning electron microscope (SEM, Hitachi S-4700)
operating at 15 kV. X-ray diffraction (XRD) analysis was
performed on a Thermo ARL XTRA X-ray diffractometer
using Cu K𝛼 X-ray source. The chemical composition of the
as-prepared film was characterized by an energy-dispersive
X-ray spectrometer (EDS) attached to SEMoperating at 15 kV.
The ultraviolet-visible (UV-vis) diffuse reflectance spectra

were recorded on aUV-2550 (SHIMADSU) spectrophotome-
ter with BaSO

4
as the reference. The photoelectrochemical

property of the film electrodes was evaluated in a three-
electrode cell using a Pt wire as counter electrode and a
saturated calomel electrode (SCE) as reference electrodes.
If needed, the working electrode could be irradiated from
the front side by a sunlight-simulation lamp (Osram Ultra
Vitalux 300W). The current with or without irradiation was
measured in a 0.25M Na

2
SO
4
aqueous solution using a

potentiostat (CHI 620B, CHI Co.). Photocatalytic activities
of the samples were evaluated by the photodegradation of
methyl orange (MO) solution with an initial concentration
of 5.0mg/L under simulated sunlight. The photodegradation
experiments were conducted in a quartz reactor. In each test,
one piece of the sample was hung in the liquid. Prior to
irradiation, the suspension was kept in the dark for 60min
to achieve the adsorption-desorption equilibrium between
the photocatalyst and methyl orange. Then, the solution was
exposed to the light irradiation, and samples were taken at
given time interval to analyze the concentration of MO by
measuring the absorbance with the spectrophotometer.

3. Results and Discussion

To decorate TiO
2
NAFs with nanosized Cu

2
O, a suitable

condition for reduction of Cu2+ in organic solvent should be
chosen. Figure 1(a) shows the XRD patterns of the products
obtained by reduction of Cu2+ (2mmol) in a mixture of
EG and DMF at different temperatures. At a temperature
of 120∘C, all the diffraction peaks appearing in the XRD
pattern of the product (indicated by the solid circles) can be
indexed to cubic Cu

2
O phase (JCPDS number 65-3288), at

which the peaks at 2𝜃 values of 29.6∘, 36.5∘, 42.4∘, and 61.5∘
correspond to 110, 111, 200, and 220 lattice planes of Cu

2
O,

respectively.The broaden peaks indicate that the size of Cu
2
O

is very small. The average crystal size calculated by Scherrer’s
equation for (111) reflections of Cu

2
O is about 10 nm. The

SEM image shown in Figure 1(b) reveals that these small-
sized Cu

2
O nanocrystals are severely aggregated as a result of

reduction in surface energy.When the reduction is conducted
at 140∘C, we can observe two new peaks at 2𝜃 of 43.2∘ and
50.4∘ (indicated by open circles), which can be, respectively,
assigned to the diffraction of (111) and (200) planes of
cubic Cu (JCPDS number 04-0836). The result indicates the
formation of Cu at 140∘C. As the temperature is raised to
160∘C, all the diffraction peaks of Cu

2
O disappear. Moreover,

the peaks assigned to Cu become very sharp, suggesting
that the growth of Cu crystals of large size occurs. This is
confirmed by the SEM image of this sample (see Figure 1(c)),
where Cumicrocrystals can be observed.Therefore, we chose
a temperature of 120∘C to deposit Cu

2
O on TiO

2
nanotube

arrays, where the concentration of Cu2+ in the mixture of
EG and DMF is changed to control the amount of Cu

2
O

deposited on the films.
Figure 2(a) presents the digital photos of TiO

2
NAFsbe-

fore and after being treated in the mixture of EG and DMF
containing different amounts of CuSO

4
at 120∘C for 16 h.

Compared with the untreated TiO
2
film, the treatment in
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Figure 1: (a) XRD patterns of the products obtained by reduction
of CuSO

4
(2mmol) in a mixture of EG and DMF at different

temperatures. (b) and (c) are the corresponding SEM images of the
products obtained at 120∘C and 160∘C, respectively.

CuSO
4
-contianing organic solution can result in an obvious

color change, and the color of the treated TiO
2
NAFs changes

from light yellow to dull red as the amount of CuSO
4
in

the organic solution increases. These results hint that the
deposition of Cu

2
O on the TiO

2
NAFs occurs after treat-

ment in CuSO
4
-contianing organic solutions, especially

when the amount of CuSO
4
is high. The XRD patterns of
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Figure 2: (a) Digital photos and (b) XRD patterns of TiO
2
NAFs

before and after treatment in themixture of EG andDMF containing
different amounts of CuSO

4
at 120∘C for 16 h.

these untreated and treated TiO
2
NAFs films are shown

in Figure 2(b). In the XRD pattern of the untreated TiO
2

film, the peaks at 35.1∘, 38.4∘, 40.2∘, 53.0∘, and 63.0∘ can be
attributed to the background of Ti (JCPDS 44-1294). These
peaks correspond to the diffraction of (100), (002), (101),
(102), and (110) lattice planes of Ti, respectively. No diffraction
peak attributed to TiO

2
phase can be observed, indicating

that the TiO
2
nanotube arrays are amorphous. After being

treated in CuSO
4
-contianing organic solutions at 120∘C for

16 h, the TiO
2
nanotube arrays are still in the amorphous

state. In addition, in the XRD patterns of all treated NAFs we
cannot observe any diffraction peak which can be assigned
to the Cu

2
O phase, indicating that Cu

2
O might be well-

dispersed on TiO
2
NAFs.

The chemical composition of TiO
2
NAFs before and

after being treated in CuSO
4
-containing organic solution was

characterized by EDS. Figure 3(a) shows the EDS spectra
of these films, and the amount of Cu calculated from the
spectra is presented in Figure 3(b) (see open circles). It is
obvious that a small amount of fluorine is incorporated into
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Figure 3: (a) EDS spectra of TiO
2
NAFs before and after treatment

in the mixture of EG and DMF containing different amounts of
CuSO

4
at 120∘C for 16 h; (b) plot of content of Cu in the film against

the amount of CuSO
4
in the solution (see open circles).The curve is

the fitting result using a logarithm equation of 𝑦 = 𝑎 + 𝑏lnx.

TiO
2
nanotubes, and treatment in CuSO

4
-containing organic

solution cannot remove fluorine from the TiO
2
nanotube

layer. The observation of fluorine in the nanotube layer
should result from the fact that F− will migrate towards the Ti
anode during the anodizing process [24]. From Figure 3(b),
we can also find that the amount of Cu in the film shows an
increasing trend as the concentration of CuSO

4
in the organic

solution increases. The increasing trend can be roughly fitted
by a logarithm equation of 𝑦 = 6.991 + 0.8747lnx. The
surface morphology of treated TiO

2
NAFs can be found in

Figure 4. As can be seen from Figures 4(a) and 4(b), after
being treated in organic solution containing a small amount
of CuSO

4
(viz. 0.001 g and 0.005 g), the amount of Cu

2
O

decorated on the film (indicated by white arrows) is very
small. When the amount of CuSO

4
is raised to 0.01 g or 0.05 g

(see Figures 4(c) or 4(d)), we can observemany nanoparticles

(a)

(b)

(c)

(d)

Figure 4: SEM images of TiO
2
NAFs after treatment in the mixture

of EG and DMF containing different amounts of CuSO
4
at 120∘C for

16 h: (a) 0.001 g, (b) 0.005 g, (c) 0.01 g, and (d) 0.05 g.

deposited on the films (indicated by white arrows). These
nanosized Cu

2
O particles are well dispersed on the wall of
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Figure 5: (a) UV-vis diffuse reflectance spectrum of TiO
2
NAFs

before and after treatment in themixture of EG andDMF containing
0.01 or 0.05 g CuSO

4
at 120∘C for 16 h; (b) plot of (𝛼ℎ])2 against

photon energy (ℎ]) for these three TiO
2
NAFs.

TiO
2
nanotubes without blocking the nanotube, a commonly

observed phenomenon in the case of deposition of Cu
2
O via

electrochemical method [16–19]. The observed result might
be related to the fact that in the case of electrodeposition the
applied voltage favors the formation of Cu

2
O crystals of large

size [16–19], which may easily block the nanotube, while in
our case the growth of Cu

2
O resulting from the reduction of

Cu(II) in organic solvent tends to form Cu
2
O nanocrystals

(see Figure 1(a)). In addition, when Cu
2
O heterogeneously

deposits on TiO
2
NAFs, the interaction between Cu

2
O and

TiO
2
can reduce the surface energy of Cu

2
O nanocrystals

and thus reduces their aggregation degree (namely, very
large particles as observed in Figure 1(b) are not formed
by aggregation of Cu

2
O nanocrystals). As a result, the

nanotubes are not easily blocked by these small-sized Cu
2
O

particles. Despite the observation of Cu
2
O nanoparticles on

the film surface, however, these Cu
2
O nanoparticles cannot

be detected by XRD (see Figure 2(b)). The possible reason
for this is that these Cu

2
O nanoparticles are distributed on
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Figure 6: (a) Measured photocurrent density of TiO
2
NAFs before

and after treatment in the mixture of EG and DMF containing dif-
ferent amounts of CuSO

4
at 120∘C for 16 h; (b) plot of photocurrent

density against the amount of Cu in the film.

the film surface. Compared with the corresponding powder
materials, nanosized materials dispersed on the film surface
is often more difficult to be detected by conventional XRD
technique when their crystal size or amount is not large
enough. In addition, since the small-sized Cu

2
O particles

tend to aggregate due to high surface energy (see Figure 1(b)),
the particles of large size observed in Figure 4 might also
be composed of several small-sized particles, which further
make it difficult to detect Cu

2
O phase by XRD.

To determine whether the treatment of TiO
2
NAFs in

CuSO
4
-containing organic solution can extend their light-

response scope from ultraviolet to visible light region, we
havemeasured the UV-vis diffuse reflectance spectrum of the
TiO
2
NAFs treated in organic solution containing relatively

high amount of CuSO
4
(viz. 0.01 g and 0.05 g). Figure 5(a)

shows the UV-vis diffuse reflectance spectrum of these two
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Figure 7: Comparison of the temporal evolution of the adsorption
spectra of MO solution degraded by two TiO

2
NAFs: (a) untreated

and (b) after treatment in the mixture of EG and DMF containing
0.05 g CuSO

4
at 120∘C for 16 h.

treated TiO
2
NAFs. For comparison, the UV-vis diffuse

reflectance spectrum of the untreated film is also shown.
Compared with the untreated film, both two treated TiO

2

NAFs exhibit significant increases in photoadsorption at the
wavelength larger than 400 nm, suggesting that they can
respond well to visible light. The absorption coefficient 𝛼
follows the equation 𝛼ℎ] = 𝐴(ℎ] − 𝐸

𝑔
)
𝛾, where ℎ, ], 𝐴,

𝐸
𝑔
, and 𝛾 are, respectively, plank constant, light frequency,

proportionality coefficient that depends on the properties of
the material, band gap, and a constant that can take different
values depending on the type of electronic transition [25]. For
a permitted direct transition, 𝛾 = 0.5. Figure 5(b) shows the
plot of (𝛼ℎ])2 against ℎ] for three films, where the value of
𝐸
𝑔
is obtained by extrapolating the linear part of the graphics

to the axis of the abscissa (see dashed red lines). The band
gaps estimated from the plots of (𝛼ℎ])2 verses photon energy
(ℎ]) are about 3.27, 2.20, and 2.16 eV for untreated TiO

2
NAF

and two treated TiO
2
NAFs, respectively, (see Figure 5(b)).
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Figure 8: Schematic diagram for describing the band gap and
electron transfer for the Cu

2
O/TiO

2
system. CB, VB, and NHE are

the abbreviations of conduction band, valance band, and normal
hydrogen electrode, respectively.

The observed decrease in the band gap after treatment in
CuSO

4
-containing organic solutions is in line with the UV-

vis adsorption spectra with a red shift. Since the band gap of
Cu
2
O is about 2.2 eV, the value of 2.20 and 2.16 eV obtained

for two treated NAFs confirms that Cu
2
O is deposited on

TiO
2
NAF.

The photoelectrochemical property of the as-prepared
or Cu

2
O-decorated TiO

2
film electrodes is investigated by

measuring the anodic photocurrent in a 0.25M Na
2
SO
4

aqueous solution. As can be seen from Figure 6(a), without
light irradiation (from 0–30 s), the dark currents for all films
are almost equal to zero. When the light is on (from 30
to 60 s), the photocurrent increases sharply till reaching a
certain value. If the light is off (from 60 to 90 s), the photocur-
rent declines rapidly to about zero. A similar phenomenon
can also be observed in the range of 90–150 s. The observed
photocurrent represents the anodic oxidation of water to
oxygen by the photogenerated holes at the film electrode
under light irradiation. For the untreated TiO

2
film, under

light irradiation the electrons are excited from the valence
band to conduction band of TiO

2
to form photogenerated

electron-hole pairs. The photogenerated electrons and holes
are separated under the external potential bias, and most
electrons are transferred to titanium substrate to produce
photocurrent with the hole oxidizing water to oxygen on the
surface of the anode. It is clear from Figure 6(a) that the
decoration of Cu

2
O can lead to a great rise in photocurrent

density, where the photocurrent density for the treated TiO
2

NAF in organic solution containing 0.05 g CuSO
4
is about

3 times higher than that for the untreated TiO
2
NAF. It is

also interesting to note that the photocurrent density almost
increases linearly with the amount of Cu in the film (see
Figure 6(b)). These results suggest that the decoration of
Cu
2
O can greatly improve the water splitting performance of

the TiO
2
NAFs under sunlight. The comparison of photocat-

alytic activity between untreated and treated TiO
2
NAFs in

organic solution containing 0.05 g CuSO
4
is also evaluated
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by the photodegradation of MO. The MO aqueous solution
shows an intense absorption band centered at ∼464 nm
and the peak intensity is proportional to its concentration.
Figure 7 shows a comparison of the temporal evolution of the
adsorption spectra of MO solution degraded by two films.
It is obvious that the Cu

2
O-decorated TiO

2
NAF exhibits

better photocatalytic activity than the undecorated one. The
degradation efficiency of MO for the Cu

2
O-decorated film

reaches ∼54.7% in 3 h, while that for the undecorated film is
∼31.2%.

The enhanced activity of the Cu
2
O-decorated NAFs

observed in our experiments can be attributed to the
combined effect of several factors. Firstly, under simulated
sunlight, TiO

2
can be excited by UV light, and Cu

2
O

can be excited by visible light, which will generate more
electrons and holes for photocatalytic reactions as compared
to undecorated TiO

2
NAF. Secondly, the combination of

TiO
2
with Cu

2
O will lead to a reduced recombination of

the photoexcited electrons and holes due to the difference
between the band edges of Cu

2
O and TiO

2
semiconductors.

As shown in Figure 8, the electron excited under visible light
may transfer from the conduction band of Cu

2
O to that of

TiO
2
since the conduction band edge for Cu

2
O is higher than

that of TiO
2
[23]. As a result, the recombination probability of

the photoexcited electrons and holes will be reduced, leading
to an improvement in photocatalytic activity.

4. Conclusions

In summary, we have presented a novel method for mod-
ification of anodic TiO

2
nanotube array films with Cu

2
O

nanoparticles.Themethod is based on the theory of heteroge-
neous nucleation and growth in an organic solvent (ethylene
glycol and N,N-dimethylformamide) containing CuSO

4
. The

Cu
2
Onanoparticles are found to bewell dispersed on thewall

of TiO
2
nanotubes without blocking the nanotube, and the

amount of Cu
2
O deposited on the TiO

2
nanotube array films

shows an increasing trend as the concentration of CuSO
4

increases. The decorated nanotube array films can respond
well to both ultraviolet and visible light and showmuch better
photocatalytic activity than the undecorated film.
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Self-assembling surfactant-like peptides have been explored as emerging nanobiomaterials in recent years. These peptides are
usually amphiphilic, typically possessing a hydrophobicmoiety and a hydrophilicmoiety.The structural characteristics can promote
many peptide molecules to self-assemble into various nanostructures. Furthermore, properties of peptide molecules such as charge
distribution and geometrical shape could also alter the formation of the self-assembling nanostructures. Based on their diverse
self-assembling behaviours and nanostructures, self-assembling surfactant-like peptides exhibit great potentials in many fields,
including membrane protein stabilization, drug delivery, and tissue engineering. This review mainly focuses on recent advances in
studying self-assembling surfactant-like peptides, introducing their designs and the potential applications in nanobiotechnology.

1. Introduction

Molecular self-assembly is a universal phenomenon in
nature: phospholipid molecules can self-assemble into milli-
meter-size lipid tubules, silk fibroins can be fabricated into
silk materials over 2 km in length [1], and so on. Molec-
ular self-assembly is usually driven by noncovalent bonds
such as ionic bond, hydrophobic interaction, van der Waals
interaction, and hydrogen bonding, which could promote
self-assembling molecules to spontaneously aggregate into
well-ordered structures. As a bottom-up strategy to fabricate
nanomaterials, molecular self-assembly has received consid-
erable attentions.

Recently, nature-inspired investigators have designed
novel nanobiomaterials based on self-assembling peptides,
which are usually composed of natural L-amino acids and
have excellent biocompatibility. As a novel category of self-
assembling nanomaterials, self-assembling peptides have
become especially attractive, for their successful applications
in many fields, including three-dimensional cell culture and
reparative or regenerative medicine [2–8], tissue engineering
[9–11], and drug release [12–14]. In this review, we will focus
on a family of surfactant-like peptides designed bymimicking

the structure of traditional surfactants and introduce their
applications in biological surface engineering.

2. Design of Typical Surfactant-Like Peptides

Surfactants are defined as materials that can greatly decrease
the surface tension of solvents when used at very low con-
centrations [15]. Surfactants are usually a category of amp-
hiphiles composed of hydrophobic tail and hydrophilic
head. Recently, a family of surfactant-like peptides has been
designed by mimicking the structure of traditional sur-
factants [16–18]. A typical surfactant-like peptide molecule
consists of two parts: a hydrophobic tail composed of several
consecutive hydrophobic amino acids and a hydrophilic head
composed of one or two hydrophilic amino acids.

Based on this rule, researchers have selected different
hydrophobic or hydrophilic amino acids to design various
surfactant-like peptides freely. For example, the hydrophilic
head could be designed as positively charged Arg, Lys, and
His, or negatively charged Asp and Glu, producing cationic
or anionic surfactant-like peptides. On the other hand, the
hydrophobic tail could be designed by choosing different
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Figure 1: The molecular models of several classic surfactant-like
peptides. (a) Negatively charged surfactant-like peptides; (b) posi-
tively charged surfactant-like peptides, grey = hydrogen atom, white
= carbon atom, red = oxygen atom, blue = nitrogen atom.

hydrophobic amino acids such as Gly, Ala, Val, Leu, and Ile
with different levels of hydrophobicity, so that the overall
hydrophobicity of a surfactant-like peptide could be con-
trolled. Recently, a number of typical surfactant-like peptides
have been designed (Figure 1).

The flexible design of typical surfactant-like peptide is
not based on the selection of amino acids only. The position
of the hydrophilic head could be changed to generate new
surfactant-like peptides. An example is that the hydrophilic
heads of those peptides in Figure 1 are set at the C-terminal,
while the heads of KVVVVVV (KV

6
) and HHVVVVVV

(H
2
V
6
) are set at the N-terminal [18]. The length of a

surfactant-like peptide could also be a design strategy by
usually controlling the number of hydrophobic amino acids
in the tail. Although the tail of a surfactant-like peptide
molecule is generally composed of six hydrophobic amino
acids, making the whole peptide molecule about 2.5 nm in
length, which is similar to the length of natural phospho-
lipids, novel surfactant-like peptide molecules, with a longer
hydrophobic tail, have the same self-assembling behavior,
except that the self-assembling nanostructures become more
polydisperse [17].

3. Self-Assembling Mechanism of Typical
Surfactant-Like Peptides

Like the classic formation of lipid bilayer, one self-assembling
model of surfactant-like peptides is proposed that molecules
could undergo a tail-to-tail alignment to form bilayer
structures, which further form nanotubes and nanovesicles
(Figure 2(a)). In this model, surfactant-like peptides, such
as A
6
D, V
6
D, V
6
D
2
, L
6
D
2
, are composed of 1∼2 charged

amino acids and 4∼8 hydrophobic amino acids and undergo
self-assembly in aqueous solution to form nanotubes or

(a)

(b)

(c)

Figure 2: The self-assembling models of typical surfactant-like
peptides. (a) Bilayer tube or vesicle. (b) The formation of micelle.
(c) Monolayer on mica surface.

nanovesicles with diameter of 30∼50 nm, which could fur-
ther form network with three-way junctions [16–20]. These
nanostructures were highly unstable and dynamic so that a
special quick-freeze/deep-etch technique was required to fix
and visualize them.These peptidemolecules take an irregular
secondary structure as revealed by circular dichroism (CD),
which seems less important for the self-assembling process,
and the hydrophobic interaction between tails is regarded as
the major driving force. Generally, surfactant-like peptides
with tail of Ala or Val could formmore stable nanostructures
than those with tail of Gly, Leu, and Ile [15, 16].

In addition to forming tail-to-tail bilayer structure, tra-
ditional surfactants could also form micelles by packing the
tails in a hydrophobic core and exposing the hydrophilic
heads outside. This kind of self-assembling model has also
been observed for surfactant-like peptides, which could
form nanofibers instead of nanotubes or nanovesicles [21].
As observed by atomic force microscopy (AFM) and tran-
smission electron microscopy (TEM), A

6
K, a cationic

surfactant-like peptide, could form nanofibers, nanorods,
and nanospheres with various length [21]. These nanostruc-
tures are quite different with the nanotubes and nanovesicles
described in an earlier report. For example, the diameter of
these nanostructures is about 10 nm, much smaller than 30∼
50 nm; the nanofibers are separated from each other, rather
than forming a network by three-way connection. All these
differences indicated that these nanostructures are generated
by different self-assembling model. The molecular model has
also been proposed to explain this alternative self-assembling
behavior. As shown in Figure 2(b), peptide molecules pack
their hydrophobic tail in a core and expose their hydrophilic
head outside, undergoing the formation of cylindrical or
spherical micelles to form nanofibers or nanospheres.

The nanostructures formed of surfactant-like peptides
could be closely associated with environments. When the
A
6
K solution was spread on mica surface for AFM obser-

vation, a kind of membrane-like structure was observed
in addition to nanofibers [21]. It is likely that the A

6
K
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Figure 3: Self-assembly of catanionic surfactant-like peptides (reprinted from [25]). (a) Proposed self-assembling model. (b) Well aligned
nanoropes observed by AFM.

monomers could attach their positively charged heads to
the negatively charged mica surface, while stretching their
hydrophobic tails up to air, forming a layer of peptide
monomers aligned shoulder by shoulder (Figure 2(c)). In this
manner, the peptide monolayer could cover the hydrophilic
mica surface and transform it to a hydrophobic one. This
interesting self-assembling behavior of A

6
K on mica surface

could act as a very simple technique for surface modification.
It is not clear why all kinds of structures fabricated by the
same surfactant-like peptide could coexist if no preferential
condition is applied, but it is no doubt that the new pathway
to form various nanostructures is very helpful to understand
the behavior of these self-assembling surfactant-like peptides
and to further exploit their potential applications.

4. Other Surfactant-Like Peptides

4.1. Catanionic and Zwitterionic Surfactant-Like Peptides.
Typical surfactant-like peptides, despite anionic or cationic
surfactant-like peptides, often form a mixture of various
nanostructures such as nanotubes/nanovesicles and nano-
fibers/nanospheres. These nanostructures are dynamic and
unstable, which becomes an obstacle for their application. For
this reason, chemical complementarity should be considered
to exploit new surfactant-like peptides with stable self-
assembling behavior, which means the preferred formation
of a certain type of nanostructure or forming nanostructures
with better mechanical/thermal stability at lower critical
micelle concentration (CMC). In fact, ionic bond has been
proved to be a very important noncovalent force to drive
the self-assembling process and determine the properties of
self-assembled structures. In order to exploit self-assembling
surfactant-like peptides with better stabilities, researchers
have made several attempts to introduce ionic bonds into the
system of typical surfactant-like peptides.

Catanionic and zwitterionic surfactants are different from
typical anionic and cationic surfactants. Catanionic surfac-
tants are themixed systems of traditional anionic and cationic
surfactants [22], and zwitterionic surfactants are the surfac-
tants bearing both positive and negative charges in a single

hydrophilic head [23, 24]. Possibly because of the ionic bonds
between oppositely charged heads, these two special groups
of surfactants could form structures with better stability
compared with typical surfactants [25–28]. Recently, Khoe
and colleagues have studied the self-assembling behaviors
of several catanionic surfactant-like peptides systems, which
were the mixtures of cationic surfactant-like peptide A

6
K

and anionic surfactant-like peptide A
6
D at various ratios

[25]. They found that, when A
6
D and A

6
K were mixed at

the ratio of 2 : 1, the catanionic system could form well-
ordered nanofibers (Figure 3), indicating that in a catanionic
system, the interaction between positively and negatively
charged heads has significant effects on the self-assembling
behavior, pointing out a promising approach to design novel
nanomaterials based on mixed surfactant-like peptides.

Recently, we have designed a zwitterionic surfactant-
like peptide by simply removing the C-terminal protective
amide of A

6
K and exposing the dissociable carboxyl group

[21]. This new peptide, named A
6
K±, could simultaneously

bear a positive and a negative charge at its C-terminal. This
study showed that A

6
K± could form much longer nanofibers

compared with typical anionic or cationic surfactant-like
peptides (Figure 4), synergistically driven by the ionic bonds
among hydrophilic heads and the hydrophobic interaction
among tails. Moreover, the self-assembling structures formed
by A
6
K± were also more mechanically and thermally stable

than A
6
K. A
6
K± could also more sensitively respond to

the change of environmental pH and undergo complicated
transformation. These results indicated that novel stable
and smart nanomaterials could be obtained by designing
zwitterionic surfactant-like peptides.

4.2. Bolaamphiphilic Peptides. Different from typical surfac-
tants with only one hydrophilic head, bolaamphiphile, named
after a special weapon “bola,” has two hydrophilic heads con-
nected by a hydrophobic section [29, 30]. Bolaamphiphiles
have been proven to be a category of emerging nanomaterials
for their ability to self-assemble into various valuable nanos-
tructures, including membrane-mimetic films for bioactive
functions [31, 32], nanotubes for metallic nanowire [33–35],
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Figure 4: Self-assembly of zwitterionic surfactant-like peptides. (a) Proposed self-assembling model. (b) Long nanofibers observed by AFM.

(a) (b)

400nm

Figure 5: (a) Self-assembling model of bolaamphiphilic peptides. (b) AFM image of bolaamphiphilic peptide KA
6
K.

nanofibers [35], helical ribbons [36], and nanovesicles for
drug and gene delivery [37].

Bymimicking the structure of these bolaamphiphiles, our
laboratory has designed a serial of bolaamphiphilic peptides,
which are composed of Gly, Ala, and Val as their hydropho-
bic sections and charged Lys or Asp as their hydrophilic
heads [38]. By adjusting hydrophobic or hydrophilic amino
acids, the length and hydrophobicity of the bolaamphiphilic
peptide molecule could be controlled to generate differ-
ent self-assembling nanostructures, such as nanofibers or
nanospheres with hydrophilic core and surface (Figure 5).
Different from the nanotubes and nanovesicles with diameter
about 30∼50 nm formed by typical surfactant-like peptides,
these nanostructures formed by bolaamphiphilic peptides
have a diameter less than 10 nm, The smaller size and the
hydrophilic core might be important features for their appli-
cation as cell-targeting carriers for hydrophilic molecules
such as DNA, RNA, and some hydrophilic drugs. Further-
more, it has been found that after destroyed by sonication, the
nanostructures formed by bolaamphiphilic peptides could
undergo a slow process of reassembly to recovery, which is
also an important feature for the potential of encapsulating
smallmolecular components. Recently, bolaamphiphilic pep-
tides with alkyl group as their hydrophobic sections have also
been designed, which could self-assemble into nanofibers
with hydrophilic core and surface [39].

4.3. Surfactant-Like Peptides with Ameliorated Geometrical
Shape. It is well known that chemical complementarity

and geometrical compatibility are two basic elements for
molecular self-assembly [40, 41]. For this reason, when
ameliorating the structure of self-assembling molecules for
better properties, geometrical compatibility should be con-
sidered. Our laboratory has designed several surfactant-
like peptides with different geometrical shapes in order to
study the effect of geometrical shape on the self-assembling
behavior of surfactant-like peptides [42]. Briefly, by changing
the amino acids, which have different spatial structures,
AVK± (Ac-AAAVVVK) has a wedge-like shape, and AGK±
(Ac-AAAGGGK) has a shape of inverted wedge. Compared
with A

6
K± (Ac-AAAAAAK), which has a straight shape, the

wedge-shaped AVK± undergoes a more homogeneous self-
assembling behavior to form much longer nanofibers, and
these nanofibers are relatively more stable and less prone
to be transformed to nanospheres, while the self-assembling
behavior of A

6
K± is very dynamic and it tends to form mix-

ture of nanofibers with various lengths and nanospheres. On
the contrary, AGK±, with inverted-wedge-like shape, couldn’t
undergo self-assembly in aqueous solution but could self-
assemble into nanofibers with various lengths in nonpolar
solvent.

As shown in Figure 6, 3D molecular models have been
proposed to illuminate the effects of geometrical shape
on self-assembling behaviors. For AVK±, the wedge-like
shape could efficiently reduce the spatial encumbrance when
AVK± molecules self-assemble into micelles, so that they can
form stable cylindrical micelle nanofibers. For AGK±, the
inverted-wedge-like shape promotes them to embed the small
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(a) (b) (c)

Figure 6: Self-assembly of surfactant-like peptides with differ-
ent geometrical shape. (a) Wedge-shaped surfactant-like peptides
form cylindrical micelle nanofibers in water solution. (b) Rever-
sed-wedge-shaped surfactant-like peptide forms reverse micelle
nanofibers in nonpolar environment. (c) Wedge-shaped bolaam-
phiphilic peptides form cylindrical micelle nanofibers in water
solution.

hydrophilic head inside and expose the large hydrophobic
tail to the nonpolar solution, finally forming reversed micelle
nanofibers.

When the geometrical shape of the hydrophobic tail of a
peptide was concerned, the property of the hydrophilic head
seems to be less important. Similar to the self-assembling
behavior of AVK±, it has also been found that a nega-
tively charged surfactant-like peptideA

3
V
3
Dwithwedge-like

shape could also form smooth long nanofibers [43]. On the
other hand, more hydrophobic amino acids could also be
used to design surfactant-like peptide with geometrical shape
effect. For example, a cone-shaped amphiphilic peptide Ac-
GAVILRR-NH

2
could self-assemble into nanodonut struc-

ture through the fusion or elongation of spherical micelles
[44]. These studies suggested that geometrical shape plays
a crucial role in controlling the self-assembling behavior of
surfactant-like peptides to form certain nanostructure.

As for the typical surfactant-like peptide systemdescribed
above, geometrical shape could also greatly affect the self-
assembling structure of bolaamphiphilic peptide. Our group
has designed a novel bolaamphiphilic KGGAAVVK, which
exhibited a wedge-like shape for the increasing size from Gly
to Val. Unlike KA

6
K with straight shape which self-assemble

into mixture of nanofibers and nanospheres, KGGAAVVK
could selectively form long and smooth nanofibers [43]. Sim-
ilar to the model proposed for typical surfactant-like peptide,
the wedge-like shape of the peptide was also regarded as an
important factor for the formation of such long nanofibers.

Besides those surfactant-like peptides totally composed
of natural amino acids introduced above, some other similar
self-assembling peptides containing special groups have also
been studied in recent years. One of the most extensively

studied categories is peptide amphiphiles developed byWeb-
ber et al. [45, 46]. In these peptide amphiphiles, a typical
molecule contains an alkyl chain as its hydrophobic tail and a
functional peptide group as its hydrophilic head. By forming
micellar nanofibers and exposing functional peptide groups
outside, peptide amphiphiles have been proved to be potential
nanomaterials which have been widely used in many fields
including 3D cell culture and tissue engineering. Moreover,
surfactant-like peptide has also been combined with tradi-
tional surfactant and shown novel self-assembling behavior
which could be used as template for Au nanoparticles [47].

5. Applications of Surfactant-Like Peptides

5.1. Surfactant-Like Peptides Stabilizing Membrane Protein.
According to the computational analyses of completely
sequenced genomes, about one-third of all cellular proteins
are membrane proteins, which contain at least one trans-
membrane domain and have critical roles in many important
life activities such as cell signaling, cell migration and move-
ment, energy transformation, and substance transport [48].
However, most molecular structures of membrane proteins
remain elusive, which is in sharp contrast to their great
important functions in cells. The reason for this paradox is
that naturalmembrane proteins are usually embedded in lipid
bilayer, traditional purification, and crystallization methods
for water-soluble proteins will remove lipids from mem-
brane proteins, and affect the solubility and conformation
stability of membrane proteins. In the past decades, many
traditional surfactants such as detergents and lipids have been
used for the stabilization, purification, and crystallization
of membrane proteins; however, due to the complexity of
membrane protein-detergent-lipid interactions, the efficacy
is still far from satisfaction.Thus, the discovery and design of
novel surfactants are acutely necessary to facilitatemembrane
protein purification and crystallization for structural studies.

Recently, surfactant-like peptides have shown promis-
ing potential in the study of membrane proteins. These
surfactant-like peptides have structural properties similar
to lipid: peptide molecule has a hydrophobic tail com-
posed of several consecutive hydrophobic amino acids and
a hydrophilic head composed of one or two hydrophilic
amino acids. Based on the molecular structure, surfactant-
like peptides could bind to the hydrophobic section of a
membrane protein by using their hydrophobic tails and
sequester it from water, preventing membrane protein from
denaturation.

G protein-coupled receptors (GPCRs) are a large class of
membrane proteins, which play a crucial role in cell signaling
pathways and become a worldwide hotspot in the phar-
maceutical industries. Unfortunately, the structures of most
GPCRs remain elusive. To study the structure and function of
diverse GPCRs, researchers have stabilized these membrane
proteins with surfactant-like peptides. For example, Zhao has
chosen bovine rhodopsin, one of GPCRs, and investigated
the stabilization of bovine rhodopsin in solution by using
a new class of surfactant-like peptides [49]. As shown in
Figure 7, these surfactant-like peptides not only enhance the
stability of bovine rhodopsin in the presence of lipids and the
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Figure 7: Surfactant-like peptides stabilize membrane proteins. (a)
The proposed mechanism of surfactant-like peptide A

6
D stabilizing

membrane proteins (reprinted from [49]). (b) Stability of rhodopsin
(Rho) in the absence of OG at different temperatures. Half-life of
rhodopsinwas as follows: not available in 2.5mMA

6
Dat 40∘C, 50∘C,

and 55∘C; 101min in control solution (1.25mMA
6
D/1%OG) at 40∘C;

<5min in control solution at 50∘C (reprinted from [49]).

common surfactants n-dodecyl-𝛽-D-maltoside and octyl-
D-glucoside but also effectively stabilize rhodopsin under
thermal denaturation conditions even after the lipids were
removed.

Additionally, researchers have investigated whether pho-
tosynthetic complexes could be effectively stabilized by
surfactant-like peptides. Photosynthetic complexes are cru-
cial proteins located in the membrane of chloroplast and
are capable of transforming solar energy with amazing high
efficacy, which promotes photosynthetic complexes to be
made into nanodevices of solar biobattery as a safe and
sustainable energy resource. To develop such solar biobattery,
the stabilizing of photosynthetic complexes with bioactivity is

the first step. Researchers have certified the feasibility of sta-
bilizing photosynthetic complexes with designed surfactant-
like peptides. The fluorescence spectrum of photosystem I
(PSI) stabilized by surfactant-like peptides had no significant
difference compared with PSI directly extracted from leaves
of spinach. Surprisingly, PSI could even maintain its bioac-
tivity on a dry surface in a considerably long period by the
protection of an anionic surfactant-like peptide V

6
D [48].

5.2. Surfactant-Like Peptides as Drug and Gene Carriers.
Since the surfactant-like peptide molecules can be easily
designed and modified to form various nanostructures, they
can be easily tailored for drug or gene delivery.These peptides
have a unique amphiphilic structure, and the hydrophobic
tail could promote surfactant-like peptides to self-assemble
into the nanostructure with a hydrophobic core, which
has potential to encapsulate water-insoluble molecules and
deliver drugs and other biological molecules. On the other
hand, the hydrophilic head could be modified as functional
group for cell-targeting. Recently, a surfactant-like peptide
with fatty tail was investigated as a hydrophobic drug carrier
[50].

So far, gene therapy endeavors have still lacked optimal
DNA delivery systems that are highly efficient, nontoxic, and
simple to produce in large scales. Recently, it was found
that a number of cationic surfactant-like peptides have great
potential for gene delivery [51]. Compared with hydrophobic
drug delivery, negatively charged DNA is expected to bind to
the positively charged head of surfactant-like peptides. For
example, cholesterol-conjugated HR15 and HR20 oligopep-
tides were synthesized, which were able to self-assemble into
cationic micelles. The formation of the micelles increased
local density of cationic charge, leading to greater DNA bind-
ing efficiency and thus higher gene transfection efficiency
in both HepG2 and HEK293 cell lines [51]. Furthermore,
surfactant-like peptide FA32 could form small micelles with
particle size of about 100 nm, which could deliver hydropho-
bic drug DOX inside the cells efficiently. Meanwhile, these
micelles could deliver DNA into HepG2 cells with high
efficiency.These findings suggest that surfactant-like peptides
could have the great potential to deliver hydrophobic drug
and gene simultaneously into the same cells to achieve
synergistic therapeutic effect [52].

5.3. Surfactant-Like Peptides for Tissue Engineering. Recently,
tissue engineering, aimed at resolving the problems in organ
repairing and tissue regeneration, has become an important
strategy in modern biomedical technology. Generally, tissue
engineering requires two complementary ingredients: suit-
able cells and compatible scaffolds [53]. It would be necessary
to apply compatible biological scaffolds, which could stimu-
late and promote cell differentiation, as well as regenerating
tissues without harm. For this purpose, many scaffold-
forming self-assembling peptides have been reported [54–
60]. However, the use of scaffold materials is inevitably
accompanied by some side effects such as fibrosis and inflam-
matory response. Alternatively, another kind of scaffold-free
tissue engineering strategy, cell sheet technology, has been
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Figure 8: Cell sheet technology based on surfactant-like peptides.
(a) Mechanism of harvesting cell sheet on mica surface modified by
surfactant-like peptides. (b) Harvested cell sheet. (c) HE staining of
cell sheet (reprinted from [65]).

widely investigated in recent years. This is a novel technique
in which a sheet-like integration of cells is cultured and
harvested by certain methods. Cell sheet could maintain cell-
to-cell connections and the cellular matrix, and the bionic
structures could promote cell sheet to regenerate organs as
a small piece of artificial tissue [61–64].

In recent years, this scaffold-free tissue engineering
strategy has received rapid development and become an
important complementary to traditional scaffold-involved
strategy. In this field, surfactant-like peptides as a novel type
of surface modifying molecules have shown its potential. It
was found that A

6
K, a cationic surfactant-like peptide, could

self-assemble on mica surface to form a monolayer. In this
way, a hydrophilic mica surface could be modified into a
hydrophobic one, which is suitable for cell adhesion and
growth. Along with the growth of cultured cells, A

6
K peptide

composed of natural L-amino acids could be gradually biode-
graded, and the hydrophilic mica surface could be reexposed,
which is adverse for cell adhesion, and thus an integrate of cell
sheet could be easily released from themica surface (Figure 8)
[65]. This novel cell sheet technique based on surfactant-like
peptide is very simple, effective, and safe and may become a
very important technique for the development of cell sheet
technique.

5.4. Surfactant-Like Peptides as Template for Nanofabrication.
For the development of nanoscience and nanotechnology,
fabricating nanostructures andnanodevices is the first impor-
tant task. In this field, many self-assembling structures
have been successfully used as template for nanofabrica-
tion. Recently, a surfactant-like peptide AGD, which could
undergo self-assembly in nonpolar solvent system, has shown
its potential for such application. This peptide was designed
to have a shape like an inverted wedge which prevented it to
self-assemble in aqueous solution. But in nonpolar mixture
of water and tetrahydrofuran, and with the existence of

copper ion, the peptide could self-assemble into nanorings by
forming reversed micelle [66]. It was proved that copper ions
were bound with the negatively charged head of the peptide
and embedded in the core of the nanoring. In thismanner, the
peptide could be applied as a template for fabricating novel
metallic nanostructures.

6. Conclusion and Outlook

The field of the design and application of surfactant-like
peptides has been developed very rapidly in recent years.
These peptides are easy to be designed and synthesized, which
could guarantee their quality and purity; moreover, the bio-
compatibility of surfactant-like peptides makes them perfect
materials for biological and biomedical applications. Their
applications in the fields of membrane protein stabilizing
and tissue engineering have proved their great potential. On
the other hand, the chemical structure and self-assembling
mechanism of surfactant-like peptides are very simple and
clear; thus, surfactant-like peptides also provide a simple self-
assembling model to study the folding and assembling of
natural proteins, which might be very helpful to understand
the mechanism of protein conformational diseases.

However, challenge remains when considering the prac-
tical application of the family of surfactant-like peptide.
One reason might be due to the complicated self-assembling
behavior of surfactant-like peptides which were highly sen-
sitive to environmental parameters such as pH, ion strength,
and peptide concentration. Although several attempts have
been tried to obtain controllable self-assembling nanostruc-
tures, further investigations are still needed to be carried out
to clarify themolecular mechanism for the self-assembling of
surfactant like peptides, as well as their interaction with other
biological molecules. This may be of great importance to
exploit the application of surfactant-like peptides, especially
as potential drug delivery nanomaterials.
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Yttrium silicates Y
2
SiO
5
upconversion nanomaterials with different doping concentrations of praseodymium ion Pr are prepared by

using a sol-gel method. X-ray diffractometer, SEM, Fourier transform infrared spectrometer, and fluorescence spectrometer have
been employed to test the crystal structure and upconversion luminescence performances.The results indicate that samples calcined
higher than 950∘C present fine crystal structures, of which Si-O-Si band at 757–1048 cm−1 splits into three fine peaks. The crystal
size of the samples calcined at 950∘C and 1000∘C is 29.1 nm and 66.7 nm, respectively. The luminescence intensities of the samples
are increasing at first and then decreasing, with the increasing of the doping concentrations of 0.47%, 0.77%, 0.96%, 2.95%, and
4.93%. Nanomaterial sample doped 0.96% Pr emits the highest upconversion luminescence intensity of 6.43 × 106 cps and shows
the best photodegradation performance for nitrobenzene wastewater. It demonstrates that too much of Pr doping concentration
would result in quenching of the fluorescence. Nevertheless, as the degradation time expands, sample doped 0.96% Pr shows much
faster increasing of photodegradation rate than samples of other doping concentrations and reaches to a high photodegradation
rate of 97.14% in 6 hours for 10mg/L nitrobenzene wastewater.

1. Introduction

Upconversion nanomaterials are known for its efficient emis-
sion of ultraviolet fluorescence under the exciting visible light
[1]. It has been extensively studied sincemid-1960s andwidely
applied in many areas [2–4]. The emission of short wave-
length light excited by long wavelength light is called anti-
stokes luminescence, namely, upconversion luminescence.
Upconversion nanomaterials and upconversion lumines-
cence can be widely used in the degradation of organic pollu-
tants in environmental governance [5] and the killing of
harmful bacteria in medical treatment or biological areas [6–
8], because of the ultraviolet light emitted in the upconversion
processes. The upconversion nanomaterials, which is differ
from ultraviolet lamp, can be excited by visible light, such as
sun light, instead of electricity.

In the past decades, high-quality rare earth-doped upcon-
version nanomaterials have been successfully synthesized
with the rapid development of nanotechnology and are
becoming more prominent in biological and environmental

sciences [9–11]. However, till now, the low luminescence
efficiency is still one of the main limiting factors for upcon-
versionmaterials. A suitable hostmaterial with lower phonon
energy is one of the most important factors to obtain high
upconversion luminescence efficiency. Up to now, host mate-
rials, including fluoride, chloride, and bromide, have been
shown to enhance upconversion luminescence intensity. As a
substrate for upconversionmaterials, yttrium silicates Y

2
SiO
5

show high thermal stability, good optical performance, sim-
ple manufacture process, and has been widely used in fluo-
rescent technique, optical information storage, and anticoun-
terfeit technology [12].

To get the highest upconversion luminescence efficiency,
another critical factor is doping with other ions to occupy or
replace the ions in the host material [13–15]. In the molecular
geometry of yttrium silicates Y

2
SiO
5
, yttrium ion Y is located

on two different positions and its corresponding coordinate
numbers are 7 and 9 in X1 molecular configuration, while
6 and 7 in X2 molecular configuration [16]. The particular
geometry leads to a possible replace of Y by other element



2 Journal of Nanomaterials

ions. Praseodymium ion has a similar ionic radius with Y
ion, but more suitable energy levels and longer excited state
lifetimes than Y. This lead to the transition of Pr to a lower
energy band after absorbing two photons continuously. As
a result, higher energy photons could be emitted. Therefore,
Praseodymium ion is a potential doping element ion for the
Y
2
SiO
5
system to obtain high energy photons and excellent

upconversion performances.
Besides the host materials and doping ions, the synthetic

methods are also critical for the high quality upconversion
nanomaterials to obtain high luminescence efficiency. The
synthesis methods are usually phase-based processes. So far,
three kinds of methods are commonly used to synthesize
upconversion nanomaterials, including thermal decompo-
sition [17–19], hydrothermal synthesis [20, 21], and ionic
liquids-based synthesis [22]. In addition, sol-gel method has
potential for synthesizing high quality upconversion nano-
materials of high luminescence efficiency and usually used as
the first choice to doping ions since it provides a way of
mixing in molecular level of the reactants [23, 24], which has
also been used in this study.

Many researches focused on the optical properties, lumi-
nescence properties, and fluorescence quenching mecha-
nisms of Pr doped Y

2
SiO
5
crystals [25–27]. Also, a number

of studies report the application of Pr doped Y
2
SiO
5
nano-

materials in biological, medical, sensing, optical areas, and
so on [2, 3, 5–8]. In particular, the upconversion nanoma-
terials unique property of emitting visible light under NIR
irradiation makes them a suitable candidate both for in vivo
and in vitro bioimaging [28, 29]. However, the research and
application of Pr doped Y

2
SiO
5
nanomaterials on environ-

ment or pollutants degradation are seldom reported. In this
study, nitrobenzene wastewater, which is from a TNT factory,
has been used as the target pollutant to test the photodegra-
dation performances of the prepared Pr(III) doped Y

2
SiO
5

upconversion nanomaterials.

2. Materials and Methods

Praseodymium ion Pr(III), doped Y
2
SiO
5
upconversion

nanomaterials were prepared by using a sol-gelmethod. First,
0.1mol/L praseodymium nitrate solution was added into the
mixture (1 : 1, vol) of HNO

3
and H

2
O dissolved 0.663 g Y

2
O
3
.

Heating was followed until the solution becomes a viscous
mixture. A number of crystals were seed out after cooling
down. The crystal was collected and dissolved in ethanol.
Tetraethyl orthosilicate (TEOS) was added and mixed with
the ethanol solution of the crystals.The obtainedmixture was
put into a water bath of 70∘C until a gel was formed. The gel
was dried in an oven of 104∘C and then grinded into powder.
At last, the powder was calcined at a temperature oR 900∘C,
950∘C, and 1000∘C for 3 h in a muffle furnace to get the final
product of Pr(III) doped Y

2
SiO
5
upconversion nanomateri-

als. The Pr (III) doping concentrations, 0.47%, 0.77%, 0.96%,
2.95%, and 4.93%,whichwere confirmed by using inductively
coupled plasma (ICP) spectrometer, were adjusted by chang-
ing the adding volume of the 0.1mol/L praseodymiumnitrate
solution at the first stage.
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Figure 1: XRD patterns of Pr(III) doped samples calcined at dif-
ferent temperatures: (a) 900∘C, (b) 950∘C, (c) 1000∘C.

X-ray diffractometer (D8 Advance, Bruker Corporation,
German) was used to characterize the crystal form of the
samples. A scanning electron microscopy (Hitachi S4800,
SEM, Japan) was employed to characterize the particle size of
the samples. Fourier transform infrared spectrometer (FTIR,
MB154S, ABB BOMENCorporation, Canada) was employed
to check the crystal and groups of samples.The upconversion
luminescence of the nanomaterials was tested by using a
fluorescence spectrometer (FL3-TCSPC, Horiba Jobin Yvon
Corporation, France). The exciting parameters were selected
as 425 nm of the excitation wavelength, 370 nm of the optical
filters, and 2 nm of the slit.

Nitrobenzene wastewater, 10mg/L, which was from a
TNT factory, was used as a target pollutant to test the pho-
todegradation performances of the prepared Pr(III) doped
Y
2
SiO
5
upconversion nanomaterials. Filament lamp, 52W,

was used as the exciting light source for the upconversion
nanomaterials.The treatment time was lasting for 1 h to 6.5 h.
The degradation rate of nitrobenzene was tested by compar-
ing the ultraviolet absorption values to the original value of
the wastewater. The ultraviolet absorption values were tested
by using an ultraviolet-visible spectrophotometer. The rela-
tionship of the nitrobenzene concentrations (𝑥), in the range
of 0–15mg/L, with the ultraviolet absorption values (𝑦), was
determined by a linear equation: 𝑦 = 0.072𝑥 + 0.012, with a
correlation 𝑅2 of 0.9987.

3. Results and Discussion

3.1. Heat Treatment on the Crystal of Upconversion Nanomate-
rials. Theheat treatment temperature is an important param-
eter for the crystal structure and crystal size of many kinds
of nanomaterials, as well as upconversion nanomaterials.
Figure 1 shows the XRD patterns of Pr(III) doped samples at
the heat treatment temperature of 900∘C, 950∘C, and 1000∘C.

Without obvious diffraction peak appears on the XRD
pattern of sample calcined at 900∘C, except for a bread curve
at the 2-theta angle about 30∘. It means that Y

2
SiO
5
under
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Figure 2: SEM images of Pr(III) doped samples calcined at different temperature (a) 900∘C; (b) 950∘C; (c) 1000∘C.

the heat treatment temperature of 900∘C is amorphous.
Meanwhile, a higher heat treatment temperature of 950∘C
or 1000∘C leads to good crystal forms of the Pr(III) doped
Y
2
SiO
5
upconversion nanomaterials, of which diffraction

peak positions show high consistency with that of X1-Y
2
SiO
5

phase [30]. The temperature is further lower than the report
postanneal temperature 1373K for X1-Y

2
SiO
5
phase [30].

However, sample calcined at 1000∘C shows much higher
diffraction peaks than that of sample calcined at 950∘C. This
phenomenon states a conclusion that the crystal size of the
later is smaller than that of the former, 29.1 nm and 66.7 nm
at 2𝜃 angle 32.67∘, respectively, which are calculated by the
Scherrer equation: 𝐷 = 𝐾𝜆/(𝛽 cos 𝜃), where 𝐷 is the crystal
size (nm);𝐾 is 0.89, the Scherrer constant; 𝛽 is the full width
at half maximum (FWHM) of the main diffraction peaks
(rad); 𝜃 is the diffraction angle which the diffraction peaks
located (∘); 𝜆 is 0.154056 nm, the X-ray wavelength.

It indicates that the crystal structure transition tempera-
ture of Pr (III) doped X1 pattern Y

2
SiO
5
is about 950∘C, heat

treatment temperature higher than 950∘C is not good for the
forming of small crystal size for the materials.

The particle size of the samples characterized by a scan-
ning electronmicroscopy also shows high dependence on the
heat treatment temperature, as shown in Figure 2. With the
increasing of heat treatment temperature, the particle sizes
of the samples are increasing gradually, 42 nm, 55 nm, and
96 nm for the treatment temperature of 900∘C, 950∘C, and
1000∘C, respectively. It shows a good consistent tendency to
the crystal size of samples. Particle sizes in SEMbigger than its

crystal size of the corresponding sample are reasonable, since
a particle in SEM is always composed by several crystals, not
to mention the congregating of particles themselves.

It has been proved that the crystal structures and bond
groups of phosphor materials show high dependence on the
heat treatment or thermal annealing temperature [31]. An
FTIR spectrometer is employed to test the effect of heat
treatment temperature on the crystal structure of the Pr(III)
doped Y

2
SiO
5
upconversion nanomaterials, as shown in

Figure 3. Sample calcined at 900∘C shows two big absorption
bands on the FTIR spectrum curve, in the range of 757–
1048 cm−1 and 1260–1620 cm−1, which can be roughly identi-
fied to the vibration absorption of Si-O-Si bond and the bend-
ing vibration ofO-Hbond, respectively.When heat treatment
temperature is increased to 950∘C or 1000∘C, both of the two
absorption bands showa great change: the lowerwavenumber
absorption band splits into three absorption peaks, and the
higher wavenumber absorption band disappears thoroughly.

High heat treatment temperature is believed to be benefi-
cial to the forming of fine crystal structures of the nanomate-
rials. Therefore, as a result, when the upconversion nanoma-
terials are calcined at the temperature of 950∘C and 1000∘C,
the absorption band at 757–1048 cm−1 splits into three fine
peaks at 849.7 cm−1, 933.8 cm−1, and 1008.3 cm−1, which
result from the bending vibration absorption of Si-O bond,
the symmetric vibration absorption of Si-O-Si bond, and the
asymmetric vibration absorption of Si-O-Si bond, respec-
tively, as curves (b) and (c) shown in Figure 3. It further dem-
onstrates that samples calcined at 950∘C have been converted
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Figure 3: FTIR spectra of Pr(III) doped samples calcined at different
temperatures: (a) 900∘C, (b) 950∘C, (c) 1000∘C.

from amorphous state to crystal structure, which shows high
consistency with the results of Figure 1.

The absorption bands at 1260–1620 cm−1 are attributed
to the bending vibration of O-H bond or H

2
O, which is

adsorbed on the internal holes surface of the nanomaterials or
bonded with the nanomaterials in other forms. The bonded
H
2
O in the materials is difficult to desorb at 900∘C. A

higher heat treatment temperature is usually beneficial to the
desorption of the bonded or adsorbed H

2
O in the materials,

and lead to the disappearing of the absorption bands at 1260–
1620 cm−1 at the temperature of 950∘C or 1000∘C, as curves
(b) and (c) shown in Figure 3.

3.2.TheUpconversion Luminescence of Y
2
SiO
5
Nanomaterials.

Since the ionic radius of Pr(III) andY(III), 113 pmand 104 pm,
respectively, is very close [32], the lattice parameter of Y

2
SiO
5

nanomaterials would not change a lot when Pr(III) dopes in
and replaces the position of Y(III) in the lattice. Therefore,
X-ray diffraction patterns of Y

2
SiO
5
upconversion nanoma-

terials show little dependence on the dope concentrations
of Pr(III). However, the segregation of doped ions strongly
modifies the luminescence properties of nanocrystals [33].
It means that the doping concentrations of Pr(III) play an
important role on the upconversion luminescence of Y

2
SiO
5

nanomaterials, as shown in Figure 4.
The blank sample, the sample without doped Pr(III),

shows relative low luminescence intensity. On the other hand,
those samples doped Pr(III) emit obvious luminescence
spectra at the wavelength of 360 nm. With the increasing of
the dope concentration of Pr(III), the emission luminescence
intensities are also enhanced obviously to a maximum of
6.43 × 10

6 cps (count per second) with the Pr(III) doping
concentration of 0.96%. It shows an excellent enhancement
of Pr(III) doping for the emission luminescence of Y

2
SiO
5

nanomaterials. However, further increasing of Pr(III) doping
concentration leads to a sharp decrease of the emission
luminescence intensity. It is believed that too high of doping
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Figure 4: Emission spectra of Y
2
SiO
5
doped different concentra-

tions: of Pr(III), (a) 0.0%, (b) 0.47%, (c) 0.77%, (d) 0.96%, (e) 2.95%
and (f) 4.93%.

concentration of Pr(III) would result in luminescent quench-
ing [34]. As a result, the highest doping concentration of
4.93% Pr(III) results in the lowest luminescence intensity,
1.83 × 10

6 cps, of all the samples except for the blank sample,
as shown in Figure 4.

3.3. Photodegradation of Nitrobenzene Wastewater. As a typ-
ical environmental priority control pollutant, nitrobenzene
wastewater usually comes from the factories manufactur-
ing medicines, pesticides, plastics, explosives. It is difficult
to degrade by normal methods because of its particular
molecular structures [35]. In this study, 10mg/L nitrobenzene
wastewater is used to test the photodegradation perfor-
mances of Pr(III) dopedY

2
SiO
5
upconversionnanomaterials.

The doping concentrations of Pr(III), 0.47%, 0.96%, 4.93%,
and the degradation time, 1 h to 6.5 h, have been taken into
account to learn the degradation rate of nitrobenzene in the
water, as shown in Figure 5.

Sample doped 0.96% Pr(III) shows much higher pho-
todegradation rate at all the time than the samples of the
other two doping concentrations, 0.47% and 4.93%. It can be
concluded that higher luminescence emission sample, such
as Y
2
SiO
5
nanomaterials doped 0.96% Pr(III) as shown in

Figure 4, would show a higher photodegradation rate on the
pollutant. Too much of doping concentration is not a benefit
to the increasing of photodegradation rate. On the other
hand, as the time expands, the degradation rates of all the
upconversion nanometer samples are increasing obviously at
different rate. It is interesting that the slops of the fitting lines
show the same tendency with the degradation rates of the
doping concentrations.That is to say, higher degradation rate
of the sample is also corresponding to higher slop of fitting
line and showing faster photodegradation on the nitroben-
zene.
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First-order fitting of the ln (𝐶
0
/𝐶) versus time for the

photodegradation of pollutants, such as methyl orange and
methylene blue, is usually used to study the reaction kinetics
[36]. Based on the photodegradation rates of nitrobenzene
with time, the photodegradation reaction kinetics lines are
drawn out, as shown in Figure 6.

The best photodegradation belongs to the upconversion
nanomaterials doped 0.96% of Pr(III), and too much of
doping concentrations of Pr(III) would not show high pho-
todegradation of upconversion nanomaterials, which con-
firms high consistency with the test results indicated in
Figure 5. On the other hand, linear relationships appear
between the degradation time and the value of ln (𝐶

𝑡
/𝐶
0
),

where𝐶
𝑡
is the concentration of nitrobenzene in thewater at a

time (𝑡) and 𝐶
0
is the original concentration of nitrobenzene

10mg/L, as shown in Figure 6. Each of the doping concen-
tration of Pr(III), 0.47%, 0.96%, and 4.93%, is according to
a reaction kinetics linear equation and correlation indexes:
ln𝐶
𝑡
/𝐶
0
= −0.14399𝑡 + 0.05826, 𝑅 = −0.99414, ln𝐶

𝑡
/𝐶
0
=

−0.29939𝑡 + 0.14481 (𝑡 = 1 to 4 h), 𝑅 = −0.99992, and
ln𝐶
𝑡
/𝐶
0
= −0.08688𝑡 + 0.08227, 𝑅 = −0.99486, respectively.

It can be concluded that the degradation reaction of nitroben-
zene under the visible light follows the first-order kinetic law
by the photodegradation of Pr(III) doped Y

2
SiO
5
upconver-

sion nanomaterials.However, as shown in Figure 6, the fit line
for the sample doped 0.96% Pr is linearly only at the first 4
hours. After that, the degradation reaction of nitrobenzene
would not follow the first-order kinetics law.

4. Conclusions

Praseodymium ion, Pr(III), doped Y
2
SiO
5
upconversion

nanomaterials are prepared by using a sol-gel method. The
doping concentrations of Pr(III) play important roles on the
upconversion of the nanomaterials. The emission lumines-
cence intensity of the nanomaterial reaches a maximum of
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Figure 6: The photodegradation reaction kinetics data of nanoma-
terials (a) 0.47%, (b) 0.96% and (c) 4.93%.

6.43×10
6 cps (count per second) with the Pr(III) doping con-

centration of 0.96%. In addition, the optimized doping sam-
ple shows the best photodegradation performance in all the
samples. For 10mg/L of nitrobenzene wastewater, the pho-
todegradation rate is up to 97.14% in 6 hours.Thephotodegra-
dation reaction kinetics data indicated that the degradation
reaction of nitrobenzene under the visible light follows the
first-order kinetic law at the first 4 hours.
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Silver nanoparticles (Ag NPs) were 5.17 ± 1.9 nm in diameter, and four <5% deacetylated chitins (A, B, C, and D) differing in
size of powder and surface structure properties were used in the study. Chitin/Ag NP composites were synthesized by mixing Ag
NP suspensions with each chitin powder at room temperature for 30min. The Ag NPs were homogenously dispersed and stably
adsorbed onto the chitins A and B powders. The resulting chitin/Ag NP composites were brown; darker composites were obtained
when larger amounts of Ag NPs were reacted with chitin. Approximately, 26 and 22 𝜇g of Ag NPs maximally adsorbed to 1mg
of chitins A and B, respectively, whereas only 2.5 and 1.5 𝜇g of Ag NPs maximally adsorbed to chitins C and D, respectively. As
the bactericidal and antifungal activities of the chitin/Ag NP composites increased with increasing amounts of Ag NPs adsorbed
to the chitin, the antimicrobial activity of chitins A and B/Ag NP composites was much higher than that of chitins C and D/Ag
NP composites. These results suggest that the particle size and surface structure of the chitin powder critically influence both the
adsorption and antimicrobial activity of Ag NPs.

1. Introduction

With the rise in microbial resistance to multiple antibiotics,
considerable research has been carried out to develop effec-
tive antimicrobial agents free of resistance. This has led to
resurgence in the use of silver- (Ag-) based antiseptics that
have broad-spectrum antimicrobial activity and a much
lower propensity to induce microbial resistance compared
with antibiotics [1]. In fact, it is well known that Ag ions and
Ag-based compounds are highly toxic to a broad range of
microorganisms [2].

The chemical properties of Ag nanoparticles (Ag NPs)
are significantly different from those of silver ingot or Ag
ion, and thus Ag NPs have been studied by many researchers
due to their wide variety of potential applications [3, 4]. The

special and unique properties of Ag NPs can be attributed to
their smaller size and the larger specific surface area relative
to bulk materials, and many preparation processes have
been proposed for controlling the physical and/or chemical
characteristics of Ag NPs [5–9].

Processes utilizing safe materials which do not require
complicated purification steps can be employed to prepare
AgNPs for biomedical and environmental applications. It was
reported that Ag NPs of less than 10 nm diameter can be pro-
duced through a process that employs d-glucose as the reduc-
ing agent and soluble starch as the stabilizing agent [10].
The size of Ag NPs can be controlled by modifying reaction
system parameters such as pH, temperature, and reactant
concentrations. The choice of stabilizing agent is an impor-
tant factor for controlling the size of Ag NPs because once
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they are generated, Ag NPs tend to fuse together and form
aggregates that can grow to the size of microparticles [11].

The antimicrobial activity of zero-valent Ag is strictly
depending on the surface development of the solid phase.
When the solid phase is in a nanoparticle form, the antimi-
crobial activity of the resulting particles can be remarkably
enhanced; as such, the antimicrobial activity of the smaller
Ag NPs may be several orders of magnitude greater than that
of the corresponding bulk solid. Therefore, adsorption of Ag
NPs to the surface of various biomaterials could be a means
of fabricating novel antimicrobial materials [12, 13].

Size is one of the most fundamental parameters affecting
the optical [14], antimicrobial [15–17], and antiviral properties
of Ag NPs [18, 19]. Sondi et al. reported that the antimicrobial
activity of Ag NPs against Gram-negative bacteria such as
Escherichia coli is dependent on particle concentration and
thatAgNPs form “pits” in the bacterial cell wall, thus compro-
mising its structural integrity [15]. Ag NPs also exhibit potent
antifungal activity, probably through a similar mechanism
involving compromise of membrane integrity [20].

On the other hand, there are some concerns about the
biological and environmental risks associated with Ag NPs.
It was reported that Ag NPs might adversely affect some
aquatic organisms. For example, there are reports that Ag
NPs may be cytotoxic and genotoxic to fish [21] and that Ag
NPsmay inhibit photosynthesis in algae [22]. Other evidence
indicates that Ag NPs may also adversely affect mammals, as
a significant decline in mouse spermatogonial stem cells was
linked with exposure to Ag NPs [23]. Therefore, methods to
prevent the diffusion of Ag NPs into the environment and
inhibit their uptake by living organisms are needed before Ag
NP-containing antimicrobial materials can be used [21–23].

In a previous study, we developed a safe and easy process
for controlling the size distribution of Ag NPs [24]. The pro-
cess uses three materials: AgNO

3
-containing glass powder,

glucose, andwater. Synthesis of AgNPs using this process was
performed by autoclaving the particles in aqueous medium.
Particle size can be regulated by varying the glucose con-
centration; that is, 0.25, 1.0, and 4.0 wt% of glucose produce
small (3.48 ± 1.83 nm in diameter), medium (6.63 ± 1.78 nm
in diameter), and large (12.9 ± 2.5 nm in diameter) parti-
cles, respectively [24]. Furthermore, chitin powder with low
degrees of deacetylation (DDAc < 5%) and with an average
particle size of 250±70 𝜇mwas added as a stabilizer to the Ag
NP suspension to both remove the caramel generated during
autoclaving and prevent aggregation and precipitation of the
Ag NPs [25]. The much stronger bactericidal (against E. coli
strainDH5𝛼) and antifungal (againstAspergillus niger) activi-
ties of chitin/AgNP composites have been demonstrated [25].

Chitin/chitosan is the collective name for a family of
de-N-acetylated chitin with different degrees of deacetylation
(DDAc) [26]. In general, when the number of N-acetyl-
glucosamine units exceeds 50% (DDAc > 50%), the biopoly-
mer is termed chitosan, whereas the term “chitin” is used to
describe the polymer when the DDAc is less than 50%. In
this study, we observed that the antimicrobial activities and
adsorption properties of Ag NPs are correlated with chitin
particle size and surface structures of chitin powder.

2. Materials and Methods

2.1. Materials. Silver-containing glass powder (BSP21, Ag
content: 1 wt%; average grain size: 10 𝜇m)was purchased from
Kankyo Science (Kyoto, Japan). All chitins (A, B, C, and D)
used in this study were <5% DAc and were commercially
available. d-Glucose was purchased fromWako Pure Chem-
ical Industries, Ltd. (Osaka, Japan). All chemicals were used
as received.

2.2. Preparation of Ag NPs. A suspension of size-controlled
Ag NPs was prepared as previously described [24]. Briefly,
0.5 g ofAg-containing glass powderwas dispersed in 50mLof
an aqueous solution of 0.8 wt% glucose in a 100mL glass vial.
The mixture was autoclaved at 121∘C and 200 kPa for 20min
and then gradually cooled to room temperature, after which
it was centrifuged at 1,000 g for 10min. The resulting brown
supernatant containing the Ag NP suspension was stored in
the dark at 4∘C. The average diameter of Ag NPs prepared
with 0.8 wt% glucose was 5.17 ± 1.92 nm, and the suspension
contained about 60𝜇g/mLof Ag NPs.

2.3. Preparation of Chitin/Ag NP Composites. First, 20, 10, 5,
2.5, 1.25, or 0.6mg of chitin A (average particle size: 31 ±
11 𝜇m), chitin B (104 ± 42 𝜇m), chitin C (894 ± 121 𝜇m),
or chitin D (1,510 ± 460 𝜇m) (all chitins: >5% DDAc) was
added to 1mL of Ag NP suspension (about 60𝜇g/mL) and
mixed well (at pH 7.2) for 30min using a shaker (MildMixer
PR-36; TAITEC, Tokyo, Japan).The chitin/AgNP composites
were washed twice with distilled water by centrifugation.
The Ag NPs were homogenously dispersed and immobilized
on the chitin powder. The composites were brown; darker
composites were obtained when larger amounts of Ag NPs
were reacted with each chitin. In addition, chitins C and D
were suspended in 0.2M acetate and mixed on the shaker for
18 h. The resulting powders were washed twice with distilled
water by centrifugation and allowed to air dry. The air-dried
chitin C and D powders were ground thoroughly using a
mortar and pestle to make the particles smaller, and then the
ground chitin/AgNP composites were produced as described
above.

UV-vis spectra were obtained at room temperature using
a Jasco V-630 spectrophotometer (Jasco Corporation, Tokyo,
Japan). Scanning electron microscopy (SEM) specimens of
the chitins were coated with gold plasma to enhance conduc-
tivity using a plasmamulticoater PMC-5000 (Meiwafosis Co.,
Ltd., Tokyo, Japan). SEM was performed using a JSM-6340F
microscope (JEOL, Tokyo, Japan) operated at 5 kV.

Transmission electron microscopy (TEM) specimens
were prepared by casting a small drop of a suspension of
chitin/Ag NPs onto a carbon-coated copper grid; excess solu-
tion was then removed using filter paper, and the specimens
were dried at room temperature. TEM images were obtained
using a JEOL JEM-1010 microscope (Nihon Electronics Inc.,
Tokyo, Japan) operated at 80 kV.

2.4. Bactericidal Activity of Chitin/Ag NP Composites. A cul-
ture of E. coli strain DH5𝛼 (Takara Co., Kyoto, Japan) was
stored at −80∘C in Luria-Bertani (LB) broth containing 50%
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Figure 1: SEM micrographs of chitins A, B, C, and D.

sterile glycerol. Overnight cultures were prepared by growing
a single E. coli colony overnight at 37∘C in 5mL of LB
medium. On the next day, 200𝜇L of the overnight culture
was inoculated into 2mL of LB medium and incubated at
37∘C for 6 h or until the optical density at 600 nm (OD

600
)

reached 0.260. The E. coli culture was then diluted 4-fold
with LB broth, after which 50 𝜇L of the diluted suspension
was added to separate sterile 1.5-mL ClickFit polypropylene
microcentrifuge tubes (TreffLab AG, Degersheim, Switzer-
land) containing dried chitin/AgNP composites with 2, 1, 0.5,
or 0𝜇g of Ag NPs adsorbed to 10mg of each chitin type. The
samples were then incubated at 37∘C for 18 h, after which 1mL
of LBmediumwas added to each suspension andmixed well.
The suspensionswere allowed to stand for 3min to precipitate
the chitin/Ag NP composites. Viable cells were enumerated
by plating 50 𝜇L of 10-fold serial dilutions of the suspensions
onto LB agar (ForMedium Ltd., Hunstanton, UK) in a 90 ×
15mm Petri dish, followed by incubation at 37∘C for 24 h.

2.5. Antifungal Activity of the Ag NP/Chitin Composites.
Aspergillus niger NBRC105649 (Japan Collection of Microor-
ganisms; Wako, Saitama, Japan) was maintained in molten
potato dextrose agar (PDA) medium (Difco, Becton Dick-
inson & Co., Sparks, MD, USA). Aliquots (20 𝜇L) of a
suspension of A. niger spores (6.35 × 104 spores/mL) were
inoculated into each well of a 24-well plate (well diameter:

17mm; SumitomoBakelite Co., Ltd.,Tokyo, Japan) containing
1mL of PDA prepared with 60, 30, 15, or 7.5 𝜇g/mL of Ag NPs
adsorbed onto 5mg of each chitin.The plates were incubated
in the dark at 25∘C for 3 days, after which the A. niger spores
were recovered into 500 𝜇L of 0.3% sterile Tween 80 solution
using a platinum loop. After vortexing, the absorbance of
each spore suspension was measured at 550 nm using a Jasco
V-630 spectrophotometer [25].

3. Results and Discussion

3.1. Characterization of the Chitin/Ag NP Composites. In this
work, <5% DAc chitins A, B, C, ground C (G-C), D and
ground D (G-D) with various particle sizes and with various
surface structures were added to the Ag NP suspensions
to remove the caramel produced during autoclaving and to
prevent aggregation and precipitation of the Ag NPs. The
Ag NPs were adsorbed tightly to chitins A and B by just
mixing at pH 7.0 for 30min. The chitins A and B/Ag NP
composites were substantiallymore stable thanAgNPs alone.
Caramel was removed from the chitin/Ag NP composites by
washing them twice with distilled water. The caramel had
to be removed because of its inadequate growth effect of
microbial growth.

Typical SEM micrographs of chitins A, B, C, and D are
shown in Figure 1. Chitins A and B exhibited smaller powder
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Chitin A/Ag NP composites Chitin B/Ag NP composites

Chitin C/Ag NP composites Chitin G-C/Ag NP composites

Chitin D/Ag NP composites Chitin G-D/Ag NP composites

100 nm

Figure 2: TEMmicrographs of chitins A, B, C, G-C, D, and G-D/Ag NP composites (×250,000). A total of 1mg of each chitin were added to
a 10𝜇g/mL suspension of Ag NPs and mixed for 30min prior to analysis.

particle size and a nanoscale fiber-like surface structure,
whereas chitins C and D showed a larger powder particle size
and a flat/smooth film-like surface structure. ChitinsG-C and
G-D exhibited a smaller powder particle size and a nanoscale
fiber-like surface structure similar to that of chitins A and
B (data not shown). The powder sizes and shapes of the Ag
NPs adsorbed to all of the chitins examined were identical
to those of the original Ag NPs used for synthesizing the
composites (Figure 2).The average particle size of chitin G-C
and chitin G-D was 146 ± 62 and 181 ± 52 𝜇m, respectively

(Table 1), indicating that larger chitin powder particles with
a flat/smooth film-like surface structure can be changed into
smaller particles with a nanoscale fiber-like surface structure
by grinding.The color of the composites was brown; a darker
composite was obtainedwhen larger amounts of AgNPswere
adsorbed to the chitin.

As shown in Table 1, approximately 26, 22, 2.5, 20, 1.5 and
18 𝜇g of Ag NPs maximally adsorbed to 1mg of chitins A,
B, C, G-C, D, and G-D, respectively. Figures 3 and 4 show
UV-vis spectra of Ag NPs in suspension and spectra of the
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Figure 3: UV-vis spectra of original Ag NPs in suspension (original) and supernatants from the postreaction mixtures in which various
amounts of chitins A, B, C, and D reacted with Ag NPs. Excess Ag NPs in the supernatants of the postreaction mixtures decreased as the
amount of chitin added increased.

supernatants of the postreaction mixtures in which various
amounts of chitin reacted with the Ag NPs. The peak at
390.5 nm is representative of the spherical AgNPs used in this
work [12, 24]. There was a proportional relationship between
the absorbance at 390.5 nm and the concentration of Ag NPs
in the suspension [25]. The amount of Ag NPs remaining in
the supernatants of the postreaction mixtures decreased as
the concentration of chitin in the reaction mixture increased
(Figures 3 and 4). Thus, Ag NPs selectively reacted with
chitins G-C and G-D in addition to chitins A and B.

3.2. Antimicrobial Activity of the Chitin/Ag NP Composites.
The antimicrobial activity of Ag NPs has been demonstrated
in a number of studies [13–15, 18, 20]. Investigation of this
phenomenon has gained importance due to the rise in resis-
tance to antibiotics caused by their overuse. The bactericidal
activity of each chitin type alone and each chitin/Ag NP
compositewas evaluated againstE. coli.The individual chitins
alone exhibited only weak bactericidal activity. Composites
with various amounts of Ag NPs in 10mg/mL of chitins A,
B, G-C, or G-D showed strong, concentration-dependent
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Figure 4: UV-vis spectra of original Ag NPs in suspension (original) and supernatants from the postreaction mixtures in which various
amounts of chitins G-C, G-D, C, and D reacted with Ag NPs. Excess Ag NPs in the supernatants of the postreaction mixtures decreased as
the amount of chitin added increased.

bactericidal activity, whereas the chitins C and D/Ag NP
composites demonstrated only weak bactericidal activity
because of lower interactions between the chitin and Ag NPs
(Table 1 and Figure 5).

The antifungal activity of each chitin type alone and
each chitin/Ag NP composite was evaluated against A. niger.
Fungi were incubated in molten PDA containing the test

materials. Chitin alone (5mg/mL) exhibited weak antifungal
activity (Figure 6). When composites with various amounts
of Ag NPs in 5mg/mL of chitin were added to the fungal
cultures in PDA, composites containing chitins A, B, G-
C, and G-D showed strong, concentration-dependent anti-
fungal activity, with half-growth inhibition occurring at Ag
NP concentrations of 10, 12, 14, and 15𝜇g/mL, respectively
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Figure 5: ChitinsA, B, C,G-C,D, andG-D/AgNP composites were evaluated for their bactericidal (againstE. coli) activity in LBmedium.The
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Table 1: Evaluation of each chitin/Ag NP composites.

Maximal amount of Ag NPs (𝜇g)
absorbed in 1mg chitin (𝜇g/mg)

Half-bactericidal activity with
log10CFU/mL for Ag NPs (𝜇g) in

10mg chitin (𝜇g/10mL)

Half-antifungal activity for Ag NPs
(𝜇g) in 5mg chitin (𝜇g/5mL)

Chitin A 26 0.5 10
Chitin B 22 0.5 12
Chitin C 2.5 2.0 >60
Chitin G-C 20 0.5 14
Chitin D 1.5 >2.0 >60
Chitin G-D 18 0.5 15
Chitin A, powder size: average 31𝜇m, nanofiber-like structures.
Chitin B, powder size: average 104 𝜇m, nanofiber-like structures.
Chitin C, powder size: average 894𝜇m, smooth film-like structures.
Chitin G-C, powder size: average 146𝜇m, nanofiber-like structures.
Chitin D, powder size: average >1500𝜇m, smooth film-like structures.
Chitin G-D powder size: average 181 𝜇m, nanofiber-like structures.
Ag NPs: average diameter 5.17 ± 1.9 nm, G-: ground.
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Figure 6: Chitins A, B, C, G-C, D, and G-D/Ag NP composites
were evaluated for their antifungal activity against A. niger by
incubating fungal spores on PDA with composites consisting of
various amounts of Ag NPs in 5mg/mL suspensions of each chitin.
The composites exhibited a strong Ag NP concentration-dependent
antifungal activity. Data are the mean ± standard deviation; 𝑛 = 6.
Asterisks (∗) denote statistically significant differences (𝑃 < 0.01) as
determined using a two-sample t-test.

(Figure 6). Composites containing chitins C and D exhibited
only weak antifungal activity.These results demonstrated that
the antifungal activity of chitin/Ag NP composites increases
as the amount of Ag NPs adsorbed to the chitin particles
increases.The antimicrobial activity of AgNPs adsorbed onto
the smaller chitin powder particles with a nanoscale fiber-
like surface structure was enhanced for two main reasons:
(i) the available binding area for Ag NPs increases with
decreasing chitin powder particle size together with the

presence of the nanoscale fiber-like surface structure; (ii)
chitin/Ag NP composites with higher amounts of Ag NPs
are able to interact withmicroorganismsmore efficiently.The
sizes and morphologies of bound Ag NPs onto each chitin
were maintained for at least 3 months.

The mechanism of the bactericidal action of Ag ions is
closely related to their interaction with proteins, particularly
with thiol groups (sulfhydryl, -SH), which is believed to be
bridged by Ag ions, thus binding protein molecules together
and disrupting their function. Because many proteins func-
tion as enzymes, disruption of function leads to a breakdown
in cellular metabolism, followed by death [13, 14]. However,
the bactericidal and antifungal mechanisms of Ag NPs have
not been investigated extensively. It has been reported that
the activity of Ag NPs against gram-negative bacteria such
as E. coli is dependent on the Ag NP concentration and
involves the formation of “pits” in the bacterial cell wall [13].
The bactericidal activity of Ag NPs (against E. coli) is likely
due to direct binding of the microbial envelope glycoproteins
by the Ag NPs adsorbed to the nanoscale fiber-like surface
structures of the small chitin powder particles, facilitating
an interaction with the membrane that compromises its
integrity. The potent antifungal activity (against A. niger)
of the chitin/Ag NP composites is also probably related to
compromise of membrane integrity [20]. In large chitin/Ag
NP composites containing lower amounts of Ag NPs, spatial
restriction due to the larger size of the chitin powder particles
may prevent or weaken the interaction between microorgan-
isms and the Ag NPs. In contrast, composites prepared with
small chitin powder particles and with higher amounts of Ag
NPs appear to interact more efficiently with themicrobial cell
surface [25].

4. Conclusion

In this work, various chitins with small powder particle
sizes and nanoscale fiber-like surface structures were used to
stabilize Ag NPs in suspensions and remove the caramel gen-
erated during autoclaving, thus preventing aggregation and
precipitation of the Ag NPs.The Ag NPs were homogenously
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dispersed and stably adsorbed onto nanoscale fiber-like sur-
face of the smaller chitin powder particles. The bactericidal
and antifungal activities of the chitin/Ag NP composites we
examined increased as the amount of Ag NPs adsorbed to
the chitin particles increased. These results demonstrate the
potential applications of small chitin powders with nanoscale
fiber-like surface structures as a novel stabilizer and carrier
for Ag NPs. Furthermore, chitin/Ag NP composites could be
used directly as antimicrobial materials.
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Polystyrenemicrospheres coated with detonation nanographite particles have been prepared by Pickering emulsion polymerization
using azobisisobutylonitrile (AIBN) as initiator in aqueous solutions. In the present techniques, the pristine detonation nano-
graphite particles were employed as stabilizer of Pickering emulsion and thenwere armored on the as-prepared polystyrene cores by
the thermal polymerization. The composite microspheres of polystyrene/detonation nano-graphite (PS/DNG) were characterized
by field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), thermogravimetric and differential thermal
analysis (TGA-DTA), and Fourier transformation infrared spectrum (FT-IR). FE-SEM indicates that the resulting samples retain
spherical shape, with the uniform size ranging from 100 to 150 𝜇m and good dispersity. FT-IR presents the possible formation
mechanisms of PS/DNG composites. The functional groups on the surface of polystyrene and modified detonation nano-graphite
particles have played an important role for the formation of PS/DNG composites. Moreover, the wettability of different nano-
graphite was also tested.

1. Introduction

In the past years, constructions of inorganic-organic com-
posites have open up a novel route to get new materials with
predefined structure and performance [1, 2]. In such hybrid
inorganic-organic materials, the armored nanoparticles can
endow the composites with some special properties [3],
such as excellent photovoltage properties [4], photocatalytic
performance [5, 6], special optical property [7], andmagnetic
property [8]. In such hybrid inorganic-organic materials, the
inorganic particles contribute to increasing the complexity
and functionality of the composites through incorporation
as one component in a multilevel-structured material where
there is a synergistic interaction between the organic and
inorganic components [9, 10].

Graphite, which is naturally abundant, has been widely
used as electronically conducting filler for preparing and
conducting polymer composites in the last decades [11–13].

To achieve a high performance graphite-based inorganic-
organic composite, disperses of the expanded graphite
nanosheets, layered graphite oxide, or nature flake graphite in
the various polymer matrixes have attracted active research
interest. Typically, graphite/PMMA [14], graphite/PS [15],
graphite/PVC [16], graphite/nylon 6 [17], and other hybrid
composites have been obtained in the presence of graphite
particles.Meanwhile, the introduction of inorganic expanded
graphite particles into polymer matrix has lead to a remark-
able improvement in thermal, mechanical, and electrical
properties in comparison with the pure polymer materials
and hence can offer a wide range of potential applications,
such as electromagnetic interference (EMI) shielding of
computers and electronic equipments, electrode materials,
conductive adhesive for electronics packaging, flip-chips,
cold solders, static charge dissipating materials, cathode
ray tubes and fuel cells, corrosion resistant and radar
absorbent coating, and switching devices [18–21]. Up to now,
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a variety of methods have been established to fabricate the
above-mentioned graphite-based inorganic-organic compos-
ites including the mechanical mixing [22], melt mixing [23],
and in situ controlled radical polymerization [24]. Among
those techniques, the emulsion polymerization has been paid
much attention because of its versatile and robust traits
to prepare well-defined hybrid composites. The graphite-
based inorganic-organic composites were facilely attained by
the free radical emulsion polymerization of styrene in the
presence of the graphite particles. However, in comparison
with the great achievement in the expended graphite/polymer
composites, few studies have been reported on the fabrication
of composites of polystyrene/detonation nanographite with
the core/shell structure.

Detonation nanographite materials synthesized by deto-
nation of oxygen-deficient explosives, with their advantages
of good thermal and electrical conductivity, microwave
absorption, and lubricating ability, have been widely used
in industry, for example, as coating materials for electri-
cal conductors, as graphite emulsions for kinescopes, as
electromagnetic shields, as gaskets, and as absorbents for
removing spilled oil from water system [25–27]. In order
to further develop and widen the applications of deto-
nation nanographite (DNG), we attempt to fabricate the
polystyrene/detonation nanographite (PS/DNG) composites
via Pickering emulsion of styrene in the presence of the det-
onation nanographite particles. In this route, nanographite
solid particles are absorbed irreversibly on the monomer-
water interface and act as effective stabilizers to construct
the Pickering emulsion firstly. Then, the particles are cap-
tured on the surface of polymer microspheres during the
processes of thermal polymerization. Compared with con-
ventional preparation techniques, the polystyrene/detonation
nanographite (PS/DNG) composites could be obtained in a
one-pot synthesis with the absence of common stabilizers
via Pickering emulsion [28–30]. Moreover, the structures of
resultant PS/DNG composites have been characterized by
FESEM, XRD, TGA-DTA, and FT-IR, respectively. A possible
formation mechanism was proposed to explain the structure
of products accordingly.

2. Experimental Section

2.1. Materials. Detonation nanographite particle samples
(primary particle size, 16 nm; specific surface area
583.6m2⋅g−1 by BET, density 1.58 g⋅cm−3) used for this
investigation were provided by Shaanxi Yilin Company, a
professional detonation diamond producer. Ethyl alcohol,
sulphuric acid, and oleic acid were purchased from Xi’an
Reagent Company (analytical grade). Styrene of analytical
grade (Tianjin Reagents Company) was distilled under
reduced pressure before use. Azobisisobutylonitrile (AIBN,
Tianjin Reagents Company) was of chemical grade and was
utilized without further purification. Deionized water was
used throughout the experimental work.

2.2. Synthesis of PS/DNG Composites. Acid treatment of
primitive detonation nanographite was used to improve their

wettability behaviors in water by the soak methods with
the sulphuric acid and oleic acid, respectively. In a typical
procedure, 0.5 g DNG was mixed with 40mL concentrated
sulphuric acid (98%). The mixture was then heated to 60∘C
for 20min and cooled naturally to room temperature (25∘C).
Afterwards, the suspensions were centrifuged. The obtained
solid particles were named as sulphuric acid-modified nano-
graphite. Similarly, mixture of 0.5 g DNG and 40mL oleic
acid was used to prepare the oleic-modified nano-graphite.

Polystyrene/detonation nanographite (PS/DNG) com-
posites were synthesized through Pickering emulsion poly-
merization. A typical preparation procedure is detailed as
follows: a quantity of 0.0020 g of detonation nanographites
was dispersed in 30mL of deionized water to form the
detonation nanographite/water dispersions. A quantity of
0.3000 g of azobisisobutyronitrile was dissolved in 2mL of
styrene and subsequently was mixed with the aqueous deto-
nation nanographite dispersions. The stable styrene-in-water
Pickering emulsion stabilized by detonation nanographite
was generated via ultrasonic processor for 20min. The
system was degassed by purging with nitrogen gas for 10min
and was subsequently polymerized at 75∘C for 8 h. After
reaction, the mixture systems were centrifuged.The obtained
polystyrene/detonation nanographite (PS/DNG) composites
were washed with water and ethyl alcohol, respectively, and
followed by being dried in vacuum at 40∘C for 4 h.

2.3. Characterizations of PS/DNG Composites. The type of
Pickering emulsionwas inferred by observingwhat happened
when a drop of emulsionwas added intowater or styrene.Oil-
in-water emulsions were dispersed in water and remained as
drops in oil, while water-in-oil emulsions were dispersed in
oil and remained as drops in water [31, 32]. X-ray diffraction
(XRD) patterns were obtained by a Rigaku D/MAX-3C X-ray
diffraction meter, using Cu K𝛼 radiation (𝜆 = 1.54178 Å)
in the 2𝜃 range from 20∘ to 70∘ with 0.02∘/min. FT-IR
traces of products were collected by a Nicolet 360 Fourier
transmitting infrared spectrometer. The differential thermal
analysis (DTA) and thermogravimetry analysis (TGA) were
performed using a TA-50H thermal analyzer (Shimadzu) at a
heating rate of 20∘C/min under the stream of nitrogen.

3. Results and Discussion

The scheme, as illustrated in Figure 1, was the formation
processes of polystyrene (PS) microspheres encapsulated
with the detonation nanographite by Pickering emulsion
method. In this route, the detonation nanographite was
employed as Pickering stabilizer and encapsulated in the
Pickering droplet by sonication emulsification. After thermal
polymerization, polystyrene (PS)microspheres armoredwith
detonation nanographite were formed.

3.1. Character of Pickering Emulsion. According to the fun-
damentals of Pickering emulsions, the wettability behaviors
of inorganic nanosized particles in oil-water (styrene-water)
system should play critical roles for the fabrication of sta-
ble Pickering emulsions [33, 34]. Hereby, it is essential to
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Figure 1: Formation of PS microspheres with encapsulated nanographite by Pickering emulsion.
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Figure 2: Distribution of pristine detonation nano-graphite, sul-
phuric acid-modified nanographite, and oleic-modified nano-
graphite in styrene-water system.

check the location of detonation nanographite particles in
oil-water system during the formation processes of stable
nanographite-styrene (AIBN)-water Pickering emulsion. In
the experiment of hydrophilicity or hydrophobicity testing of
detonation nanographite particles, a droplet of nanographite
suspension was diluted into a styrene-water mixture, fol-
lowed by violent shaking and undisturbed settling. The
optical micrograph of distribution of pristine detonation
nano-graphite, sulphuric acid modified-nanographite, and
oleic-modified nanographite in styrene-water system are
shown in Figure 2, respectively. From Figure 2(a), it can be
seen that the oleic-modified nanographite particles disperse
preferentially in the upper layer of styrene due to their
hydrophobicity, while sulphuric acid-modified nanographite
particles disperse mainly in the under layer of water due to
their hydrophilicity in Figure 2(b). Only pristine detonation
nanographite particles can assemble spontaneously at water-
styrene interface and congregate into an elastic particle-
formed film at interface as shown in Figure 2(c). Therefore,
the pristine detonation nanographite particles should be the
optimal nanosized inorganic particles to form a stable nano-
graphite-styrene (AIBN)-water Pickering emulsion in com-
parison with the oleic-modified or sulphuric acid-modified
nanographite particles.

Based on the above-mentioned test, the nanographite-
styrene (AIBN)-water Pickering emulsion can be formed
via adding pristine detonation nanographite particles into
styrene (AIBN)-water system by succeeding sonication

emulsification technique. In our experiments, the optical
images were taken firstly to analyze the status of nano-
graphite-styrene (AIBN)-water Pickering emulsion. Figure 3
shows the typical optical micrographs of Pickering emulsion
for the fabrication of polystyrene/detonation nanographite
(PS/DNG) microspheres. It can be seen that the emulsions
are oil-in-water type, as referred from the fact that the
emulsions were dispersed rapidly in water and remained as
drops of styrene.The droplets were polydispersive in size due
to employing sonication emulsification technique, in which
the droplets size is governed by the sonication time and
ultrasonic intensity on the emulsion droplets [35]. Compared
to the pure styrene droplets, the decline in transparency
is ascribed to the cases that large amount of nanographite
particles were densely anchored onto the surface of styrene
droplets as seen in Figure 3(b), while a few nanographite
particles were encapsulated within the droplets. Moreover, it
has been ascertained that the Pickering emulsion stabilized
by the detonation nanographite particles depended largely on
the nanographite concentrations [36]. When nanographite
concentration was low, the droplets were sparsely covered
by particles and were more liable to coalesce into big
droplets.

3.2. Morphology of PS/DNG Composite Microspheres.
The formation of polystyrene/detonation nanographite
(PS/DNG) composite microspheres can be classified as
polymerization initiated by AIBN. During the emulsification
process of styrene and nanographite dispersion, styrene is a
hydrophobicmonomer, and the droplets of styrene dispersing
in the aqueous phase can be well-protected by nanographite
particles to form a stable suspension in water. That is to say,
the detonation nanographite particles as surfactants have
anchored at the interface of styrene monomer and water. The
styrene monomer and AIBN initiator were well-protected by
detonation nanographite particles. From above-mentioned
mechanisms, it can be inferred that polymerization reaction
should occur mainly in styrene droplets since AIBN is also
a hydrophobic initiator. As a result, the core-shell structure
polystyrene/detonation nanographite microspheres should
be fabricated by subsequently thermal polymerization in
the Pickering emulsion system of nanographite-styrene
(AIBN)-water.
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Figure 3: Optical picture of a droplet of the styrene-in-water Pickering emulsion stabilized by detonation nanographite particles.

SEM micrographs of PS/DNG samples are shown in
Figure 4. Figure 4(a) displays general images of PS/DNG
composite microspheres; it can be clearly seen that the
polystyrene/detonation nanographite (PS/DNG) composite
microspheres have ordered spherical shape and possess a
good dispersion. SEM image in Figure 4(b) reveals the
morphology of PS/DNG microspheres under high magnifi-
cations observation. In Figure 4(c), the spherical structure
of polystyrene/detonation nanographite microspheres can be
further verified, and the diameter of PS/DNG microspheres
ranges from 100 𝜇m to 150 𝜇m. Careful observation of a
typical PS/DNG microsphere in Figure 4(d) shows that the
surfaces of the PS cores are attached by many detonation
nanographite particles, and the shells have roughly textu-
ral properties, exhibiting a distinct core-shell morphology.
Moreover, the diameter of nanographite attached onto the PS
cores is about 10–20 nm estimated from Figure 4(d).

3.3. FT-IR of PS/DNG Composite Microspheres. The for-
mation textures of polystyrene (PS) microspheres encap-
sulated with the detonation nano-graphites by Pickering
emulsion method can be demonstrated by the changes of
Fourier transformation infrared spectrum. The transfor-
mations of surface functional groups of pristine detona-
tion nano-graphite, sulphuric acid-modified nano-graphite,

oleic-modified nanographite particle, pure polystyrene, and
polystyrene/detonation composite samples are observed in
Figure 5, respectively. In Figures 5(a) and 5(b), the typ-
ical adsorption bands of polystyrene at 3030–2800 cm−1,
1400–1300 cm−1, and 756–698 cm−1 are clearly seen [37,
38], confirming that PS indeed has been synthesized in
the emulsion polymerization using azobisisobutylonitrile
(AIBN) as initiator in aqueous solutions. For the spectrum
of pristine and surface modified detonation nanographite
samples, the broadband from 3500 to 3300 cm−1 is the
absorption peak corresponding to the stretching of –OH.The
band at 1329 cm−1 is attributed to the stretching vibration
of –OH. The characteristic absorption peaks of graphite at
1212 and 1096 cm−1 are due to the stretching of the –C–
O bonds. The absorptions at 1475, 812, and 505 cm−1 are
overlapped and related to the C–H outer bending vibrations
[39–41]. In the FT-IR spectrum of sulphuric acid-modified
nanographite (Figure 5(e)), the bands at 2750∼3000 cm−1
are the C–H out-of-plane bending vibrations. The peaks at
1700 cm−1 and 1200 cm−1 are corresponded to the –C=O
and –C=C stretching vibration [42]. In the FT-IR spec-
trum of oleic-modified nanographite particle (Figure 5(d)),
one strengthening –OH vibration absorption bands at 3500
to 3300 cm−1 appears when the nanographite is treated by
oleic acid [43]. In comparison, the characteristic peaks in
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Figure 4: SEM micrographs of polystyrene/detonation nanographite (PS/DNG) composite microspheres.
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Figure 5: FT-IR of samples of (a) pure polystyrene, (b) polystyrene/
detonation nanographite (PS/DNG), (c) pristine detonation nano-
graphite, (d) oleic-modified nanographite particle, and (e) sulphuric
acid-modified nanographite samples.

the polystyrene/detonation nanographite (PS/DNG) com-
posite microspheres expected at 3425 cm−1, 1700 cm−1 and
1200 cm−1 have shifted, respectively, to 3432, 1708, and
1206 cm−1. All of these shifts imply that the –OH, –C=O,
–C=C functional groups of PS have interacted with the
nanographite particles [44, 45]. Hence, it is further illustrated
that PS cores were not simply encapsulated by detonation
nanographite particles, but a molecular interaction may

exist at the interface of PS copolymer and nanographite
particles.

3.4. XRD of PS/DNG Composite Microspheres. XRD patterns
of nanographite particles, polystyrene/detonation nano-
graphite (PS/DNG) composites, and pure polystyrene are
shown in Figure 6, respectively. In Figure 6(a), detonation
nanographite particles are belonged to graphite-2 h structure
(JCPDS file no. 41-1487) [46]. The three main peaks at 2𝜃 =
26.6
∘, 44.6∘, and 76.4∘ can be attributed to (002), (101),

and (110) planes [46]. Thereinto, the (002) peak represents
the perpendicular direction (𝑐-axis) of graphite hexagonal
planes [47].The spectrum in Figure 6(a) is a broadened band,
which shows that the nanographite grains are very small.The
crystallite size can be estimated from broadening peaks by
Scherrer equation [48]:

𝐷 =
𝑘⋅𝜆

𝛽⋅cos 𝜃
, (1)

where 𝐷 is the crystallite size, 𝜆 is the wavelength of X-ray
radiation (Cu K𝛼 radiation 𝜆 = 1.5418 Å), 𝑘 is a constant
and usually taken as 0.89, 𝛽 is the full width at half maximum
(FWHM), after subtraction of equipment broadening, and 𝜃
is the Bragg angle of peak. FromXRDresults, the average sizes
of the building blocks are estimated to be for about 15.0 nm.
XRD patterns of pure polystyrene are shown in Figure 6(b).
The largest specific diffraction peak at 2𝜃 between 15∘–22∘
indicates that the polystyrene is amorphous. In compari-
son with the pristine detonation nanographite samples and
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Figure 6: XRD patterns of detonation nanographite particles, poly-
styrene/detonation nanographite (PS/DNG) composites, and pure
polystyrene samples.

pure polystyrene, XRD patterns of polystyrene/detonation
nanographite (PS/DNG) composite microspheres are almost
the same as that of pure polystyrene. Nevertheless, the main
peaks corresponding to (110) planes of nanographite particles
can be distinguished. From the XRD patterns, it can be
further ascertained that the crystal structures of detonation
nanographite particles are not altered by the polystyrene.
In the polymerization process of nano-graphite-styrene
(AIBN)-water Pickering emulsion, detonation nanographite
particles play an important role as surfactants, which are
adsorbed on the surfaces of styrene (AIBN) droplets to form
stable latex. The final composite products have distinct core-
shell morphology (detonation nanographite particles acting
as shell particles and polystyrene as cores). As a result, XRD
pattern of polystyrene/detonation nanographite (PS/DNG)
composite microspheres combines the characteristics of both
detonation nanographite particles and polystyrene.

3.5. TGA-DTA of PS/DNG Composite Microspheres. In order
to provide more details information about the covalent
nature of the grafting, thermogravimetric measurements and
differential thermal analysis (TGA-DTA) were carried out.
TGA-DTA curves of polystyrene/detonation nanographite
(PS/DNG) composites and polystyrene are shown in Figure 7.
The gradual and slight weight loss is the release of water
molecular and residual organic solute in pure PS samples
between 50∘C and 200∘C. Correspondingly, a small exother-
mic peak appeared. Then, an abrupt decrease in weight
of composite samples is observed in a narrow temperature
range of 350–450∘C, accompanied with single shoulder peaks
at about 410∘C. Pure PS polymer matrix has completed
decomposition at approximately 450∘C, and it is pyrolyzed
directly to gaseous species without forming any molten
states during the thermal decomposition [49, 50]. Compared
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Figure 7: TGA-DTA curves of polystyrene/detonation nano-
graphite (PS/DNG) composites and pure polystyrene samples.

to the thermogram of pure PS polymer, decomposition
of polystyrene/detonation nanographite (PS/DNG) compos-
ites begins at about 370∘C, which is 5∘C lower than that
of pure polystyrene. Correspondingly, the glass transition
temperature of the composites is also lower than that of
pure polystyrene in DTA curves. The excellent thermal con-
ductivity functions of the detonation nanographite particles
should contribute to the heat transferring from the shell of the
nanographite particles to the core of polystyrene. After 450∘C,
the PS/DNG composite samples are no longer loss of weight
with the increasing of temperature. The total weight loss of
composite samples attains to approximately 100% at 450∘C.
Specifically, the shell of inorganic nanosized detonation
graphite particles and the core of organic polystyrene are
burned to gaseous CO

2
and H

2
O entirely.

4. Conclusion

In summary, the polystyrene/detonation nanographite (PS/
DNG) with core-shell structure was successfully obtained
via Pickering emulsion polymerization using detonation
nanographite particles as emulsifier for the stabilization of
styrene (AIBN)-water Pickering emulsions. The as-prepared
products have a well-defined spherical morphology and
uniform diameters of 100∼150 𝜇m. The possible formation
mechanisms of PS/DNG composites based on the interaction
between the functional groups of the PS and detonation
nano-raphite particles have been proposed. Using styrene
as monomer, azobisisobutylonitrile (AIBN) as initiator, and
detonation nanographite particles as stabilizer, the method
has combined the advantages of suspension polymeriza-
tion and Pickering emulsion polymerization. Moreover, the
present strategy also can be extended for the simple and
robust synthesis of other hybrid microspheres with similar
structure.
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Three different chemical ratios of PtxCo1−x thin films were grown on p-type native oxide Si (100) by Magneto Sputtering System
with cosputtering technique at 350∘C temperature to investigate electrical prosperities. X-ray photoelectron spectroscopy analysis
technique was used to specify chemical ratios of these films. The current-voltage (I-V) measurements of metal-semiconductor
(MS) Schottky diodes were carried out at room temperature. From the I-V analysis of the samples, ideality factor (n), barrier height
(𝜙), and contact resistance values were determined by using thermionic emission (TE) theory. Some important parameters such
as barrier height, ideality factor, and serial resistance were calculated from the I-V characteristics based on thermionic emission
mechanism.The ideality factors of the samples were not much greater than unity, and the serial resistances of the samples were also
very low.

1. Introduction

Thin films have nowadays very wide usage area in technolog-
ical applications [1–6]. They show very distinct differenence
from bulk films such as Curie temperature and the electrical
properties. They get more and more important with the
preparation systems progress. In particular after Ultra High
Vacuum (UHV) systems became popular, they have been
prepared with good quality and cleanness [1]. There are
several preparation techniques to meet user’s need. Some of
them for UHV systems are magnetron sputtering deposition,
molecular beam epitaxial and e-beam evaporation, and pulse
laser deposition [7]. Due to the advantages of the prepa-
ration techniques, thin films started being used widely in
technological applications such as optics [2], optoelectronics
[3], electronics [4], magnetic applications [5], and sensors
[6]. Firstly, thin films were prepared as a single layer with
monoelement structure. After a little while due to some
technological requirements, they started being prepared as
multilayer structures and alloy forms with two or more
elements. Multilayer forms started to be popular after Giant

Magneto Resistance (GMR) [8, 9] effect and Tunneling
Magneto Resistance (TMR) [10] effect were observed in
the 1980s. The other thin film form is alloy film which
started solving some of technological problems, and they
gained more importance when compared to single layer
films. When two or more elements compose themselves to
be alloys, generally every one of them loses some of its
own properties and gains new properties. PtCo alloys are
very good examples to clarify this situation due to magnetic
properties [11]. Platinum is naturally nonmagneticmaterial so
it has not got any magnetic moment [12]. When it composes
its with ferromagnetic cobalt, it gains some net magnetic
moment and starts behaving as a magnetic material as a
paramagnetic and also changes the magnetic properties of
cobalt [13]. For example, the magnetocrystalline anisotropy
is a key parameter for data storage media. Pt affects the
magnetocrystalline anisotropy of cobalt. The magnetocrys-
talline anisotropy constant of Cobalt (410 KJ⋅m−3) [14] is
ten times smaller than the magnetocrystalline anisotropy
constant of PtCo (4,9MJ⋅m−3) [14]. SmCo

5
are used now for

data storage media, and the magnetocrystalline anisotropy
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constant PtCo is very close to SmCo
5
’s (17,2MJ⋅m−3) [14],

so PtCo alloy still is an active research area and the one of
good candidates is for next generation data storage media
[15]. Besides their magnetic properties, PtCo alloys also have
catalytic properties [16–20]. Another most important point
is that they can be prepared easily in different chemical
ratios, and their phase is very stable [21]. We believe that if
these structures come into use in next generation magnetic
data storage media, their electrical properties may be gained
significantly.

The other hand semiconductor base materials exhibit an
interesting combination of magnetic and electrical proper-
ties, which are essential for future generation spintronics
device applications [22]. Two of these electrical properties are
Schottky barriers (SB) and tunneling diode.

They can be used in microwave detector diodes [23].
Schottky diodes with low barrier height have some applica-
tions in devices operating as infrared detectors and imaging
sensors at high frequencies [24, 25]. Schottky Metal (SM)
contacts have an important role in electronic technology [26,
27]. Metal-semiconductor (MS) contact is one of the most
widely used rectifying contacts in electronic industry [28, 29].
Electronic properties of a Schottky diode are characterized
by its series resistance, barrier height, and ideality factor
parameters [30, 31]. Schottky barrier height, and other char-
acteristic parameters can affect device performance, stability
and reliability [32–35]. Electrical properties of PtCo alloys
have not been investigated so far. So in this study, we focused
on surface and volume resistivity of different stoichiometry
of PtCo alloys films. In order to realize this goal, we prepared
three different chemical ratios of Pt

𝑥
Co
1−𝑥

(𝑥 = 0.2, 0.5,
0.7) alloy films with magnetron sputtering technique at UHV
conditions. X-ray photoelectron spectroscopy was used to
determine the chemical ratio of the films and the deposition
rate of Pt and Co.

In the scope of this work, the Pt
𝑥
Co
1−𝑥

(𝑥 = 0.2, 0.5,
0.7) alloy films were prepared for the new generation data
storage and catalytic material by Magneto Sputtering System.
Theywere examinedwith current-voltage (I-V)measurement
techniques.Thismethod is a reliable tool for investigating the
behaviors of electrical properties and for optimizing metal-
semiconductor and magnetic-semiconductor materials.

2. Experiments

All the experiments were performed in a cluster Ultra High
Vacuum (UHV) chamber. The chamber is combined with
magnetron sputtering deposition chamber and analytical
chamber. There is a load-lock chamber between them. PtCo
alloy films were grown on native p-type Si (100) substrate
by magnetron sputtering deposition technique with base
pressure <1 ×10−8mbar. All the substrates were cleaned with
ethanol and methanol baths before being transferred into
UHV conditions. Then they were subjected to annealing
process at 600∘C for 30 minutes by a pyrolytic boron nitride
(PBN) heater which is located under the substrate at the
sample holder. It has the capability of annealing up to
1200∘C. The sample holder is cooled by chilled water to

hold the sample temperature for different processes. For
deposition, Ar process gas (6N purity) was exposed to
the magnetron sputtering chamber so the base pressure
level increased to 1.3 × 10−3–1.4 × 10−4mbar. In order
to prepare Pt

𝑥
Co
1−𝑥

(𝑥: 0.2, 0.5, 0.7) alloy films, the Pt
(99,99% purity) and Cobalt (99,98% purity) elemental targets
were used. Their sizes are three inches to provide uniform
deposition surface. The distance between the substrate and
target was 100mm and always kept for all growth process.
Thickness calibration of the films was conducted with Quartz
Crystal Monitoring (QCM) during deposition in situ. X-
ray photoelectron spectroscopy (XPS) was used for QCM
calibration. Before synthesizing PtCo alloy films, both Pt and
Co deposition ratios were calculated. Pt

𝑥
Co
1−𝑥

(𝑥: 0.2, 0.5,
0.7) alloy films were grown using cosputtering technique.The
number of sequences was kept 100 for all samples; on the
other hand, the Pt and Co deposition time was calculated
depending on the chemical ratio of Pt

𝑥
Co
1−𝑥

(𝑥: 0.2, 0.5,
0.7) alloy films. The power applied to Co target was 30
Watt and the corresponding deposition rate was 0.3 Å/sec.
The Pt deposition rate was 0.1 Å/sec with 2 Watt. The Pt
and Co targets were operated at the same time, and the
temperature was held at 350∘C. The films thicknesses were
300 Å.

The current-voltage (I-V) and resistivity of the thin films
were studied using a four-point probe measurement with
the Lucas Signatone system. I-V and surface resistance were
measured using a Keithley 2400 Source-Meter in a four-point
probe technique and converted to the surface resistivity. The
I-V and surface resistance measurements were carried out at
room temperature.

3. Result and Discussion

XPS was used to determine the selected chemical ratios of
alloy films in situ. Figure 1 shows survey XPS spectra for
Pt
0.5
Co
0.5

and Pt
0.7
Co
0.3
. High resolution XPS spectra for

the major photoemission Co 2p and Pt 4f regions were
also taken (Figure 2) for analysis in commercial software
CasaXPS 2.3.14. We used the Shirley background function
to fit and analyze the peaks. The Voigt function identifying
the photoemission nature was used to calculate the peak area
of Co and Pt. The calculated peak areas of Co and Pt were
divided by the atomic sensitivity factors (ASFs)which depend
on both elemental properties and XPS setup (3.59 for Pt 4f,
and 5.75 for Co 2p).The calculated Pt toCo ratios within alloy
films are 20 : 80, 50 : 50, and 70 : 30.

Beside these analyses, the XPS spectra were given both Pt
peaks and Co peaks from both their pure and the Pt

0.6
Co
0.4

films (Figure 3). Because of their alloy form, both Pt and
Co peaks came from Pt

0.6
Co
0.4

films; they are shifted from
the low binding energy value to the high binding energy
value. Their peak shape also expanded due to their chemical
bonding.

The typical forwarded bias voltage (V) and current (I)
characteristics obtained from the samples are shown in
Figure 4. I-V curves of the samples are linear at low bias
voltage and nonlinear at high bias voltage. All the curves
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Figure 2: XPS spectrum from Pt
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for both Pt and Co major peaks. The ratios of peak areas under the Pt 4f and Co 2p regions provide
the ratio of Pt and Co atoms.

show an intersection at low forwarded biases (about 0.1-
0.2 V). The I-V curvature quickly (at low forward bias)
becomes dominant with a resistance from contact wires or
bulk resistance of the samples. If the current passes through
MS Schottky diode at a forward bias voltage (3𝑘𝑇/𝑞 ≤ 𝑉), a
high resistive potential barrier created by grains is considered
in these systems [36]. The observed results require a serial
resistance [37]. Serial or parasitic resistance,𝑅

𝑠
, includes bulk

and contact resistances.The I-V results deviated from ideality
can be explained by thermionic emission theory with a serial
resistance. The TE model considers that I-V characteristic of
an MS type Schottky diode is given as follows [38]:

𝐼 = 𝐼
𝑜
exp(
𝑞 (𝑉 − 𝐼𝑅

𝑠
)

𝑛𝑘𝑇
)[1 − exp(−

𝑞 (𝑉 − 𝐼𝑅
𝑠
)

𝑘𝑇
)] ,

(1)

where 𝑞 is electron charge, 𝑘 is Boltzmann constant, 𝑇 is
absolute temperature, 𝑛 is ideality factor (close to 1), and
finally 𝐼

𝑜
is saturation current. 𝑉 − 𝐼𝑅

𝑠
is voltage drop across

the diode. The saturation current can be written as

𝐼
𝑜
= 𝐴𝐴

∗
𝑇
2 exp(−

𝑞𝜙
𝑏

𝑘𝑇
) , (2)

where 𝜙
𝑏
, 𝐴, and 𝐴∗ are apparent barrier height, effective

contact area, and Richardson constant, respectively. All these
physical parameters have an importance for technological
application. Richardson constant is equal to 32Acm−2K−2
for p-type Si [39]. The saturation current can be obtained
from an extrapolation to current axis in I-V plot at zero bias
voltage. At relatively high forward bias voltages, the parasitic
or serial resistance goes to a constant value. In general, low
serial resistance is required for a device application [40, 41].
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Figure 4: Current-voltage graph and inset: 𝑑𝑉/𝑑(ln 𝐼) − 𝐼 plot.

The series resistance, ideality factor, and barrier height are
determined by using Cheung’s functions as follows [42]:

𝑑𝑉

𝑑 (ln 𝐼)
= 𝐼𝑅
𝑠
+
𝑛𝑘𝑇

𝑞
, (3)

𝐻(𝐼) = 𝑉 (𝐼) −
𝑛𝑘𝑇

𝑞
ln( 𝐼
𝐴𝐴∗𝑇2
) , (4)

and another form of𝐻(𝐼) function is given as follows:

𝐻(𝐼) = 𝑛𝜙
𝑏
+ 𝐼𝑅
𝑠
. (5)

The 𝑑𝑉/𝑑(ln 𝐼) − 𝐼 plot is shown in inset of Figure 4. All
curves are straight lines with low and different slopes. The
ideality factor can be obtained by using (3) from the slope
of the linear curves. The obtained values of the ideality factor
are given in Table 1. It is clear from the table that the values
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Table 1: I-V characteristics parameters of the samples.

𝑅
𝑠
(Ω) 𝑛 𝜙

𝑏
(eV)

𝑥 = 0.2 3.89 1.32 0.26
𝑥 = 0.5 6.64 1.83 0.27
𝑥 = 0.7 4.60 1.03 0.25

of the ideality factor for the samples are really low. The low
values (∼1) of the ideality factormay result fromhomogeneity
of film thickness [43], series resistance effect, low interface
state, and the interface charges.

The simple analysis of (5) yields 𝑛 and 𝜙
𝑏
parameters.The

change in𝑅
𝑠
,n, and𝜙

𝑏
with composition at room temperature

is shown in Table 1. It is clear from the data obtained
from Figure 4 that the parameters have strong composition
dependence.

4. Conclusion

This work indicates that coating of p-type Si (100) with
Pt
𝑥
Co
1−𝑥

alloys thin films can be prepared by Magnetron
Sputtering Deposition at UHV condition. XPS was used for
three different goals. One was to determine the deposition
rate of cobalt and platinum.The other one was determination
of the chemical ratio of PtCo alloy films. The last one
was that the PtCo alloy forms were proved by XPS results.
The performance and reliability of metal-semiconductor or
metal-insulator-semiconductor diodes depend on barrier
height, properties of interface layer, and𝑅

𝑠
. I-V characteristics

of the samples were investigated at room temperature. The
nonideal type I-V behavior observed was attributed to a
serial resistance in the MS type Schottky diode. The serial
resistances were found to be 3.89Ω, 6.64Ω and 4.60Ω for
𝑥 = 0.2, 0.5, and 0.7, respectively.
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The purpose of this research was to characterize an Arg-Gly-Asp (RGD) peptide immobilized on TiO
2
nanotubes. In addition,

we investigated the effects of the RGD peptide-coated TiO
2
nanotubes on the cellular response, proliferation, and functionality

of osteogenic-induced human mesenchymal stem cells (hMSCs), which are osteoclasts that have been induced by bone marrow
macrophages. The RGD peptide was grafted covalently onto the surface of TiO

2
nanotubes based on the results of SEM, FT-IR,

and XPS. Furthermore, the RGD peptide promoted the initial attachment and proliferation of the hMSCs, regardless of the size of
the TiO

2
nanotubes. However, the RGD peptide did not prominently affect the osteogenic functionality of the hMSCs because the

peptide suppressed hMSCmotility associated with osteogenic differentiation.The result of an in vitro osteoclast test showed that the
RGD peptide accelerated the initial attachment of preosteoclasts and the formation of mature osteoclasts, which could resorb the
bone matrix. Therefore, we believe that an RGD coating on TiO

2
nanotubes synthesized on Ti implants might not offer significant

acceleration of bone formation in vivo because osteoblasts and osteoclasts reside in the same compartment.

1. Introduction

The clinical success and long-term stability of implants are
determined by osseointegration between implantation mate-
rials and bone tissue [1]. Several studies exploring various
surface treatments of the Ti implants have been conducted
because of the excellent amenability to surface coating, which
can promote successful bonding between bone tissue and
implants and reduce the implantation healing period [1, 2].
To overcome the limitation of current osseointegration of
implants and to enhance the tissue response in vivo, recent
developments in implant surface treatments have focused
on optimizing the interfacial reaction between the implant
and the surrounding bone tissue on the basis of the chem-
ical properties, charge, microstructure, and porosity of the
implant surfaces [1–4].

Various chemical and physical methods such as chemical
oxidation, plasma oxidation, and electrochemical anodiza-
tion techniques have been adopted to prepare a biologically
feasible oxide layer on a Ti surface [5]. Among them, anodi-
zation of the Ti surface has the potential to increase the poros-
ity of the Ti surface and improve the surface area to promote
cell attachment [6–8].

Nanostructures, including TiO
2
nanotubes, have recently

been the focus of great interest for biological and biomedical
applications owing to their high surface-to-volume ratio and
higher structural plasticity compared to that of microscale
structures. In terms of biomaterial development and implant
technology, cellular responses can be affected by topograph-
ical circumstances. It is well known that variability in cell
responses due to nanostructural topography in vitro alters
cell morphology, cytoskeletal structure, gene expression, and
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so forth [9–15]. Nanosized topographical factors have been
shown to affect cells and tissues in vivo as well [8, 16–19].
In addition, a nanotopographical factor plays a critical role
in improving the rate of cell proliferation and tissue accep-
tance, thereby ultimately determining the usefulness of the
implanted biomaterial.

Recently, many studies using biochemical materials such
as the extracellular matrix (ECM), growth factors, and bio-
active materials as surface coating have been conducted to
achieve osteoinduction and osteoconduction together. Oste-
oconduction is the growth of bones on the surface of the
implant, and it relates to the biocompatibility of the implant
materials. Osteoinduction is the phenomenon whereby oste-
ogenesis is induced, and it is supposed to be a bone-healing
process as it recruits immature cells and stimulates the cells
into becoming osteoblasts [20]. Therefore, to achieve excel-
lent osseointegration, osteoconduction and osteoinduction
can be determined from the characteristics of the biochemical
materials used, and materials that promote osteogenesis
among immature cells in the body can be selected [21].

The Arg-Gly-Asp (RGD) peptide is a prospective bioac-
tive factor and an amino acid present in integrin. The RGD
peptide also regulates the attachment of cell proteins and
the ECM. This peptide mediates the bonds between cellular,
plasma, and ECM proteins, such as fibronectin, vitronectin,
collagen type I, osteopontin, and bone sialoprotein [22–24].

Methods of grafting of the RGD peptide onto the surface
of implants are generally based on physical adhesion and
chemical immobilization [25]. Physical adhesion is mainly
related to the spontaneous adhesion of coating materials to
the surface of an implant material. This method is effective
for coating bioactive materials to the surface of implants but
is limited in its application to a number of materials. On the
contrary, chemical fixation has the advantage of forming firm
and stable coating layers, although these methods comprise
several complicated processes [4].

Most studies have focused on the attachment, prolifer-
ation, and osteogenic functionality of bone-forming cells.
However, a few studies have been carried out to investi-
gate the relationship between the RGD peptide and bone-
resorbing cells such as osteoclasts [26, 27].

The purpose of this work was to (1) characterize RGD
peptide immobilized on the surface of 30- and 100-nm
TiO
2
nanotubes and (2) to examine the effects of RGD

peptide-coated TiO
2
nanotubes on the cellular response and

functionality of osteogenic-induced human mesenchymal
stem cells (hMSCs), which are osteoclasts that have been
induced by bone marrow macrophages.

2. Experimental Section

2.1. TiO
2
Nanotubes Fabrication. TiO

2
nanotube surfaces

were prepared by previous reports [14], and the anodization
process was carried out as follows.The bare Ti sheet (Hyundai
Titanium Co., 0.2mm thick, 99.5%, Republic of Korea) was
cleaned with acetone and deionized water. TiO

2
nanotubes

were prepared in 0.5 w/v% hydrofluoric acid (Merck, 48
w/v%, NJ, USA) in water with acetic acid (JT Baker, 98 w/v%,
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Figure 1: Reaction schematic diagram of TiO
2
nanotube surface

modification procedure: (I) silane (APTES) treatment; (II) bifunc-
tional cross-linker (SMP) connection; and (III) Arg-Gly-Asp (RGD)
peptide grafting.

NJ, USA; volumetric ratio = 7 : 1) at 5, 10, 15, and 20V for
1 h. A platinum electrode (DSM Co., 99.99%, South Korea)
served as the counterpart.The samples were then rinsed with
deionized water, dried at 60∘C, and heat-treated at 500∘C for
2 hrs to crystallize amorphous TiO

2
nanotubes into anatase

structures. The morphology of TiO
2
nanotube arrays was

observed by field emission scanning electron microscope
(FE-SEM; S4800, Hitachi/Horiba Co., Japan).

2.2. RGD Peptide-Coating Process. RGD peptide was ob-
tained from Sigma (A8052, MO, USA) in this research. The
procedure of RGDpeptide immobilization (see Figure 1) con-
tains the grafting of a 3-aminopropyltriethoxysilane (APTES)
onto the surface of TiO

2
nanotubes, and the substitution of

the terminal amine to maleimide group reacted with thiol
group of RGD peptide via a heterobifunctional cross-linker
(3-succinimidyl-3-maleimido propionate: SMP, Sigma, MO,
USA). The whole processes of silanization, substitution, and
RGD peptide immobilization were listed in previous reports
[23, 28]. Briefly, UV-sterilized TiO

2
nanotube samples (1.27 ×

1.27 cm2) were silanized by immersing experimental samples
in 10mM APTES dissolved in hexane for 2 h. The silanized
TiO
2
nanotubes were substituted for maleimide groups by

using 2mM bifunctional cross-linker SMP dissolved in DMF
for 2 h. And then, thiolized RGD peptide dissolved in anhy-
drous DMF was immobilized on TiO

2
nanotubes by stirring

for 2 h. Thiolized RGD peptides were prepared by previous
research [29]. All experimental procedures were performed
under Ar atmosphere.

2.3. Surface Analysis. To analyze the chemical composition
change of TiO

2
nanotubes before and after RGD peptide

immobilization, X-ray diffractometer (X’Pert PRO MRD,
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PANalytical B.V., the Netherlands) with Ni-filtered Cu-
K𝛼 ray, Fourier transform infrared spectroscopy (FT-IR;
Nicolet, Thermo Co., WI, USA) and X-ray photoelectron
spectroscopy (XPS, K-Alpha ESKA system; Thermo, USA)
were carried out. In terms of XRDmeasurement, the glancing
angle of the specimen was fixed at 5∘ against the incident
beam enabling the detection of XRD patterns to be at the
depth of less than 5 𝜇m from the top surface of the substrate.

2.4. hMSCs Cell Culture. We obtained human mesenchy-
mal stem cells (hMSCs) from Lonza Corporation (Poietics
hMSCs, Switzerland). Also, we used cell growth media com-
posed of 𝛼-MEM (Invitrogen, CA, USA), 10% fetal bovine
serum (FBS) (Invitrogen), and 1% penicillin-streptomycin
(Invitrogen). The CO

2
incubator conditions of hMSCs were

37∘C and 5% CO
2
atmosphere. The experiments of hMSCs

were conducted with cultures at passage 4-5. After the
confluence of hMSCs, they were seeded onto TiO

2
nanotube

experimental substrate placed on a 12-well plate (cell density
of 25,000 cells in each well) and were stored in a CO

2
incu-

bator for a range of incubation times. Osteogenic induction
media were prepared by adding 10mM 𝛽-glycerol phosphate
(SigmaCo.,MO,USA), 150 𝜇g/mL ascorbic acid (Sigma), and
10 nM dexamethasone (Sigma) to cell growth media and was
added to promote the osteogenic differentiation of hMSCs
after 3 days of incubation. Osteogenic induction media were
changed every 2-3 days.

2.5. Cell Adhesion and Proliferation Test. To estimate the
degree of cell adhesion at the beginning of incubation time,
fluorescein diacetate (FDA; Sigma, MO, USA) techniques
was conducted to count viable hMSCs adhered to the
experimental specimen. At 2, 24, and 48 hrs after plating,
hMSCs on the substrates were rinsedwith phosphate buffered
saline solution (PBS) solution (Invitrogen, CA, USA) and
were incubated with an FDA working solution (50𝜇g FDA
dissolved in 10mLPBS solution) for 30 seconds andwere then
washed three times by PBS solution. The washed specimens
were viewed under an inverted fluorescence microscope
(CKX41, Olympus Co., Japan). We counted FDA-stained
hMSCs adhered at all four corners of a specimen and at the
center of the specimen.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazol-
ium bromide) assay was conducted to investigate the prolif-
eration of hMSCs cultured on various experimental speci-
mens. The samples were washed by PBS solution and were
transferred to a new 12-well plate after the selected incubation
periods. 1mL of MTT dye agent (Sigma) was added to
each well. After 3 hrs of incubation in 5% CO

2
incubator,

1mL of isopropanol was added to each well, and the 12-
well plate was then shaken for 30 minutes. The absorbance
of each solution was measured at 570 nm by a microplate
ELISA reader (SpectraMax 250,Thermo Electron Co., USA).
The MTT value of each experimental group was relatively
evaluated by that of uncoated 30 nm TiO

2
nanotubes.

2.6. Alkaline Phosphatase (ALP) Activity Test. To confirm
the osteogenic differentiation and functionality of hMSCs,

alkaline phosphatase (ALP) activity test was used. After 2
weeks of incubation, the experimental samples were rinsed
with PBS solution and lysed by using lysis buffer solution
(25mM Tris, pH 7.6, 150mMNaCl, and 1% NP-40) and were
stored in ice for 30 minutes. 50𝜇L of cell lysate was used
for ALP activity assay, and the rest of the cell lysate was
used to measure the total protein content (Bradford Protein
Assay Kit, Bio-Rad Laboratories, USA). 50𝜇L of cell lysate
was mixed with 200𝜇L of para-nitrophenylphosphate (p-
NPP, Sigma, MO, USA), and the mixed solution was stored
at 37∘C for 30min to activate the reaction. After 30 minutes,
50𝜇L of 3N NaOH (Sigma, MO, USA) was added to the
mixed solution to stop the reaction. The absorbance of each
solution was measured at 405 nm by a microplate ELISA
reader (Spectra Max 250, Molecular Device, CA, USA). The
level of activity was normalized with the amounts of total
protein in the cell lysates (units/mg protein).

2.7. Motility Test of hMSCs. The motility of hMSCs cultured
on 30 and 100 nmTiO

2
nanotubes was examined bymodified

FDA staining technique. Half of TiO
2
nanotubes samples was

covered by cellophane tape. And then, hMSCs were seeded
onto TiO

2
nanotube experimental substrate placed on a 12-

well plate (cell density of 25,000 cells in each well) and were
stored in a CO

2
incubator for 24 hrs. After 24 h of incu-

bation, cellophane tape was removed, and hMSCs cultured
on experimental samples were cultured for additional 24 h.
After 48 hrs of incubations, live hMSCs were stained by FDA
solution, and the motility images of live hMSCs cultured
on TiO

2
nanotubes were obtained by inverted fluorescence

microscope.

2.8. Mice and Reagents for Osteoclast Experiment. C57BL/6
mice were purchased from Orient Bio Inc. (SungNam,
Republic of Korea), and were used to produce bone marrow-
derived-macrophages (BMMs).Allmice used in these experi-
mentswere 6–8weeks old, and all experimentswere approved
by the Animal Studies Committee of Wonkwang University.
All cell culture media and supplements were obtained from
Thermo Scientific Corporation (IL, USA). Soluble recom-
binant mouse RANKL was purified from insect cells as
described previously [30], and recombinant human M-CSF
was a gift from Daved H. Fremont (Washington University,
St. Louis, MO, USA).

2.9. Osteoclast Formation and Staining on Peptide-Coated
TiO
2
Nanotube. Murine osteoclastswere prepared frombone

marrow cells using the standard methods as previously
described with minor modification [30]. In brief, bone
marrow (BM) cells were obtained by flushing femur and
tibia fromC57BL/6mice. For stromal cell-free bonemarrow-
derived macrophage (BMM) culture, bone marrow cells
were cultured with M-CSF (50 ng/mL) for 3 day in 𝛼-
MEM containing 10% FBS, and attached cells were used as
osteoclast precursors, BMMs. BMMs (6 × 104 cell/wells in
24-well plates) were loaded onto control or peptide-coated
TiO
2
nanotube pieces (1.27 cm × 1.27 cm), having 30 nm and

100 nm diameters, and were subsequently differentiated into
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Figure 2: SEMmicrographs of self-aligned 30 (A30), 100 (A100) nm TiO
2
nanotubes and RGD peptide-coated 30 (P30), 100 (P100) nm TiO

2

nanotubes. (The scale bar of all figures is 100 nm).
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Figure 3: (a) XRD patterns and (b) FT-IR spectra of (A) uncoated, (B) silanized, and (C) RGD peptide-coated 100 nm TiO
2
nanotubes.

osteoclasts withM-CSF (50 ng/mL) andRANKL (100 ng/mL)
for 4 day. Fresh media containing M-CSF and RANKL were
resupplied at day 3. For coculture, bone marrow cells (6 ×
105 cells/well) were cultured with calvaria-derived osteoblast
(6 × 104 cells/well) on TiO

2
nanotubes. BM cells were

differentiated into osteoclasts in 𝛼-MEM containing 10% FBS
and were supplemented with 1𝛼,25(OH)

2
D
3
(2 × 10−8M)

for 7 day. Cells were then stained with fluorescein diacetate
(FDA; Sigma, MO, USA) as reported previously [31] and
were pictured by an inverted fluorescence microscope (DM

IL LED, Leica Microsystems GmbH, Wetzlar, Germany).
We tested osteoclast formation on TiO

2
nanotubes by three

times and counted the number of mature osteoclast having
characteristic actin ring.The representative data were shown.

2.10. Data Analysis. All data were expressed as mean ±
standard deviation andwere statistically analyzed by one-way
ANOVA (SPSS 12.0, SPSSGmbH,Germany) and the Student-
Newman-Keuls method as a post hoc test. Significant differ-
ences were determined at 𝑃 values at least less than 0.05.
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3. Results and Discussion

3.1. Analysis of RGD Peptide Grafted onto TiO
2
Nanotubes.

Figure 2 shows SEM micrographs of uncoated and RGD
peptide-coated 30 and 100 nm TiO

2
nanotubes. As shown in

the P30 and P100 images of Figure 2, 10–20 nm nanoparticles
were deposited on the top surfaces of the TiO

2
nanotubes.

We also tried to coat the RGD peptide onto TiO
2
nanotubes

using 20mMAPTES and found that APTES coated the TiO
2

nanotubes completely, thereby blocking the pores (data not
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Figure 5: XPS N1s spectra of silanized (APTES), bifunctional
cross-linked (maleimide), and (c) RGDpeptide-coated 100 nmTiO
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nanotubes.

shown). Therefore, we expect that 10mM APTES is suitable
for coating the RGD peptide onto the top surfaces of TiO

2

nanotubes effectively.
Figure 3 indicates the XRD patterns of FT-IR spectra of

uncoated, silanized, and RGD peptide-coated 100-nm TiO
2

nanotubes, respectively. As shown by the XRD patterns,
the crystal structures of the TiO

2
nanotubes prepared in

this study were anatase. In the FT-IR spectra, some new
peaks corresponding to the covalent grafting of APTES
were detected at 935 (Si–OH), 1034 (Si–O–Si), 1543, 2846,
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Figure 6: (a) Fluorescein diacetate (FDA) images and (b) the number of live hMSCs cultured on uncoated and RGD peptide-coated 30 and
100 nm TiO
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nanotubes.

and 2919 cm−1 for the FT-IR spectra of the silanized and
RGD peptide-coated TiO

2
nanotubes [32, 33]. As previously

reported, these peaks originated from the formation of SiO
3/2

(silsesquioxane) nanoparticles [34]. From the results of FT-
IR analysis of the RGD peptide, it was difficult to identify the
existence of RGD peptides immobilized on TiO

2
nanotubes

because of the overlap of the FT-IR spectral peaks between
APTES and the RGD peptide. Therefore, XPS analysis was
used to confirm the covalent grafting of theRGDpeptide onto
the TiO

2
nanotube surface.

Figures 4 and 5 show the XPS spectra of C1s and N1s for
silanized (APTES), bifunctional cross-linked (maleimide),
and the RGD peptide-coated TiO

2
nanotube substrates,

respectively. Four kinds of C1s peaks were detected on the
surfaces of the APTES, maleimide, and RGD peptide-coated

TiO
2
nanotubes as shown in Figure 4. From the 4 kinds of

C1s peaks, lines 1 and 2 (binding energies of 289 and 288.3)
indicate the portions of O=C–O and C=O derived from
maleimide and RGD peptide, respectively. Line 3 (binding
energy of 285.9–286.4 eV) indicates the existence of the RGD
peptide. Line 4 (binding energy of 284.8 eV) represents the
silanization by APTES [35]. As seen in Figure 5, the 3 kinds of
N1s peaks were detected on the surface of APTES,maleimide,
and the RGD peptide-coated TiO

2
nanotubes. Line 1 and

2 show the overlap of maleimide and the RGD peptide.
However, line 3 indicates the portions of C–NH

3
and C–O

bonds that originated from the RGD peptide [36, 37].
From the SEM observations and the results of FT-IR

analysis, it was confirmed that 10–20 nm SiO
3/2

nanoparticles
were deposited on the surfaces of the TiO

2
nanotubes. In
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Figure 8: Alkaline phosphatase (ALP) activity of hMSCs cultured
on uncoated and RGD peptide-coated 30 and 100 nm TiO

2
nan-

otubes after 2 weeks of incubation. ∗ denotes significance between
uncoated 30 nm TiO

2
nanotubes versus RGD peptide-coated 30 nm

TiO
2
nanotubes.

addition, the XPS analysis indicated that the RGD peptide
was coated onto the surface of TiO

2
nanotubes through

silanization and bifunctional cross-linking.

3.2. Initial Attachment and Proliferation of hMSCs. Figure 6
shows images of FDA stained, live hMSCs cultured on
uncoated and RGD peptide-coated 30 and 100 nm TiO

2

nanotubes after 2 and 24 hours of incubation. As shown

in Figure 6(b), after 2 and 24 hours of incubation, the
number of hMSCs that were cultured on the RGD peptide-
coated TiO

2
nanotubes was significantly higher than that on

uncoated TiO
2
nanotubes, regardlss of the diameter of the

TiO
2
nanotubes (𝑃 < 0.05). Thus, it was confirmed that

the RGD peptide-coating enhanced the initial attachment
of hMSCs to the surface of TiO

2
nanotubes within 24 h of

incubation.
Figure 7 shows the MTT assay results for uncoated and

RGD peptide-coated 30 and 100 nm TiO
2
nanotubes after

24 and 48 h of incubation. The values for the RGD peptide-
coated TiO

2
nanotubes were significantly higher than those

for the uncoated TiO
2
nanotubes (𝑃 < 0.05). However, no

significant difference was observed between the uncoated
and RGD peptide-coated 30 nm TiO

2
nanotubes after 48 h

of incubation (𝑃 > 0.05). Previous reports have shown
that the initial attachment and proliferation of cells cultured
on 30 nm TiO

2
nanotubes are higher than those on 100 nm

TiO
2
nanotubes at the beginning of incubation time [15, 38].

Therefore, 48 h of incubation may have been long enough
to overcome RGD peptide feature promoting the initial cell
attachment when it was coated onto the surface of 30 nm
TiO
2
nanotubes.Thus, theMTTassay results for the uncoated

and RGD peptide-coated 30 nm TiO
2
nanotubes after 48 h of

incubation can be considered similar.
From the results of FDA staining and the MTT assay, we

confirmed that the RGD peptide promoted the attachment
and proliferation of hMSCs cultured on TiO

2
nanotubes at

the beginning of incubation.

3.3. ALP Activity of hMSCs. Figure 8 shows the results of the
ALP activity assay of hMSCs cultured on uncoated and RGD
peptide-coated 30 and 100 nm TiO

2
nanotubes after 2 weeks

of incubation. The ALP activity of the hMSCs cultured on
RGDpeptide-coated 30 nmTiO

2
nanotubes was significantly

lower than that of hMSCs cultured on uncoated 30 nm TiO
2

nanotubes (𝑃 < 0.05). In addition, no significant difference
was observed in the ALP activity between uncoated and the
RGD peptide-coated 100 nm TiO

2
nanotubes (𝑃 > 0.05).

Although the results of FDA staining and the MTT
assay were similar to those obtained in previous studies
[39], the results of the ALP activity assay were not as
consistent. The bond status of the RGD peptide, nature of
the biomaterials, and cell culture periods play important
roles during initial attachment, in osteogenic differentiation
and in the functionality of mesenchymal stem cells [40–43].
In this study, we prepared thiolized RGD peptide instead
of purchasing cysteine-conjugated RGD peptide, which was
used in previous studies [23, 28, 39]. Therefore, the bond
status of the functional groups between the thiolized RGD
peptide and the cysteine-conjugated RGD peptide can be
safely assumed to be different, which makes the results, in
terms of cellular response, obtained using these 2 peptides
different. Furthermore, many published studies on the effects
of the RGD peptide on cellular responses have focused on
ceramic surfaces instead of metal surfaces, which would
result in discrepancies in the results in terms of cellular
proliferation and differentiation [44–47].
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nanotube after 48 hours of incubation. (Motility test of hMSCs). # Upper half area is covered by cellophane tape when hMSCs are seeded onto
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In addition, the motility and mechanical strain of hMSCs
cultured on biomaterials promote the osteogenic differenti-
ation of hMSCs [48, 49]. To prove the correlation between
cell motility and osteogenic differentiation, themotility of the
hMSCs during 24 hours of incubation was examined using
through FDA staining. As shown in Figure 9, the motility
of the hMSCs cultured on uncoated TiO

2
nanotubes seemed

to be higher than that of hMSCs cultured on RGD peptide-
coated TiO

2
nanotubes. Therefore, we believe that the RGD

peptide that coated the surfaces of the TiO
2
nanotubes

suppressed hMSC motility. We also think that the results
of the ALP activity assay were affected by the properties
of the RGD peptide, nature of the biomaterial surface, and
motility of cells that are cultured on variously sized TiO

2

nanotubes. Further investigation is performed to resolve the
inconsistency between MTT and ALP activity results more
clearly.

3.4. Attachment and Proliferation of BMM and Maturation
of Osteoclasts. In vivo, osteoblasts, which are bone-forming
cells, reside with osteoclasts, which are bone-resorbing cells,
within the same compartment. Therefore, examining the
effect of RGD peptide-coated TiO

2
nanotubes on osteo-

clast formation, together with their effect on osteoblasts, is
important. We cultured osteoclasts on RGD peptide-coated
TiO
2
nanotubes and assessed the effect of the RGD peptide-

coating on the formation of mature osteoclast. Previously,
we reported that the adhesion ability of osteoclast precursors
attached to TiO

2
nanotubes of various pore diameters (30–

100 nm) was not different. However, osteoclast formation
decreased with increasing nanotube diameter [50]. Con-
sistent with our previous data, Figure 10 shows that the
formation of mature osteoclasts on uncoated 100 nm TiO

2

nanotubes was significantly less than that on uncoated
30 nm TiO

2
nanotubes in both culture systems (BMM cul-

ture and coculture). Although mature osteoclast formation
on the RGD peptide-coated 30-nm TiO

2
nanotubes was

diminished slightly than uncoated 30 nm TiO
2
nanotubes,

however, mature osteoclast formation was highly maintained
on RGD peptide-coated 30 nm TiO

2
in the BMM culture

(Figure 10(a)). Moreover, mature osteoclast formation was
dramatically increased on the RGD peptide-coated 100 nm
TiO
2
nanotubes compared to that of uncoated 100 nm TiO

2

nanotubes which inhibitedmature osteoclast formation (Fig-
ure 10(a)). In addition, mature osteoclast formation on the
RGD peptide-coated 100 nm TiO

2
nanotubes also increased

significantly to the same level as that of the RGD peptide-
coated or uncoated 30 nm TiO

2
nanotubes in the coculture

system (Figure 10(b)). These data suggest that the RGD
peptide-coated onto the TiO

2
nanotubes promoted the initial

attachment of osteoclasts [51, 52] and that it helped overcome
the inhibitory effect of nanotubes with large pores on osteo-
clast formation. As mentioned above, cell attachment and
functionality depend onmany factors such as cell phenotype,
shape, culture media, and the surface used for cell culture.
However, in this study, the RGD peptide seemed to enhance
the initial attachment and proliferation of hMSCs andBMMs,
and the maturation of preosteoclasts into bone-resorbing
mature osteoclasts.

4. Conclusions

In this study, the RGD peptide was grafted covalently onto
the surface of TiO

2
nanotubes based on the results of SEM

analysis, FT-IR, and XPS. Furthermore, the RGD peptide
promoted the initial attachment and proliferation of hMSCs,
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Figure 10: Bone marrow derived-macrophages under M-CSF and RANKL treatment were cultured, (a) and bone marrow cells under
1𝛼,25(OH)

2
D
3
treatment were cocultured with osteoblast (b) on uncoated (30 and 100) and RGD peptide- (P30 and P100) coated TiO

2

nanotubes. Cells were then stained with fluorescein diacetate (FDA). Cells having actin ring were counted asmature osteoclast. Bar = 500𝜇m.

regardless of the size of the TiO
2
nanotube. However, the

RGD peptide did not prominently affect the osteogenic
functionality of the hMSCs because the peptide suppressed
the motility of the hMSCs during osteogenic differentiation.
The result of the osteoclast in vitro test showed that the RGD
peptide accelerated the initial attachment of preosteoclasts
and the formation of mature osteoclasts, which can resorb
the bone matrix. Therefore, we believe that applying an RGD
coating onto TiO

2
nanotubes synthesized on Ti implants that

are used in medicine might not accelerate bone formation in
vivo significantly because osteoblasts and osteoclasts reside in
the same compartment.
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Texturization is a useful method to enhance the optical absorption of monocrystalline silicon wafers by light-trapping effect in
solar cell processing. In present study, a series of textured wafers with various pyramid sizes ranging from 200 nm to 10 𝜇m were
fabricated by modified wet-chemical method and characterized. The results show that there is little difference in the reflectance
with the pyramid sizes from 1 to 10𝜇m, which is consistent with the ray-tracing simulation results. However, the light-trapping
function of the 200 nm sample below the geometrical optics limit is much weaker. The solar cells fabricated from the 1 𝜇m samples
own the highest power conversion efficiency of 18.17% due to a better coverage of metal finger lines than the larger ones, and the
200 nm samples have the lowest efficiency of 10.53%.

1. Introduction

The demand for utilizing solar energy has significantly
increased in the past few years. Despite relevant photovoltaic
technologies being available for more than half a century, the
power conversion efficiencies remain relatively low, which lie
in the 10–18% range for most of the manufactured output
[1, 2]. Up to now, anisotropic etching on (100)-oriented
monocrystalline siliconwafers to form square-based pyramid
units randomly distributed over the surface using alkaline
solution has been proved to be an important and effective way
to reduce the reflectivity from the front surface of silicon solar
cells and improve the efficiency [3, 4]. As a result, the reflec-
tivity of the textured silicon wafers is about 20% lower than
that of the flat ones. The alkaline solution containing sodium
hydroxide (NaOH) and isopropyl alcohol (IPA) is widely used
in industrial batch process [5]. Normally the average pyramid
size is varying from 2 𝜇m to 8 𝜇m, and the corresponding
reflectivity is in the range of 14-15% [6–9]. To maintain
stability during the texturing process, IPA must be added to
the solution frequently to keep it in the same concentration
because of the evaporation of IPA. Recent researches have
been concentrated on investigating new texturing methods
and alternative solutions. Nishimoto and Vallejo textured

silicon wafers by using sodium carbonate solution without
adding IPA [10, 11], and the resultant pyramid size was in
the range of 4–7 𝜇m. Chu textured silicon wafers using a
metal grid with suitable openings on them to confine the
hydrogen bubbles, and the structure with the pyramid size
of 6 to 9 𝜇m was obtained [12, 13]. However, it was very
difficult to fabricate large-area metal grids and control the
distance between the grid and silicon wafers. Chen fabricated
more uniform pyramids in the size of 1 𝜇m using reactive
ion etching (RIE) [14] and achieved a lower reflectivity.
Mavrokefalos synthesized inverted nanopyramid applicable
for thin silicon films using standard scalablemicrofabrication
techniques based on interference lithography and wet silicon
etching [15]. A broadband enhancement in absorption was
achieved using that two-step method with prepatterned
holes. Ordered pyramidal structures can also be fabricated by
colloidal lithography with packed polystyrene spheres [16] or
silica colloidal crystals as masks [17]. However, the process
was complicated and needed expensive instruments.

As we mentioned above, textured silicon wafers with
different pyramid size can only be synthesized using sep-
arate method. And the influence of texture feature size
on the optical performance and conversion efficiency of
silicon solar cells is still unknown. In present study, textured
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Figure 1: (a) Model of textured silicon wafer used in our simulations and (b) schematic diagram of the simulation system.The block behind
the light source is used to collect the reflective rays.

monocrystalline silicon wafers with various pyramid sizes
(from 200 nm to 10 𝜇m) were fabricated in the same way
using different additives. The light-trapping function was
evaluated by measuring the reflectivity of different textured
wafers. Also the ray-tracing simulations of light-trapping in
textured wafers based on geometrical optics were conducted.
Finally, solar cells made from different textured wafers were
fabricated, and a power conversion efficiency of 18.17% was
achieved under optimized conditions.

2. Experimental Section

2.1. Texturing Process. The p-type, (100)-oriented monocrys-
talline silicon wafers with a resistivity of 0.5–3Ω⋅cm and a
thickness of 200𝜇m were used in our experiments. Before
any etching process, the wafers were cleaned by Radio
Corporation America (RCA) method to remove the metal
ions and rinsed in deionized water (18MΩ). Then, the saw
damage removal (SDR) was carried out by dipping the wafers
into an aqueous solution containing 20wt% NaOH at 80∘C
for 10min and then rinsed thoroughly. The thickness of
the wafers decreased to about 170 𝜇m after that procedure.
After the pretreatments mentioned above, the wafers were
dipped in modified texturing solutions containing NaOH
(1.5 wt%), IPA (4 vol%), and one kind of additives (0.1 wt%
of Na

2
SiO
3
, 0.06 vol% of PEG, and 0.01 vol% of NPE) for

25min. The reaction vessel was sealed during the whole
process in order to prevent the chemicals from evaporation,
and no agitation was needed. The inside temperature was
kept at 80∘C. After etching, the wafers were rinsed again in
the flowing deionized water and dried with blowing N

2
. The

surface morphology of textured wafers was investigated by a
HITACHI S-4800 Scanning ElectronMicroscope (SEM), and
the optical property was measured with a HITACHI U-4100
Spectrophotometer.

2.2. Software Simulations. The process of simulations obeys
the law of geometrical optics. When an incident ray arrives at

the surface of the siliconwafer, it is divided into the refraction
ray which is absorbed by the silicon and the reflection ray
which is reflected back to the air. The intensities of those two
kinds of rays depend on the refractive index of silicon [18].
The simulations were performed on TracePro 6.0 developed
by Lambda Research Corporation based on geometrical
optics. An area of 480 𝜇m × 480𝜇m and a thickness of
170 𝜇m were used in our simulations. The light source area
was 240 𝜇m × 240𝜇m and the wavelength of the light source
was between 300 and 1100 nm. A ray of 90000 numbers was
randomly generated with a total power of 1W. The optical
property of the reference model could be obtained by testing
the reflectivity of a polished monocrystalline silicon wafer.
The front surface of the wafer was textured to pyramidal
structure with the top angle of 70.6∘, while the back surface
was polished as shown in Figure 1. The intensity of final
reflection ray is much lower than that of initial incident ray
because of the repetitious reflection and absorption by the
silicon.

2.3. Fabrication of Solar Cell Devices. The solar cells were
made from different types of textured wafers and fabricated
via a conventional solar cell process, which includes phos-
phorous doping on the textured front side, thermal diffusion
of phosphorus, formation of a silicon nitride antireflection
coating on the textured front side, metallization, and firing.
The size of the solar cells was 125mm × 125mm. After
the device fabrication process, the I-V characteristics under
illumination were measured using an Oriel I-V Test Station
under AirMass 1.5 Global (AM 1.5G) illumination conditions
at room temperature. All measurements were carried out
using 16 samples, and the mean values were used as the
results.

3. Results and Discussion

3.1. Morphology of Textured Wafers. Figure 2 shows typical
SEM images of the wafers etched in NaOH/IPA solutions



Journal of Nanomaterials 3

10 𝜇m

(a)

5 𝜇m

(b)

10 𝜇m

(c)

5 𝜇m

(d)

5 𝜇m

(e) (f)

500nm

Figure 2: Typical SEM images of the wafers textured at 80∘C for 25min with different additives: (a) no additive, (b) and (c) Na
2
SiO
3
, (d) and

(e) PEG, and (f) NPE.

at 80∘C for 25min. Different additives (Na
2
SiO
3
, PEG,

and NPE) were used to moderate the reaction speed and
reduce the silicon/electrolyte interfacial energy to obtain
special pyramid units [5]. Etching without additives was also
conducted for comparison. As shown in Figure 2, various
sizes of upright pyramids ranging from 10 𝜇m to 200 nm
and distributed on the surface of the wafers have been
prepared. For the traditional sample etched without additive,
typical structure with the pyramid size of about 10𝜇m can be
obtained. However, there are many smaller pyramids around
larger ones. For the sample etched with Na

2
SiO
3
, the typical

pyramid size decreases to about 5 𝜇m, and the uniformity
has been improved. Na

2
SiO
3
aqueous solution contains large

numbers of nonpolar and polar functional parts, which
reduces the surface tension of the etching solution and
provides sufficient pyramid nucleation points to make the
surface arrangement closer. PEG and NPE, which have many
hydroxyl groups on the polymer chains, might play the same
role as IPA during etching. The etching solutions containing
PEGorNPE could be employed to fabricate the pyramid units
of about 1𝜇m or 200 nm, respectively.

3.2. Optical Property of Textured Wafers. The reflectivity of
textured wafers with different pyramid sizes was plotted in
Figure 3. The 1𝜇m sample owns the lowest reflectivity of
11.2%, and there is little difference in the reflectivity especially
in the visible region, with the exception of the 200 nm
sample. The degradation of the reflectance with respect
to the geometrical optics limit when the pyramid size is
below 300 nm is then related to diffraction effects becoming
noticeable, approaching that of a flat surface for smaller sizes
[19].

Nearly no dependence of reflectance on the pyramid
size could be explained by ray-tracing in the geometrical
optics regime when the surface features are much larger
than the wavelength. When the pyramid size decreases to
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Figure 3: The reflectivity of textured wafers with different pyramid
sizes.

a value which is lower than the wavelength of the incident
light, the law of geometrical optics does not fit for that
structure because the light should be seen as a wave. Figure 4
compares the reflectivity of simulation values and chemical-
etching wafers with different pyramid sizes (1–10 𝜇m). The
wavelength of the incident light was 400, 500, 600, and
700 nm, respectively. The top angle was set to 70.6∘, which
is similar to the chemical-etching structure. As we can see
from the picture, the simulated reflectivity is almost the same
for different wafers under every incident light and the value
is close to the experimental result. The experimental value is
slightly higher than the simulated one because the structure
used in our simulations is much more uniform and regular
[18].
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Table 1: Device parameters of the solar cells based on textured wafers with different pyramid sizes.

Wafer type 𝐼sc (A) 𝑉oc (V) FF Eff. (%)
10𝜇m 5.74 (0.0108a) 0.62 (0.0170) 0.77 (0.0117) 17.81 (0.1126)
5 𝜇m 5.72 (0.0108) 0.62 (0.0169) 0.76 (0.0115) 17.62 (0.1114)
1 𝜇m 5.76 (0.0109) 0.63 (0.0166) 0.78 (0.0118) 18.17 (0.1148)
200 nm 4.61 (0.0087) 0.62 (0.0129) 0.56 (0.0085) 10.53 (0.0665)
aStandard deviation.
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Figure 4: Influence of the pyramid size on the reflectivity of textured wafers. The wavelength of the incident light is (a) 400 nm, (b) 500 nm,
(c) 600 nm, and (d) 700 nm. Each point and error bar (in blue) represents themean value and standard deviation of five replicate experiments,
respectively.

3.3. Performance of Solar Cell Devices. The solar cells made
from different types of textured wafers were fabricated via
a conventional solar cell process, and the device parameters
are summarized in Table 1. The textured morphology does
not affect the open circuit voltage (𝑉oc) for all the devices.
However, the cell made from the 200 nm wafer has a short
circuit current (𝐼sc) of 4.61 A and an overall conversion
efficiency (Eff.) of 10.53%, which are both much lower than
those of the other three devices because of high reflection
loss and less formed electron-hole pairs [20]. The 10 𝜇m and
5 𝜇m devices have the similar cell performance. Although

different textured samples except the 200 nm one show
similar reflectance values, the device fabricated from the 1𝜇m
wafer exhibits a highest conversion efficiency of 18.17% for the
possible reason that the printingmetal finger lines could have
a better coverage on smaller pyramidal structure than larger
one [21].

4. Conclusions

Different pyramidal surface structures were realized on
etched monocrystalline silicon wafers with modified alkaline
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solutions, and the typical pyramid sizes were ranging from
200 nm to 10 𝜇m. Little dependence of reflectance on the size
of the textured pyramids is observed except the 200 nmwafer,
which is approved by the effective and reliable ray-tracing
simulation technology. The solar cells fabricated using the
1 𝜇m wafers own the highest conversion efficiency of 18.17%
among all the four kinds of devices due to the better coverage
of metal finger lines on smaller pyramidal structures.
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Antimony sulfide (Sb
2
S
3
) was successfully synthesized from antimony chloride (SbCl

3
) and sodium thiosulfate pentahydrate

(Na
2
S
2
O
3
⋅ 5H
2
O) in ethylene glycol (EG) without using any template by a facile wet-chemical method. X-ray diffraction (XRD),

scanning electron microscopy (SEM), and transmission electron microscopy (TEM) show that the products were orthorhombic
Sb
2
S
3
nanorods forming the coral-like, straw-tied-like, and flower-like architectures with the nanorods growing along the [001]

direction. The energy gap (Eg) was determined by UV-visible absorption to be 1.52 eV.

1. Introduction

Sb
2
S
3
is an orthorhombic V-VI semiconductor with 1.78–

2.50 eVdirect band gap, covering the visible andnear IR range
of solar spectrum [1]. It has a potential application for solar
cells and thermoelectric and optoelectronic devices [1, 2]. A
number of processeswere used to synthesize antimony sulfide
with different morphologies: single-crystal Sb

2
S
3
nanotubes

via EDTA-assisted hydrothermal route [1], nanocrystalline
Sb
2
S
3
by microwave-assisted synthesis [2], Sb

2
S
3
peanut-

shaped superstructures [3], rod-like Sb
2
S
3
dendrites [4] and

Sb
2
S
3
nanorods [5] by hydrothermal reaction, double sheaf-

like Sb
2
S
3
by copolymer-assisted hydrothermal synthesis [6],

Sb
2
S
3
nanowires [7] and Sb

2
S
3
nanoribbons [8] by solvother-

mal route, Sb
2
S
3
nanowires by PEG-assisted solvothermal

process [9], and orthorhombic Sb
2
S
3
twin flowers in the

solutions containing CTAB by a cyclic microwave radiation
[10]. Crystal structures, crystalline degree, different phases,
purities, defects, and others can play a role in the properties of
materials, such as strength and corrosion resistance, includ-
ing electrical and thermal conductivities. Previously, Sb

2
S
3

with different morphologies was successfully synthesized by

different methods: straw-tied-like architectures by a one-pot
hydrothermal method both with and without CTAB as an
additive [11], hydrothermal synthesis [12], a novel precursor—
solvothermal—pyrolysis route [13], and a refluxing polyol
process of the solution containing PVP as a surfactant [14],
including flower-like Sb

2
S
3
by a refluxing polyol process

of the solution containing PVP as a surfactant [14] and a
refluxing method of the solution containing PEG400 as a
surfactant [15]. The above methods require high temperature
and pressure, different additives, and complicated equipment.
Thus, the purpose of the present research is to synthesize
Sb
2
S
3
with different morphologies by a facile wet-chemical

method without using a template. This method is novel, very
simple, and inexpensive. The influences of the experimental
parameters on the structures and morphologies were also
investigated.

2. Experiment

A wet-chemical route was used in this research of which
0.002mol SbCl

3
(assay: 99%, Sigma-Aldrich) and 0.003mol
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Figure 1: XRD spectra of the products synthesized at (a) 120, 140, 160, and 180∘C for 60min and (b) 180∘C for 30, 45, and 60min in EG.
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Figure 2: SEM images of Sb
2
S
3
synthesized in EG at (a)–(c) 120∘C, 140∘C, and 160∘C for 60min, respectively.

Na
2
S
2
O
3
⋅5H
2
O (assay: ≥ 99.5%, Sigma-Aldrich) were dis-

solved in 30 mL ethylene glycol (EG, assay: 99.5%, QReC)
and mixed homogeneously by 15min stirring in a beaker at
room temperature. Subsequently, orange colloidal complexes
immediately formed. To synthesize Sb

2
S
3
with different

morphologies, each of the solutions was directly heated in
an electric oven at different constant temperatures of 180,
160, 140, and 120∘C for 60min, including at a constant
temperature of 180∘C for 30 and 45min. Finally, black
precipitates were synthesized, separated by filtration, washed
with absolute ethanol, and dried at 70∘C for 24 h.

The products were characterized by an X-ray diffrac-
tometer (XRD, SIEMENS D500) operating at 20 kV, 15mA,
and using Cu-K

𝛼
line from a copper target; a scanning

electron microscope (SEM, JEOL JSM-6335F) equipped with
an energy dispersive X-ray (EDX) analyzer operating at 15 kV;
a transmission electron microscope (TEM, JEOL JEM-2010)
as well as a high-resolution transmission electronmicroscope

(HRTEM) and selected area electron diffractometer (SAED)
operating at 200 kV; and a UV-visible spectrometer (Lambda
25 PerkinElmer) using aUV lampwith the resolution of 1 nm.

3. Results and Discussion

Figure 1 shows XRD spectra of the products synthesized
under different temperatures and lengths of time. At different
temperatures of 180, 160, 140, and 120∘C for 60min, the
products were specified as orthorhombic Sb

2
S
3
(JCPDS

number 06-0474) [16] with pure crystal. To save energy
consumption, the temperature was reduced in series of steps
from 180 to 120∘C. The results show that the intensity of
XRD spectra became lowered and the crystalline degree
was lessened. At 180∘C for different lengths of time in EG,
XRD spectra became sharper and narrower by increasing the
lengths of time from 30 to 60min, and the crystalline degree
was improved in sequence.
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Figure 3: SEM images of Sb
2
S
3
synthesized in EG at 180∘C for (a) 30min, (b) 45min, and (c, d) 60min.
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Figure 4: (a), (b) TEM and HRTEM images, (c) SAED, and (d) simulated patterns of Sb
2
S
3
synthesized by wet-chemical method at 180∘C for

60min.

In the present research, SbCl
3
and Na

2
S
2
O
3
were mixed

in EG by 15min stirring, and orange colloidal complexes
formed:

SbCl3 + Na2S2O3
15 min stirring
→ Orange colloidal complexes (1)

The orange colloidal complexes were the intermediate prod-
ucts, which were subsequently transformed into Sb

2
S
3
black

precipitates by heating at high temperatures:

Orange colloidal complexes
high temperature heating in oven
→ Sb2S3 (black)

(2)

SEM images (Figures 2 and 3) show Sb
2
S
3
products

synthesized at different temperatures and lengths of time.
Their surfaces were smooth and clean. Increasing in the
temperatures and lengths of time has the influence on the
change in morphology of the products. For those synthe-
sized at different temperatures, the as-produced Sb

2
S
3
was

straw-tied-like architecture at 120∘C for 60min. Then, the
temperature was increased to 140∘C with the length of time
kept constant for 60min; the product transformed into coral-
like architecture. Finally, the products gradually transformed
into nanostructured flowers at 160 and 180∘C within 60min.
Moreover, the length of time also has the influence on
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Figure 5: EDX spectrum of Sb
2
S
3
synthesized by wet-chemical

method at 180∘C for 60min.

the morphology formation of Sb
2
S
3
. SEM images of the

products at 180∘C for different lengths of timewere compared.
The Sb

2
S
3
product, synthesized at 180∘C for 30min, was

straw-tied-like architecture with a number of rods split at
their ends. The extent of opening or splitting was influenced
by the temperatures and lengths of time. As time passed,
nanorods formed, grew, and split at their ends [17, 18]. Hence,
the flower-like architecture began to form at 180∘C for 45min
and constantly formed at 180∘C for 60min. At this stage, the
as-synthesized product became complete flowers.Thepresent
phenomenon is similar to the report of Zhu et al. [15] who
stated that flower-like structured Sb

2
S
3
could be transformed

into nanorods by increasing in the length of time from 1 to 2 h
during 85∘C refluxing of the solutions containing PEG400.
Previously, orthorhombic Sb

2
S
3
twin flowers, composed of

single crystalline square nanorod petals, were successfully
synthesized in the solutions containing CTAB as a template
and splitting agent by a cyclic microwave radiation [10],
including the flower-like Sb

2
S
3
by refluxing polyol process

of the solution containing PVP as a surfactant [14] and by
refluxing method of the solution containing PEG400 as a
surfactant [15]. But for the present research, Sb

2
S
3
coral-like

and flower-like architectures were successfully synthesized by
a facile wet-chemical method without the use of any template
and splitting agent.

TEM andHRTEM images, SAED, and simulated patterns
[19] of Sb

2
S
3
synthesized in EG at 180∘C for 60min are shown

in Figure 4. TEM and HRTEM images show the flower-
like architecture which consisted of nanorods. SAED and
simulated patterns of the synthesized Sb

2
S
3
also show that

each flower was composed of Sb
2
S
3
nanorods, growing along

the [001] direction (along the c-axis)—in accordance with the
growth direction characterized by Yang et al. [2], Wang et
al. [11], Ota et al. [17], and Hu et al. [20]. The (110) planes
along the growth direction were also detected, showing that
the nanorod was single crystal. In addition, the interpreted
SAED pattern, composed of bright spots in lattice array, was
specified that each nanorod was single crystal, corresponding
to orthorhombic Sb

2
S
3
[16]. To justify the presence of Sb

2
S
3

single crystal, its pattern was simulated [19] and appears
as systematic spots—in good accordance with the above
interpretation.

0.5
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Figure 6: The (𝛼ℎ])2 and ℎ] plot of Sb
2
S
3
synthesized by wet-

chemical method at 180∘C for 60min.

Figure 5 shows the EDX spectroscopy measurement of
Sb
2
S
3
synthesized at 180∘C for 60min. It shows the char-

acteristic peaks of only S (K
𝛼1,2

at 2.31 keV) and Sb (L
𝛼
at

3.61 keV and L
𝛽1

at 3.84 keV), suggesting that the product
contains only antimony and sulfur elements. Quantitative
EDX analysis shows that the atomic ratio of Sb : S was
40.85 : 59.15, close to 2 : 3, confirming that the product was
really crystalline Sb

2
S
3
. It should be noted that Cu of the stub

was also detected at 0.93 keV (L
𝛼
) and 8.04 keV (K

𝛼1,2
).

An optical absorption experiment has been carried out
using a UV-vis absorption spectrometer, which provides an
effective method for explaining some features concerning the
band structure of Sb

2
S
3
nanorods. Figure 6 shows the (𝛼ℎ])2

and (ℎ]) plot for the direct allowed transition, where 𝛼, ℎ,
and ] are the total absorption coefficient, Planck constant, and
photonic frequency, respectively [1, 15]. In this research, the
photonic wave attenuated through the solid. The change of
photonic absorption was controlled by two photonic energy
ranges. When the photonic energy is higher than the energy
gap, absorption was linearly increased with the increasing
of photonic energy. But for the photonic energy with less
than the energy gap, the absorption became different from
linearity which was influenced by the absorption relating to
defect levels between the valence and conduction bands of
the product. Its band gap, determined by extrapolation of
the linear curve to zero absorbance, corresponds to 1.52 eV—
in accordance with 1.52 eV band gap of Sb

2
S
3
nanorods

determined by Zhu et al. [15]. It should be noted that this
value is less than the 2.43 eV of the as-deposited thin film
[21] and 1.95 eV thin film deposited on the 300K substrate
[22], which were lessened by high-temperature annealing
[21, 22].This value is blue shift relative to 1.28 eV energy gap of
Bi
2
S
3
[23]. Generally, different morphologies and crystalline

degrees can play a role in the properties of products, such as
energy gap andphotoluminescence (PL) [6, 24–28].The value
of the band-gap energy for Sb

2
S
3
nanorods is close to the

optimum value for the photovoltaic conversion, solar energy
converters, and optical nanodevices [15].
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4. Conclusions

The coral-like, straw-tied-like, and flower-like Sb
2
S
3
prod-

ucts were successfully synthesized by a facile wet-chemical
method in EG. The phase was detected by XRD and SAED.
SEM and TEM revealed the transformation of the as-
synthesized straw-tied-like at 120∘C into flower-like at 180∘C.
The flowers were good crystalline nanorods with 1.52 eV
direct band gap.
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Nanostructured coatings of (Ti-Zr-Hf-V-Nb)N were obtained by the Cathodic Arc Vapor Deposition (CAVD) method. To
investigate these coatings, a number of complementary methods of elemental and structural analysis were used, namely, slow
positron beam (SPB), protonmicrobeam (𝜇-PIXE), micro- and nanoelectron beam (EDS and SEM analyses), and X-ray diffraction
method (XRD), including method of “𝛼-sin2

𝜑” measurement of a stress-strain state (X-ray strain measurement). Additionally, the
texture of coatings before and after annealing up to 873K (for time of annealing 𝜏 = 30min) was also investigated. It was shown
that increasing of stress-strain state in the coating during deposition increases the resistance to oxidation at high temperatures of
annealing. It was also found that the redistribution of elements and defects, as well as their alignment (segregation), appeared due
to thermally stimulated diffusion. It is also connected with the process of spinodal segregation near grain boundaries and interfaces
around the grains and subgrains.

1. Introduction

Due to the low grain size (≤10 nm) and the great importance
of the boundary zones (a surface boundary in particular)
surrounding individual grains and nanograin joints, behavior
and properties of nanocomposites crucially differ from
conventional materials with the grain sizes of more than
100 nm [1–7]. Therefore, fabrication of new combinations
of nanocomposite materials (nanostructured coatings) based
on (Ti-Zr-Hf-V-Nb)N using cathodic vacuum-arc deposition
and studies of their physical and mechanical properties turns
to be a very promising trend of modern material science
[7–24]. On the other hand, the theory of multicomponent
high entropy alloys, which demonstrated improved thermal
stability, was already proposed and demonstrated experimen-
tally [5–7, 14, 20–23]. According to this theory, the high
mixing entropy can stabilize the formation of a single-phase
state in the form of a nonordered solid solution phase and
prevent the formation of intermetallic phases in the process
of crystallization.Thus, the fabricated highentropy alloysmay

feature an increased strength combined with good resistance
to oxidation and corrosion. Therefore, the alloy must consist
of five or more basic elements with the atomic concentration
between 5 and 40%.

Thus, such elements as V and Nb, which stabilize the bcc
lattice, and refractory composites of Hf, Zr, and Ti (due to
their high affinity for nitrogen) [24–32] have crucial effect on
formation of a nitride phase in high entropy one-component
alloy.

The goal of this research is the investigation of structure
and tribological properties of nanostructured (Ti-Hf-Zr-
V-Nb)N coatings before and after annealing up to 873∘K
and also the analysis of the redistribution of defects and
impurities in these coatings.

In this work, cathodes of high entropy alloys Ti-Zr-Hf-V-
Nb were fabricated using vacuum arc melting in atmosphere
of high purity argon. Melting was carried out by a nonex-
pendable tungsten electrode into a copper water-cooled tank
(hearth). The obtained ingots were homogenized by 6-7 time
melting with a cooling rate of 50K/s [14].
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2. Experimental Details

Deposition of coatings was performed by the cathode
vacuum-arc deposition method on the apparatus Bulat-6 [1]
under constant negative potential 𝑈

𝑠
= (−40–200)V, which

was applied to a substrate. The arc current did not exceed
85A, and the pressure of residual gas was 0.0066 Pa. Deposi-
tion conditions, which were employed for all of samples, are
presented in Table 1.

Thermal annealing of coatings was performed in the
furnaceVacuTherm-CeramVT 1200 at temperature 873K for
30 minutes. Residual pressure 𝑃 was 100 Pa.

The elemental composition was studied with scanning
electron microscope (SEM) with EDX microanalysis JEOL-
7000 F (Japan). To perform the element analysis over a sample
depth, we employed the Rutherford backscattering (RBS)
method with He+ ions of 1.7MeV (the scattering angle was
𝜃 = 170

∘) with a normal fall of probing ions to the surface of
coated samples.The energy resolution of detector was 16 keV.
A dose of helium ions was 5𝜇Ci. To interpret the RBS spectra
and to obtain the element profiles over the coatings depth, we
employed standard software [24].

A positron annihilation spectroscopy (PAS) (Halle, Ger-
many) was used for analysis of vacancy type defects in the
coating. Using slow positron microbeam was obtained by
positron annihilation energy spectra, which let us calculate
an important characteristic of material, the S-parameter of
Doppler broadening of an annihilation peak. It depends on
energy of the incident positron beam (30 keV), that is, on the
depth of the analysis [33].

Protonmicrobeam (𝜇-PIXE) was employed for elemental
analysis of coatings. The initial energy of an electrostatic
accelerator IAP (Sumy) was 1.4MeV with the beam size of
0.4 𝜇m (the charge was 3 × 10−10 C/pixel, the raster was 50
× 50, and the step size was 0.5 𝜇m) [34]. We obtained maps
of the elements Ti, Zr, Hf, V, Nb distribution before (as
deposited) and after annealing up to 873K.

The phase composition and structural studies were per-
formed on the X-ray diffractometer DRON-3M and Rigaku
RINT-2500, MDG Japan, in the filtered radiation of Cu-
Ka using in the secondary beam graphite monochromator.
The diffraction spectra were surveyed in the point-by-point
scanning mode with a step 2𝜃 = 0.05–0.1∘. We also employed
the diffraction of X-rays using a grazing incidence beam, in
Cr emission, at angle 3∘. In order to study the stress-strain
state of the coatings, we employed the method of X-ray strain
measurements (“𝛼-sin2𝜑” method) and its modifications,
which are commonly applied to the coatings with strong axial
texture [10–14].

Tribological tests were performed on automated friction
machine “Tribometer,” CSM Instruments in air by “ball-disk”
scheme at 293K. The ball with diameter of 6mm was made
of sintered certificated material-Al

2
O
3
. The coatings were

deposited on steel (45 HRC = 55) discs with a diameter of
50mm and a thickness of 5mm. The load was 3.0N, sliding
velocity 10 cm/s.

3. Results and Discussion

The (Ti, Hf, Zr, V, Nb)N coating had a face-centered cubic
(FCC) crystal structure rather than coexisting separated
nitrides. TiN,HfN, ZrN,VN, andNbNhad anFCC structure.
Thus, the (Ti, Hf, Zr, V, Nb)N coating also exhibited an FCC
solid solution structure, in which the Ti, Hf, Zr, V, and Nb
atoms were randomly distributed over the metal sublattice.
The same phenomena were also reported for as-deposited
mixtures of FCC forming multiprincipal element nitrides
such as AlCrTsTiZr [35], AlCrNbSiTiV [36], and TiVCrZrY
[37]. This result not only implied the formation of a solid
solution from all constituted nitrides, but also confirmed the
effect of high mixing entropy on the simplification of the
crystal structure.

The solid solution phase with an FCC structure was also
thermodynamically stable because it did not decompose or
form other compounds even during annealing up to 873K
for 30min. The stability of the FCC solid solution phase was
also due to the high entropy effect. In addition, as shown in
the paper, the crystal size and lattice constant are shown.

Based on RBS, EDX, and XRD information, the composi-
tion variation and phase separation can be excluded since the
composition and structures of coating hardly had any change.
The stress relaxation of as-deposited coatings after annealing
has been noted from a shift in the XRD peak position. This
finding is attributed to the diffusion of implanted atoms to the
surface, hence the annihilation of the stress-inducing defects,
as will be shown using results of measurement of Doppler
broadening of the annihilated peak (DBAP) of slow positron
beam. Accordingly, the lattice decline was believed to result
from a release of intrinsic microstress.

The morphology of coating surfaces and the element
distribution were studied using the scanning electron micro-
scope with EDS analysis JEOL-7000 F.

Figure 1(a) shows the distribution of elements on the
surface of samples in elemental contrast. Integrated analysis
was obtained from the area of 0.1mm × 10mm.The intensity
of the color indicates the concentration of elements.The dark
spots on the surface of coating are the drop fraction, which
appeared during the deposition of coating. Figures 1(b) and
1(c) show results of microanalysis (EDX) of coatings obtained
under different deposition conditions, and Figure 1(d) shows
results of microanalysis after annealing 873∘K (for 30min, at
pressure in chamber 100 Pa).

As you can see from these results the element concen-
tration in the coating is N = 49.05 at.%, Ti = 22.92 at.%, V
= 5.04 at.%, Zr = 6.84 at.%, Nb = 7.47 at.%, and Hf = 8.68
at.% at pressure 2 × 10−2 Pa. When the pressure decreases to
3 × 10−2Pa, the spectra indicate a reduction of the specific
content of the nitrogen atoms in the coating composition
to N = 36.04 at.%, Ti = 20.13 at.%, V = 2.28 at.%, Zr =
17.12 at.%, Nb = 17.50 at.%, and Hf = 6.93 at.%. It means
a significant deficiency of nitrogen atoms in nitrides of the
multicomponent systems in comparison with stoichiometric
ones at high pressure 3 × 10−2Pa. The results of RBS (Figures
2(a) and 2(b)) and EDX analyses indicate a crucial effect of
the radiation factor (achieved by increasing of negative bias
potential applied to the substrate) on segregation processes
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Figure 1: Continued.
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Figure 1: Images obtained by the scanning microscope JEOL-7000 F: (a) is the coating surface in reflected electrons; (b) shows microanalysis
of coatings, N, Ti, V, Zr, Nb, obtained under 𝑈bias = −100V, pressure 𝑃 = 2 × 10−2; (c) shows microanalysis of coatings, N, Ti, V, Zr, Nb,
obtained under𝑈bias = −200V, pressure 𝑃 = 3 × 10−2; (d) shows microanalysis of coatings, N, Ti, V, Zr, Nb after annealing 873K (for 30min,
at pressure in chamber 100 Pa).
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Figure 2: Results of the analysis of RBS spectra from samples 512 (a) and 510 (b).

arising during coating deposition. In other words, the energy
of ion plasma flux increases due to the rising bias potential,
which enhances the contribution of the radiation factor. It is
known that the formation of a two-phase nanostructured film
requires two terms: (1) the increased rate of atomic diffusion
along the grain interfaces and (2) the high temperature of
873∘K in the process of deposition to complete the process
of spinodal segregation [18, 19, 26].

From results of EDX analysis (see Figure 1(d)) after
annealing of coatings, an oxide film is forming on the surface.

It is also confirmed by XRD analysis of this sample presented
in Figure 5(b). The appearance of elements Fe and Cr on
EDX spectra can be explained by diffusion of these elements
from substrate (which is made of steel). The deviation of the
values of N concentration in coatings was not more than 0.26
at.% for coating with concentration of N = 49, 05 at.% and
not more than 0.18 at.% for coatings with concentration of
N = 36.05 at.%.

PAS experiments demonstrated that positrons are
well localized in the areas of low electron density (i.e.,
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Figure 3: Dependencies of the S-parameter of the annihilation peak Doppler broadening measured over (Ti-Zr-Hf-V-Nb)N coating depth,
for the samples 512 (a) and 510 (b), after deposition and annealing at 873K, (100 Pa).

Table 1: Parameters of deposition and concentration of obtained coatings using C-PVD (concentration was measured using EDX-JEOL-
7007F).

No. Material 𝑈bias, V 𝑃, Pa Concentration, %
N Ti V Zr Nb Hf

505 TiZrHfVNbN 110 0.5 × 10
−1 49.15 16.63 5.91 8.17 8.88 11.26

506 TiZrHfVNbN 100 0.2 × 10
−1 49.05 22.92 5.04 6.84 7.47 8.68

507 TiZrHfVNbN 50 5 × 10
−2 51.13 25.31 4.72 5.70 6.31 6.84

509 TiZrHfVNbN 100 3 × 10
−1 44.7 25.31 4.57 7.60 7.99 9.83

510 TiZrHfVNbN 50 2 × 10
−1 49.11 19.67 5.65 7.68 8.24 9.64

512 TiZrHfVNbN 200 8 × 10
−2 46.65 17.03 2.79 12.01 12.54 8.98

513 TiZrHfVNb 40 8 × 10
−2 — 34.66 8.88 19.53 23.16 13.76

514 TiZrHfVNbN 200 2 × 10
−1 47.69 16.41 1.93 13.34 13.90 6.72

515 TiZrHfVNbN 200 3 × 10
−2 36.05 20.13 2.28 17.12 17.50 6.93

523 TiZrHfVNbN 200 2 × 10
−1 43.44 17.80 1.45 16.39 16.99 3.92

vacancy-type defects divacancies, conglomerates of various
vacancies, vacancy complexes, and plus two or three
interstitial atoms [26–29]). As it follows from [27–32], the
nanostructured materials, fabricated using the compaction,
are good traps for positrons, which then annihilate with
two or three components of the positron lifetime 𝜏2, 𝜏3.
It is associated with positron annihilation at the grain
interfaces, that is, the quasi-amorphous phase, in our case.
The presented results (Figures 3(a) and 3(b)) clearly indicate
that the defect profiles (S-parameter) significantly differ for
various deposition conditions; see, for example, samples
510 and 512. At the same time, thermal annealing in a
chamber with at high enough residual pressure (100 Pa)
leads to even greater changes of the S-parameter over the
coating depth. The value of S-parameter for the sample 512

decreases from 0.58-0.56 to 0.52-0.51 after annealing, and
only when the analyzing energy of positrons approaches
(12.5–15) keV, it increases to 0.53. Analysis of S-parameter
curve of the nonannealed sample 510 (3b) allows to conclude
that positron-sensitive defects are almost absent throughout
the whole coating depth. This means that annihilation
occurred mainly with the electrons of the defect-free areas.
Therefore, the value of S-parameter was minimal and equal
to 0.49. As a result of annealing at 873K, the value of S-
parameter increased significantly to 0.53 in the surface layer
of the coating. The value of S-parameter further increased
at positron energy of 14 to 17 keV and approached the
maximum possible value 0.59.

It should be mentioned that the S-parameter depends
on both the concentration and the type of vacancy defects,
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at which positrons are captured and subsequently annihilate
there in the areas of low electron density [27–29].

Since a grain size of the nanostructured coatings is
smaller than a length of positron diffusion track in defect-
free nanograin, all positrons can reach the grain surface
and consequently the interfaces. In this case, most of the
volume of available information concerns the defects in the
interfaces and triple ormore joints. Since the grain size in our
experiments varies from 40 to 60 nm, the volume fraction of
the interfaces may reach 30 to 35 vol.%, and the interfaces of
triple joints may be about 5 to 10 vol.%, and then almost all
positrons have to be captured along the interfaces [27].

According to results presented in [32], the total fraction
of interfaces can be evaluated as

𝑉Si = 1 −
[3𝑆 ⋅ (𝐿/𝑆)]

𝐿3
≈
3𝑆

𝐿
, (1)

where 𝐿 is the grain size and 𝑆 is the interface width (the near-
interface zone). A fraction of the inherent grain interfaces is

𝑉Ii =
[3𝑆 ⋅ (𝐿/𝑆)]

𝐿3
, (2)

And a fraction of triple joints is

𝑉Ti = 𝑉Si − 𝑉Ii. (3)

If the distance between the defects is essentially shorter
than the positron diffusion length, all positrons have to be
captured by defects; that is, we observe the capture saturation.
In this case, the positron lifetime spectrum contains only
one component [27, 28], and the S-parameter of Doppler
broadening seems to have a maximum value.

Figure 4 shows the integral spectrum obtained by PIXE
of the element concentrations for (Ti-Zr-Hf-V-Nb)N coatings
number 512 after annealing at 873K (30min). We can
evidently see the redistribution of elements over depth after

thermal annealing. Studying these spectra, we found all the
elements constituting the nanostructured coating. As it will
be shown later in the text, the 𝜇-PIXE element distribution
maps taken from the (Ti-Zr-Hf-V-Nb)N coating before and
after annealing up to 873K in Figures 7(a) and 7(b) can be
seen.

The X-ray diffraction data for the sample 512 shows
formation of a strong texture with the (111) axis, which is
perpendicular to the plane of growth (Figure 5). The data
of X-ray strain measurements indicate that the samples 512
are characterized by the highest value of a lattice period
in a stress-free cross-section (𝑎 = 0.442 nm). It correlates
with the results of elemental analysis, according to which
the highest concentration of nitrogen is observed when the
working pressures of coating deposition are high.

An appearance of biaxial texture with (111) and (110) axes
at 𝑈bias = −200V resulted in formation of coatings with the
highest hardness reaching 58 to 60GPa and very uniform and
smooth surfaces [29–32].

In this case, thermal annealing does not significantly
change a structure-phase state of the coatings (Figure 5(a)).
However, it reduces a little the deformed state of compression
from the strain ratio of 2.76% in initial state (as-deposited
state) to 2.59% after annealing.

It was found that there was only a slight increase from
56 nm to 68 nm of crystal size and a decrease from 0.4424 ́Å
to 0.4386 ́Å of lattice constant, with an increase of annealing
temperature from RT to 873K. The barely changed struc-
ture and grain size during high temperature annealing are
believed to be attributed to the small driving force because
of the low grain boundary energy and low kinetics from the
sluggish diffusion. The grain boundary energy comes from
the energy difference between the state of grain boundaries
and that inside the grains. The large lattice distortion effect
because of large atomic size difference (the atomic size Ti,
1.462 ́Å; V, 1.316 ́Å; Zr, 1.603 ́Å; Hf, 1.578 ́Å, Nb, 3.301 Zr,
1.603 ́Å; Hf, 1.578 ́Å) can markedly raise the overall free
energy of crystalline structure.

Therefore, the actual grain boundary energy was largely
lowered, leading to very small driving force for coarsening.
A detailed mechanism has been proposed by Huang and
Yeh [36] in case of (AlCrNbSiTiV)N coating. The sluggish
diffusion originating from the higher packing density because
of the packing of atoms with different sizes made the effective
diffusion distances very short, which led to the enhanced
difficulty of grain growth. Regarding the lattice decline,
the following three possible factors must be considered:
composition variation, phase separation, and residual stress.

At lower pressures of deposition 𝑃N = 0.1, the decrease
of the lattice period in a stress-free sections was observed at
0.438 nm,which seemed to be associatedwith a lower content
of nitrogen atoms in the coating. Annealing of the samples 510
not only led to a significant change of the stress-strain state
but also of the phase composition (see Figure 5(b), curve 2).

These figures show that samples number 510 demon-
strate a decrease of the intensity of textured reflexes of an
FCC metallic crystal lattice (compare spectra 1 and 2 in
Figure 5(b)). In this case, nitrogen atoms are in the form of
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the FCC sublattice shifted by 1/2 space diagonal forming
the so-called NaCl structural lattice type. The appearance of
reflections at small angles was also observed, corresponding
to the formation of oxides of TiO

2
(JCPDS 01-0562) and

oxide-type MeTiO
4
, where Me corresponds to the content

of Zr and Hf. The structural type of this oxide is similar to
an oxide of an isostructural (allomeric) ZrTiO

4
(JCPDS 07-

0290) and HfTiO
4
(JCPDS 14-0103). Upon annealing of the

sample, the strain state of compression decreased from −1.9%
(before annealing) to −0.7% (after annealing).

A characteristic form of 𝛼-sin2𝜓 plots for highentropy
metallic coating with a bcc lattice and a nitride one with an
FCCmetallic lattice of NaCl type is demonstrated in Figure 6.
We can see that a compressing deformation exceeding 2%
was developing in the CAVD coatings. Inclination angles of
the plots are different for all investigated nitride coatings and
crystalline groups of definite textures in this work (Figure 6,
plots 2 and 3). According to Roy’s model of stress uniformity
[25, 33], such difference indicates an essential contribution of
orientedmicrostresses of the deformationmode, surveyed by
the 𝛼-sin2𝜓 method. In this case, if a region of the uniform
microdeformation is comparable to the crystallite size, the
latter demonstrates anisotropy of an elastic modulus. In the
case of complexes of textured crystallites, such deformation
can be considered as a factor of nonuniformity of stresses
and deformations due to intercrystalline interactions [31,
34]. Measurements of the material elastic characteristics,
which were performed using the macro- and microbeams
and calculated according to the Vergard’s rule, along with
the element analysis indicated that a period of crystalline
latticewas about 0.3371 nm for the highentropy coatingTi

0.23
-

V
0.05

-Zr
0.07

-Hf
0.078

-N
0.49

. This value corresponds to that of
the stress-free cross-section 2]/(1 + ]) = 0.45 in terms
of the plotted for this coating 𝛼-sin2𝜓 (plot 1, Figure 6),
where ] is the Poisson coefficient. From here ] = 0.29, and
the elastic strain of compression developing in such coating
has the value 2.2GPa. The previously mentioned approach
can be applied for calculations of stresses in the nitride
single-axis oriented coatings. In the case of double-axis-
orientation (plots 2 and 3, Figure 6), application of averaged
meaning allows us only to perform a correct evaluation of the
deformed state of the crystal lattice.

The results of RBS (Figures 2(a) and 2(b)) and EDX
analyses for the samples 510 (for which the value of the
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Figure 7: Maps of the element distribution in the area of 2.5 × 2.5 𝜇m (the raster of 50 × 50, the step size of 0.5 𝜇m) for the sample 512 before
(a) and after (b) annealing.

elastic stress in the initial state is much lower than for sample
512) indicated that two peaks are formed on the curve of
S-parameter when the energy of the positron beam is (3
÷ 5) keV and (14 ÷ 17) keV. This can be explained by the
increased diffusion process of both nitrogen and oxygen
atoms near the surfaces of the samples 510. This indicates
the appearance of new channels for the annihilation of
positrons, which are more efficiently attracted by defects,
which appeared at the interface as a result of annealing
and formed the new quasi-amorphous and nanostructured
phases of nitrides. This conclusion is supported by the
results of PIXE-𝜇 analysis, which indicated that an oxide
film was formed on the surface, and therefore the value of

S-parameter increased. In the coating depth, the elements are
redistributed, which confirmed the assumption about the end
of the process of spinodal segregation and the formation of
new phases along nanograin interfaces [30–34]. It must be
noted that the grain growth during annealing is the most
obvious mechanism of structural relaxation. The segregation
of nitrogen at the grain interfaces hampers the growth of
nanocrystals.

Evaluation of the nanograins size by XRD, according to
the Debye-Scherrer, gave the nanograins size of 55–58 nm for
samples 512, which did not change after thermal annealing.
Evaluation of the diffusion length of positrons was L +
≈ 100 nm, which was essentially longer than the size of



Journal of Nanomaterials 9

1.5E03

1.4E03

1.3E03

1.2E03

1.1E03

1.0E03

1.2E03 1.6E03 2E031.24 402.00

(s)
802.00

(𝜇
m

)

(1)

(2)

(5)

(3)
(4)

(1) Friction coefficient
(2) Friction force (5) Sample temperature

(4) Oven temperature

(3) Penetration depth

Figure 8: Results of tribological tests of steel substrate (steel 45).

3.8E03

3.6E03

3.4E03

3.2E03

1.02E03

4.7E03 9.39E3 1.41E04 1.88E04 2.35E04

2.40E03 4.80E033.60E03 6.00E03

600.00480.00360.00240.00120.000.03

1.00

3.0E03

4.0E03

1.02

(s)

(1)

(2)(5)

(3)

(4)

(m)

(lap)

(𝜇
m

)

(1) Friction coefficient
(2) Friction force (5) Sample temperature

(4) Oven temperature

(3) Penetration depth

Figure 9: The results of tribological tests of the “steel 45 + coating
(Ti-HF-Nb-Zr-V)N-Al

2
O
3
counterface.”

nanograins. According to the conventional interpretation, the
nanopores are primarily placed at the lines of intersection
of three or more interfaces. Thus, the ratio of intensities of
the positron lifetime components should decrease with the
increase of crystallite size. It was confirmed by the theoretical
and experimental studies [27–29, 33]. Therefore, reduction
of the S-parameter (sample 512) may be connected to the
annealing of interface vacancies, resulting in a decrease of the
S-parameter intensity [38–40].

Moreover, additional nanopores may appear due to the
vacancy agglomeration taking place in the process of crystal-
lite growing, even if the latter is not very significant.This may
result in the increase of the S-parameter.This was reported in
thework of [32], where the intensity of the second component
of positron lifetime increased.

As it follows from the RBS (Figures 2(a) and 2(b)) and
EDX analyses, the strongly structured coatings number 512
with a high level of compressive strain in the as-deposited
states (−2.76%) demonstrate the high oxidation resistance
after annealing.This occurred due to low oxygen diffusion to
the coating depth and a high degree of filling of the octahedral
interstitials by nitrogen atoms during the deposition of
coating under conditions of high nitrogen pressure in the
chamber. Thus, this system does not form a nitride interlayer
between nanograins, due to the low diffusion resulting
from high compressive stresses. It seems that the annealing
temperature is insufficient or the energy of atoms is too low
to form the interlayer. Therefore, the main channel allowing
the nitrogen atoms to sink for the formation of the nitride
interlayer is the interphase “coating substrate” boundary (see
the S-parameter curve of the maximum value 0.53 at energy
of analyzing positron beam of 13-14 keV).

Figure 7(a) shows the 3Dmap of the element distribution
in the area of 2.5 × 2.5 𝜇m for the sample 512, with scanning
step 0.5 𝜇m. As we can see in this figure, the elements are
distributed almost evenly over the surface and in the bulk.
At the same time, thermal annealing up to 873K (for 30min,
at pressure in chamber 100 Pa) leads to the segregation of
impurities at the grain interfaces, and the maps of these
distributions clearly indicate these regions, see Figure 7(b).
We pay attention to the fact that almost all the elements
forming the coating are arranged, and since themethod PIXE
is insensitive to nitrogen, the spectrum does not indicate
it. The width of these interfaces is about 0.12 ± 0.25 𝜇m,
and the size of large grains reaches up to 0.3–0.8 𝜇m. Thus,
considering the results of XRD analysis and 𝜇-PIXE with
S-parameter before and after annealing, we can say that in
the structure of (Ti-Zr-Hf-V-Nb)N the grains of 0.3–0.8 𝜇m
with nanograins of 45–60 nm fragmented into them are
formed. Dimensions of these nanograins were determined by
XRD. After annealing, the impurities are segregated at the
interfaces of large grains due to thermostimulated diffusion,
and an interphase interlayer is formed at small grains as an
agglutinating phase.

The results of research obtained by electron diffraction
microscope (TEM) demonstrated that the structural-phase
state of coatings with different contents of alloying elements
(Si, B, Al) in the system TiN even at high diffusion mobility
of atoms (i.e., at deposition temperature 673–773K) formed
the two-phase textured grain structures. The grains of a
submicron size 0.2–0.6𝜇m in such systems were fragmented
by the low-angle interfaces with the disorientation angles of
5∘ and by nanograins of 20–30 nm [13].

According to [12, 13, 17], increasing of content of low-
soluble alloying elements, upon reaching their critical con-
centration and/or diffusion mobility, leads to enrichment of
interfaces of growing crystals with these elements (taking into
account the values of mixing entropy of separate nitrides,
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Table 2: The enthalpies of formation (Δ𝐻) of the five binary
nitrides.

TiN VN ZrN HfN NbN
Δ𝐻, KJ/mole −337.7 −217.2 365.3 −373 −234.7

presented in Table 2, and also the total entropy of all metals
and nitrides on its basis included to the coatings), and to
corresponding decrease of the grain size [41]. This effect,
along with the nonequilibrium deposition conditions, pro-
moted the formation of randomly oriented nanocrystallites.
It should be noted that the maximum nanohardness of 𝐻 =
58GPawas obtained also for the samples 512. Elasticmodulus
for these samples reached the value of 𝐸 = 618GPa. For
samples 509 and 510, hardness values were of little lower rates
−52GPa and 46GPa, respectively.

Analysis of the wear byproducts, wear track structure
(on the sample), and wear spots (on counterface ball) was
provided along with microscopic study of the wear tracks

structure on the coating surface and the change of wear spots
on the ball. Measurement of the vertical section of wear
tracks was performed by profilometer in four diametrically
and orthogonally opposite fields and determined the aver-
age cross-sectional area and wear tracks. Figure 8 presents
the results of tribological wear test of the steel substrate.
The vacuum-arc coatings of Ti-Zr-Hf-Nb-V (4.0mm thick)
were deposited in the nitrogen reaction gas environment
on the polished steel disc. The results of the friction tests
showed the increase of the surface roughness due to the
drop component of the plasma flow (see Figure 9 and
Table 3).

Deposition of coatings on the substrate of steel 45 pro-
vides an increased durability, thus reducing the wear of steel.
The study of friction tracks is of great interest, which can
give the information about the mechanism of wear. Figure 10
shows photographs of friction tracks in vacuum-arc coating
(Ti-HF-Nb-Zr-V)N. Results of the study of wear products
in the friction process for the coating (Ti-HF-Nb-Zr-V)N-
Al
2
O
3
counterface are shown in Figure 11.



Journal of Nanomaterials 11

Table 3: Tribological characteristics of the different systems based on Ti, Zr, Hf, Nb, V, N.

Sample Friction coefficient, 𝜇 Wear factor mm3
×H−1 ×mm−1

Initial During experiment Of counterface (×10−5) Of sample (×10−5)
Coatings Ti-Hf-Nb-Zr-V-N 0.221 1.030 1.12 0.027
Steel 45 0.204 0.674 0.269 35.36

4. Conclusion

Present work reports original results revealing the mecha-
nisms of formation of interfaces in multicomponent coatings
and formation of the stress states of nanocrystals, as well
as their effect on thermal diffusion of nitrogen and oxygen
atoms. We found that by changing the deposition conditions,
it is possible to influence on thermal stability and hardness of
multicomponent nanostructured coatings.

We also considered an effect of defect migration,
which occurs in the process of annealing, on hampering
the nanocrystal growing, when the annealing temperature
increased. It turned out that the highentropy nitride alloys
and nanostructured coatings on their base contained only
the single-phase solid solutions. Its structure was composed
of the submicron grains of 0.3–0.8𝜇m, at the interfaces of
which the interlayers of impurity atoms were formed. At the
same time, the fragmented nanograin structures of 40–60 nm
size with subgrains of the nitride phases were formed in the
submicron grains. The sluggish diffusion originating from
the higher packing density because of the packing of atoms
with different sizesmade the effective diffusion distances very
short, which led to the enhanced difficulty of grain growth.
Regarding the lattice decline, the following three possible
factors must be considered: composition variation, phase
separation, and residual stress.
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Perovskite-type BiFeO
3
nanofibers with wave nodes-like morphology were prepared by electrospinning. The nanofibers show a

highly enhanced visible-light-active photocatalytic property. The results also showed that the diameter could affect the band gap
and photocatalytic performances of nanofibers. Additionally, weak ferromagnetic behaviors can be observed at room temperature,
which should be correlated to the size-confinement effect on the magnetic ordering of BiFeO

3
structure.

1. Introduction

BiFeO
3
(BFO), as a kind of multiferroic materials, which

shows simultaneously spontaneous magnetic and electric
ordering, has attracted much attention [1–3]. According to
recent studies, BFO is also an important visible-light respon-
sive semiconductor photocatalyst for water splitting and
degradation of organic pollutants due to its suitable band gap
(∼2.2 eV) and excellent chemical stability [4, 5].The synthesis
methodused to obtain the desired nanostructures plays a cru-
cial role in affecting electric, magnetic, and optical properties
of nanoscale BFO. Various procedures have been developed
to synthesize BFO nanostructure materials such as nanopar-
ticles [6–9], nanocubes [10, 11], nanotubes [12, 13], and
nanowires [14, 15]. Gao and his coworkers reported the syn-
thesis of BFO nanoparticles by a sol-gel technique and their
photocatalytic and magnetic properties [6]. Joshi et al. inves-
tigated a microwave synthesis of single crystalline perovskite
BFO nanocubes [10]. Templates methods were used to pre-
pare BFOnanotubes [12] and nanowires [15], respectively, but
there were some disadvantages including low-yield, polycrys-
talline structure and easy agglomeration.

Electrospinning as a simple and effective method for
fabricating ultrathin nanofibers has been used widely [16–18].

Xie et al. prepared BFO nanofibers of the polycrystalline
structure fired under a protective atmosphere [19]. In
addition, there were some researchers investigated the
ferroelectricity [20, 21] and photocatalytic activity under
UV-light irradiation [22, 23] in electrospun BFO nanofibers.
However, to our knowledge, there are no reports that focused
on the BFO nanofibers as a visible-light-active photocatalytic
decomposition material. In the present work, we reported
the successful synthesis of BFO ultralong nanofibers by
electrospinning and investigated the photocatalytic activity
under visible light and their magnetic behaviors.

2. Materials and Methods

BFO ultrafine fibers were synthesized by electrospinning as
follows. The BiFeO

3
precursor was prepared as previously

reported [24]. The precursor was prepared from citrate
acid-based solution, using iron (III) nitrate nonahydrate
(99.99%, Alfa Aesar), bismuth (III) nitrate pentahydrate with
a purity of 98% (Alfa Aesar), citrate acid (Sigma Aldrich)
as the solutes, and N,N-dimethylformamide (DMF, China
National Chemicals Corporation Ltd.) as the solution. The
final concentration of the two precursor solutions were 0.2M
and 0.4M, respectively. Excess Bi of about 5mol%was used to
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Figure 1: Schematic illustration for preparation of nanofibers by
electrospinning.

compensate for the bismuth loss during the heating process.
Polyvinylpyrrolidone (PVP, Mw=1,300,000 g/mol, Aldrich)
was then added to the solution directly and stirred for 6 h at
room temperature to obtain homogeneous solution for the
electrospinning process.

This solution was fed into 20mL syringe and electrospun
through 0.5mm diameter needle using an electrostatic spin-
ning apparatus (Figure 1). The flow rate of spinning solution
was maintained to 0.5mL/h using a syringe pump, and an
applied voltage was kept at 15 kV. The as-spun nanofibrous
membranes were collected on an aluminium roller with a
diameter of 100mm at a rotating speed of 1000 rpm. The
distance between the needle tip and the roller was 15 cm. And
then the as-spun nanofibrous membranes were stabilized at
150∘C for 10min in air and heated at 600∘C for 2 h in air
to obtain the BFO nanofibers. The heating rate was kept at
10∘C/min.

The crystallinity and morphology of the BFO nanofibers
were examined by X-ray diffraction (XRD, Rigaku D/max
2500V, Rigaku Corporation), scanning electron microscopy
(SEM, JSM-7001F, JEOL Ltd.), and high-resolution TEM
(HRTEM, JEOL2011). The average diameters of the nano-
fibers were calculated from 100 filaments based on the SEM
images using image analysis software (Image J, National
Institutes of Health, USA). The Raman spectrum measure-
ments were performed in backscattering geometry with a
radiation of Ar+ laser at 633 nm by using a microscope-based
Raman spectroscopy system (LabRAM HR, Horiba, NJ,
USA). UV-visible diffuse reflectance absorption spectra were
measured by aUV-vis spectrophotometer (Hitachi UV-3310).
Themagnetization of the samples was measured using super-
conducting quantum interference device (SQUID, MPMS-7,
Quantum Design, San Diego, CA, USA) magnetometer. The
photocatalytic activities were evaluated by the degradation
of Congo red (CR) in aqueous solution under visible-light
irradiation using a 500W Xe lamp with a cutoff filter (𝜆 >
400 nm) according to our previous study [25]. Briefly, aque-
ous suspensions of CR (50mL, 20mg/L) and BFO nanofibers
(2 g/L) were placed in an open reactor, and the suspension
was placed in darkness for one hour with magnetic stirring
before irradiation to reach absorption/desorption equilib-
rium.The reaction temperaturewas kept at room temperature
by cooling water to prevent any thermal catalytic effect.

The degradation of CR was evaluated by centrifuging the
retrieved samples and recording the intensity of absorption
peak of CR (495 nm) relative to its initial intensity (C/C

0
)

using a spectrophotometer.

3. Results and Discussion

Figure 2 shows SEM images of as-spun BFO-gel/PVP fibers
and BFO nanofibers. The as-spun fibers (Figures 2(a) and
2(c)) are round in shape and have a rather uniform diameter
over its length. The average diameter increased from 300 nm
to 800 nm as the concentration of the solution increased
from 0.2M to 0.4M. Figures 2(b) and 2(d) show that the
BFO nanofibers have a reduced diameter of 100 nm and
300 nm after being heated. The reduction in diameter can
be attributed to the thermal treatment, which has pyrolyzed
the polymer at 600∘C. In addition, the fibers surface became
rougher after heating and annealing, which could be mainly
assigned to a dramatic change in crystal structure [22].

The XRD patterns of the BFO nanofibers are shown in
Figure 3(a). The reflection peaks of the different samples can
be indexed as a single-phase perovskite structure belonging to
the space group R3c (JCPDS card no. 86-1518), and no obvi-
ous peaks from other phase were detected, demonstrating
that well-crystallized single phase BFO can be obtained under
the current synthesis conditions. Fe

3
O
4
and 𝛾-Fe

2
O
3
are not

present as impurity phases according to the XRD pattern
recorded at a very slow scan rate in the regions (33∘–36∘ and
48∘–50∘) where the maximum intense peaks of 𝛾-Fe

2
O
3
and

Fe
3
O
4
are expected.

To get further insight on the structural variations of BFO
nanofibers, typical Raman spectra of our BFO nanofibers
were shown in Figure 3(b).The peaks at 140, 171, and 219 cm−1
can be assigned to A

1
(1TO), A

1
(2TO), and A

1
(3TO) modes

for the rhombohedral BFO system, respectively, which is
in good agreement with that of previously reported data
[26]. Meanwhile, the E (TO) phonon modes were also quite
consistent with our previous study [27].

The crystalline structure of BFO ultrafine nanofibers is
further examined by HRTEM, as shown in Figure 4. It is
observed from TEM images (Figures 4(a) and 4(b)) that BFO
nanofibers arewave nodes-like, and the difference of diameter
of nanofibers from 0.2M and 0.4M BFO solution was signif-
icant. The reason for this variation can rely on the increase
of the concentration of the precursor solution, which results
in increase of nanofibers under the same condition of electro-
spinning technique [28]. It indicated that the wave nodes-like
morphology of nanofibers was produced by regulating the
concentration of the precursor solution to a certain extent.
The selected area electron diffraction (SAED) pattern from
the pane area marked with dashed line in Figure 4(a) shows
very sharp diffraction spots, proving the well-developed
single-crystalline structure. Figure 4(c) is a HRTEM image
of the grain boundary. The regular spacings of the observed
lattice are 0.396 and 0.287 nm,which are corresponding to the
(012) and (110) crystal planes of a rhombohedral BFO phase,
respectively. This result was consistent with previous study
[29].
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Figure 2: SEM images of (a) as-spun BFO-gel/PVP fibers without heat treatment and (b) BFO nanofibers after heat treatment synthesized
with 0.2M BFO solution; (c) as-spun BFO-gel/PVP fibers without heat treatment and (d) BFO nanofibers after heat treatment synthesized
with 0.4M BFO solution.
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Figure 3: (a) XRD patterns of BFO nanofibers; (b) Raman spectra of BFO nanofibers.

Generally, the optical absorption performance of semi-
conductors is related to the electronic structure feature and
their band gaps [30]. The optical properties of samples
were studied by measuring their UV-vis diffuse reflectance
absorption spectra. As shown in Figure 5(a), the absorption
spectra of BFO nanofibers with different diameters were
measured. The absorption spectra show that BFO nanofibers

can absorb considerable amounts of visible light, suggesting
their potential applications as visible-light-driven photocat-
alysts. And compared with the BFO nanofibers with the
diameter of 300 nm, the BFO nanofibers with the smaller
diameter (100 nm) show higher visible-light absorption. This
difference was mainly due to the nanoscale size effect includ-
ing ultrafine diameter and large specific surface area [31].
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Figure 4: (a) TEM image of part of a single BFO nanofiber synthesized with 0.2M BFO solution; inset is the selected area electron diffraction
(SAED) pattern from the pane area marked with dashed line; (b) TEM image of part of a single BFO nanofiber synthesized with 0.4M BFO
solution; (c) HRTEM image of the grain boundary of BFO nanofibers.
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Figure 5: (a) UV-vis diffuse reflectance absorption spectra of BFO nanofibers with different diameters; inset is the calculation diagrams
of the corresponding band gap; (b) photodegradation of CR in the presence of BFO nanofibers with different diameters under visible-light
irradiation.

The optical absorption coefficient near the band edge follows
[32]:

𝛼ℎ] = 𝐴(ℎ] − 𝐸
𝑔
)
𝑛/2

, (1)

where 𝛼, ℎ, ], 𝐸
𝑔
, and 𝐴 are absorption coefficient, Planck

constant, light frequency, band gap, and a constant, respec-
tively. Considering that BFO is a direct band gap material,
the value of 𝑛 for BiFeO

3
is 1 [33]. The corresponding values

of direct band gap of BFO nanofibers can be evaluated by
extrapolating the linear portion of (𝛼ℎ])2 versus (ℎ]), as
shown in the inset of Figure 5(a). After calculations, the
values of the nanofibers with the diameters of 300 nm and
100 nm are 2.16 eV and 2.23 eV, respectively, which is quite

consistent with previous results [15, 34]. The obvious shift in
absorption edge for the samples may be due to the change of
fibers size [35]. In addition, a secondary edge that can also
be assigned to crystal field transition was observed at higher
wavelengths for the nanofibers.

To further evaluate the visible light photocatalytic activity
of as-synthesized samples, Congo red (CR) with a major
absorption peak at 495 nm was chosen as a model organic
pollutant. Visible-light irradiation of aqueous CR/BFO led
to an apparent decrease in absorption. Figure 5(b) gives the
concentration changes of CR at 495 nm by BFO nanofibers as
a function of irradiation time under visible light during the
degradation process. Adark experiment (without irradiation)
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Figure 6: The magnetization hysteresis loops of BFO nanofibers at RT and 5K, and inset is the partially enlarged curves, respectively.

was also performed, in which the CR decomposition was
negligible. The BFO nanofibers show good photocatalytic
efficiency. After being exposed to visible light for 3 hours,
75% of the CR was photodegraded with the BFO nanofibers
of 100 nm diameter as photocatalysts, showing better pho-
tocatalytic activity than that of 300 nm diameter (50%).
The reason may be that the smaller nanofibers have higher
surface-area-to-volume ratios. In our earlier studies, the BFO
nanoparticles with 100 nm size could only degrade almost
40% of the initial dye after 2 h under the same conditions
[7], while the BFO nanofibers with the same size can degrade
65%. This can be attributed to the ultralong longitudinal
dimension of nanofibers that provides a sufficiently spacious
transport channel for charge separation [36]. It indicated that
electrospinning technology for fabricating BFO nanofibers
has more significant advantages in photocatalytic perfor-
mance than other fabrication methods.

Considering the importance of the multiferroic property
of BFO [37, 38], the magnetic ordering of the BFO nanofibers
of 100 nm diameter was measured by SQUID (Figure 6). It
is important to note that the saturated 𝑀 is ∼0.01 emu/g at
RT, much smaller than that (∼0.04 emu/g) of BFO nanowires
[15] with 50 nm diameter prepared by AAO templates. It may
be due to the size effect. The partially enlarged M-H curve is
shown in the inset, which reveals that the RT coercive field of
the BFO nanofibers is quite small (∼150Oe), similar to that
of the nanoparticles [6, 8] and the nanowires [15]. The grain
size of our nanofibers is larger than the 62 nm wavelength of
the intrinsic spiral-modulated spin structure in bulk BiFeO

3

as previously reported [39]. It was reported that the cycloid
structure becomes more anharmonic at lower T, and its
detrimental effect on the magnetic ordering is devalued [39],
leading to stronger ferromagnetics (FM), evidenced by the

M-H loop at 𝑇 = 5K, as shown in Figure 6. These results
indicated that BFO nanofibers show weak ferromagnetic at
RT and 5K, similar to that of nanoparticles.

4. Conclusions

In summary, we have successfully prepared BFO nanofibers
with 100 nm and 300 nm diameters by electrospinning.These
nanofibers with bamboo-like morphology show a highly
enhanced visible-light-active photocatalytic property, com-
pared with the BFO nanoparticles. Our results also showed
that the diameter could affect the band gap and photocatalytic
performances of nanofibers. In addition, magnetic studies
revealed their weak ferromagnetic behaviors at RT and
5K. These BFO nanofibers can be useful for developing
multifunctional devices combining magnetic, electronic, and
optical properties.
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Cobalt xanthate thin films (CXTFs) were successfully deposited by chemical bath deposition, onto amorphous glass substrates,
as well as on p- and n-silicon, indium tin oxide, and poly(methyl methacrylate). The structure of the films was analyzed by far-
infrared spectrum (FIR), mid-infrared (MIR) spectrum, nuclear magnetic resonance (NMR), and scanning electron microscopy
(SEM).These films were investigated from their structural, optical, and electrical properties point of view. Electrical properties were
measured using four-point method, whereas optical properties were investigated via UV-VIS spectroscopic technique. Uniform
distribution of grains was clearly observed from the photographs taken by scanning electronmicroscope (SEM).The transmittance
was about 70–80% (4 hours, 50∘C). The optical band gap of the CXTF was graphically estimated to be 3.99–4.02 eV. The resistivity
of the films was calculated as 22.47–75.91Ω⋅cm on commercial glass depending on film thickness and 44.90–73.10 Ω ⋅cm on the
other substrates. It has been observed that the relative resistivity changed with film thickness.TheMIR and FIR spectra of the films
were in agreement with the literature analogues. The expected peaks of cobalt xanthate were observed in NMR analysis on glass.
The films were dipped in chloroform as organic solvent and were analyzed by NMR.

1. Introduction

Cobalt xanthates are similar to hybridmaterials, because they
have an organic sulfide part and inorganic metal part as iron
xanthate. These organometallic compounds have wide rang-
ing properties such as optical, electrical, and magnetic char-
acteristics [1–4]. It has been shown that these thin films show
different properties such as an antibacterial agent, magnetic
and semiconductor material, which allowed them to be used
for data storage, solar cell production, and water purification
[5–10]. Neither cobalt isopropyl xanthate thin films produc-
tion nor their optical, electrical properties and structural
analysis have been studied yet.These thin films and their bulk
compounds may be useful in many areas, especially in solar
cells. Chemical vapor deposition and physical vapor deposi-
tion are included among thin film deposition methods used
to produce metal sulfide thin films [5, 11]. These methods are
expensive andneed a variety of instruments unlike the chemi-
cal bath deposition method.

The aim of this paper was to produce cobalt xanthate thin
film by chemical bath deposition method and to examine its
structural, optical, and electrical properties. Metal xanthate

complexes rapidly occur when the precipitate rises to the sur-
face in chemical bath deposition.Moreover, due to the nature
of organometallic thin films, it is difficult to analyze them.
The metal xanthates thin films were produced with difficulty.

2. Experimental

2.1. Reagents. Isopropyl xanthate was synthesized first as
described in the literature, and the stock solution of 0.1M
was prepared. High purity reagents were used for all the
prepared solutions. The stock solution was diluted each time
when required. The other stock solution of iron nitrate salt
was prepared from high purity compound (99.9%, E. Merck,
Darmstadt, Sigma Aldrich). All laboratory glassware and
substrates were cleaned by soaking in diluted nitric acid and
rinsing with alcohol and deionized water prior to use.

2.2. Synthesis of Isopropyl Xanthate. Isopropyl xanthate was
synthesized by dissolving 3.74 g of KOH (0.067mol) in amix-
ture of 4.5mL CS

2
, 6mL isopropyl alcohol and 9mL benzene

and heated under a reflux condenser.Themixture was mixed
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Figure 1: Probable steps related with complex formation (ion-ion mechanism). (a) Particles of L-M-L complexes are spread towards the
substrate.(b) The complex is stuck to the substrate as an LML composite, still being in the solution. (c) LML grains grow with the formation
of more complexes and absorption. (d) Grains form the film by sticking to each other (M: metal, L: ligand) [12].
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Figure 2: Cobalt xanthate thin film on glass substrate MIR spec-
trum.

for 20 minutes at 35∘C and for 45 minutes at 45∘C. Then, it
was mixed for 1 hour at 60∘C. Approximately 9 grams of the
reaction product was then purified by rinsing with acetone
and drying in the oven at 30∘C for 48 hours [13–30].

2.3. Preparation of Films. Ten mL of 0.1M cobalt nitrate and
10mL of 0.1M isopropyl xanthate were mixed in a beaker.
The substrateswere dipped into this chemical bath at required
temperatures. As the result of ion-ionmechanism, CXTF was
formed and was deposited on all the substrates. The films
were deposited at different temperatures of 30, 40, and 50∘C,
whereas pH of the bath was maintained between 6.50. In
addition, deposition time was changed from 4 to 7 hours at
40 and 50∘C, 16–19 hours at 30∘C.The thin films were cleaned
in purified water and dried before their further examinations.
The formation of the film is shown in detail in Figure 1.

2.4. Measurements. The vibrational spectrum of CXTF was
recorded by Perkin Elmer Spectrum 400 spectrometer (TGS
detector) with ATR.The scanning number was 10 and resolu-
tion was 4 cm−1. The 1H-NMR spectrum was measured by a
Bruker (400MHz) spectrometer.The surface properties of all
filmswere examined using EVO40-LEO computer controlled
digital scanning electron microscope (SEM) with seconder
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Figure 3: Cobalt xanthate thin film on glass substrate FIR spectrum.

electron detector. Electrical properties were measured using
four-point measurements technique, and accordingly the
resistivitywas calculated.Thefilm thicknessesweremeasured
with atomic force microscopy (AFM). The optical measure-
ments were conducted by aHach LangeDR 5000 spectropho-
tometer at room temperature by placing an uncoated identi-
cal glass substrate in the reference beam. The optical spectra
of the thin films were recorded in the wavelength range of
250–700 nm.

3. Results and Discussion

We used the FIR, MIR, and 1H-NMR spectra of cobalt xan-
thate thin film on glass. The spectra are shown in Figures 2,
3, 4, 5, and 6.

Figure 1 illustrates that in the cobalt xanthate thin film,

(i) the –OH peak occurred at 3200–3600 cm−1,
(ii) the symmetric stretching vibration of the aliphatic

groups (–CH
3
) was seen at 2976–2932 cm−1,

(iii) the bending vibration of –CH
3
was seen at 1448–1373–

1349 cm−1,
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Figure 5: Cobalt xanthate thin film 1H-NMR at 1 ppm.

(iv) the asymmetric stretching of C–O–C at 1253–1182–
1141 cm−1,

(v) the symmetric stretching vibration of –C–O at
1081 cm−1,

(vi) the stretching vibration of –C=S at 1029 cm−1,
(vii) rocking vibration of –CH

3
at 899 cm−1,

(viii) symmetric vibration of –C–C–C at 811 cm−1, and
(ix) symmetric stretching vibration of S–C–S at 602 cm−1.
In Figure 3, the stretching vibrations of Co–S were

observed at 359 cm−1, similar to the other functional groups
of cobalt xanthate’s organic parts [31–38].We did not consider
anymeasurements below 200 cm−1. Figure 3 illustrates that in
the cobalt xanthate thin film,

(i) the vibration of –C–S at 662–521 cm−1,
(ii) the bending vibration of –C–O–C at 463 cm−1,
(iii) the stretching vibration of O–C–S at 291 cm−1, and
(iv) the bending vibration of S–C–S at 238 cm−1.
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Figure 6: Cobalt xanthate thin film 1H-NMR at 5 ppm.

In the 1H-NMR spectrum (Figures 4–6), CXTF was
dipped into a chloroform solution for spectrum analysis. The
scanning number was 16 for all samples. The solvent peak
(chloroform) was observed at 7.2 ppm, whereas trace concen-
tration of the water peak was observed at 1.5 ppm when the
triplet peak of the –CH

3
group occurred at 1.52 and 1.41 ppm.

Since proton number was one, integration number was 1.05.
The group of –CH NMR peaks was divided into five at
between 5.50–5.60 due to neighboring –CH

3
groups, and the

integration number was 1.05. The –CH group had an oxygen
atom as a neighbor which caused a decreased electron
shielding, so its peak was observed in the low area [39–41].
No impurities were observed in the spectra. The 1 ppm peak
was expected to split into a double peak, but actually it was
divided into triplet peak. This meant that

(i) the rotation of the isopropyl groups can be obstructed,
and the methyl groups give doublet-doublet reso-
nance,

(ii) the isopropyl groups can be bonded to different cobalt
shapes, and the methyl groups give doublet-doublet
resonance,

(iii) magnetic properties of cobalt atom can also be
affected by the NMR spectrum, which is come
together doublet-doublet peak.

The doublet peaks can be combined with each other, thus
we saw a triplet peak [42].

The transmittance (𝑇) and absorbance (𝐴) for CXTF can
be used for the calculation of reflectance (𝑅) from the follow-
ing expression [43]:

𝑇 = (1 − 𝑅)
2
𝑒
−𝐴
. (1)

Transmittance and absorbance measurements were per-
formed at room temperature in the range of 300–1100 nm.The
films were deposited at different deposition temperatures and
deposition times as shown in Figures 7, 8, and 9. The trans-
mittance change with changing deposition times and deposi-
tion temperatures can be seen from the curves.The optimum
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Figure 7: Change of % 𝑇 and% 𝑅with wavelength at various depo-
sition time (𝑡 = 50∘C).

values for deposition time and temperature were selected as
4 hours at 50∘C, respectively (∼70% transmittance).

The highest deposition temperature and time were taken
as 50∘C and 19 hours (at 30∘C) for upper limit of the param-
eters, respectively. Metal xanthates are known to decompose
beyond these limits [36]. Cobalt xanthates, in a similar way,
decomposed at 60∘C and 21 hour of deposition time to give
iron oxide, oxide chloride, or sulfide as decomposition prod-
uct in this study.The cobalt xanthate decomposed into cobalt
oxide or sulfide above 50∘C and 19 hours.

The refractive index and extinction coefficient for the
films are given by the following equations [43]:

𝑛 =
(1 + 𝑅)

(1 − 𝑅)
+ √
4𝑅

(1 − 𝑅)
2
− 𝑘2,

𝑘 =
𝛼𝜆

4∏
.

(2)

The refractive index was not regularly affected by deposition
temperatures at 30, 40, 50∘C, and its values were reported
as 1.80, 2.60, and 1.80 in Figure 10. The refractive index
was sputtered at 40∘C. Moreover, the extinction coefficient
behaved in the same way and the extinction coefficients were,
respectively, 0.023, 0.025, and 0.082 at 30, 40, 50∘C (in 550 nm
wavelength). The n-k graphic shows anomalous dispersion.
According to literature, this anomalous behavior is due to the
resonance effect between the incidental electromagnetic radi-
ation and the electrons polarization, which leads to the elec-
tron coupling in the structure of the oscillating electric field
[44]. The optic band gap energy (Eg) was determined from
the absorption spectra of the films using the following rela-
tion [43–48]:

(𝛼ℎ]) = 𝐴 (ℎ] − 𝐸𝑔)
𝑛

, (3)

where𝐴 is a constant, 𝛼 is the absorption coefficient, ℎ] is the
photon energy, and 𝑛 is a constant, which is equal to 1/2 for
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Figure 8: Change of % 𝑇 and% 𝑅with wavelength at various depo-
sition time (𝑡 = 40∘C).
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Figure 9: Change of % 𝑇 and% 𝑅with wavelength at various depo-
sition time (𝑡 = 30∘C).

the direct band gap semiconductor. The plot of (𝛼ℎ])2 versus
ℎ] is illustrated in Figure 11.

The band gaps (Eg) of the films changed as 3.98, 3.99, and
4.01 in Figure 11. Film thickness was increased with depo-
sition temperature, whereas the band gap of the films was
not decreased with film thickness. Both electrical and optical
bandwidths of amaterial are correlatedwith themagnitude of
columbic interactions. To be more precise, the size of atoms
and electronegativity values are the two most important
factors, affecting bandwidth. Bandwidth of a material is
expected to get higher when the atoms get smaller, bonds
getting stronger, and with higher electronegativity of the
atoms. Although there are some exceptions, nitrides and
oxides, which are the elements from III-V groups of periodic
table, are generally known with their high optic band ranges.
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Figure 10: n-k graphic according to deposition temperature.

The high optic bandwidth of the organometallic compound
used in our study is in line with the literature, since it is
formed by small atoms with high electronegativity [49].

It was found that the film thicknesses were not increased
nearly linearly with increasing deposition temperature
whereas the band gap of the films decreased with increasing
film thickness as expected. Similarly, resistivity increased
with film thicknesses which was contradictory to the litera-
ture [50].The film thickness of the films is shown at Figure 12,
according to deposition time.

The resistivity of the films was determined by four-point
measurements of the films using the following relation [51]:

𝜌 =
∏𝑊

ln 2
𝑉

𝐼
(𝑊 ≪ 𝑠) , (4)

where𝑊 is film thickness, 𝑉 is the voltage, 𝐼 is the current,
and 𝑠 is the distance between the probes. The resistivity was
measured in dark, at room temperature. In the measure-
ments, the distance of the probes was in millimeter, whereas
the film thickness was in nanometer scale.

The resistivities of the films weremeasured as 22.47, 42.71,
and 75.91Ω⋅cm for the film thicknesses 198.14, 267.15, and
454.07 nm, respectively. The resistivity of the films deposited
increased with the film thickness as can be seen from the
plot of film thickness versus resistivity (Figure 13). Although
Moualkia et al. andKasap et al. found that the film thicknesses
between 250–900 nm were slightly affected by the resistivity
of the film, the resistivity of cobalt xanthate increasedwith the
film thickness [48, 50]. It is a known fact that the aliphatic
groups in the structure increase the resistance, they are not

conductive. Thus, they are causing an increase on the resis-
tance with the increase of the film thickness.

Thin fims were also produced on n-silicium, p-silicium,
poly(methyl methacrylate), and indium tin oxide as different
substrates in this work.The film resistivity on these substrates
was found to be different than commerical glass studied
previously. The resistivities of the poly(methyl methacrylate)
(PMM), indium tin oxide (ITO), n-silicon (n-Si), and p-
silicon (p-Si) substrates were measured as 67.15, 50.98, 44.90,
and 73.10Ω⋅cm at the optimized parameters of deposition
time and temperature, respectively (Figure 14). It was found
that CXTF on p-Si substrate had the highest resistivity,
whereas the resistivity of the n-Si was the lowest [52–54]. It is
a well-known fact that these kinds ofmaterials are stuck to the
surface with 𝜋-bonds or with idle electrons of electronegative
atoms [6]. When such a material is deposited on n-Si, which
is rich on electrons, the electron doublets of these bonds as
well as idle doublets will apply a tension to the material; thus
electron transmission between the substrate and thin filmwill
be easier. So the resistance will decrease and the conductivity
will increase. In the literature, there are examples about the
impact of substrates on the resistance [55].

Figures 15(a) and 15(b) show SEM photos of cobalt xan-
thate thin film. It is given strange exposure. At 5 and 10 𝜇m,
SEMphoto of cobalt xanthate thin filmwas dispersed like bio-
logic cells. The grains were resembling cancer cells in micron
scale. It was assumed that the grains formed colonies. Spaces
appeared very frequently at 10 𝜇m scale. The grains scattered
very much. Any connection did not appear between the cells.
These large spaces affect the homogeneity of the thin films,
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whichmight be the reason of their high resistivity. Also itmay
be the reason of anomalous behaviors of optical properties.

The elemental analysis results were calculated using the
ratio of sulfide and cobalt according to EDX data in Figure 16.
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The ratio of sulfide and cobalt changed with deposition tem-
perature. The ratios of sulfide and cobalt in different depo-
sition temperatures were 1.262, 1.776, and 2.112. In a cobalt
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Figure 15: (a) Cobalt xanthate thin film on glass substrate (10 𝜇m). (b) Cobalt xanthate thin film on glass substrate (5 𝜇m).
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xanthate molecule, the theoretical ratio of the sulfide and
cobalt is approximately 3.255. The elemental results were
closer to the theoretical value at 50∘C (Co-tris isopropyl
xanthate).This shows that the cobalt cation bonds to the three
xanthate molecule, as per the literature [37].

4. Conclusion

Cobalt isopropyl xanthate thin filmwas prepared first time on
glass, poly(methyl methacrylate), indium tin oxide, n-silicon,

and p-silicon substrate via ion-ionmechanism.The optimum
parameters were determined to be 4 hours and 50∘C for the
deposition time and the temperature. The variations of some
chemical properties at different deposition temperatures,
such as 30, 40, 50∘C, were examined, and the following out-
puts have been obtained:

(i) refractive indexes: 1.80, 2.60, and 1.80 (550 nm wave-
length) at 30, 40, 50∘C, respectively,

(ii) extinction coefficients: 0.023, 0.025, and 0.082 at 30,
40, 50∘C, respectively,

(iii) band gaps (Eg) of the films: 4.01, 3.99, and 4.02 eV at
30, 40, 50∘C, respectively,

(iv) film thicknesses were changed between 198.14-
454.07 nm when temparature has been increased
from 30 to 50∘C,

(v) resistivities of the films: 22.47, 42.71, and 75.91Ω⋅cm
for the film thicknesses 198.14, 267.15, and 454.07 nm,
respectively,

(vi) the resistivities of the poly(methyl methacrylate)
(PMM), indium tin oxide (ITO), n-silicium (n-Si)
and p-silicium (p-Si), substrates were measured as
67.15, 50.98, 44.90, and 73.10Ω⋅cm at the optimum
deposition time and temperature.

SEM images of the thin films gave insight about their
resistivity and refractive index. It can be seen that the film
deposited on n-Si had lower resistivity than other ones.
Although further investigation is needed for this new thin
film, it seems to be a material which may be very useful for
solar cells, dedectors, or sensors.
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Incorporating nanoscale materials into suitable matrices is an effective route to produce nanocomposites with unique properties
for practical applications. Due to the flexibility in precursor atomization and delivery, aerosol-assisted chemical vapour deposition
(AACVD) process is a promising way to synthesize desired nanocomposite coatings incorporating with preformed nanoscale
materials. The presence of nanoscale materials in AACVD process would significantly influence deposition mechanism and
thus affect microstructure and properties of the nanocomposites. In the present work, inorganic fullerene-like tungsten disulfide
(IF-WS

2
) has been codeposited with Cr

2
O
3
coatings using AACVD. In order to understand the codeposition process for the

nanocomposite coatings, chemical reactions of the precursor and the deposition mechanism have been studied. The correlation
between microstructure of the nanocomposite coatings and the codeposition mechanism in the AACVD process has been
investigated. The heterogeneous reaction on the surface of IF-WS

2
nanoparticles, before reaching the substrate surface, is the key

feature of the codeposition in the AACVD process. The agglomeration of nanoparticles in the nanocomposite coatings is also
discussed.

1. Introduction

Nanotechnology is one of the most popular research areas in
the last decade. Materials on nanoscale can exhibit unique
properties as compared to those on a macroscale [1]. Various
nanoscale materials have been developed, such as nanoparti-
cles, nanotubes, nanofibers, nanowires, nanorods, nanobelts,
and nanosheets, for promising applications in semiconduc-
tors, optics, mechanics, energy, catalysts, sensors and biology,
and so forth [2–7]. Incorporating these nanoscale materials
into suitable matrices to form nanocomposites, either in the
formof bulkmaterials or coatings, is considered an important
route to realise the unique properties of nanoscale materials
for practical applications [8, 9]. However, nanoscalematerials
tend to be structurally sensitive and may lose their original
properties during the incorporation into matrices to pro-
duce nanocomposites. Most studies on the use of nanoscale
materials in nanocomposites or nanocomposite coatings are
limited to inorganic filler and polymermatrix systems [10, 11],

in which the processing conditions are relatively mild in
order to preserve the unique microstructures and properties
of the nanoscale materials. It is a challenge to produce
inorganic nanocomposite systems with the incorporation of
the preformed nanoscale materials into ceramic matrices,
due to a much higher processing temperature and critical
processing environment which tend to be less favourable for
the nanoscale materials.

Inorganic fullerene-like tungsten disulfide (IF-WS
2
) na-

noparticles are excellent solid lubricants under severe con-
ditions [12]. It is reported that incorporation of IF-WS

2

nanoparticles into coatings would offer considerable im-
provements on tribological performance [13, 14] and adjust
hydrophobic/hydrophilic behavior of the coating surface
[15]. Recently, aerosol-assisted chemical vapor deposition
(AACVD) has been adapted to synthesize inorganic nano-
composite coatings from the dispersion or colloid of nano-
particles [16, 17].We have also incorporated IF-WS

2
nanopar-

ticles into Cr
2
O
3
coating usingAACVD [18].The atomization
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of precursor dispersion or colloid in AACVD process allows
the introduction of preformed nanoscale materials and code-
posits themwithmatrixmaterials simultaneously, to form the
desired nanocomposite coatings onto the substrate surface.
These results demonstrated that AACVD is a promising
method for the synthesis of nanocomposite coatings with
the codeposition of preformed nanoscale materials. How-
ever, the codeposition mechanism in AACVD has yet to
be investigated. The presence of the nanoparticles in the
precursor aerosol would influence the chemical reactions
and deposition process, and hence the microstructure of the
nanocomposite coatings. The codeposition has significantly
deviated from a standard CVD. For better understanding of
the process, it is proposed to study the codeposition mecha-
nism in AACVD and its correlation with the microstructure
of the nanocomposite coatings. The results and conclusions
may also be extended to other nanocomposite coating sys-
tems, consisting of other kinds of nanoscale materials and
matrices.

2. Experimental

Chromium nitrate nonahydrate (Aldrich) was used as chem-
ical precursor for the deposition of chromium oxide (Cr

2
O
3
),

while IF-WS
2
nanoparticles ranging from 80 to 220 nm were

supplied by NanoMaterials Ltd. The basic precursor solution
was prepared by dissolving chromium nitrate nonahydrate in
ethanol-based solvent to form 0.05M solution. Then IF-WS

2

nanoparticles were added into the basic precursor solution
(0.23 g/L) to obtain uniform suspension via an ultrasonic
bath. Silicon wafers and stainless steel plates were used as
substrates and cleaned in an ultrasonic bath with alcohol
prior to the deposition.

The precursor suspension containing IF-WS
2
nanopar-

ticles was then atomized to generate fine aerosol droplets
using an ultrasonic generator, at a frequency of 1.7MHz,
with nitrogen as carrier gas. The droplets were subsequently
directed towards a heated zone where they underwent evapo-
ration, decomposition, and chemical reactions and deposited
chromium oxide coatings with IF-WS

2
onto the substrates.

The deposition temperatures were set in the range of 280–
300∘C. Post heat-treatment of the samples was carried out
to obtain crystalline Cr

2
O
3
and the desired microstructure

of the nanocomposite coatings. The as-deposited coatings
were annealed at 500∘C in argon for 1 hour. For comparison,
pure Cr

2
O
3
coatings were also synthesized from precursor

solution without adding IF-WS
2
nanoparticles. In order to

study the intermediate reactions of the precursor in the depo-
sition, dried precursor powder was prepared by removing
the solvent from the precursor suspension at 50∘C for 48
hours. The thermal decomposition behaviours of chromium
nitrate nonahydrate and the dried precursor powder were
determined separately by differential thermal analysis (DTA)
using a Setaram Labsys 1600, from 30∘C to 700∘C, at 5∘C/min
in air. The structural changes of the dried precursor powder
were also investigated by a Perkin Elmer Spectrum One
Fourier transform infrared spectrometer (FTIR, attenuated
total reflectance mode (ATR)).

The IF-WS
2
/Cr
2
O
3
coatings were characterized using a

combination of scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), atomic force microscope
(AFM), transmission electron microscopy (TEM), and scan-
ning transmission electron energy loss spectroscopy (EELS).
A Philips XL30 scanning electron microscope equipped with
an Oxford Instruments energy-dispersive X-ray spectrome-
try (EDX) was used to characterise the microstructure and
composition of the nanocomposite coating. Surface chemical
analysis of the coating was carried out using a VG ESCALab
X-ray Photoelectron Spectrometer. A Veeco CP-Research
Scanning Probe Microscope (contact AFM mode) was used
tomeasure the roughness of the deposited coatings. For TEM
(conventional and high resolution) imaging, an FEI TECNAI
F20 was used. EELS analysis was performed with a 100-
keV STEM instrument (VG HB 501) equipped with a field
emission source and a parallel Gatan 666 EELS spectrometer.

3. Results

3.1. DifferentialThermal Analysis (DTA). InAACVDprocess,
the aerosol droplets of chemical precursor undergo evap-
oration and decomposition at elevated temperatures [19].
In order to study the intermediate reactions involved in
the deposition, dried precursor powder was obtained by
removing solvent from the precursor dispersion. Figure 1
shows DTA analysis of pure chromium nitrate nonahydrate
and the dried precursor powder. As compared to the thermal
behaviour of pure chromium nitrate nonahydrate, the main
endothermic peak of the dried precursor powder shifts to
150–175∘C, indicating significant changes in the chemical
structure. A small exothermic peak around 425∘C can be
found, which corresponds to the oxidation of IF-WS

2
in the

precursor powder. As reported [14], the oxidation of pure IF-
WS
2
nanoparticles starts at 350∘Cand reaches itsmaximumat

400∘C.While the oxidation of IF-WS
2
is significantly delayed

in the DTA curve of dried precursor powder, indicating
that IF-WS

2
nanoparticles are covered and protected by

intermediates of the precursor from oxidation at elevated
temperatures.

3.2. FTIR Spectra. Figure 2 shows the FTIR spectra of pure
chromium nitrate nonahydrate and the dried precursor
powder. In both spectra, the broad peak at circa 3060 cm−1
can be assigned to nondissociated water and it is confirmed
by the peak at 1630 cm−1. There are some new absorption
peaks appearing in the FTIR spectrum of the dried precursor
powder. The absorption bands centred at 1395, 1090, and
799 cm−1 could be assigned to CH

3
bend, C–O stretching,

and CH
2
rock vibration, respectively [20, 21], which indicates

that -OEt is introduced when chromium nitrate nonahydrate
is dissolved in ethanol solvent. The new absorption band
at 959 cm−1 can be assigned as antisymmetric O–Cr–O
stret-ching vibration [22], while 892 cm−1 peak is associated
with the symmetrical stretching mode of Cr–O bond [23].
There is another extra band at 1550 cm−1, which may be
due to the vibration of O–H stretching in short O–H–O
bonds of Cr(OH)

3
⋅3H
2
O [24, 25]. Further details on the
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Figure 1: DTA analysis of chromium nitrate nonahydrate and the
dried precursor powder.
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Figure 2: FTIR spectra of pure chromium nitrate nonahydrate and
the dried precursor powder.

possible chemical structures and reactions will be discussed
in Section 4.

3.3. EDX and XPS Analysis. Pure Cr
2
O
3

coatings and
IF-WS

2
/Cr
2
O
3
nanocomposite coatings were produced via

AACVD and subsequent annealing at 500∘C. EDX analysis
of the nanocomposite coating is shown in Figure 3(a). The
elements W and S can be clearly detected. Figure 3(b)
presents XPS W(4f) line of nanocomposite coating, with
the IF-WS

2
nanoparticles as reference. The presence of W

could not be detected by XPS in the nanocomposite coating.
Similarly, S element is also not detectable by XPS. As XPS
has much smaller analysis depth than EDX, it reflects that the
IF-WS

2
nanoparticles have been fully covered by the matrix.

Thus, there is no naked IF nanoparticle on the surface of the
coating.

3.4. AFM Characterisation. The coatings were also charac-
terised using AFM, to obtain further information on their
surface morphology and roughness. As shown in Figure 4,
the nanocomposite coating has a rough surface, with some
peaks and valleys in microrange, while the pure Cr

2
O
3

coating is smoother. There are some small grains appearing
in the pure coating, several hundred nanometers in size. The
average roughness (Ra) of the two coatings in Figures 4(a)
and 4(b) are 16.9 nm and 62.6 nm, respectively.

3.5. TEM and EELS Analysis. Figure 5(a) is an HREM image
of IF nanoparticles incorporated in the nanocomposite coat-
ing. IF-WS

2
nanoparticles are confirmed to be incorporated

into the coatings by TEM. The hollow onion structure of IF-
WS
2
can be clearly observed in Figure 5(a). Several spectrum-

lines were acquired across an IF-WS
2
particle (as shown in

the inset of Figure 5(b)), in order to analyse the qualitative
composition of the IF particle, matrix, and the interface [26].
Probe size is about 0.7 nm, and the step was 3 nm. Acquisition
energy range was selected to analyse O K edge, S and Cr L
edges, andW low energy edges (O and N). Figure 5(b) shows
the intensity profiles for these edges. The resulting profiles
clearly show the presence of Cr

2
O
3
matrix on each side of

the particle. It is noted that no O signal is detected in the
IF-WS

2
nanoparticle, indicating that no oxidation of IF-WS

2

has occurred in the deposition process and the subsequent
heat treatment.Thus, the results suggest that the hollowonion
structure and chemical composition of IF-WS

2
nanoparticles

are preserved without apparent modification; however, the
agglomeration of IF-WS

2
has been observed.

4. Discussion

4.1. Chemical Reactions. In ethanol solution, nitrate group in
Cr(NO

3
)
3
⋅9H
2
Omay be replaced by alkoxy group,

Cr(NO
3
)
3
⋅9H
2
O + EtOH → Cr(OEt)

3
+HNO

3
+H
2
O
(1)

The intermediate Cr(OEt)
3
is unstable with the existence of

water molecule, and Cr–OEt bond would be hydrolysed to
form Cr–OH bond:

Cr(OEt)
3
+H
2
O → Cr(OEt)

𝑥
(OH)
(3−𝑥)
+ EtOH

(𝑥 = 0, 1, 2)

Cr(OEt)
𝑥
(OH)
(3−𝑥)
+ 𝑥H
2
O → Cr(OH)

3
+ 𝑥EtOH

(𝑥 = 1, 2)

(2)

Then Cr(OH)
3
may absorb more water to form Cr(OH)

3
⋅

3H
2
O. In Figure 2, the FTIR spectrum proofs the presence of

Cr(OH)
3
⋅3H
2
O in the dried precursor powder. As the nitrate

structure is still observed from FTIR, it is suggested that the
dried precursor powder is a mixture of nitrate and hydroxide,
and only part of nitrate has been converted in reaction (1).

At elevated temperature, chromiumnitratewould directly
decompose to Cr

2
O
3
[27], and chromium hydroxide can

form Cr
2
O
3
via reaction (3) [28]:

Cr(OH)
3
⋅3H
2
O → Cr

2
O
3
+H
2
O (3)

In the real AACVD process, the chemical reactions and
intermediates will be more complicated than the interpreta-
tion for the dried precursor powder. But it is suggested that
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Figure 5: TEM imaging and EELS analysis of the IF-WS
2
/Cr
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O
3
nanocomposite coatings. (a) HREM image of an IF-WS

2
particle showing

typical layered structure formed by S-W-S sheets. (b) Qualitative compositional profiles after PCA analysis across an IFLM particle showing
that no interdiffusion or oxidation of the particle takes place. The integrated signal has not been divided by the cross-section; the black line
in the inset has the length of 130 nm.
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Figure 6: Deposition of nanocomposite coating using AACVD. (a) Formation of precursor dispersion consisting of chromiumnitrate and IF-
WS
2
nanoparticles, (b) atomization of precursor dispersion, (c) evaporation of solvent, (d) decomposition and chemical reactions of precursor

intermediates in gas phase, (e) nucleation and growth on IF nanoparticle surface, and (f) deposition of IF-WS
2
/Cr
2
O
3
on the substrate surface.

alkoxy and hydroxide structure are involved in the reactions.
At elevated temperature, it is a procedure of releasing N-
containing groups and water, which corresponds to the main
endothermic peak at 150∼175∘C in Figure 1.

4.2. Deposition Mechanism. To synthesize IF-WS
2
/Cr
2
O
3

nanocomposite coatings, the precursor dispersion consisting
of IF nanoparticles was atomized to produce fine aerosol
droplets. These aerosol droplets were subsequently directed
towards a heated zone where they underwent evaporation,
decomposition, chemical reactions, and deposition. In this
process, IF nanoparticles were incorporated into the coating
via “codeposition.” There are some studies on codeposition
of particles via homogeneous nucleation using CVD process
[29–32]. However, in the current study, the IF nanoparticles
were obtained separately, instead of being formed in situ
simultaneously with the matrix, which could provide inde-
pendent control for both nanoparticles and matrix materials.
IF nanoparticles might induce nucleation and growth of
matrix on their surface in gas phase, prior to the depo-
sition occurring on the substrate surface. The deposition
mechanism of AACVD with IF nanoparticles is proposed in
Figure 6 and described as follows.

(a) Formation of precursor dispersion consisting of chro-
mium nitrate and IF-WS

2
nanoparticles: chromium

nitrate is dissolved into ethanol-based solvent to form

homogeneous solution, and IF-WS
2
nanoparticles are

distributed in the solution uniformly to obtain the
desired dispersion.

(b) Atomization of precursor dispersion: the liquid dis-
persion is atomized to form fine aerosol droplets with
diameter ranging from 1 to 10 microns.The size of the
IF nanoparticles is circa 80–220 nm, so one droplet
of dispersion, for example, may contain one or more
nanoparticles. The aerosol droplets are delivered to
the reaction area by carrier gas, together with the IF
nanoparticles.

(c) Evaporation of solvent: when the aerosol droplets
are being transported, they will undergo substantial
evaporation, especially with increased environmental
temperature. The small size and the large specific
surface area of these droplets will accelerate the
evaporation of solvent. The evaporation can cause
rapid evaporative cooling effect and lead to decrease
of surface temperature of droplets until heat transfer
between the droplets and the environmental reaches
a temporal balance [33]. Therefore, the fine aerosol
droplets make it possible to achieve rapid removal
of solvent when they are approaching the heated
substrate.

(d) Decomposition and chemical reactions of precursor
intermediates in gas phase: the decomposition and
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chemical reactions of the precursor occur rapidly
at the elevated temperatures. Some intermediates of
precursor start to form in gas phase. From the TEM
analysis, IF-WS

2
nanoparticles remain stable in the

deposition. IF nanoparticles are always transported
with the chemical precursor, when they are sur-
rounded by the precursor intermediates, their surface
can adsorb some intermediates or active species due
to the high specific surface area.

(e) Nucleation and growth on the IF nanoparticle surface:
before reaching the substrate, IF nanoparticles play
an important role as the “nucleation seeds” of Cr

2
O
3

via heterogeneous reactions. Nucleation takes place
from the adsorbed intermediates or active species
on the surface of IF nanoparticles, where a thin
layer of Cr

2
O
3
is formed. Then a kind of spherical

particles with Cr
2
O
3
shell and IF core would be

obtained. Via continuous heterogeneous reaction,
these spherical particles grow bigger and bigger.Then
all IF nanoparticles are covered by the Cr

2
O
3
shell

before they reach the substrate surface. The Cr
2
O
3

shell can protect the IF nanoparticles from oxidation
and other chemical reactions, so the unique hollow
onion structure of IF can be preserved as shown in
Figure 5(a). However, in the AACVD of pure Cr

2
O
3

coating, there is no extra surface for heterogeneous
reactions in the gas phase. Heterogeneous nucleation
only happens on the surface of substrate. Thus, it is
suggested that heterogeneous nucleation on the IF-
WS
2
surface is one of the key features for the synthesis

of nanocomposite coatings using AACVD process.

(f) Cr
2
O
3
can also directly deposit onto the substrate

surface from the gas-phase species via heterogeneous
reactions, similar to that of pure Cr

2
O
3
coating in

AACVD process, which is the major route for the for-
mation of Cr

2
O
3
matrix. Simultaneously, the IF-WS

2

nanoparticles with the Cr
2
O
3
shells are delivered and

deposited onto the substrate surface.TheCr
2
O
3
shells

outside the IF-WS
2
nanoparticles can be merged with

the major Cr
2
O
3
coating matrix in the subsequent

deposition. As the deposition temperature is no more
than 350∘C, no oxidation of WS

2
occurs, and the IF-

WS
2
nanoparticles remain stable.

In the deposition of pure Cr
2
O
3
coating in AACVD, the

heterogeneous nucleation of Cr
2
O
3
only takes place at the

substrate surface. Therefore, some small grain features on
the coating surface can be observed from AFM image,
and the coating is much smoother than that incorporated
with IF nanoparticles, as seen in Figure 4. In the synthesis
of nanocomposite coating, the heterogeneous nucleation of
Cr
2
O
3
also occurs on IF nanoparticles in the gas phase, so

that the IF nanoparticles become bigger and bigger before
they reach the substrate. After they have deposited onto the
substrate and merge with the coating matrix, bigger peaks
appear which significantly increases the surface roughness of
the coatings. Thus, a much rougher surface is formed. As all
IF nanoparticles are fully covered by Cr

2
O
3
shell before they

reach the substrate surface, no naked IF nanoparticle can be
detected by XPS on the surface of the nanocomposite coating.

In summary, as the nanoparticles have high specific
surface area and they have close contact with the chemical
reactants during the transport period, the heterogeneous
reaction starts on the nanoparticles surface. It is suggested
that the heterogeneous reaction on the surface of IF nanopar-
ticles, before they reach the substrate, is the key point in
the AACVD of nanocomposite coatings. The heterogeneous
reaction would lead to the formation of a shelled layer
on the nanoparticle surface, which greatly influences the
microstructure and surface roughness of the coatings.

4.3. Agglomeration of IF Nanoparticles inside the Nanocom-
posite Coatings. Agglomeration is a general tendency of
nanoscale materials. It is normally believed that nonagglom-
erated or less-agglomerated nanoscale materials could be
beneficial to their unique properties. Ideally, it is desirable to
have uniform and nonagglomerated distribution of nanopar-
ticles inside the coating matrix. However, it is found that
the agglomeration of IF nanoparticles occurred in the IF-
WS
2
/Cr
2
O
3
nanocomposite coatings [18]. Thus, there is a

need to minimize the agglomeration of IF nanoparticles
inside the nanocomposite coating.

There are several possible sources and reasons of IF
agglomeration in the final nanocomposite coatings produced
by AACVD, as follows.

(i) The supplied nanoparticles: if heavy agglomeration
exists in the supplied nanoparticles, proper separation
methods have to be applied to break up the agglom-
erates. Otherwise, the agglomeration will remain
in the final nanocomposite coating. Therefore, less
agglomerated nanoparticles would be favourable.

(ii) Preparation of precursor dispersion consisting of
nanoparticles: IF nanoparticles are required to be
well dispersed in the precursor solution. Ultrasonic
bath or other methods can be used to break up the
agglomerates and obtain stable dispersion. Surfactant
might be used in this stage to improve the stability of
the dispersion.

(iii) Atomization of precursor dispersion: in the atomiza-
tion stage, nanoparticles will be loaded and carried
by the aerosol droplets. If the droplet is big, it would
carry more nanoparticles, which may have more
chance for agglomeration in this droplet. Therefore,
smaller size droplet is preferred. The same require-
ment can also be applied to the distribution of the
droplets size. Thus, fine and uniform aerosol droplets
are required for less-agglomeration in the AACVD
process.

(iv) Evaporation of solvent in the aerosol droplets: as
discussed previously, evaporation of solvent takes
place in the droplets transport period. If one droplet
contains more nanoparticles, agglomeration of these
nanoparticles may occur when the droplet shrinks,
especially when all solvent has been evaporated from
the droplet. It indicates that using finer aerosol
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droplets or lowering the nanoparticle concentration
in the dispersionmay be helpful to reduce the possible
agglomeration in this stage.

(v) Heterogeneous reactions on the surface of IF nan-
oparticles during their transport period: before IF
nanoparticles reaches the substrates, substantial het-
erogeneous reactions would occur on the surface
of IF nanoparticles and form a layer of Cr

2
O
3
.

The Cr
2
O
3
may act as connective materials between

nanoparticles. This kind of agglomeration may be
minimized by reducing the earlier heterogeneous
reactions, via optimizing the processing parameters,
such as deposition temperature and gas flow rate.

Therefore, it is suggested that the agglomeration of IF nan-
oparticles inside the nanocomposite coating is a combination
of the physical and chemical properties of the nanoparticles
and all the processing steps. Various measures can be applied
to minimize the possible IF agglomeration at the different
steps of the AACVD process. The results and conclusions
would also be helpful for the fabrication of nanocomposite
coatings using other processing techniques.

5. Conclusions

IF-WS
2
nanoparticles have been incorporated into Cr

2
O
3

coating matrix to form nanocomposite coatings using
AACVD. Hollow onion structure and chemical composition
of IF-WS

2
nanoparticles are preserved inside the matrix.

All IF nanoparticles are fully covered by the coating matrix
and no naked IF nanoparticle can be detected. Individual
IF nanoparticle in the coating can be clearly characterised
by TEM analysis, but the agglomeration of the IF nanopar-
ticles also exists. As compared to pure Cr

2
O
3
coatings, the

nanocomposite coatings have a much rougher surface.
The chemical reactions and intermediates in the AACVD

process could be complex. From the thermal decomposition
of the dried precursor powder, it is suggested that alkoxy and
hydroxide structures are involved in the reactions.

A deposition mechanism has been proposed to discuss
the codeposition of nanocomposite coating using AACVD.
The heterogeneous reaction on the surface of IF nanopar-
ticles, before they reach the substrate, is the key point
in AACVD of nanocomposite coatings. The heterogeneous
reaction would lead to the formation of a Cr

2
O
3
shell on

the nanoparticles surface, which greatly influences themicro-
structure and surface roughness of the coatings.

The agglomeration of IF nanoparticles inside the nano-
composite coatings might be attributed to the as-received
nanoparticles and AACVD process. Various measures have
been discussed for minimizing the possible IF agglomeration
at different steps in the process. The results and conclusions
would also be helpful for the fabrication of nanocomposite
coatings using other processing techniques.
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