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Nanotechnology makes it possible to intentionally modify
the properties of surfaces and endow them with any desired
function. Nanostructured surfaces, coatings, and films have
represented important advances in control of wetting, adhe-
sion, mechanical, thermal, magnetic, electrical, and optical
properties and ability to direct cell behavior. A number of
promising approaches to fabricate functional micro- and
nanostructured surfaces, coatings, and films have been stim-
ulated by opportunities to enhance the properties of surfaces
and interfaces via the combination of surface structure,
morphology, and physical and chemical properties. Such
functional micro- and nanostructured surfaces, coatings,
and films are playing an increasingly important part in a
broad range of novel applications, such as energy, electronics,
photonics, as well as sensor systems, advanced materials, and
medical devices.

This special issue features articles that cover a wide
range of recent progress in design, fabrication, and char-
acterization 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.

C. Song et al. address the growth of semimetal bismuth
and antimony films on reactive substrate. The strategy pre-
sented is facile and cost effective, which may develop the
design of functional thin films of metal or other inorganic
materials.

B. Bo et al. present the study on the adsorption of organic
dyes by TiO

2
@yeast-carbon composite microspheres and

their in situ regeneration evaluation.The results will be useful
for further research and practical applications of the novel
TiO
2
@yeast composite in dye wastewater treatment.

R. Liao et al. report glaze icing on superhydrophobic
coatings prepared by nanoparticles filling combined with
etching method for insulators. The coated glass slides and
glass insulators show excellent anti-icing performance at low
temperature.

N. Sultana et al. fabricate the polycaprolactone/gelatin-
based electrospun nanofibers and evaluate their antibacterial
properties. The results confirm that the nanofibers are suit-
able for use in inhibiting bacterial infections and protecting
the injured parts of both skin and tissues fromcontamination.

X. Liu et al. investigate themagnetization reversal process
in FeCo/Ru/FeCo exchange coupled synthetic antiferromag-
netic multilayers. The results show that the two magnetic
layers have the same domain structure and the domain
structures were reversed correspondingly when the applied
field is smaller than the exchange coupling field.

Q. Wang et al. prepare a low-stress, elastic, and improved
hardness hydrogenated amorphous carbon film. The results
show that, at the hydrogen flow rate of 50 sccm, the deposited
films have lower compressive stress, higher elastic recovery,
and higher hardness, compared with the films deposited
without hydrogen introduction.

H. Chen et al. describe a facile strategy for functional-
ization of boron nitride nanotubes with Pd nanoparticles.
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The good catalytic activity of the Pd nanoparticles decorated
boron nitride nanotubes to be a potential candidate in the
application of electronic and catalysis fields.

Z. Qi et al. investigate the evolution of morphology
and hydrophobicity of superhydrophobic polyimide surfaces
under different ultraviolet intensities. This work will further
promote the application of UV method in polyimide super-
hydrophobic materials.

F. Yang et al. address electrodeposition and characteriza-
tion of CuTe andCu

2
Te thin films.The results suggest that the

epitaxial electrodeposition is an ideal method for deposition
of compound semiconductor films for photoelectric applica-
tions.

J. He et al. fabricate mechanical durable polysilox-
ane superhydrophobic materials. The materials show sta-
ble superhydrophobicity after the surfaces undergo a long
distance friction and its superhydrophobicity can be even
slightly enhanced by the surface abrasion.

J. Gou et al. investigate the photoluminescence behaviors
of the reddish orange emitting phosphor (CaIn

2
O
4
: Sm3+

codoped with Zn2+ or Al3+ ions).The excellent luminescence
properties demonstrate the potential application as new-style
reddish orange phosphors on light emitting diode.

Z. Liu et al. synthesize graphene wrapped SnxTi1−xO2
nanoparticles as anodematerials and investigate their electro-
chemical performance. The results indicate that SnxTi1−xO2
solid solutions can be used as anode materials for Li-ion
batteries.

G. Li et al. investigate the structural and magnetic
properties of the Ni

81
Fe
19
thin film grown on the Si substrate.

The results confirm thatNi
81
Fe
19
/graphene heterostructure is

a potential candidate for spin injection source into semicon-
ductor channel.

C. W. Lai synthesizes the anodic TiO
2
films with differ-

ent surface morphologies using electrochemical anodization
technique. The anodic TiO

2
nanotubes generate a good

photocurrent response of 1mA/cm2 with photoconversion
efficiency of 2% in the photoelectrochemical water splitting
studies.

As guest editors for this special issue, we hope that
this special issue will not only provide the readers with
accurate data, updated research, and important questions to
be resolved, but also stimulate further developments in the
field of nanostructured surfaces, coatings, and films.
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We prepared magnetic thin films Ni
81
Fe
19

on single-crystal Si(001) substrates via single graphene layer through magnetron
sputtering for Ni

81
Fe
19
and chemical vapor deposition for graphene. Structural investigation showed that crystal quality of Ni

81
Fe
19

thin films was significantly improved with insertion of graphene layer compared with that directly grown on Si(001) substrate.
Furthermore, saturation magnetization of Ni

81
Fe
19
/graphene/Si(001) heterostructure increased to 477 emu/cm3 with annealing

temperature 𝑇
𝑎
= 400

∘C, which is much higher than values of Ni
81
Fe
19
/Si(001) heterostructures with 𝑇

𝑎
ranging from 200∘C to

400∘C.

1. Introduction

Efficient and robust injection of spin polarized electrons into
semiconductor channel and manipulating the injected spin
electrons have been persistent problems for semiconductor-
based spintronic devices [1–3]. Hanle effect curves from
ferromagnetic metal into semiconductor channel by three-
terminal geometry have been reported [4–7]; moreover,
the spin valve signals from ferromagnetic metal into
semiconductor channel were investigated by four-terminal
geometry [8–10]; various insulator layers such as MgO,
Al
2
O
3
, and SiO

2
were inserted between ferromagnetic

metal and semiconductor to solve the conductance mis-
match problem [11–14]. Although clear Hanle signals
were obtained for three-terminal geometry in ferromag-
netism/insulator/semiconductor system, the high contact
resistance area products resulting from the insulator layer
were a serious issue [15].

Graphene was a potential candidate for an insulator
tunneling barrier because (1) it exhibited poor conductivity
perpendicular to the plane although it is very conductive
in plane [16] and (2) it is a highly uniform, defect-free,
and thermally stable layer. Cobas et al. reported that clear
magnetoresistance curves were obtained for graphene-based
magnetic tunneling junctions in which graphene works as a
tunneling barrier [17]. van’t Erve et al. reported spin injection

from NiFe thin film into Si channel via graphene by three-
terminal geometry [18]. However, the previous studies were
restricted to the electrical properties of NiFe/graphene/Si
heterostructures. The structural and magnetic properties of
NiFe thin film grown on Si(001) substrate via graphene were
rarely investigated.

Given this background, the purpose of the present study
has been to fabricate Ni

81
Fe
19
/graphene heterostructures

on Si(001) substrates and investigate their structural and
magnetic properties. For this purpose, we prepared 50-nm
thick Ni

81
Fe
19

thin films on Si(001) substrate via single
graphene layer bymagnetron sputtering with various anneal-
ing temperature, 𝑇

𝑎
. We also prepared 50-nm thick Ni

81
Fe
19

thin films directly grown on Si(001) substrates for compari-
son. The intensity of 111 peak and saturation magnetization
significantly increased for Ni

81
Fe
19
thin films compared with

that directly grown on Si(001) substrate with 𝑇
𝑎
= 400

∘C,
indicating the improvement of crystal structure.These results
demonstrated that the structural and magnetic properties
of Ni

81
Fe
19

thin film can be improved with insertion of
graphene between ferromagnetic metal and semiconductor.

This paper is organized as follows. Section 2 describes
materials and methods. Section 3 presents our experimen-
tal results regarding structural and magnetic properties of
Ni
81
Fe
19
/graphene/Si(001) heterostructure and discussion.

Section 4 summarizes our results and concludes.
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2. Materials and Methods

Two kinds of layer structures were fabricated: firstly, (from
the substrate side) graphene/Ni

81
Fe
19

(50 nm)/AlO
𝑥
(1 nm)

on a Si(001) single-crystal substrate. Grapehene was fabri-
cated by chemical vapor deposition (CVD) on copper foil;
then the copper foil was cut into the size of 20 × 20mm2.
Photoresist was coated on the surface of the graphene in
order to assist the following wet-transfer process and add
the copper foil into ferric trichloride to completely etch the
copper. Then the photoresist-coated graphene was physically
transferred on the Si(001) substrate which was cleaned by
hydrofluoric acid solution and the photoresist was removed
by acetone. Finally the samplewaswashed by deionizedwater.
The prepared graphene/Si(001) substrate was installed in a
high-vacuum chamber with base pressure of 5.0× 10−4 Pa; the
50-nm thickNi

81
Fe
19
thin filmswere deposited bymagnetron

sputtering at room temperature (RT) and then subsequently
annealing in situ at temperature 𝑇

𝑎
= 400

∘C. Secondly, we
also fabricated 50-nm thick Ni

81
Fe
19
films directly grown on

Si(001) at RT, which were annealed with 𝑇
𝑎
ranging from

200∘C to 400∘C.
We investigated the structural properties of the graphene

through ALMEGA Dispersive Raman spectrometer
(ALMEGA-TM) with a wavelength of 532 nm. The surface
morphologies were observed using atomic force microscopy.
The structural properties of Ni

81
Fe
19

thin films were
investigated by X-ray diffraction (XRD) 𝜃-2𝜃 scan. The
magnetic properties of Ni

81
Fe
19

thin films were inves-
tigated through vibrating sample magnetometer (VersaLab,
Quantum Design) at RT.

3. Results and Discussion

3.1. Structural Properties of Ni81Fe19/Graphene/Si(001) Het-
erostructures. Firstly, we describe the structural properties
of Ni
81
Fe
19
/graphene/Si(001) heterostructure. Figure 1 shows

the Raman spectra of graphene on single-crystal Si(001)
substrate. The typical G and 2D peak were observed at shift
of 1596 cm−1 and 2685 cm−1, respectively. The peak intensity
ratio of 𝐼

2D/𝐼G is about 1.6; the higher peak intensity ratio
for 2D peak compared with that of G peak indicated the
graphene was single layer. Furthermore, the full width at half
maximum (FWHM) of 2D peak was about 21 cm−1, which is
very close to the 25 cm−1 for the perfect single graphene layer.
Although D peak was observed at shift of 1352 cm−1 which is
related to the defect in the graphene layer, the peak intensity
ratio 𝐼D/𝐼G ≈ 0.06 which is appreciably low, indicating the
prepared graphene was almost defect-free [19].

Figure 2 shows the surface morphologies of Ni
81
Fe
19
thin

film on Si(001) substrate via single graphene layer by atomic
force microscopy (AFM) measurements, the 50-nm thick
Ni
81
Fe
19

thin film had sufficiently flat surface morphologies
with root mean square (rms) roughness of 0.47 nm, the
Ni
81
Fe
19
filmwas deposited at RT and subsequently annealed

at 400∘C on Si(001) substrate via graphene layer. This rms
value was almost similar to that Ni

81
Fe
19

thin film directly

D
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Figure 1: The Raman spectra of graphene on single-crystal Si(001)
substrate.
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Figure 2: Three-dimensional AFM image (1 × 1 𝜇m2) of the surface
topography of 50-nm thick Ni

81
Fe
19

thin film on Si(001) substrate
via single graphene annealed at 400∘C.

grown onMgO-bufferedMgO substrate with value of 0.31 nm
at annealing temperature 𝑇

𝑎
of 400∘C.

Figure 3 shows X-ray diffraction patterns of 50-nm
thick Ni

81
Fe
19

films grown on Si(001) substrate via single
graphene layer with annealing temperature of 400∘C. The X-
ray diffraction patterns of 50-nm thick Ni

81
Fe
19
films directly

grown on Si(001) were also shown for comparison, in which
the Ni

81
Fe
19

films were as-deposited and postdeposition
annealed at temperature ranging from 200∘C to 300∘C. No
appreciable peak was observed for the as-deposited Ni

81
Fe
19

films, indicating that it was amorphous film. With increasing
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Figure 3: X-ray diffraction patterns of 50-nm thick Ni
81
Fe
19

films grown on Si(001) substrate with various annealing temperature 𝑇
𝑎
, in

which one set of curves indicate the Ni
81
Fe
19
/Si(001) heterostrcutres with 𝑇

𝑎
ranging from 200∘C to 300∘C and as-deposited Ni

81
Fe
19
films,

the other set of curve indicate the Ni
81
Fe
19
/graphene/Si(001) heterostrcutre with 𝑇

𝑎
= 400

∘C.

the annealing temperature, the 111 peak of Ni
81
Fe
19

films
appeared for 𝑇

𝑎
up to 200∘C. In this sense, the crystal

structure of the as-deposited Ni
81
Fe
19
films was improved by

the annealing. With continuous increasing the 𝑇
𝑎
to 300∘C,

002 peak of Ni
81
Fe
19
films was obtained and the intensity of

111 peak slightly increased comparedwith that for𝑇
𝑎
= 200

∘C;
however, the 002 peak of single-crystalline silicon substrate
disappeared with 𝑇

𝑎
= 300

∘C, which was possibly due to the
interdiffusion between Ni

81
Fe
19
films and Si at relatively high

annealing temperature. In order to confirm the supposition,
the annealing temperature was increased up to 400∘C. No
appreciable 111 and 002 peaks of Ni

81
Fe
19
films and 002 peak

of silicon substrate were observed.The graphene was inserted
between Ni

81
Fe
19

films and Si(001) substrate as shown in
Figure 3; the intensity of 111 and 002 peaks was significantly
increased with 𝑇

𝑎
= 400

∘C and the interdiffusion between
Ni
81
Fe
19
films and Si(001) substrate was prevented; the crystal

structure of Ni
81
Fe
19

films was significantly improved by
inserting graphene layer. Furthermore, the XRD patterns
show that the heterostructure is composed of face centered
cubic (fcc) structure, which is consistent with the fact that fcc
structure is dominant in high Ni content Ni

81
Fe
19
film [20].

3.2. Magnetic Properties of 50-nm Thick Ni81Fe19 Thin Films
Grown on Si(001) Substrate via Single Graphene Layer. Next,
we describe the magnetic properties of Ni

81
Fe
19

thin films
grown on Si(001) via graphene layer and that directly grown
on Si(001) substrate. Figure 4(a) shows the magnetic hystere-
sis (𝑀-𝐻) curves of Ni

81
Fe
19

thin films at 300K. The 𝑀-
𝐻 curve with 𝑇

𝑎
= 400

∘C was that Ni
81
Fe
19

thin film grew
on Si(001) substrate via graphene layer; the other two curves
were those Ni

81
Fe
19

thin films directly grown on Si(001)

substrates. The magnetic field (𝐻) was applied in the plane
of the film along [100] direction of silicon substrate. The
saturation magnetization (𝑀

𝑠
) was 310 emu/cm3 for Ni

81
Fe
19

thin films deposited at RT without annealing; the𝑀
𝑠
slightly

increased to 350 emu/cm3 with 𝑇
𝑎
= 300

∘C. The obtained
𝑀
𝑠
values were close to those Ni

81
Fe
19

thin films grown on
Ta and Ti substrate [21]. With increasing 𝑇

𝑎
up to 400∘C,

no appreciable𝑀-𝐻 curve was observed for Ni
81
Fe
19
/Si(001)

heterostructure, which was due to the nonnegligible inter-
diffusion between Ni

81
Fe
19

thin film and Si(001) substrate.
However, with insertion of the graphene between Ni

81
Fe
19

films and Si(001) substrate, the𝑀
𝑠
significantly increased up

to 477 emu/cm3 for 𝑇
𝑎
= 400

∘C, indicating that the magnetic
properties of Ni

81
Fe
19
thin film significantly improved.

Figure 4(b) shows the coercive force (𝐻
𝑐
) for Ni

81
Fe
19

thin film as a function of𝑇
𝑎
.The𝐻

𝑐
values at 300K decreased

with increasing 𝑇
𝑎
from 𝐻

𝑐
= 10Oe for the as-deposited

film to 𝐻
𝑐
= 3Oe for 𝑇

𝑎
= 400

∘C. The decrease in 𝐻
𝑐
with

increasing 𝑇
𝑎
was probably induced by a decrease in the

pinning center density for the magnetic domain motion with
increasing 𝑇

𝑎
up to 400∘C [22].

4. Conclusion

We prepared Ni
81
Fe
19

thin films grown on Si(001) substrate
via graphene layer. First, the Raman spectra showed that the
graphene was single layer and almost defect-free. Second, the
X-ray pattern of Ni

81
Fe
19
/graphene/Si(001) heterostructure

confirmed that the crystal quality of Ni
81
Fe
19

thin films
significantly increasedwith insertion of graphene single layer.
Third, sufficiently flat surface morphologies were obtained
for Ni

81
Fe
19

thin films grown on Si(001) via graphene layer.
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Figure 4: (a) Typical magnetic hysteresis curves for Ni
81
Fe
19
/graphene/Si(001) and Ni

81
Fe
19
/Si(001) heterostructures at 300K with various

𝑇
𝑎
, where𝐻 was applied in the plane of the film along the [100]Si direction. (b)The coercive force (𝐻

𝑐
) for Ni

81
Fe
19
thin film as a function of

𝑇
𝑎
.

Fourth, relatively higher saturation magnetization values
at 300K were obtained for Ni

81
Fe
19

thin films grown on
Si(001) via graphene layer. These results confirmed that
Ni
81
Fe
19
/graphene heterostructure is a potential candidate

for spin injection source for spin injection into semiconduc-
tor channel.
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TiO
2
@yeast-carbon microspheres with raspberry-like morphology were fabricated based on the pyrolysis method. The obtained

products were characterized by field emission scanning electron microscopy (FE-SEM), energy dispersive spectrometry (EDS),
and X-ray diffraction (XRD). Effects of initial dye concentration and contact time on adsorption capacity of TiO

2
@yeast-carbon

for cationic dye methylene blue (MB) and anionic dye congo red (CR) were investigated. Experimental data were described by
Langmuir, Freundlich, Temkin, and Koble-Corrigan isotherm models, respectively. It was found that the equilibrium data of
MB adsorption were best represented by Koble-Corrigan, and CR adsorption was best described by both Freundlich and Koble-
Corrigan isotherm models. The kinetic data of MB and CR adsorption fitted pseudo-second-order kinetic model well. The results
demonstrated that TiO

2
@yeast-carbon microspheres achieved favorable removal for the cationic MB in comparison with that

for the anionic CR. In addition, regeneration experimental results showed that TiO
2
@yeast-carbon exhibited good recycling

stability, reusability, and in situ renewability, suggesting that the as-prepared TiO
2
@yeast-carbon might be used as the potential

low cost alternative for recalcitrant dye removal from industrial wastewater. One possible mechanism for regenerating dye-loaded
TiO
2
@yeast in situ was also proposed.

1. Introduction

Organic dyes are widely and frequently used in various
industries as textile, printing, petroleum, paper, and rubber
[1, 2]. During the manufacturing and dyeing process, a
substantial amount of dyestuff is lost into water, which poses
a great threat to the environment. Typically, the presence
of these toxic organic compounds reduces light penetration
into water, affects photosynthesis of aquatic lives, impedes
the growth of microbes, creates toxicity to fish, accumulates
in the food chain, and even travels long distance, causing
harm not only to the place where they are produced and
used but also globally [3]. Moreover, most of the organic
dyes are recalcitrant and difficult to degrade because of
their complex and stable aromatic molecular structure [4].
Hence, the removal or degradation of organic dyes from
water bodies has become a major environmental problem.
Till now, some physical or chemical strategies have been

attempted to remove dye contaminants from water, includ-
ing adsorption [5], advanced oxidation process (AOP) [6],
membrane filtration [7], ozonation [8], and coagulation-
flocculation [9]. Among the above-mentioned technologies,
adsorption has been proven to be one of themost efficient and
reliable methods for removing dyes from aqueous solution
because of its flexibility, high efficiency, ease of operation,
simplicity of design, and insensitivity to toxic pollutants [10].
A wide variety of low cost and easily available materials, such
as bentonite [11], fly ash [12], clay [13], active carbon [14],
and agriculture wastes [15, 16], have been exploited for the
removal of dyes from aqueous solutions.

Yeast-carbon is a porous and amorphous solid carbon
material, which is derived mainly from baker’s yeast. For
example, Nacco and Aquarone [17] firstly reported the fab-
rication of yeast-carbon by carbonizing yeast cells in gas-
heated muffle. The prepared yeast-carbon exhibited larger
surface area. Guan et al. [18] synthesized amphiphilic porous
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Figure 1: The structures of dyes: (a) MB and (b) CR.

hollow carbonaceous spheres via mild hydrothermal treat-
ment of yeast cells and further pyrolyzing. The obtained
carbon spheres displayed effective sorption of phenol from
water. In comparison with the great successes in the yeast-
carbon synthesis, the practical application of yeast-carbon
as adsorbent in wastewater treatment has still been limited
because the adsorbent could get saturated easily in the
adsorption process, which requires extra regeneration or
complete replacement [4]. More recently, TiO

2
has become a

hot topic mainly for its excellent photocatalytic performance
[19]. The integration of adsorption and TiO

2
photocatalysis

seems to offer a good solution to overcome the shortcoming
of extra regeneration or complete replacement from the
traditional adsorption process. In such a synergetic process,
the rich pore structure of adsorbents might promote the
transfer and adsorption of organic dyes, while the TiO

2
could

destroy dyes by photocatalytic oxidation, thus regenerating
the adsorbent in situ [20].

In the previous work, we fabricated the novel
TiO
2
@yeast-carbon microsphere with raspberry-like mor-

phology based on the pyrolysis method [21]. In the present
work, as a continual job, the prepared hybrid raspberry-like
TiO
2
@yeast-carbon microspheres were further used as ad-

sorbents for removal of two typical organic dyes (Methylene
blue and Congo red) from aqueous solution. The adsorption
equilibrium isotherms and kinetics was fully conducted.
Moreover, in situ regeneration of the adsorbents was
investigated, and one possible mechanism for regenerating
dye-loaded TiO

2
@yeast in situ was also proposed.

2. Materials and Methods

2.1. Materials. The powdered yeast was provided by Angel
Yeast Co. TiO

2
with the primary particle size at 20–30 nm

was from Degussa and was used without further purifi-
cation. Absolute ethanol and double-distilled water were
used throughout all the experimental procedures. Methylene
blue (MB) and Congo red (CR) were purchased from Xi’an
Chemical Agent Company and were used as pollutants in the
present work. Analytic grade sodium hydroxide (NaOH) and
sulfuric acid (H

2
SO
4
) were purchased from Xi’an Chemical

Agent Company.

2.2. Synthesis of TiO
2
@Yeast-Carbon Microspheres. In a typi-

cal synthesis procedure, 0.1 g of TiO
2
was dissolved in 200mL

of distilled water, using ultrasonic vibration for 10min, and
the pH value was adjusted to approximately 9-10 by adding
dropwise sodium hydroxide (1.0mol/L).Then, the dispersion
was stirred inmagnetic stirrers for 30min to facilitate particle
deaggregation. In a separate vessel, 1.25 g yeast powder was
washed with distilled water and absolute ethanol for three
times, respectively. Subsequently, the yeast was dispersed in
200mL of distilled water and magnetically stirred vigorously
for 30min, and the pH value was adjusted to approximately
3 with sulfuric acid (1.0mol/L). After that, the above TiO

2

and yeast cells were gathered by centrifugation from their
own suspensions and redispersed in 200mLof distilledwater,
respectively. Thereafter, TiO

2
and yeast suspensions were

slowly mixed with continuously magnetic stirring for 1.5 h at
room temperature and left for 3.0 h without further stirring
in order to ensure the formation of TiO

2
@yeast particles.The

mixturewas collected by centrifugation,washedwith distilled
water and absolute ethanol for three times, and then desic-
cated at 353K for 1.0 h. Finally, the dried TiO

2
@yeast particles

were calcined at 573K in a nitrogen pipe furnace for 1.0 h
and cooled to room temperature. After that, TiO

2
@yeast-

carbon hybrid microspheres were obtained. For comparison,
the yeast-carbon was prepared by similar method without
adding TiO

2
.

2.3. Characterization. Surface structure and morphology of
samples were observed by using Philip XL-30 field emission
scanning electron microscope (FE-SEM). Detailed composi-
tion characterization was carried out with energy-dispersive
spectroscopy (EDS) analysis. X-ray diffraction (XRD) pat-
terns were conducted on X. Pert Pro diffractometer using Cu
K𝛼 radiation (𝜆 = 0.15418 nm) at a scanning rate of 10∘/min.

2.4. Dye Solution Preparation. Methylene blue and Congo
red were cationic and anionic dyes, respectively, and were
used as model pollutants to study the adsorption properties
of TiO

2
@yeast-carbon microspheres. The structures of both

dyes are shown in Figure 1. Stock MB and CR solutions
(1.0 g/L) were prepared by dissolving 1 g of MB or CR in 1 L of
double distilled water, respectively. Experimental solutions of
desired concentration were obtained by further dilution.

2.5. Analysis of Organic Dyes. The samples were separated
from the solution at set intervals with centrifugation at
3000 rpm for 5min and were returned to the reaction system
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immediately after each analysis. The concentrations of MB
and CR in the supernatant solution were determined using a
double beamUV/visible spectrophotometer (UV-752, Shang-
hai) at 666.4 nm and 499.0 nm, respectively. Calibration
curve was found to be very reproducible and linear over the
concentration range used in this work.

2.6. Batch Adsorption Experiments. Adsorption studies were
carried by adding 0.25 g TiO

2
@yeast-carbon microspheres

and 100mL MB or CR solution of certain concentration into
a set of flasks followed by stirring inmagnetic stirrers at room
temperature without adjusting the solution pH. The flasks
were wrapped in aluminum foil to prevent photolysis. After
desired adsorption time, 5mL sample supernatant was taken
out to analyze the residual concentration of MB or CR. In all
sets of experiments, each test was conducted in duplicates,
and the mean value was recorded. The amount of adsorbed
dye per gram TiO

2
@yeast-carbon hybrid microspheres at

equilibrium (𝑞
𝑒
, mg/g) and at time 𝑡 (𝑞

𝑡
, mg/g) was calculated

by the following equation:

𝑞
𝑒
=

(𝐶
0
− 𝐶
𝑒
) 𝑉

𝑚
,

𝑞
𝑡
=

(𝐶
0
− 𝐶
𝑡
) 𝑉

𝑚
,

(1)

where 𝐶
0
, 𝐶
𝑒
, and 𝐶

𝑡
(mg/g) are concentrations of dye at

initial, equilibrium, and time 𝑡, respectively. 𝑉 (L) is the
volumeof the dye solution, and𝑚 (g) is themass of adsorbent.

2.7. In Situ Regeneration of TiO
2
@Yeast-Carbon Microspheres.

In order to evaluate the reusability and renewability of the
TiO
2
@yeast-carbon, MB was chosen as the model pollutant.

The procedure is as follows: an amount of 0.14 g of pre-
pared TiO

2
@yeast-carbon was suspended in a MB solution

(100mL) with an initial concentration of 2mg/L in a beaker.
The solution was magnetically stirred in dark for about 2.5 h
to ensure the establishment of an adsorption-desorption
equilibrium. Then, the mixed suspensions were irradiated
under aUV lamp (Philips TL 8W/08F8T5/BLB; 0.0155mbulb
diameter, 0.26m bulb length, and 1.2WUVA output) located
directly above the flasks at a distance of 6 cm from the surface
of the solution. The aqueous samples were taken out at a
regular interval time and analyzed until a second equilibrium
was achieved, whichmeant that a cycle was over. At the end of
each run, the dye-loaded TiO

2
@yeast-carbon microspheres

were collected by centrifugation, washed thoroughly, and
dried to be reused in the next cycle. Another cycle of
sorption-regeneration was repeated in the same manner as
mentioned above. All of the experiments were performed in
triplicate at room temperature.The removal rate (𝜂,%) ofMB
was calculated by the following equation:

𝜂 =
(𝐶
0
− 𝐶
𝑒
)

𝐶
0

× 100%. (2)

3. Results and Discussion

3.1. Characterization. Figure 2(a) is the SEM images of yeast-
carbon. It reveals that the yeast-carbon had smooth surface
morphology and uniform size (length = 3.5±0.4 𝜇m; width =
2.3±0.5 𝜇m). Figure 2(b) depicts an image of the TiO

2
@yeast

which is the precursor of TiO
2
@yeast-carbon. The size of

TiO
2
@yeast (length = 3.7 ± 0.4 𝜇m; width = 2.6 ± 0.5 𝜇m)

increased compared with the yeast-carbon in Figure 2(a),
which may be assigned to the attachment of TiO

2
particles.

Figure 2(c) presents an overall image of the TiO
2
@yeast-

carbon hybrid microspheres. The micrograph in Figure 2(c)
indicates that the particles inherited the general shape and
good dispersity of the precursor in Figure 2(b). Figures 2(d)
and 2(e) expresses the TiO

2
@yeast-carbon spheres in differ-

ent magnifications. The TiO
2
@yeast-carbon in Figure 2(d)

exhibits a typical raspberry-like structure since the TiO
2

nanoparticles were randomly decorated on the surface of
carbon microspheres. Figure 2(f) displays the detailed infor-
mation of the outer appearance of the TiO

2
@yeast-carbon

microspheres under a higher magnification. It can be clearly
seen that the surfaces of the microspheres were coated with
small TiO

2
particles, whereas some residual bare areas still

remained.These residual bare regions were of great benefit to
the adsorption of dye molecules in aqueous solution.

Additionally, the unique raspberry-like structure of
TiO
2
@yeast-carbon is further confirmed from the EDS anal-

ysis. In the insert image in Figure 2(a), C, O, Zn, P, and Pt
elements can be observed. C, O, and P result from the yeast
cells, Zn element comes from the yeast cells activation agent
ZnCl
2
, and Pt is assumed to be due to the metal spraying

before SEM studies. C, O, P, and Ti elements are observed
in the insert image in Figure 2(d). C, O, and P elements also
derive from the yeast, and the Ti element detected indicates
that TiO

2
has been already successfully coated on the yeast

carbon.
XRD patterns of TiO

2
, yeast, yeast-carbon, and

TiO
2
@yeast-carbon are shown in Figure 3. Diffraction

peaks at around 20∘ in Figures 3(a) and 3(b) indicate the
formation of amorphous species. Figure 3(c) illustrates
an XRD pattern of TiO

2
@yeast-carbon. The broad peak

at 20∘ is mainly caused by the amorphous structure of
yeast-carbon. Moreover, the remaining diffraction peaks are
in good agreement with TiO

2
in Figure 3(d) and no other

diffraction peaks can be detected within the investigated
range. Figure 3(d) exhibits the XRD pattern of the original
components of TiO

2
nanoparticles (P25 TiO

2
: 78% anatase-

type TiO
2
and 22% rutile-type TiO

2
). The observed sharper

diffraction peaks at 25∘, 37.9∘, 48.2∘, 54.8∘, and 63.0∘ are
consistent with diffraction peaks of anatase-type TiO

2

(JCPDS. number: 21-1272) [22], and the other diffraction
peaks centering at 69.0∘, 70.3∘, and 75.0∘ correspond well
with the reflections of rutile-type TiO

2
(JCPDS. number:

21-1276) [23].

3.2. Adsorption Capacity of MB and CR on TiO
2
@Yeast-

Carbon. Figure 4 describes the measured isotherms for MB
and CR on the TiO

2
@yeast-carbon samples at the same

initial dye concentration. From Figure 4, 𝑄
𝑡
for MB and CR
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Figure 2: FE-SEM images of (a) the yeast-carbon, (b) general observation of the raspberry-like TiO
2
@yeast precursor, (c) the overall view

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

2
@yeast-carbon microspheres, and (f) typical

raspberry-like TiO
2
@yeast-carbon microspheres observed under high magnifications.

increased dramatically during the initial time. Then, MB and
CR adsorption reached equilibrium at the time of about 80
and 130min, respectively, which was similar to observations
of Hameed et al. [24]. As shown in Figure 4, two adsorption
stages existed obviously: a very rapid initial adsorption over
a few minutes, followed by a longer period of much slower
uptake. The rapid uptake at the initial contact time could
be ascribed to the fact that there were plenty of available
adsorption active sites on the surface of TiO

2
@yeast-carbon,

while the slow rate of dye adsorption was probably due to the
repulsive forces between the dye molecules in the solution

and on the surface of the TiO
2
@yeast-carbon [25]. It can

also be seen from Figure 4 that the adsorption capacity
of cationic dye MB by TiO

2
@yeast-carbon was significantly

higher than that of anionic dye CR, as manifested by the
approximately 3-fold higher adsorption capacity of the CR,
which could be assigned to the negatively charged surface of
the adsorbent [21, 26]. Moreover, because the CR possesses
more polar atoms (N and S), the interaction between CR
and TiO

2
@yeast-carbon may be stronger than that between

MB and TiO
2
@yeast-carbon. This may induce a collapse in

the pore structure of TiO
2
@yeast-carbon and then create a
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Figure 4: Adsorption isotherms for MB: (a) and CR: (b) on
TiO
2
@yeast-carbon.

sharp decrease in the adsorption capacity. It is noteworthy
that the adsorption capacity of MB on TiO

2
@yeast-carbon

is similar to that of Basic Green 5 measured by Juang et
al. [27]. According to the adsorption results above, it is
experimentally demonstrated that TiO

2
@yeast-carbon may

be a good adsorbent for the removal of MB even if no
chemical modification is taken.

The favorable removal of cationicMB in comparisonwith
the anionic CR by TiO

2
@yeast-carbon adsorbent can be fur-

ther verified by changing of initial dye concentration. Figure 5
illustrates the influence of dye concentration on adsorption
capacity of TiO

2
@yeast-carbon nanocomposite for MB and

CR.As shown in Figure 5, the adsorption capacity forMB and
CR augmented with the increase of dye concentration, which
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Figure 5: Influence of adsorbate concentration on adsorption
capacity of TiO

2
@yeast-carbon nanocomposite for MB and CR.

could be explained by the elevated concentration gradient
between the bulk solution and the surface of the TiO

2
@yeast-

carbon [25]. As presented in Figure 5, the adsorption of
MB on TiO

2
@yeast-carbon showed higher capacity than

CR within the investigated concentration. However, the
adsorption capacity forMBorCR is sure to reach a constant if
the dye concentration exceeds continuously because a certain
amount of TiO

2
@yeast-carbon could only provide limited

active adsorption sites.

3.3. Adsorption Isotherms. Adsorption isotherm models are
important to investigate how adsorbates interact with adsor-
bents [28] and are widely used to describe the adsorption
progress [10]. Langmuir, Freundlich, Temkin, and Koble-
Corrigan isotherm models were used to fit the equilibrium
data obtained from the study of MB and CR adsorption onto
TiO
2
@yeast-carbon at initial concentrations of 1.0∼5.0mg/L

and 3.0∼11.0mg/L, respectively.
Langmuir isotherm assumes monolayer adsorption onto

a surface containing a finite number of adsorption sites of
uniform strategies of adsorption with no transmigration of
the adsorbate in the plane of surface [10, 29]. The nonlinear
Langmuir equation is given as

𝑄
𝑒
=

𝑄
𝑚
𝐾
𝐿
𝐶
𝑒

1 + 𝐾
𝐿
𝐶
𝑒

, (3)

where 𝑄
𝑒
is the amount of dye adsorbed per unit mass of

the hybrid microspheres at equilibrium (mg/g), 𝐶
𝑒
is the

equilibrium concentration of the adsorbate (mg/L),𝑄
𝑚
is the

theoretical maximum adsorption capacity (mg/g), and 𝐾
𝐿
is

the Langmuir adsorption constant reflecting the tendency of
adsorption (L/mg).
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To predict whether the adsorption process is favorable or
unfavorable, equilibrium parameter𝑅

𝐿
, a dimensionless con-

stant separation factor, is defined by Weber and Chakravorti
as the following equation [30]:

𝑅
𝐿
=

1

1 + 𝐾
𝐿
𝐶
0,𝑚

, (4)

where 𝐶
0,𝑚

is the highest initial dye concentration (mg/L);
the value of 𝑅

𝐿
indicates the type of isotherm to be either

favorable (0 < 𝑅
𝐿

< 1), unfavorable (𝑅
𝐿

> 1), irreversible
(𝑅
𝐿
= 0), or linear (𝑅

𝐿
= 1).

The Freundlich model is an empirical theory based
on adsorption on heterogeneous surface with nonuniform
distribution of adsorption energy and affinities through a
multilayer adsorption [31]. The nonlinear Freundlich equa-
tion is expressed as follows [32]:

𝑄
𝑒
= 𝐾
𝐹
𝐶
𝑒

1/𝑛
, (5)

where 𝐾
𝐹
is the Freundlich isotherm constant related to

the sorption capacity and represents the strength of the
adsorptive bond (mg⋅g−1 (L⋅mg−1)1/n).The constant 1/𝑛 gives
an indication of how favorable the adsorption process is, and
a value between 0.1 and 1.0 represents a favorable adsorption
[33].

Moreover, Temkin isotherm takes the adsorbate-adsorb-
ent interactions into account based on the assumptions that
the heat of adsorption of all the molecules in the layer
decreases linearly with coverage due to adsorbent-adsorbate
interactions and that the adsorption is characterized by
a uniform distribution of binding energies, up to some
maximum binding energy [34, 35].The Temkin isotherm has
generally been applied as

𝑄
𝑒
= 𝐴 ⋅ ln (𝐵 ⋅ 𝐶

𝑒
) , (6)

where 𝐴 = 𝑅𝑇/𝑏 and 𝑏 is J/mol, 𝑇 (K) is the absolute tem-
perature, 𝑅 (8.314 J/mol⋅K) is the universal gas constant, and
𝐵 (L/mol) is the equilibrium binding constant corresponding
to the maximum binding energy, respectively.

Koble-Corrigen (K-C) isotherm model is an empirical
three-parameter model which combines both Langmuir and
Freundlich isotherm models for representing equilibrium
adsorption data and is given by (7) as follows [36]:

𝑄
𝑒
=

𝐴KC ⋅ 𝐶
𝛽

𝑒

1 + 𝐵KC𝐶
𝛽

𝑒

, (7)

where 𝐴KC, 𝐵KC, and 𝛽 are Koble-Corrigen isotherm con-
stants. When 𝛽 = 1, the equation reduces to Langmuir
equation; if 𝐵KC ⋅ 𝐶

𝛽

𝑒
≪ 1, the equation becomes Freundlich

equation. If 𝐵KC ⋅ 𝐶
𝛽

𝑒
≫ 1, the adsorbate quantity per unit

weight of adsorbent at equilibrium remains to be a constant
of 𝐴KC/𝐵KC [37].

A comparison of the adsorption experimental isotherms
of MB onto the TiO

2
@yeast-carbon and theoretical plots

of the Langmuir, Freundlich, Temkin, and Koble-Corrigan
isotherm models was shown in Figure 6. Correlation coeffi-
cients and constants of the models were given in Table 1.
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Figure 6: Comparison of Langmuir, Freundlich, Temkin, and
Koble-Corrigan isotherm models for MB adsorption onto
TiO
2
@yeast-carbon composites (adsorbent = 0.014 g; solution

volume = 100mL; pH = 6; contact time = 1.5 h; temperature = 298K;
and concentration of MB = 1.0, 2.0, 3.0, 4.0, and 5.0mg/L, resp.).

Table 1: Isotherm constants for the adsorption of MB and CR onto
TiO2@yeast-carbon.

Adsorption isotherm
models Constants MB CR

Langmuir isotherm

𝑄
𝑚
(mg/g) 2.20 1.62

𝐾
𝐿
(l/mg) 0.65 0.57
𝑅
2 0.6745 0.9128

𝑅
𝐿 0.2346 0.2597

Freundlich isotherm
1/n 0.630 0.655

𝐾
𝐹
[(mg/g)(mg−1)1/𝑛] 0.840 0.033

𝑅
2 0.5832 0.9920

Temkin isotherm
A 0.607 0.500
B 4.314 0.510
𝑅
2 0.7517 0.9134

Koble-Corrigan
isotherm

𝐴KC 8.63 0.03
𝐵KC 7.08 5.22
𝛽 4.20 1.54
𝑅
2 0.9745 0.9883

As can be seen from Figure 6, Koble-Corrigan isotherm
plot was very close to the experimental data plot. Besides, it
was observed in Table 1 that the value of𝑅2 of Koble-Corrigan
model (𝑅2 > 0.97) was higher than those of Temkin, Lang-
muir, and Freundlich isotherm models, showing that Koble-
Corrigan model was most suitable for the MB adsorption
than the other models. This indicated that a combination of
heterogeneous and homogeneous uptakes occurred in MB
uptake by the synthesized TiO

2
@yeast-carbon. Meanwhile,
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Table 2: Isotherm models for adsorption of MB and CR on various adsorbents.

Adsorbent Dyes Adsorption isotherm Reference
Activated carbon/cobalt ferrite/alginate MB Langmuir, Freundlich Ai et al. [40]
Bamboo-based activated carbon MB Langmuir Hameed et al. [24]
TiO2@yeast MB Langmuir Chen and Bai [33]
Graphene MB Langmuir Liu et al. [41]
Perlite MB Langmuir Doğan et al. [42]
Garlic peel MB Freundlich Hameed and Ahmad [43]
TiO2@yeast-carbon MB Koble-Corrigan This study
Bagasse fly ash and activated carbon CR Redlich-Peterson Mall et al. [34]
Kaolin CR Langmuir Vimonses et al. [2]
Bentonite zeolite CR Freundlich Vimonses et al. [2]
Activated carbon prepared from coir pith CR Langmuir, Freundlich Namasivayam and Kavitha [44]
Chitosan/montmorillonite nanocomposite CR Langmuir L. Wang and A. Wang [45]
TiO2@yeast-carbon CR Freundlich, Koble-Corrigan This study

comparing the coefficients of determination of the Langmuir
and Freundlich models, we could infer that homogeneous
uptake was the main mechanism of the MB adsorption
process [38]. Moreover, the value of 𝑅

𝐿
from the Langmuir

isotherm was between 0 and 1, the Freundlich constant
1/𝑛 was smaller than 1, and the value 𝛽 in Koble-Corrigan
model is over 1, indicating that the adsorption of MB onto
TiO
2
@yeast-carbon was a favorable adsorption process.

Figure 7 typically showed the adsorption isotherms of CR
onto the TiO

2
@yeast-carbon.The parameters of the isotherm

equations were summarized in Table 1. It was shown in
Figure 7 that bothKoble-Corrigan and Freundlichmodels are
suitable for CR adsorption process. From Figure 7, the low
deviation between the calculated behavior and experimental
plot had been observed. This fitting result can be explained
by the presence of competition between adsorbate molecules
for the adsorption sites on the surface [36]. The higher value
of 𝑅2 in Table 1 from Freundlich model than Koble-Corrigan
model implied that Freundlich model fitted the most exactly.
In contrast, the 𝑅

𝐿
value obtained from the Langmuir model,

the Freundlich constant (1/𝑛), and the value 𝛽 from Koble-
Corriganmodel exhibited the same tendency as those forMB
adsorption above, representing that the adsorption of CR on
the TiO

2
@yeast-carbon was favorable.

The above analyses showed that the Koble-Corrigan
model yields a better fit of MB than the other models. CR
adsorption on the TiO

2
@yeast-carbon microspheres con-

forms well to Freundlich and Koble-Corrigan models.
Namely, the Koble-Corrigan model fitted both MB and CR
adsorption well. In addition, constants of 𝐴KC and 𝐵KC from
Koble-Corrigan model are indicators of adsorption capacity
and affinity of the adsorbent [36]. The values of Kolbe-
Corrigan constant 𝐴KC were 8.63 and 0.03 and those of 𝐵KC
were 7.08 and 5.22 for MB and CR, respectively. The greater
𝐴KC and 𝐵KC values for MB indicated higher MB adsorption
capacity, affinity, and intensity compared to CR adsorption
onto TiO

2
@yeast-carbon microspheres. This phenomenon

was in accordance with the result illustrated in Figure 4,
which may be attributed to the different active functional
groups in MB and CR molecules [39], revealing that the
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Figure 7: Comparison of Langmuir, Freundlich, Temkin, and K-
C isotherm models for CR adsorption onto TiO

2
@yeast-carbon

composites (adsorbent = 0.014 g; solution volume = 100mL; pH =
6; contact time = 1.5 h; temperature = 298K; and concentration of
CR = 3.0, 5.0, 7.0, 9.0, and 11.0mg/L, resp.).

TiO
2
@yeast-carbon microspheres can be served as a promis-

ing adsorptive material for MB.
Since adsorption isotherm is basically important to

describe how adsorbates interact with adsorbents, some
researchers had also investigated the best fitted isotherm
models for the adsorption of MB and CR onto several adsor-
bents in aqueous solutions [2, 24, 33, 34, 40–45]. The results
were listed in Table 2, and the TiO

2
@yeast-carbon studied in

this work represented different adsorption behaviors.

3.4. Adsorption Kinetics. To investigate the adsorptionmech-
anism, such as mass transfer and chemical reaction, the MB
andCR adsorption datawere analyzed using the pseudo-first-
order and pseudo-second-order models, respectively. The
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Figure 8: Pseudo-first-order (a) and pseudo-second-order (b) adsorption kinetics for adsorption ofMB onto TiO
2
@yeast-carbon at different

initial concentrations (TiO
2
@yeast-carbon dosage = 0.14 g/L; pH = 6.0; temperature = 298K; and concentration of MB = 1.0, 2.0, 3.0, 4.0, and

5.0mg/L, resp.).

pseudo-first-order kinetic model was described by Lagergren
and the pseudo-second-order kinetic model was based on
the assumption that the rate limiting step of the adsorption
process was chemical sorption [25]. The pseudo-first-order
equation can be expressed as [46]

ln (𝑄
𝑒
− 𝑄
𝑡
) = ln𝑄

𝑒
− 𝑘
1
⋅ 𝑡, (8)

where 𝑄
𝑒
(mg/g) and 𝑄

𝑡
(mg/g) are the amounts of dye

adsorbed onto the composites at equilibrium and at time 𝑡,
respectively.The rate constant 𝑘

1
(min−1) of the pseudo-first-

order model was calculated from the plots of ln(𝑄
𝑒
− 𝑄
𝑡
)

versus 𝑡.
The pseudo-second-order equation can be described in

the following equation [28]:

𝑡

𝑄
𝑡

=
1

(𝑘
2
⋅ 𝑄2
𝑒
)
+

𝑡

𝑄
𝑒

, (9)

where 𝑘
2
(g⋅mg−1⋅min−1) is the adsorption rate constant of

the pseudo-second-order equation and can be obtained from
the linear plots of 𝑡/𝑄

𝑡
against 𝑡.

Besides, the applicability of both kinetic models was
tested through the sum of error squares (SSE,%), which was
given as follows [47]:

SSE (%) =
√

∑(𝑄
𝑒,exp − 𝑄

𝑒,cal)
2

𝑁
,

(10)

where 𝑁 is the number of data points. The higher the
correlation coefficient (𝑅2) and the lower the values of SSE,

the better the goodness of fit will be. Table 3 also listed
the calculated SSE results for MB and CR adsorption onto
TiO
2
@yeast-carbon at different initial concentrations.

Figure 8 exhibits the plots of the pseudo-first-order
and pseudo-second-order kinetics of MB adsorption on
TiO
2
@yeast-carbon at different initial concentrations. The

adsorption rate constants, correlation coefficient, and SSE
values were calculated and summarized in Table 2. It was
observed from Table 2 that the experimental 𝑄

𝑒
values

(𝑄
𝑒,exp) did not agree with the calculated ones (𝑄

𝑒,cal)
although the correlation coefficient values for the pseudo-
first-order at some concentrations were higher than 0.85. As
a result, the sorption of MB on the TiO

2
@yeast-carbon did

not follow pseudo-first-order in all cases. It was also obvious
that the correlation coefficient 𝑅2 was found to range from
0.936 to 0.994 for the pseudo-second-order kinetic model,
which were higher than those for the pseudo-second-order
model, and the experimental 𝑄

𝑒
values (𝑄

𝑒,exp) were closer
with the theoretical calculated values (𝑄

𝑒,cal) compared to the
pseudo-first-order model. Furthermore, SSE values for the
pseudo-second-order model were lower than those for the
pseudo-second-order model. All the illustrations mentioned
above indicated that the adsorption of MB onto TiO

2
@yeast-

carbon followed the pseudo-second-order kineticmodel, and
the chemical sorption might be involved in the adsorption
process. Moreover, the rate constant (𝑘

2
) decreased with the

increase of the initial MB concentrations, which was due to
the striking hindrance of higher concentrations of MB [40].

Figure 9 presents the plots of the pseudo-first-order
and pseudo-second-order kinetics of CR adsorption on
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Table 3: Kinetic adsorption parameters of different initial concentration of MB and CR.

𝐶
0
(mg/L) 𝑄

𝑒,exp (mg/g) Pseudo-first-order Pseudo-second-order
𝑘
1
(min−1) 𝑄

𝑒,cal (mg/g) 𝑅
2 SSE (%) 𝑘

2
(g/mg⋅min) 𝑄

𝑒,cal (mg/g) 𝑅
2 SSE (%)

MB
1.0 0.43 3.4 × 10−3 2.16 0.868 0.87 0.426 0.39 0.961 0.10
2.0 0.60 4.9 × 10−3 1.65 0.912 1.01 0.404 0.63 0.989 0.08
3.0 0.81 1.0 × 10−2 1.82 0.683 0.42 0.260 1.01 0.994 0.02
4.0 1.06 2.4 × 10−2 1.79 0.953 0.38 0.055 1.16 0.976 0.24
5.0 2.15 2.0 × 10−2 1.84 0.767 0.18 0.049 2.14 0.936 0.32

CR
3.0 0.29 9.6 × 10−2 1.67 0.960 0.69 0.270 0.30 0.981 0.04
9.0 0.62 8.5 × 10−2 1.25 0.903 0.32 0.052 0.64 0.989 0.11
11.0 1.24 11.0 × 10−2 3.75 0.941 1.25 0.040 1.33 0.994 0.01
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Figure 9: Pseudo-first-order (a) and pseudo-second-order (b) adsorption kinetics for adsorption of CR onto TiO
2
@yeast-carbon at different

initial concentrations (TiO
2
@yeast-carbondosage= 0.14 g/L; pH=6.0; temperature = 298K; and concentration ofMB=3.0, 9.0, and 11.0mg/L,

resp.).

TiO
2
@yeast-carbon at different initial concentrations. The

adsorption rate constants, correlation coefficient, and SSE
values are also given in Table 3.The results presented an ideal
fit to the pseudo-second-order kinetics for all concentrations
with the higher correlation coefficient (𝑅2 > 0.98) and
lower SSE values. A good agreement with this model was
confirmed by the similar values of calculated adsorption
capacity at equilibrium (𝑄

𝑒,cal) and experimental ones (𝑄
𝑒,exp)

for all concentrations. The best fit to the pseudo-second-
order kinetics model indicates that the adsorption mecha-
nism depends on the adsorbate and adsorbent, and the rate
controlling stepmight be chemical sorption involving valence
forces through exchange or sharing of electrons [2]. The rate

constant (𝑘
2
) also decreased with the increase of the initial

CR concentrations, owing to that the higher probability of
collisions among CR molecules would decrease the sorption
rate [28]. Similar kinetic results have also been reported for
the CR adsorption onto bagasse fly ash [34], activated carbon
from coir [44], and chitosan/montmorillonite [45].

3.5. Regeneration of Dye Loaded TiO
2
@Yeast-Carbon Micro-

spheres. No matter if adsorption is carried out in statical or
dynamical forms, it will gradually reach equilibrium if more
contaminated water was treated or more adsorption cycles
were conducted without regeneration [48]. So the removal of
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Figure 10: The circulation experiment of TiO
2
@yeast-carbon com-

posite microspheres.

adsorbed pollutants and the regeneration study of saturated
composite were completely necessary. Hence, experiments
were performed to evaluate the lifetime and reusing efficiency
of prepared composite in removing MB (Figure 10).

For the dark adsorption section in the first cycle, near
absorption-desorption equilibrium was established during
the 3.0 h dark phase before the irradiation of the dyes solu-
tions. It can also be seen from Figure 10 that strengthening
trend occurs for the adsorption capacities of TiO

2
@yeast-

carbon microsphere when TiO
2
nanoparticles were attached

onto the yeast-carbon. This enhanced effect of absorption
might be ascribed to the integration of yeast-carbon and
TiO
2
nanoparticles, which creates more adsorption sites for

MB. The dark adsorption results show that TiO
2
@yeast-

carbon microsphere have faster adsorption kinetics due to
their larger vacant surface area compared to the naked yeast-
carbon. This phenomenon can be further affirmed by the
pseudo-first-order kinetic data in Table 4. As can be seen,
the kinetic rate constant in dark (𝑘dark) for TiO

2
@yeast-

carbon is 5.5 × 10−3, which is almost 4.2 times of that for
the yeast-carbon. The higher 𝑘dark gave clear evidence that
TiO
2
@yeast-carbon exhibited higher adsorption rate than

yeast-carbon. Thereafter, the experiments for the removal of
MB compound from aqueous solution were continued for
about 3 h under UV light irradiation. Figure 10 shows that
in the first cycle approximately 30% of MB was removed
from the aqueous solution by adsorption on the naked yeast-
carbon. In the presence of the raspberry-like TiO

2
@yeast-

carbon microspheres and under UV irradiation, nearly 85%
of MB molecule disappearance was accomplished.

These results suggest that the prepared TiO
2
@yeast-

carbon composites are effective for the removal of MB from
aqueous solutions. The integration of adsorption by the
yeast-carbon with photocatalysis by the TiO

2
nanoparticles

attached on the yeast-carbon surface showed a combined
function in the removal of the MB molecule. Specifically,

yeast-carbon can increase the photodegradation rate by
progressively allowing an increased concentration of MB to
come in contact with the TiO

2
nanoparticles through means

of adsorption. TiO
2
nanoparticles on the surface of yeast-

carbon can be activated to generate hydroxyl free radicals,
which can decompose most of the MB molecules and keep
the adsorption sites unsaturated. In return, the simultaneous
adsorption of theMBmolecules onto the renewed areas of the
yeast-carbon provides a continuous supply of substrate to the
TiO
2
nanoparticles [49]. Thus, the adsorption performance

of the yeast-carbon and the photocatalytic property of the
attached TiO

2
have been integrated as a novel property for

the raspberry-like TiO
2
@yeast-carbon composites.

It was also observed in Figure 10 that, after three times
reuses, the MB removal by yeast-carbon apparently dropped
from 30.6% to 7.0%. It could be attributed to the fact that the
removal of MB in aqueous solution by yeast-carbon mostly
relied on adsorption, which fully depended on the absorption
sites. Hereby, the bare active sites on yeast-carbon were
covered by MB molecules adsorbed in the last cycle, which
gave explanation for the rapid loss of MB removal. How-
ever, the TiO

2
@yeast-carbon still achieved desired removal

efficiency for MB with slight decrease from 84.4% to 59.3%
even though it had been reused for three times; that is, after
3 successive cycles under UV light irradiation, the removal
rate of MB by TiO

2
@yeast-carbon was still 70% of that

for the first cycling run. These phenomena give evidence
that TiO

2
@yeast-carbon nanocomposites exhibited excellent

photocatalytic stability and regeneration efficiency.
The outstanding regeneration ability of TiO

2
@yeast-

carbon in comparison with the yeast-carbon could be further
affirmed by contrasting the pseudo-first-order kinetic rate
constants 𝑘dark (in dark) and 𝑘light (light on) in Table 4.
As can be seen, the 𝑘dark for TiO

2
@yeast-carbon during

three cycle times are 5.5 × 10−3, 4.2 × 10−3, and 9.0 × 10−3,
respectively, which were almost 4.2, 15.0, and 10.1 times
those for the yeast-carbon. The higher 𝑘dark means that
TiO
2
@yeast-carbon regenerated by UV light illumination

exhibited higher adsorption rate than yeast-carbon. Besides,
irradiation of yeast-carbon after dark adsorption equilibrium
had resulted in smaller 𝑘light (1.22 × 10−3, 5.7 × 10−4, and
1.7 × 10−5) compared to TiO

2
@yeast-carbon under UV light,

showing that the attachment of TiO
2
nanoparticles on the

surface of yeast-carbon had a great significant influence on
the removal rate of MB and implied that in situ regeneration
of the MB-loaded TiO

2
@yeast-carbon had already occurred.

3.6. In Situ Regenerating Mechanism for TiO
2
@Yeast-Carbon.

Based on the results above, a synergistic effect might be
one possible mechanism for in situ regenerating dye-loaded
TiO
2
@yeast-carbon.The synergistic effect works by integrat-

ing the adsorption of the yeast-carbonwith the photocatalysis
of the TiO

2
nanoparticles attached on the yeast-carbon sur-

face. More specifically, based on the bare areas on the surface
of yeast-carbon and TiO

2
, dye molecules were adsorbed onto

the TiO
2
@yeast-carbon through means of adsorption. Then,

the adsorption sites are keeping unsaturated by illuminating
the whole system. Because the irradiation of TiO

2
particles
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Table 4: Kinetic constant (g/mg⋅min) 𝑘dark (in dark), 𝑘light (light on), and Adj. 𝑅-Square 𝑅
2 for removing MB.

Cycle 1 Cycle 2 Cycle 3
Yeast-carbon TiO2@yeast-carbon Yeast-carbon TiO2@yeast-carbon yeast-carbon TiO2@yeast-carbon

𝑘dark 1.3 × 10−3 5.5 × 10−3 2.8 × 10−4 4.2 × 10−3 8.9 × 10−5 9.0 × 10−4

𝑅
2 0.980 0.838 0.834 0.870 0.866 0.904

𝑘light 1.22 × 10−3 6.03 × 10−3 5.7 × 10−4 5.57 × 10−3 1.7 × 10−5 5.44 × 10−3

𝑅
2 0.992 0.917 0.946 0.968 0.894 0.946

on the yeast-carbon with photons of energy (hv) equal to
or higher than those of band gap results in the excitation of
electrons from the valence band (vb) to the conduction band
(cb) of the particle, which can produce the electrons (𝑒cb

−)
in the conduction band and the holes (ℎvb

+) at the valence
band edge of the TiO

2
(11) [50]. The electrons and holes can

migrate to the particle surface of TiO
2
, where the ℎvb

+ can
react with the adsorbed O

2
, surrounded water molecules,

and surface hydroxide group, respectively, to generate the
highly reactive hydroxyl radicals (∙OH) ((12) and (13)) and
superoxide ions O

2

− (14). The resulted ∙OH and O
2

− are
known to be very powerful and indiscriminately oxidizing
agents and can oxidize the organic compounds adsorbed onto
or very close to the TiO

2
surface during the photocatalytic

process, resulting in degradation of dye into small units like
carbon dioxide and water (15):

TiO
2
+ ℎV → TiO

2
(𝑒cb
−
+ ℎvb
+
) (11)

H
2
O + TiO

2
(ℎ
+
) →

∙OH +H+ (12)

OH− + TiO
2
(ℎ
+
) →

∙OH (13)

TiO
2
(𝑒
−
) +O
2
→ TiO

2
+O
2

∙− (14)

O
2

∙− or ∙OH + dye → CO
2
+H
2
O (15)

Simultaneously, the renewed adsorption sites provide a
durative supply of MB molecule for TiO

2
particle. Then,

the activity of TiO
2
@yeast-carbon was successfully recovered

after in situ regeneration. The recovered adsorbent could be
used for the next adsorption and catalytic reaction cycle. All
in all, the combination of both adsorption and heterogeneous
catalysis could be regarded as cleaner, greener, favored, and
promising technology for removing dye from water. An
optimal amount of TiO

2
coverage should exist since the

coverage rate of the attached TiO
2
nanoparticles onto the

yeast-carbon surface in the TiO
2
@yeast-carbon composite is

an important factor for the control of removing dyes. This
aspect is currently under investigation.

4. Conclusions

In conclusion, TiO
2
@yeast-carbon with raspberry-like struc-

turewas successfully prepared based on pyrolysismethod and
was characterized by FE-SEM, EDS, and XRD. The synthetic
TiO
2
@yeast-carbon was used as adsorbent to remove MB

andCR from aqueous solutions, respectively. FE-SEM images
displayed that TiO

2
@yeast-carbon microspheres have rough

surface morphology and uniform diameter with good dis-
persity. EDS showed that TiO

2
has been already successfully

coated on the yeast carbon. The adsorption results showed
that TiO

2
@yeast-carbon microspheres achieved favorable

removal of cationic MB in comparison with the anionic CR.
Equilibrium data for MB adsorption were best described
by the Koble-Corrigan isotherm model. The adsorption of
CR onto TiO

2
@yeast-carbon showed best agreement with

both Freundlich and Koble-Corrigan models. Kinetic data
indicated that the adsorption of both MB and CR onto
TiO
2
@yeast-carbon microspheres obeyed pseudo-second-

order kinetic model well. Moreover, regeneration experi-
ments showed that TiO

2
@yeast-carbon composites exhib-

ited excellent recycling stability, reusability, and renewable
ability. One possible mechanism for regenerating dye-loaded
TiO
2
@yeast in situ was also proposed. This paper may be

useful for further research and practical applications of the
novel TiO

2
@yeast composite in dye wastewater treatment.
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Semimetal Bi and Sb thin films with novel hierarchical structures were synthesized on zinc substrate via a hydrothermal method.
X-ray diffraction (XRD) analysis confirmed the formation of pure semimetals Bi and Sb. Scanning electron microscopy images
showed that Bi films constructed with microtube arrays and hierarchical microspheres can be obtained selectively by altering the
concentration of Bi3+ ions. The synthesized Sb films were constructed with bowl-shaped particles. The growth process of these
semimetal architectures was briefly discussed.

1. Introduction

In recent years, shape controlled synthesis of metal materials
in the nano-/microdimensions has been one of the important
topics because these materials generally exhibit many size-,
shape-, and structure-dependent properties. In particular,
semimetal bismuth has attracted great attention because
of its low carrier density, small effective mass, and large
mean-free path, making it an interesting system for studying
quantum confinement effects [1, 2]. In addition, nanostruc-
tured bismuth could exhibit even more interesting electronic
and thermoelectric properties [3, 4]. Stimulated by these
interesting properties, a number of different methods have
been developed to prepare various bismuth nanostructures.
Single crystal filaments of bismuth with diameters in the
micron range have been prepared by Glocker and Skove
[5]. Bi nanowires and nanorods were prepared by high
pressure injection of the liquid metal or vapor phase of
bismuth into the channels of porous anodic alumina template
[6, 7]. Bismuth nanowires have also been electrodeposited
into nanometer-sized pores of polymer [8] or nanoporous
anodic alumina [9, 10]. Solution chemical methods have
also been explored for the synthesis of Bi nanowires and
nanotubes [11–13]. Wang et al. reported the synthesis of Bi

nanoplates, nanorods, and nanoribbons from the precur-
sor Bi[N(SiMe

3
)
2
]
3
[14]. Bismuth nanoparticles have been

prepared in reverse micelles [15], by thermolysis [16], and
through solution reduction [17–19]. Schulz et al. prepared Bi
pseudocubes by thermal decomposition of a metal organic
precursor [20]. The crystal structure of semimetal Sb is
similar to that of Bi, but the effective mass components of
the electron ellipsoids in Sb are much larger than those in
Bi. Clear optical switching of Sb thin films was observed
under microscopic measurement [21]. Sb nanowires have
been prepared similarly by vapor deposition [22], pulsed
electrodeposition techniques [23], and solvothermal method
[24]. Recently, Liu et al. prepared 3D nanostructured anti-
mony in SbCl

3
-(n-Bu)

4
NBF
4
-DMSO solution [25].

Although several reports have been concerned with
solution chemistry synthesis of semimetal bismuth and
antimony nanocrystals, the synthesis of Bi tubular arrays
and flower-shaped crystals and Sb nanobowls, to the best
of our knowledge, has not been reported in the literature.
Previously, we reported the synthesis of ZnO nanorod arrays
on zinc substrate via hydrothermal method [26]. Herein
we extend this hydrothermal method to the synthesis of
semimetal bismuth and antimony films with hierarchical
structures.
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Figure 1: XRD patterns of Bi ((a) 120∘C, 10 h, 4.6mmol/L of Bi3+) and Sb ((b) 150∘C, 24 h, 2.8mmol/L of Sb3+).

2. Experimental Materials and Methods

Fresh zinc foils (15mm × 15mm) with a purity of 99.9% were
used as both a reagent and a substrate for the direct growth of
bismuth microtube arrays. In a typical process, analytically
pure BiCl

3
and poly-(vinylpyrrolidone) (PVP, M.W. 10000)

were dispersed in deionized water under vigorous stirring;
then the pH value was adjusted to 7.0 by addition of diluted
aqueous NaOH. The mixture was transferred into a Teflon-
lined stainless steel autoclave up to 85% of its capacity. The
zinc foils were carefully washed with absolute alcohol and
deionized water by ultrasound. After the zinc substrate was
dipped into the solution, the autoclavewas sealed and put into
an oven. The reaction was conducted at 120∘C for 10 h. After
that, the zinc foils were taken out and rinsed with deionized
water and alcohol. Bowl-shaped antimony nanostructures
were prepared in the same way, just replacing BiCl

3
with

SbCl
3
.

The as-prepared products on the substrate were
directly subjected to characterizations by scanning electron
microscopy (SEM) and powder X-ray diffraction (XRD).
The XRD patterns were recorded by employing a Philips
X’pert X-ray diffractometer with Cu K-Alpha radiation (𝜆 =
0.154187 nm). SEM images were obtained on a JSM-6700F
field emission scanning electron microscope.

3. Results and Discussion

Figure 1 shows XRD pattern of the as-prepared bismuth and
antimony samples. As shown in Figure 1(a), all the major
peaks are labeled and can be attributed to rhombcentered
bismuth metal according to the standard JCPDS diffraction
file (cards number 5–519), except thosemarked with Zn com-
ing from the zinc substrate. The calculated lattice parameters
(𝑎 = 0.454 nm and 𝑐 = 1.184 nm) are consistent with those
reported in the JCPDS diffraction file, while XRD pattern in
Figure 1(b) confirms the formation of rhombcentered metal
antimony (JCPDS cards number 35–732), accompanied by

those strong peaks marked with Zn coming from the zinc
substrate.

The morphology of the as-prepared bismuth sample was
examined by SEM. Figure 2(a) shows SEM image of the zinc
foil. It can be seen that zinc foil has a relatively smooth
surface. After being treated in 4.6mmol/L of Bi3+, the entire
surface of the zinc substrate is covered by a film of rod-like
structures based on the SEMobservation in Figure 2(b). It can
be clearly seen from SEM image that only rod-like features
are observed for the sample, which are quasi-aligned in a
dense array. A higher magnification SEM image of bismuth
rod arrays is shown in Figure 2(c). It can be clearly seen that
the individual bismuth rod has a diameter in range of 300∼
1000 nm and length of more than 10 𝜇m growing radially on
zinc substrate. Some open-ended tubes are also observed in
Figure 2(c). Close examination of the top tips of the bismuth
rods reveals that most of the rod-like structures are in fact
bismuth tubes (Figure 2(d)). The average diameter of the
open-ended tubes is ∼600 nm, with hollow centers typically
measured to be ∼200 nm in diameter. Careful observation
reveals that the walls of the tubes are constructed with large
amount of flexible sheet-like tiny species in nanoscale.

The influence of the concentration of Bi3+ on the struc-
tures of the films has been investigated. When the synthesis
was carried out in higher concentration of Bi3+ (5.8mmol/L),
a large amount of spherical bismuth microstructures, instead
of Bi tubular crystals, was produced (Figure 3(a)). Although
most of the microspheres appear to be separate particles,
some of them are partially fused together to form larger
microsphere aggregates. The exterior surfaces of the micro-
spheres are not smooth but contain extensively growing
sheet-like structures. To further examine the surface struc-
ture of these microspheres, a high magnification SEM image
was obtained and is shown in the inset of Figure 3(a). The
microspheres are randomly grown from seemingly flexible
nanosheets that can be bent and connected with each other.
The thickness of these nanosheets mostly ranges between 80
and 120 nm, whereas the size of the spherical structure is
around 3 𝜇m. When the concentration of Bi3+ was further
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Figure 2: SEM images of zinc substrate (a) and Bi microtube arrays ((b)–(d) 120∘C, 10 h, 4.6mmol/L of Bi3+).

(a) (b)

Figure 3: SEM images of Bi (a) flower-shaped crystal and (b) sheet-like structures. Inset of (a) shows magnified image of the spheres.

increased to 7.0mmol/L, SEM image shown in Figure 3(b)
revealed that the filmwas constructed with randomly stacked
sheet-like structures with irregular shapes.

The formation of bismuth nanotubes in aqueous
hydrazine system has been thought to be the result of the
rolling of its pseudolayered structure [11]. As for the growth
of tubular structures on substrate, the nuclei patterns on
the substrates were deduced to be the mechanism for the
formation of tube architectures. It has been reported that

ring-like patterned nuclei agglomeration results in the
growth of tubular structures [27]. In the present study, the
hydrothermal reaction of bismuth crystals can be explained
as follows:

M3+ + Cl− +H
2
O  MOCl + 2H+ (1)

M3+ + 3OH−  M (OH)
3

(2)
2M3+ + 3Zn → 2M + 3Zn2+ (3)

(M = Bi, Sb).
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(a) (b)

Figure 4: SEM images of Sb films prepared at 150∘C for 24 h with (a) 2.8 and (b) 4.8mmol/L of Sb3+. Inset of (a): a magnified image of one
bowl.

Bi3+ ions have higher reaction activity with metal Zn;
thus it is necessary to reduce the concentration of Bi3+ ions
by adjusting the pH values. And then BiCl

3
hydrolyzed into

BiOCl and/or Bi(OH)
3
. Controlled release of Bi3+ ions in

reactions (1) and (2) was suitable for the reduction of Bi3+ into
Bi nuclei. And the in situ formed Bi nuclei or nanoparticles
may serve as seeds for the continuous epitaxial growth of
Bi nuclei into tubular structures on the surface of zinc foil,
which is similar to those tubular structures resulting from
ring-like patterned nuclei agglomeration [27]. Along with
the growth of Bi tubes, secondary nucleation may take place
on their surface, which leads to the branched growth of
sheet-like species on the tubes surface and thickening the
walls of the tubes, whereas at higher concentration of Bi3+
ions with higher reaction velocity, the nucleation and crystal
growth occur at a faster rate. As a result, nanosheets related
Bi nanostructures were formed which might be contributed
to the pseudolayered nature of metal bismuth.

It is known that antimony has a pseudolayered arsenic
structure similar to that of rhombohedral bismuth. By
extending this method to the preparation of antimony,
however, bowl-shaped aggregates of Sb nanoparticles were
obtained (150∘C, 2.8mmol/L Sb3+). Figure 4(a) shows the
SEM image of the antimony film. It clearly reveals that
zinc substrate was covered with Sb nano- or microparticles.
Most of the particles exhibit bowl-shaped morphologies and
display size in the range of 100–500 nm and wall thickness of
about 80 nm.Highermagnification SEM image of an individ-
ual Sb nanobowl in the inset of Figure 4(a) reveals that the Sb
nanobowl was constructed with even smaller Sb nanoparti-
cles of 10–20 nm in diameters. Control experimental results
show that the concentrations of Sb3+ have much influence
on the structure of the films. If the reaction was conducted
at higher concentration of Sb3+ (4.8mmol/L), SEM image
in Figure 4(b) reveals that the thin film is also constructed
with nanoparticles and their aggregates, exhibiting irregular
spherical shapes and wide size distributions.

More experimental results showed that the as-
prepared products were sensitive to the initial pH value of

the suspension. If initial pH value was higher than 8,
ZnO can be detected in the samples, while at lower initial
pH values, such as a value lower than 6.0, the reaction
activity between zinc and Bi3+ (Sb3+) ions was higher; as a
result, irregularly aggregated nanostructures were obtained.
When the hydrothermal reaction was conducted with
initial pH value of 7.0, desired samples were obtained and
the pH value slightly decreased to the range of 5.0-6.0.
Additional experiments aimed at elucidating different
growth mechanisms for metal Bi and Sb are in progress in
our laboratory.

4. Conclusion

In summary, a convenient hydrothermal route has been
developed to prepare microtube arrays and hierarchical
microspheres of metal Bi and bowl-shaped particles of metal
Sb. The morphologies of Bi and Sb metal crystalline films
were mainly controlled by the concentrations of metal ions
and the initial pH values of the suspension. Extensive studies
on different growth mechanisms for metals Bi and Sb are
needed. The preparation strategy presented here is facile and
cost-effective, which may open new avenues for the design of
functional thin films of metal or other inorganic materials.
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The evolution of hydrogenated amorphous carbon films with fullerene-like microstructure was investigated with a different
proportion of hydrogen supply in deposition. The results showed at hydrogen flow rate of 50 sccm, the deposited films showed a
lower compressive stress (lower 48.6%), higher elastic recovery (higher 19.6%, near elastic recovery rate 90%), and higher hardness
(higher 7.4%) compared with the films deposited without hydrogen introduction. Structural analysis showed that the films with
relatively high sp2 content and low bonded hydrogen content possessed high hardness, elastic recovery rate, and low compressive
stress. It was attributed to the curved graphite microstructure, which can form three-dimensional covalently bonded network.

1. Introduction

Hydrogenated amorphous carbon films with fullerene-like
microstructure have attracted increasing attention due to
their extraordinary properties of high mechanical hardness
and low friction coefficient [1–4]. It can be as a protective
coating in tooling components, such as knives, drill bits, dies,
and molds, and as a coating on hard-disk platters and hard-
disk read heads. Until now, hydrogenated amorphous carbon
filmswith fullerene-likemicrostructure had been synthesized
by our group and other groups with different techniques
including dc pulse plasma chemical vapor deposition (CVD),
magnetron sputtering (MS), ECR CVD, and ICP CVD [1–8].

In this paper, hydrogenated carbon films were deposited
with dc pulse plasma CVD system. The as-deposited carbon
films could be considered as nanocomposite thin films with
fullerene-like microstructure in the diamond-like carbon
(DLC) matrix based on our previous results [1, 2]. In order
to study the evolution of structure and properties of films,
a different content of H

2
was introduced to the mixture of

methane and hydrogen as feedstock.The deposition pressure
was kept constant. The result discloses the close relation-
ship between sp2 content, bonded hydrogen content and

hardness, elastic recovery rate, and compressive stress. The
film deposited at hydrogen flow rate 20 and 50 sccm showed
higher hardness and elastic and lower compressive stress.

2. Experiments

Hydrogenated amorphous carbon films were prepared on Si
(100) substrates at different flux ratio of methane to hydrogen
in the mixture which was about 1 : 0, 1 : 1, 1 : 2, 1 : 5, and 1 : 10
by dc-pulse plasma CVD technique. The flux of methane
was kept constantly at 10.3 sccm. The deposition pressure
was kept at 13 Pa. After deposition, optical profilometry, X-
ray photoelectron spectra (XPS), reflection Fourier trans-
form infrared (FTIR) spectra, and high-resolution transmis-
sion electron microscopy (HRTEM) were applied to probe
the microstructure. Nanoindentation was applied to assess
mechanical properties of the films.

3. Results and Discussion

Figure 1(a) shows the thickness and compressive stress of
hydrogenated amorphous carbon films deposited with dc
pulse plasma CVD versus H

2
flow rate. The film thickness
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Figure 1: (a) Thickness and compressive stress of the as-deposited hydrogenated amorphous carbon films versus H
2
flow rate; (b) hardness

and elastic recovery 𝑅 of the as-deposited hydrogenated amorphous carbon films versus H
2
flow rate.

values were measured by surface profilometer. The compres-
sive stress values were calculated by Stoney’s equation with
curvature radii that were measured by optical profilometry.
It is obvious that the compressive stress value decreased
quickly when H

2
was introduced into the mixture gas as

feedstock. The values for the films deposited at H
2
20 and

50 sccm are lower (∼48.6%) than the film deposited without
H
2
introduction. Generally, for amorphous carbon films, the

decrease of compressive stress is corresponding to the struc-
ture transform of sp3-bonded atoms to sp2-bonded atoms.

Figure 1(b) exhibited the mechanical properties of the
hydrogenated amorphous carbon films versus the H

2
flow

rate. In our experiment, in order to minimise the effect of
substrate, the maximum indentation depth was kept at 1/7
of the film thickness. Five replicate indentations were made

for each film sample. The elastic recovery 𝑅 was defined
as 𝑅 = (𝑑max − 𝑑res)/𝑑max, where 𝑑max and 𝑑res were
the maximum displacement at the maximum load and the
residual displacement after unloading, respectively [9].This is
a clear indication of plastic deformation regime. For the films
deposited using dc-pulse plasma CVD versus the H

2
flow

rate, the mechanical properties increased at the beginning,
as shown in Figure 1(b). When the H

2
flow rate increased to

50 sccm, the hardness of the film was as high as ∼23.2GPa,
7.4% higher compared to ∼21.6GPa for the film deposited
without H

2
introduction, and the elastic recovery 𝑅 was as

high as∼88.6%, 19.6% higher compared to∼74.1% for the film
deposited without H

2
introduction. When the H

2
flow rate

increased to 100 sccm, therewas a sharp decrease for hardness
and elastic recovery. The values were decreased to ∼20.9GPa
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Figure 2: XPS spectra of as-deposited hydrogenated amorphous
carbon films versus H

2
flow rate.

and ∼68.9%, respectively. In order to reveal the reason of the
transform and the origin of lower stress, higher hardness,
and elastic recovery 𝑅, it is necessary to perform the films’
structure probing to reveal the structure factor.

Figure 2 shows the C1s core level XPS spectra of hydro-
genated amorphous carbon films versus different H

2
flow

rates. In this paper, Au thin film about 0.2 nm was deposited
on the test surfaces so as to minimize the charging effect in
the XPS analysis. The C1s peak can be decomposed into two
peaks: sp2 and sp3. The one around 284.3 eV corresponded
to sp2 carbon atoms, and that around 285.2 eV corresponded
to sp3 carbon atoms [10]. The C1s binding energy position
of the film deposited without H

2
introduction is ∼284.6 eV.

As the H
2
flow rate increased, except at the H

2
flow rate

of 10 sccm, a clear chemical shift to lower binding energy
showed at H

2
flow rate of 20, 50, and 100 sccm.We concluded

that the sp2 carbon structure increased with the increased
H
2
flow rate. It was likely that excess H

2
flow rate increased

the impact of ion etching and impingement and led to the
structure transformation from sp3 to sp2. In particular, the
binding energy positions of C1s at the H

2
flow rate of 50

and 100 sccm are very close to the binding energy of C1s
for pure graphite, 284.3 eV [11]. Combined with the data of
stress, hardness, and elastic recovery 𝑅, the reason for the
improved properties of the filmdeposited atH

2
flow rate of 20

and 50 sccm should be the increased sp2 structure. It mainly
existed in the formof fullerene-like curved graphite structure.
The increased binding energy level at H

2
flow rate of 10 sccm

is due to the defects (dangling bonds) in the films that were
ended or occupied by H atoms when H

2
was introduced,

which prompted the formation of sp3 structure.
In order to get a better understanding of the bonding

structure of all the samples, reflection FTIR spectra were
invoked to determine the C–H bonding configuration. The
bonded hydrogen content in films can be applied as a probe
to detect the structural environment of the attached carbon
atoms due to the localized nature of the C–H vibration. FTIR
spectrum was widely used in this sense to characterize the
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Figure 3: Reflection IR spectra of as-deposited hydrogenated
amorphous carbon films versus H

2
flow rate.

C–H bonding in hydrogenated carbon films. It is known that
the FTIR intensity of amorphous carbon films is relevant to
the hydrogen incorporation.

Generally, the peaks in the range of 2800–3300 cm−1
are attributed to the different stretching vibrations of C–
H bonds. The C–H stretching modes can break down into
three regions, the sp1 ≡C–Hmodes centre on 3300 cm−1, the
sp2 =CH

𝑛
modes lie from 2975 to 3085 cm−1, and sp3 –C–

H
𝑛
modes lie from 2850 to 2955 cm−1 [12]. Figure 3 shows

the reflection FTIR spectra of as-deposited hydrogenated
amorphous carbon films versus the H

2
flow rate. For the

film deposited without H
2
introduction, the peak was broad,

and it can conclude sp3 –C–H
𝑛
, sp2 =CH

𝑛
, and sp1 ≡C–

H complexes. However, by carefully examining the peaks,
it is also found that there is a clear chemical shift to high
wavenumber at H

2
flow rate of 20, 50, and 100 sccm, and the

peak intensity at the flow rate of 50 sccm decreased sharply,
indicating a reduction of bonded hydrogen in carbon films.
At the H

2
flow rate of 10 sccm, since the defects (dangling

bonds) in the films probably could be ended or occupied
completely by H ions generated by methane and H

2
, which

prompt the formation of sp3 structure, the peak position has
a little shift to lower wavenumber. The analysis of increased
sp3 content is consistent with that provided by XPS. When
H
2
content further increased, impact of ion etching and

impingement increased, and sp3 –C–H
𝑛
changed into sp2

=CH
𝑛
and sp1 ≡C–H. As the H

2
flow rate was increased

to 50 sccm, mounts of C–H bonding were destroyed; –H
easily combined each other to form H

2
and led to a loss

of hydrogen content in the as-deposited film. It is obvious
that the structure was gradually turned into sp2. When
H
2
flow rate increased further, impact of ion etching and

impingement was strong and led to porous structure in film.
We suggest that this is the reason for the absorption peak
of H
2
O at a wavenumber of 3400–3700 cm−1 for the film

deposited at H
2
flow rate of 100 sccm. Combined with XPS

spectra, the reason of the improved properties of the film
deposited at H

2
flow rate of 20 and 50 sccm should be the



4 Journal of Nanomaterials

5nm

5 1/nm

Figure 4: TEM images of as-deposited hydrogenated amorphous
carbon films versus H

2
flow rate of 50 sccm.The scale bar represents

5 nm.

increased sp2 structure that mainly existed in the form of
fullerene-like curved graphite structure, and the reason for
poor properties of the film deposited at H

2
flow rate of

100 sccm should be the porous structure of the film formed
in deposition process.

Figure 4 shows the HRTEM image of the hydrogenated
amorphous carbon film deposited at H

2
flow rate of 50 sccm

by dc pulse plasma CVD, displaying amorphous structure.
There is no obvious ordered fullerene-like curved graphite
structure. The corresponding SAED pattern indicates the
amorphous structure of the film and displays three corre-
sponding measures of spacing of 1.15, 2.00, and 3.50 Å. The
two rings at 1.15 and 2.00 Å coincide with those observed
for amorphous carbon structure, whereas the ring at 3.50 Å
matches well the interplane spacing of hexagonal basal planes
of graphite (0002) [13]. The appearance of a broad feature
at 3.50 Å indicates the presence of defective graphitic planes
and confirms the formation of fullerene-like structure in
as-deposited films. However, the fullerene-like features in
our HRTEM image are not so clear compared to the other
reports [2, 14]. The reason is mainly from the too large
thickness for HRTEM samples. Meanwhile, the HRTEM
image can be seen from our previous reports. Combined with
XPS and FTIR spectra results, it was reasonably concluded
that the improvedmechanical properties were corresponding
to increased curved graphite (fullerene-like) structure. We
speculated the reason why there was no obvious curved
graphite structure that was from the impact of ion etching
and impingement and led to a poor order of the structure.

It was obvious that the improvement of mechanical prop-
erty versus H

2
flow rate was due to the change of microstruc-

ture. It was much different from conventional hydrogenated
amorphous carbon films, in which the mechanical properties
decreased as sp2 bonding structure increased; in other words,
a high concentration of sp2 graphitic bonds indicates soft
film. Recently, the nanostructure of the films may also play
dominant role in determining the mechanical properties of
amorphous carbon films [1, 2]. This thought is supported

by the recent report that the mechanical properties of DLC
films probably are not only dominated by sp3 fraction but
also the degree of the sp2 bonding arrangement. In this
paper, combined with XPS results, according to our and
other researchers’ reports, fullerene-like microstructure in
the hydrogenated carbon matrix could be considered as
the structure factor for the lower compressive stress, high
hardness, and high elasticity. The film can possess lower
stress, higher hardness, and higher elasticity by adjusting sp2
content and bonded hydrogen content.

4. Conclusion

In summary, the evolution of structure and mechanical
properties of the hydrogenated amorphous carbon films with
fullerene-like microstructure was investigated. The results
showed that at hydrogen flow rate of 50 sccm, the deposited
hydrogenated amorphous carbon films exhibited lower com-
pressive stress (lower 48.6%), higher elastic recovery (higher
19.6%, near elastic recovery rate 90%), and higher hardness
(higher 7.4%) compared with the films deposited with-
out hydrogen introduction. Structural analysis showed that
the film with relatively high sp2 content and low bonded
hydrogen content possessed high hardness, elastic recovery
rate, and low compressive stress. It was attributed to the
curved grapheme microstructure, which can form three-
dimensional covalently bonded network. Meanwhile, when
excessH

2
was introduced, impact of ion etching and impinge-

ment was strong and led to porous structure in film.
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Icing on insulators may cause flashover or even blackout accidents in the power transmission system. However, there are
few anti-icing techniques for insulators which consume energy or manpower. Considering the water repelling property, the
superhydrophobic surface is introduced for anti-icing of insulators. Among the icing forms, the glaze icing owns the highest
density, strongest adhesion, and greatest risk to the power transmission system but lacks researches on superhydrophobic surface.
In this paper, superhydrophobic surfaces with contact angle of 166.4∘, contact angle hysteresis of 0.9∘, and sliding angle of less
than 1∘ are prepared by nanoparticle filling combined with etching method. The coated glass slide and glass insulator showed
excellent anti-icing performance in the glaze icing test at −5∘C. The superhydrophobicity and anti-icing property of the coatings
benefit from the low surface energy and hierarchical rough structure containing micron scale pits and nanoscale coralloid bulges
supported by scanning electron microscopy (SEM), atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS)
characterization.

1. Introduction

Icing is a global problem causing tremendous economic
losses, equipment failures, and casualties. In 2008, the icing in
southern China resulted in outage of 36740 power transmis-
sion lines and 1743 substations with 2 billion dollars of direct
economic loss [1]. The icing accumulation on insulators and
transmission lines caused line breakage, conductor galloping,
falling down of transmission tower, and insulator flashover,
further leading to power blackout. Techniques for anti-icing
and deicing of transmission lines have been well developed
like current deicing [2], deicing robot [3], ferromagnetic
wires [4], and electromagnetic-impulsive deicing [5]. How-
ever, these methods consume a lot of energy and cannot be
applied on insulatorswhose anti-icing anddeicing techniques
are very limited. Liao et al. [6] introduced the semiconducting
RTV silicone coating on insulators to generate Joule heat to
reduce the ice formationwhich however still costs energy and

accelerates the aging of the coating. The superhydrophobic
surface is an efficient anti-icing method as its water repelling
property proved by many researches [7–9]. However, they
mainly considered the frost formation or icing of static water
drops on superhydrophobic surfaces [10, 11]. As an important
icing form, the glaze icing is most dangerous to the power
transmission system because of its high density and adhesion
whose accumulation on superhydrophobic surfaces lacks
attention. There are three kinds of insulators in the power
transmission systemwhich are the glass insulator, the ceramic
insulator, and the composite insulator. The glass insulator is
widely utilized in the State Grid of Chinawith a ratio of 23.9%
up to 2007.Therefore, the glass slides and glass insulators were
chosen as the coating substrates.

There are many methods to fabricate superhydrophobic
surfaces like sol-gel [12], physical vapor deposition [13],
chemical vapor deposition [14], lithography [15], and phase
separation [16]. However, most methods are expensive and
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complicated which are not suitable for industry application
on insulators. In the previous research, the application of
silica, calcium carbonate, fluorosilicone resin, and epoxy in
superhydrophobic surfaces have been explored while the
combination of nanoparticles filling and etching methods
seems rare. For instance, Zhang et al. fabricated superhy-
drophobic surface with a mixture of nano- and microsized
calcium carbonate (CaCO

3
) suspensions [17]. Hydrophobic

surfaces were prepared on epoxy coating surfaces by using
fluorosilicone copolymer and SiO

2
nanoparticles [18]. In

this paper, a facile approach combining the nanoparticle
filling and the etching method to fabricate superhydrophobic
coating is proposed.Thewettability, surfacemorphology, and
chemical construction of the coatings are characterized. In
particular, the glaze icing properties of coatings on glass slides
and glass insulators are investigated in the artificial climate
chamber.

2. Experimental

2.1. Preparation. The glass slides were ultrasonically cleaned
in absolute ethanol and distilled water and then dried
before used as substrates. The fluoroalkylsilane (2mL, G502,
C
14
F
12
H
20
SiO
3
, >95%), distilled water (4 g) and ethanol

(200mL) were added into a flask. The mixed solution was
stirred at 240 r/min and 60∘C for 30min before nanometer
calcium carbonate (10 g, 30–60 nm) was added. 150mL of
upper clear liquid was removed after 15 minutes’ standing.
Then nanosilica particles (10 g, 15–25 nm, Henan Wangwu
Technology Co., Ltd.) and ethyl acetate (90mL) were added
into the solution and stirred for another 30min. Finally
130 g of solution containing nanometer calcium carbonate
(10 g) and nanosilica particles (10 g) was obtained. The as-
prepared nanoparticles were filled in polymers consisted
of fluorosilicon resin (FSI, fluorinated organosilicon resin
with contact angle of 110∘, Ark Chemicals Industry Co. Ltd)
and epoxy resin (E-51). Three coatings were fabricated by
adjusting the contents of nanoparticles (20%, 33%, and 49%).
The mass ratio among nano-CaCO

3
, nano-SiO

2
, FSI, E-51,

curing agent, and solvent was 1 : 1 : 6 : 1.2 : 1 : 11 for the coating
with nanoparticle content of 20%. The mixed solution was
dispersed by electromagnetic stirring and ultrasonic agitation
before spray coating. The spraying distance between the
nozzle and the substrates was 25 cm and the air pressure
was held at 0.4MPa. The nozzle was fixed and the substrates
moved with a speed of 2 cm/s. The substrates were sprayed
for 4 times and then dried at 130∘C for 30min. The coatings
were then immersed into acetic acid for 10 s and then put into
abundant distilled water for etching. Finally, these samples
were dried at 130∘C for 30min before characterization. The
glass insulators (FC70/146, Huayu HV Insulator Co. Ltd.)
were treated in the same way as the glass slides.

2.2. Characterization. The wettability of the samples was
evaluated using an optical contact angle meter (Drop Meter
A-200, MAIST Vision Inspection & Measurement Co., Ltd.).
The contact angle was observed by placing a 5 𝜇L droplet
on the sample and five measurements were made for each

sample.The contact angle hysteresiswasmeasured bymethod
of adding and decreasing the volume of the droplet. The
surface morphologies of the samples were observed with
the field emission scanning electron microscope (FESEM,
S-4800, Hitachi Ltd., Japan). The surface topography of the
samples was obtained by atomic force microscope (AFM-
IPC-208B, Chongqing University) using a tungsten probe
(force constant = 0.06N/m) operating in tapping mode in
air at ambient conditions. The composition of the sample
was analyzed using X-ray photoelectron spectrometry (XPS,
Thermo escalab 250Xi, Thermo Fisher Scientific Inc., MA,
USA) with Al K𝛼 X-ray source. The glaze icing experiment
was conducted in the artificial climate chamber with temper-
ature of −5∘C and relative humidity of 79 ± 10%. The rain
was generated through a nozzle by pumping water of 3.8–
5∘Cwith volumemedian diameter of about 100 𝜇m.The glass
slides were set vertically facing the rain drops while the glass
insulators were hanged.

3. Results and Discussion

The morphologies of the coatings before and after etching
with particle content of 33% are presented in Figure 1. The
surface is rather like that of moon with many ringlike pits or
craters whose sizes range from 1 to 20𝜇m in Figures 1(a) and
1(d). Observed in the nanoscale of Figures 1(c) and 1(f), the
edges of the pits consist of nanometer coralloid bulges due to
the addition of nanoparticles. This hierarchical rough struc-
ture is generated by the fast evaporation of the solvent when
spraying.Themixture of resins (including fluorosilicone resin
and epoxy resin), nanoparticles (including SiO

2
andCaCO

3
),

ethyl acetate, and ethyl alcohol is sprayed onto the glass
with high speed leading to the fast evaporation of solvent,
increase of the viscosity, and inhomogeneous distribution of
the mixture. The bigger pits and smaller coralloid bulges are
formed after the solidification of resins.However, the coatings
before and after etching show little difference in the SEM
images which need more accurate topological information.

The topological information of the surfaces is given in
Figure 2. The coating after etching has rougher surface as the
height difference between the peak and valley (1404 nm), Ra
(at 𝑦 = 3200 nm), and Sa are all bigger.This may be caused by
the etching of CaCO

3
as shown in (1). The CaCO

3
particles

were reacted with acetic acid making the pits deeper and the
surface rougher leading to the improvement of wettability.
Consider
2CH
3
COOH + CaCO

3
→ (CH

3
COO)

2
Ca +H

2
O + CO

2

(1)
TheXPS spectra of the coatings are illustrated in Figure 3.

After etching, the peaks of Ca 2s and Ca 2p almost disappear
proving the reaction of CaCO

3
with acetic acid. The increase

of peaks of Si 2s, Si 2p, O 1s, and F 1s may be caused by
increase of content of resins and nanosilica as the etching of
CaCO

3
. From Figure 4, the presence of –CF

2
on the surface

from the fluorosilicone resin can be confirmed indicating the
low surface energy of the coating.

The wettability of the samples is given in Figure 5. The
coatings showed excellent superhydrophobicity and achieved
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Figure 1: SEM images of coatings before (a)–(c) and after etching (d)–(f) with particle content of 33%.The insets show the optical images of
sliding angle and contact angle testing.

improvement after etching. The contact angle increases from
159∘ up to 165∘ with the increase of nanoparticles content
before etching. However, coatings with smaller percentage of
nanoparticles get bigger contact angles after etching. All the
samples show sliding angle (SA) of less than 1∘ illustrated by
the insets of Figure 1 in which the water drops slide off the
horizontal surface in few seconds. The contact angle hystere-
ses of coatings decrease after etching and the lowest contact
angle hysteresis is achieved by coatings with particle content
of 33%. As the dynamic wettability is more important in anti-
icing and etched surface shows better superhydrophobicity,
etched coatings with particle content of 33% are chosen for
glaze icing test and characterization.

The superhydrophobic property of the coating is due to
the special rough structure and chemical composition of the
surface [19]. The high contact angle is caused by the surface
tension of water and air retained at the interface between
water and the micro-/nanohierarchical structure. The low
contact angle hysteresis and low sliding angle benefit from
the rough structure and low surface energy. The friction of
the water drop with the surface affects the sliding angle and
contact angle hysteresis when the water drop starts to slide
and is sliding, respectively. For the superhydrophobic surface
in this paper, the friction of the water drop with the surface is
small because the contact area and the adhesive force between
them are small.
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Figure 2: AFM images of coatings before and after etching with
particle content of 33%.

The schematic diagram and results of glaze icing test are
shown in Figure 6. After 60min of glaze icing, only 20%
of the coated sample was covered with separated ice caused
by the hydrophilic edge of the glass slide. On the contrary,
the uncoated glass slide was covered fully by thick and
transparent ice. This anti-icing property can be interpreted
by the excellent superhydrophobicity of the coating. The
hierarchical rough structure is beneficial to the repelling of
freezing rain on the surface. As the diameter of freezing
rain falls in certain range, smaller drops can be repelled by
nanometer pillars and collide with each other to become
bigger drops which can be repelled by micrometer-scale pits
[20]. Fortunately, bigger water drops are difficult to loss their
internal energy and become ice because they have relative less
contact area with the surface and the cold air. High contact
angle of 166.4∘ indicates small contact area of the water drop
with the surface. Meanwhile, low slide angle of less than 1∘
and contact angle hysteresis of 0.9∘ leads to the fast sliding of
water drops on the surface which reduces the contact time of
water drops with the surface.Therefore, reduced contact area
and contact time of the water drops with the surface decrease
the probability of heterogeneous nucleation of water and the
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Figure 3: XPS images of coatings before and after etching with
particle content of 33%.
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Figure 6: The schematic diagram of glaze icing test and glaze icing results of coated and uncoated glass slides at 𝑡 = 15min and 60min
(particle content = 33%).

rate of heat transmission between the two phases of solid and
liquid.

Similar results were received in the glaze icing test as
shown in Figure 7. At the beginning of the test (𝑡 = 5min),
the coated insulator had few separated water drops and ice
particles as the water drops could bounce and slide off the
insulator surface. At the end of the glaze icing test, only
partial surface of the coated insulator was covered with
separated ice particles and some unfrozen water drops. On
the contrary, the uncoated and hydrophilic insulator was
covered with thick ice which reduced the surface resistance
andmay lead to insulator flashover and power blackout in the
power transmission system [21]. The anti-icing performance
of the insulator is worse than the vertically placed glass slide
as the tilting angle of the insulator surface is only about 15∘
and the diameter is 255mm which is rather larger than the
size of the glass slides (25mm ∗ 75mm). The contact time
of the water drops with the coating is increased as the tilting

angle is smaller and the distance is longer which leads to
the increase of probability of heterogeneous nucleation and
rate of heat transmission. In general, the superhydrophobic
coating shows great potential in anti-icing of insulators in
power transmission system.

4. Conclusions

Superhydrophobic coatings with contact angle of 166.4∘,
contact angle hysteresis of 0.9∘, and sliding angle of less than
1∘ are fabricated bynanoparticle filling combinedwith etching
method when the particle content is 33%. This coating on
glass slide showed excellent anti-icing property with only
20% of surface area covered by glaze ice. Similarly, few
parts of the coated insulator were covered with separated ice
and unfrozen water drops. On the contrary, the uncoated
glass slides and insulators were fully covered with thick ice.
The excellent superhydrophobicity and anti-icing property
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Figure 7: The glaze icing results of coated and uncoated glass insulators at 𝑡 = 5min and 60min (particle content = 33%).

are due to the hierarchical rough structure and low surface
energy proved by the SEM, AFM, and XPS characterization.
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FeCo/Ru/FeCo exchange coupled synthetic antiferromagnetic multilayers were prepared with two sputtering modes. One is
continuous sputtering mode, and the other mode is layer-by-layer sputtering mode. The former mode implies that substrate faced
the target and film growth process was continuous when FeCo layers were sputtering, whereas the latter implies that substrate was
rotating with the mask at a speed of 5 rpm when FeCo layers were sputtering. It was found that the exchange coupling field𝐻ex of
sample sputtered by layer-by-layermodewas higher than the one sputtered by continuousmode. Domain structures weremeasured
with applying varied in-plane magnetic fields along the easy axis in order to study the magnetization reversal process. We found
it is a domain wall move process. When the applied field is smaller than𝐻ex, both the two magnetic layers have domain structure
and the domain structure of the two layers is reversed correspondingly. When the applied field is varying in the range of −𝐻ex to
𝐻ex, the domain wall of the two layers moves correspondingly at the same time.

1. Introduction

Synthetic antiferromagnetic (SAF) multilayer [1] is com-
prised of two ferromagnetic layers separated by a nonmag-
netic metallic spacer layer in which the ferromagnetic layers
are coupled through antiferromagnetic interlayer exchange.
Such interlayer coupling is subject to the thickness of the
nonmagnetic layer [2] and is highly sensitive to structural
defects [3]. In an ideal situation with proper thickness of
nonmagnetic layer and low structural defects, no remanence
can be observed in easy axis and the total magnetization
becomes zero when the appliedmagnetic field is smaller than
exchange coupling field𝐻ex. In recent years, there have been
many studies on SAF multilayers, as it shows great promise
as soft underlayers for perpendicular recording media [4, 5],
high moment write head material [6], and high frequency
application [7]. But the reversal process in FeCo/Ru/FeCo
SAF multilayers has not been studied yet. It is not known if
the reversal process is a domainwallmove process ormoment
coherent rotation process.

In this present study, FeCo/Ru/FeCo SAF layers were
prepared under two different FeCo sputtering modes which
significantly changed the surface intermixing, so different
exchange coupling fields 𝐻ex were measured. MFM mea-
surements with different applying in-plane magnetic fields
in the easy axis were done to study the reversal process in
FeCo/Ru/FeCo multilayers.

2. Experiment

SAFmultilayers Ru/FeCo(10 nm)/Ru(𝑑Ru nm)/FeCo(10 nm)/
Ru were prepared on SiO

2
substrate by using DC magnetron

sputtering with a Fe
70
Co
30

target and a Ru target. The
base pressure was lower than 3 × 10−5 Pa. A magnetic field
around 100Oe was applied along the substrate surface during
deposition for inducing in-plane magnetic anisotropy in the
films. Ru layers are deposited with power of 15W, Ar-gas
pressure of 0.5 Pa, and substrate rotating speed of 5 rpm.
The thickness of Ru interlayer 𝑑Ru varied from 0.60 nm to
1.20 nm. All samples used a Ru seed layer (2 nm) and a Ru
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Figure 1: Schematic diagram of sputter system.

Table 1: Deposition conditions of two series samples.

Power Ar pressure Rotating speed Sputtering rate
Series A 10.0W 0.2 Pa No rotation 0.10 nm/sec
Series B 17.8W 0.2 Pa 5 rpm 0.25 nm/rot

capping layer (3 nm). The multilayers were prepared in a
multilayer sputtering system and the schematic diagram is
shown in Figure 1. We prepared two series samples, and the
conditions are given in Table 1. FeCo layer of series A was
prepared with a continuous sputtering mode: substrates were
not rotating and facing FeCo target through the hole in the
mask during deposition. FeCo layer of series B was prepared
with a layer-by-layer sputtering mode: substrates and the
mask were rotating at the same speed.

Magnetic properties weremeasured by a vibrating sample
magnetometer (VSM). The domain structure was measured
by amagnetic forcemicroscopy (MFM) applying different in-
plane magnetic fields along easy-axis. A FePt tip was adopted
and measurement conditions were vibrating the amplitude
of the tip of 15 nm for morphology measurement and 3 nm
for phase measurement with scan height of about 10 nm and
constant𝑄 factor of about 6000. Before beingmeasured, FePt
tip was magnetized by VSM along the pinpoint direction.

3. Results and Discussions

Upon investigation of the relationship between the exchange
coupling field 𝐻ex and the thickness of Ru interlayer 𝑑Ru in
SAF films, it was found that the𝐻ex of SAF coupled structures
is related to 𝑑Ru. As shown in Figure 2, with the increase
of 𝑑Ru, the 𝐻ex of series B samples increases and reaches
a maximum value when 𝑑Ru = 0.90 nm, and when 𝑑Ru
increases further (𝑑Ru > 0.90 nm), 𝐻ex decreases drastically.
We also found that the𝐻ex of series A samples had the same
results: the 𝐻ex value got maximum when 𝑑Ru = 0.90 nm
but the value of series B samples was much larger than series
A samples. Figures 3(a) and 3(b) show the 𝑀-𝐻 of two
series samples with 𝑑Ru = 0.90 nm. It was shown that the
exchange coupling field𝐻ex of series B sample is higher than
series A sample: about 185Oe for series B sample and about
80Oe for series A sample. Figures 3(c) and 3(d) show two
series samples without Ru spacer layer. It was shown that

the induced anisotropy field 𝐻
𝑘
of series B sample is higher

than series A sample. This result agrees with the SAF layers’
result, because the effective anisotropy field𝐻

𝑘
relates to the

exchange coupling field 𝐻ex in SAF sandwich films [7]. It is
well known that the interlayer coupling of samples grown
by MBE is larger than that grown by sputtering, because of
the larger surface intermixing in the sputtered samples due
to the substrate bombardment by neutral atoms. This gives
rise to random component in the atom distribution near the
interface and to a destructive interference of the scattered
electronic waves, so the coupling is frustrated [8, 9].We think
the growth process of series B samples is similar to MBE
process, and it can effectively decrease the bombardment by
neutral atoms compared with the growth process of series A
samples. So we can conclude that the layer-by-layer growth
mode can decease the surface intermixing and get laser
induced anisotropy field𝐻

𝑘
and exchange coupling field𝐻ex.

In order to study the reversal process of SAF multilayers,
wemeasuredMFMimages applying varied in-planemagnetic
field along easy-axis. From the MFMmeasurement we found
the surface of the two series samples is very flat and the
average roughness is less than 0.1 nm. Figure 4 shows the
MFM images of series B sample with 𝑑Ru = 0.90 nm mea-
sured with different in-plane magnetic field. The magnetic
field applied along the easy-axis direction and ranged from
1500Oe to −1500Oe. Because of the multilayer structure, we
can just measure domain structure of upper FeCo layer. But
we can deduce the bottom layer’s domain structure according
to magnetic properties of exchange coupled SAF multilayers.
Figure 4(a) shows MFM images measured when the as-
deposited sample had not been applied magnetic field, we
can see clear domain structure. Figure 4(b) shows MFM
images measured with 1500Oe in-plane magnetic field, and
we cannot see very clear domain wall structure, which means
magnetization is saturated and almost all magnetic moments
array along the applied field. From Figure 4(c) it can be
seen when applied magnetic field decreases to 1000Oe, many
small reverse domains appear. Figure 4(f) is measured when
the applied in-plane magnetic field decreases from 1500Oe
to 200Oe. From Figures 4(c)–4(f), it can be seen those small
reversed magnetic domains grow bigger and the domain
wall moves with change of the applied in-plane magnetic
field. Figures 4(g)–4(l) were measured with the applied in-
plane magnetic field range from 150Oe to −200Oe. From
𝑀-𝐻 loop we can get the total magnetization of film are
zero when the applied magnetic field are smaller than the
exchange coupling field 𝐻ex. But we can see clearly domain
wall structure, so we can deduce that the bottom FeCo layer
has the same domain structure as the upper layer, but the
magnetization direction is reverse correspondingly. From
marked parts in Figures 4(g)–4(l) we can see the domain
wall moves process, so we can deduce that the domain
wall of the two layers moves correspondingly at the same
time. Figures 4(m)–4(p) show the MFM images measured
when the applied magnetic field ranges from −300Oe to
−1500Oe, we can see the positive domain becomes smaller
and disappears. So, we can conclude that the reversal process
in SAF multilayers is a domain wall move process, and the
domain wall in both upper layer and bottom layer moves
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Figure 4: MFM images of FeCo(10 nm)/Ru(0.90 nm)/FeCo(10 nm) prepared with layer-by-layer mode measured with in-plane magnetic
field range from 1500Oe to −1500Oe.

with the varying in-plane magnetic fields; when the in-plane
magnetic field is smaller than exchange coupling field 𝐻ex,
the domain structure in the two layers is the same but the
magnetization direction is reverse correspondingly, and the
domain wall in the two layers moves correspondingly at the
same time.

4. Conclusion

Synthetic antiferromagnetic multilayers Ru/FeCo(10 nm)/
Ru(𝑑Ru nm)/FeCo(10 nm)/Ru were prepared with two FeCo
sputtering mode: continuous mode and layer-by-layer mode.
The exchange coupling field 𝐻ex of SAF film deposited by
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layer-by-layer mode is higher than samples deposited by con-
tinuous mode because of decrease of surface intermixing due
to the substrate bombardment by neutral atoms. The mag-
netization reversal process is a domain wall move process.
When the applied field was smaller than 𝐻ex, both the two
magnetic layers have same domain structure and the domain
structure of the two layers was reverse correspondingly. It is
also found that the domain wall of the two magnetic layers
move correspondingly at the same timewhen the applied field
is smaller than𝐻ex and changing.
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A novel reddish orange phosphor CaIn
2
O
4
:Sm3+ codoped with Zn2+ or Al3+ ions was prepared by solid state reaction and their

luminescence properties were investigated under near ultraviolet excitation. The strategy of Zn2+ or Al3+ ions codoping was used
with the aim to improve the luminescence properties of CaIn

2
O
4
:Sm3+, but the concrete effects of the two ions is different. The

introduction of Zn2+ ions can produce Zn


In defects that favor charge balance in CaIn
2
O
4
:Sm3+ to facilitate its photoluminescence.

The effect of Al3+ ions codoping can effectively transfer energy from charge-transfer absorption band to characteristic transition
of Sm3+ ions, utilizing more energy from host absorption for the photoluminescence of Sm3+ ions. Based on these mechanisms,
the luminescence intensity of CaIn

2
O
4
:0.6%Sm3+ was enhanced to 1.59 times and 1.51 times when codoping amount of Zn2+

and Al3+ ions reached 0.6%. However, the chromaticity coordinates of CaIn
2
O
4
:0.6%Sm3+ almost did not have any changes

after Zn2+ ions or Al3+ ions codoping; those are still located at reddish orange region. The excellent luminescence properties of
CaIn
2
O
4
:0.6%Sm3+,0.6%Zn2+ and CaIn

2
O
4
:0.6%Sm3+,0.6%Al3+ demonstrate that they both have potential application value as

new-style reddish orange phosphors on light-emitting diode.

1. Introduction

White light-emitting diodes (WLEDs), with the advantages
of long lifetime, less energy consumption, and environment
friendly characteristics, are thought to be the most important
solid state light sources for substituting thewidely used incan-
descent lamps and fluorescent lamps [1–5]. But it still needs
to overstepmany technological obstructions. It is well known
that WLEDs can be realized by combing a single near
ultraviolet (NUV, 370–410 nm) light-emitting diodes (LEDs)
chip with tricolor phosphors or combining a simple blue
LEDs chip with yellow phosphor [6]. With the development
of semiconductor technology, NUV-LEDs chips can offer
a higher efficient solid state light. Thus the corresponding
phosphors which can be efficiently excited by NUV urgently
needed to be explored, but the red phosphor excited by

NUV light is rare at present. In last decade, many scientists
have been devoted to the red phosphors doped by Eu3+
and Eu2+ [7–9]. However, commercial red phosphors (e.g.,
Y
2
O
2
S:Eu3+, CaS:Eu2+, and SrS:Eu2+) do not have enough

absorption in the NUV region and the lifetime of the LEDs is
limited because of the degradation of these sulfide phosphors
during LEDs operation [8].

Sm3+ ion is widely used as activator of reddish orange
emission due to its 4G

5/2
-6H
𝐽
(𝐽 = 5/2, 7/2, 9/2, 11/2) tran-

sitions, which is the most suitable source for lighting and
display from a practical viewpoint [10–12]. CaIn

2
O
4
is a semi-

conductor with band gap (E
𝑔
) as 3.9 eV, belonging to ordered

CaFe
2
O
4
structures with the Pca21 or Pbcm space group, and

the lattice parameters a = 9.70 Å, b = 11.30 Å, and c = 3.21 Å
for 𝑍 = 4 (𝑍 is the number of formula units per unit cell)
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[5, 13]. InO
6
octahedra connect to each other by sharing edges

and corners to form a tunnel network structure and Ca2+
ions locate in the tunnels. The ionic radius of six-coordinat-
ed Sm3+ (0.958 Å) is similar to that of Ca2+ (1.14 Å) but larger
than that of In3+ (0.94 Å), so Sm3+ ions more easily occupy
Ca2+ sites in the tunnel of InO

6
octahedra. So far the lumines-

cence properties of CaIn
2
O
4
:Tb3+, CaIn

2
O
4
:Pr3+, CaIn

2
O
4
:

Dy3+, and CaIn
2
O
4
:Eu3+ under UV andVUV (vacuumultra-

violet) excitation have been investigated for the application
on field emission displays (FEDs), cathode ray tube display
(CRTs), and WLEDs [14–16]. To the best of our knowledge,
there are few reports about the luminescence properties of
CaIn
2
O
4
:Sm3+ for WLEDs application. Yan et al. reported

the photoluminescence of CaIn
2
O
4
:Eu3+,Sm3+. The doped

Sm3+ can sensitize the emission of Eu3+ and be effective
to extend and strengthen the absorption of near-UV light
with wavelength of 400–405 nm.The temperature quenching
effect proved that CaIn

2
O
4
has good stability. And doping

amount variation of Sm3+ can tune the CIE chromaticity
coordinates of CaIn

2
O
4
:Eu3+,Sm3+ better than conventional

red phosphor Y
2
O
2
S:0.05Eu3+ under the excitation of NUV

light [17]. Thus the research about the luminescence prop-
erties of CaIn

2
O
4
:Sm3+ under NUV excitation is very sig-

nificant. So, in our paper, the luminescence properties of
CaIn
2
O
4
:0.6%Sm3+ codopedwithZn2+ orAl3+ ionswere inv-

estigated in detail for basic research and potential application
in WLEDs.

2. Experimental Details

The powder samples CaIn
2
O
4
:𝑥Sm3+, CaIn

2
O
4
:0.6%Sm3+,

𝑦Zn2+, and CaIn
2
O
4
:0.6%Sm3+,𝑦Al3+ were prepared by solid

state reactions [14–16]. The purity of CaCO
3
and In

2
O
3

are A.R., while Sm
2
O
3
, ZnO and Al

2
O
3
are better than

99.99%. Stoichiometric amounts of the starting reagents were
thoroughlymixed and ground together.Then themixturewas
heated at 1150∘C for 12 h. Finally the samples were naturally
cooled to room temperature in the furnace.

The normal crystal structure was characterized using Cu
K𝛼 radiation (DX-2700 powder X-ray diffractometer) over
the angular range 10∘ ≤ 𝜃 ≤ 80∘. The UV photoluminescence
(PL) and photoluminescence excitation (PLE) spectra were
recorded by F-7000 fluorescence spectrophotometer with
Xe lamp as the light source. The quantum efficiencies were
measured by FLS920 Fluorescence Spectrometer. All above
spectra were recorded at room temperature.

3. Results and Discussion

CaIn
2
O
4
:0.6%Sm3+ was characterized by the powder X-ray

diffractometer and corresponding powder X-ray diffraction
(XRD) patterns are demonstrated in Figure 1 as a sample. It is
obvious that most diffraction peaks can be indexed with the
Joint Committee on Powder Diffraction Standards (JCPDS)
card number 17-0643 indicating that it is almost single-phase
structure. That also corresponds to XRDs reported in [13–
16]. While there is a little different peak located at 30.6∘,
which is attributed to the diffraction peak of In

2
O
3
, the little

∗
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Figure 1: XRD patterns of CaIn
2
O
4
:0.6%Sm3+ and the JCPDS card

number 17-0643.
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Figure 2: The PL spectra of CaIn
2
O
4
:𝑥Sm3+ (0.2% ≤ 𝑥 ≤ 0.8%)

(𝜆ex = 407 nm).

impurity cannot play an important role in their luminescence
properties.

PL spectra of CaIn
2
O
4
:𝑥Sm3+ phosphors with different

Sm3+ concentrations are shown in Figure 2. As can be seen
from these figures, the emission intensity initially increases
with Sm3+ concentration increasing and reaches a maximum
at 0.6mol% Sm3+ and then decreases which resulted from
concentration quenching, because nonradiative energy trans-
fer from one Sm3+ ion to another takes place. According to
[18, 19], the probability of energy transfer among Sm3+ ions
increases when the Sm3+ concentration increases. Nonradia-
tive energy transfer fromone Sm3+ ion to another usuallymay
occur by exchange interaction, radiation reabsorption, or
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multipole-multipole interaction. For CaIn
2
O
4
:Sm3+, the con-

centration quenching is caused by the electric multipole-
multipole interaction. We can roughly estimate the critical
distance of energy transfer (𝑅

𝑐
). The distance at which the

probability of transfer is equal to the probability of radiative
emission can bemade using the relation by Blasse to calculate
𝑅
𝑐
between activator ions of the kind doped in a host lattice:

𝑅
𝑐
≈ 2 [
3𝑉

4𝜋𝑥
𝑐
𝑍
]

1/3

, (1)

where 𝑉 is the volume of the unit cell, 𝑥
𝑐
the critical

concentration of activator ion, and 𝑍 the number of formula
units per unit cell [20]. For CaIn

2
O
4
host, using 𝑍 = 4, 𝑥

𝑐
=

0.6mol%, and 𝑉 = 351.85 Å3, the obtained 𝑅
𝑐
value is

30.37 Å.Therefore, the energy transfer in the present case also
occurs by electric multipole-multipole interaction.

The PLE and PL spectra of CaIn
2
O
4
:0.6%Sm3+, CaIn

2
O
4
:

0.6%Sm3+,0.2%Zn2+, and CaIn
2
O
4
:0.6%Sm3+,0.2%Al3+ are

compared in Figures 3 and 4, respectively.ThePLE spectra are
monitored by 606 nm. In PLE spectra, the excitation bands
from 200 nm to 275 nmwith amaximum at 225 nm belong to
charge-transfer absorption band (CTB) of O2− ions to Sm3+
ions. In the longer wavelength region, the f -f transitions
within the Sm3+ 4f 5 configuration can be detected, which is
assigned as transition from the 6H

5/2
ground state to the cor-

responding excited state of Sm3+. Among these sharp lines,
the strongest peak centered at 407 nm is assigned to 6H

5/2
-

4K
11/2

. It is obviously shown that 0.2%Zn2+ codoping can
increase the characteristic transitions and CTB of Sm3+ ions.
In CaIn

2
O
4
matrix, the ionic radius of Zn2+ ion is 0.88 Å,

similar to that of In3+ ion (0.94 Å), so Zn2+ ion mainly occu-
pies the In3+ ion sites. When Sm3+ ions replace Ca2+ ions
in CaIn

2
O
4
, it causes the defects 𝑉Ca and SmCa∙ defects

occur, which is to the disadvantage of photoluminescence.
The introduction of small amount of Zn2+ ions can favor
the charge balance in CaIn

2
O
4
:Sm3+ and further facilitate

its photoluminescence. The enhanced Sm3+ emission comes
mainly from radiative recombination of the large amount of
trapped carriers excited from the CaIn

2
O
4
host. Upon photo-

excitation, more oxygen holes can be trapped at the ZnIn
defects in CaIn

2
O
4
:Sm3+,Zn2+. The increased recombination

probability of electrons and trapped holes would cause the
highly enhanced emission intensity of Sm3+ ions by the resul-
tant energy transfer to the Sm3+ ions nearby. It also could
be assumed that the incorporation of Zn2+ ions creates the
oxygen vacancies, which might act as the sensitizer for the
energy transfer to the rare earth ion due to the strong mixing
of charge transfer states resulting in the highly enhanced
luminescence. However, there is one different PLE spec-
trum with 0.2%Al3+ ions codoping. When the intensities of
characteristic transitions of Sm3+ ions increase by a little
amount of Al3+ ions codoping, the CTB intensities decrease.
In ZnNb

2
O
4
:Dy3+,Al3+ material, the fact that energy can be

transferred from CTB to excitation states of Dy3+ ions by
codoping with Al3+ ions has been reported [21]. Thus Al3+
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ions also can help energy transfer from CTB to characteristic
transitions of Sm3+ in CaIn

2
O
4
matrix.

In the corresponding PL spectra of CaIn
2
O
4
:0.6%Sm3+,

CaIn
2
O
4
:0.6%Sm3+,0.2%Zn2+, and CaIn

2
O
4
:0.6%Sm3+,

0.2%Al3+, all emission peaks are obtained by 407 nm excita-
tion and indexed in Figure 4. It is clearly shown that the little
amount of Zn2+ or Al3+ ions codoping can enhance the int-
ensity of photoluminescence, which corresponds to the PLE
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Figure 5: The PL spectra of CaIn
2
O
4
:0.6%Sm3+,𝑦Gd3+ (0 ≤ 𝑦 ≤

0.8%) (𝜆ex = 407 nm).
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Figure 6: The PL spectra of CaIn
2
O
4
:0.6%Sm3+,𝑦Zn2+ (0 ≤ 𝑦 ≤

0.8%) (𝜆ex = 407 nm).

spectra in Figure 3. Therefore, the PL properties of the series
CaIn
2
O
4
:0.6%Sm3+,𝑦Zn2+ and CaIn

2
O
4
:0.6%Sm3+, 𝑦Al3+

were further investigated.
Figures 5 and 6 present the series of PL spectra of

CaIn
2
O
4
:0.6%Sm3+,𝑦Zn2+ and CaIn

2
O
4
:0.6%Sm3+,𝑦Al3+

under 407 nm excitation, respectively. A little amount of
Zn2+ and Al3+ codoping can facilitate the enhancement of
luminescence intensity of CaIn

2
O
4
:0.6%Sm3+. When codop-

ing amount of Zn2+ is 0.6%, the luminescence intensity of
CaIn
2
O
4
:0.6%Sm3+ can be enhanced to 1.59 times as Zn2+

free sample. On the same conditions, 0.6%Al3+ ions codoping
can make 1.51 times luminescence intensity enhancement
compared to Zn2+ free sample.The codoping amount of 0.6%
is critical doping concentration of Zn2+ and Al3+ ions. When
the codoping concentration𝑦 exceeded 0.6%, the PL intensity
became decreasing; that was also caused by nonradiative

Table 1: The chromaticity coordinates for CaIn2O4:0.6%Sm3+,
CaIn2O4:0.6%Sm3+,0.6%Zn2+, and CaIn2O4:0.6%Sm3+,0.6%Al3+
phosphors (𝜆ex = 407 nm).

Samples The chromaticity coordinates
𝑥 𝑦

CaIn2O4:0.6%Sm3+ 0.616 0.383
CaIn2O4:0.6%Sm3+,0.6%Zn2+ 0.617 0.383
CaIn2O4:0.6%Sm3+,0.6%Al3+ 0.617 0.382

energy transfer among Sm3+ ions. The corresponding
quantum efficiencies of CaIn

2
O
4
:0.6%Sm3+,0.6%Zn2+ and

CaIn
2
O
4
:0.6%Sm3+,0.6%Al3+ were measured as 39.67 and

37.21 under 407 excitation, respectively. The values are higher
than that of commercial red phosphor of Y

2
O
2
S:Eu3+ (QE =

35%) under 317 nm excitation [22].
The chromaticity coordinates for CaIn

2
O
4
:0.6%Sm3+,

CaIn
2
O
4
:0.6%Sm3+,0.6%Zn2+, and CaIn

2
O
4
:0.6%Sm3+,

0.6%Al3+ phosphors with 407 nm excitation were simulated
and listed in Table 1. With 0.6%Zn2+ or 0.6%Al3+ ions
codoping, the chromaticity color coordinates of CaIn

2
O
4
:

0.6%Sm3+ have hardly any movements, which are all in
reddish-orange region.

4. Conclusion

The series of phosphors CaIn
2
O
4
:Sm3+ codoped with Zn2+

or Al3+ ions were prepared by solid state reaction and their
luminescence properties were investigated. Codoping Zn2+
orAl3+ ions can enhance the emissions of CaIn

2
O
4
:0.6%Sm3+

excited by 407 nm, but the effects are different. The introdu-
ction of Zn2+ ions can favor the charge balance in CaIn

2
O
4
:

Sm3+ to facilitate its photoluminescence, but Al3+ ions can
effectively help energy transferred fromCTB to characteristic
transition of Sm3+ ions, utilizing more energy from host
absorption to the photoluminescence of Sm3+ ions. All the
chromaticity coordinates of CaIn

2
O
4
:0.6%Sm3+, CaIn

2
O
4
:

0.6%Sm3+,0.6%Zn2+, and CaIn
2
O
4
:0.6%Sm3+,0.6%Al3+ are

in reddish orange region and very close. The excellent lumi-
nescence properties of CaIn

2
O
4
:0.6%Sm3+,0.6%Zn2+ and

CaIn
2
O
4
:0.6%Sm3+,0.6%Al3+ both present potential applica-

tion value for WLEDs.
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[1] H. A. Höppe, “Recent developments in the field of inorganic
phosphors,” Angewandte Chemie—International Edition, vol.
48, no. 20, pp. 3572–3582, 2009.

[2] S. Neeraj, N. Kijima, andA. K. Cheetham, “Novel red phosphors
for solid-state lighting: the system NaM(WO

4
)
2−𝑥

(MoO
4
)
𝑥
:

Eu3+ (M=Gd, Y, Bi),” Chemical Physics Letters, vol. 387, no. 1–
3, pp. 2–6, 2004.

[3] T. Nishida, T. Ban, and N. Kobayashi, “High-color-rendering
light sources consisting of a 350-nm ultraviolet light-emitting
diode and three-basal-color phosphors,”Applied Physics Letters,
vol. 82, no. 22, pp. 3817–3819, 2003.

[4] J. S. Kim, P. E. Jeonny, J. C. Choi, H. L. Park, S. I. Mho, and G. C.
Kim, “Warm-white-light emitting diode utilizing a single-phase
full-color Ba

3
MgSi
2
O
8
:Eu2+, Mn2+ phosphor,” Applied Physics

Letters, vol. 84, no. 15, pp. 2931–2933, 2004.
[5] L. Zhang, Z. Lu, P. Han, L. Wang, and Q. Zhang, “Effective

red compensation of Sr
2
SiO
4
:Dy3+ phosphor by codopingMn2+

ions and its energy transfer,” Journal of Nanomaterials, vol. 2012,
Article ID 848274, 7 pages, 2012.

[6] S. Nakamura and G. Fasol, The Blue Laser Diodes: GaN Based
Blue Light Emitters and Lasers, Springer, Berlin, Germany, 1997.

[7] F. Lei and B. Yan, “Hydrothermal synthesis and luminescence
of CaMO

4
:RE3+ (M=W,Mo;RE=Eu, Tb) submicro-phosphors,”

Journal of Solid State Chemistry, vol. 181, no. 4, pp. 855–862,
2008.

[8] C. F. Guo, D. X. Huang, and Q. Su, “Methods to improve the
fluorescence intensity of CaS:Eu2+ red-emitting phosphor for
white LED,” Materials Science and Engineering B: Solid-State
Materials for Advanced Technology, vol. 130, no. 1–3, pp. 189–193,
2006.

[9] Y. Q. Li, G. de With, and H. T. Hintzen, “The effect of
replacement of Sr by Ca on the structural and luminescence
properties of the red-emitting Sr

2
Si
5
N8:Eu2+ LED conversion

phosphor,” Journal of Solid State Chemistry, vol. 181, no. 3, pp.
515–524, 2008.

[10] J. S. Liao, L. B. Liu, H. Y. You, H. P. Huang, and W. X.
You, “Hydrothermal preparation and luminescence property of
MWO

4
:Sm3+ (M = Ca, Sr, Ba) red phosphors,” Optik, vol. 123,

no. 10, pp. 901–905, 2012.
[11] Y. Huang, W. Kai, Y. Cao et al., “Spectroscopic and structural

studies of Sm2+ doped orthophosphate K Sr PO
4
crystal,”

Journal of Applied Physics, vol. 103, no. 5, Article ID 053501,
2008.

[12] Q. Wang, Z. Ci, G. Zhu et al., “Multicolor bright Ln3+ (Ln =
Eu, Dy, Sm) activated tungstate phosphor for multifunctional
applications,” Optical Materials Express, vol. 4, no. 1, pp. 142–
154, 2014.

[13] X.M. Liu, C. X. Li, Z.W.Quan, Z. Y. Cheng, and J. Lin, “Tunable
luminescence properties of CaIn

2
O
4
:Eu3+ phosphors,” Journal

of Physical Chemistry C, vol. 111, no. 44, pp. 16601–16607, 2007.
[14] X. M. Liu, R. Pang, Q. Li, and J. Lin, “Host-sensitized lumines-

cence of Dy3+, Pr3+, Tb3+ in polycrystalline CaIn
2
O
4
for field

emission displays,” Journal of Solid State Chemistry, vol. 180, no.
4, pp. 1421–1430, 2007.

[15] F. S. Kao and T.-M. Chen, “A study on the luminescent prop-
erties of new green-emitting terbium-activated CaIn

2
O
4
:xTb

phosphors,” Journal of Luminescence, vol. 96, no. 2–4, pp. 261–
267, 2002.

[16] F. S. Kao andT.M.Chen, “A study on the luminescent properties
of praseodymium-activated CaIn

2
O
4
phosphors,” Journal of

Solid State Chemistry, vol. 155, no. 2, pp. 441–446, 2000.
[17] X. Yan, W. Li, and K. Sun, “A novel red emitting phosphor

CaIn
2
O
4
:Eu 3+, Sm3+ with a broadened near-ultraviolet absorp-

tion band for solid-state lighting,” Materials Research Bulletin,
vol. 46, no. 1, pp. 87–91, 2011.

[18] D. L. Dexter, “A theory of sensitized luminescence in solids,”The
Journal of Chemical Physics, vol. 21, no. 5, pp. 836–850, 1953.

[19] D. L. Dexter and J. H. Schulman, “Theory of concentration
quenching in inorganic phosphors,” The Journal of Chemical
Physics, vol. 22, no. 6, pp. 1063–1070, 1954.

[20] G. Blasse, “Energy transfer in oxidic phosphors,” Philips
Research Report, vol. 24, no. 2, pp. 131–144, 1969.

[21] J. Gou, Y. H.Wang, andH. Z. Guo, “Energy transfer in Dy3+ and
Al3+ co-doping ZnNb

2
O
6
,” Journal of Physics: Conference Series,

vol. 152, no. 1, Article ID 012081, 6 pages, 2009.
[22] Y. Huang, Y. Nakai, T. Tsuboi, and H. J. Seo, “The new red-

emitting phosphor of oxyfluoride Ca
2
RF
4
PO
4
:Eu3+ (R=Gd, Y)

for solid state lighting applications,” Optics Express, vol. 19, no.
7, pp. 6303–6311, 2011.



Research Article
Synthesis and Electrochemical Performance of Graphene
Wrapped Sn

𝑥
Ti
1−𝑥

O
2

Nanoparticles as an Anode Material for
Li-Ion Batteries

Xing Xin, Xufeng Zhou, Tao Shen, and Zhaoping Liu

Ningbo Institute of Materials Technology & Engineering, Chinese Academy of Sciences, Zhejiang 315201, China

Correspondence should be addressed to Xufeng Zhou; zhouxf@nimte.ac.cn and Zhaoping Liu; liuzp@nimte.ac.cn

Received 4 December 2014; Revised 9 January 2015; Accepted 9 January 2015

Academic Editor: Jiamin Wu

Copyright © 2015 Xing Xin 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.

Ever-growing development of Li-ion battery has urged the exploitation of new materials as electrodes. Here, Sn
𝑥
Ti
1−𝑥

O
2
solid-

solution nanomaterials were prepared by aqueous solutionmethod.Themorphology, structures, and electrochemical performance
of Sn
𝑥
Ti
1−𝑥

O
2
nanoparticles were systematically investigated. The results indicate that Ti atom can replace the Sn atom to enter

the lattice of SnO
2
to form substitutional solid-solution compounds. The capacity of the solid solution decreases while the stability

is improved with the increasing of the Ti content. Solid solution with x of 0.7 exhibits the optimal electrochemical performance.
The Sn

0.7
Ti
0.3
O
2
was further modified by highly conductive graphene to enhance its relatively low electrical conductivity. The

Sn
0.7
Ti
0.3
O
2
/graphene composite exhibits much improved rate performance, indicating that the Sn

𝑥
Ti
1−𝑥

O
2
solid solution can be

used as a potential anode material for Li-ion batteries.

1. Introduction

SnO
2
has long been considered as a potential substitute for

the conventional graphite anode in lithium ion batteries,
since the theoretical capacity of SnO

2
(783mAh g−1) is much

higher than that of commercial graphite anode (372mAh g−1)
[1]. However, large volume change for SnO

2
occurs during the

cycling process; thus it causes crumbling of the electrode and
leads to destruction of the electrically conductive network.
Therefore, the SnO

2
based anode materials suffer from rapid

fading of capacity [2, 3]. There have been many strategies to
improve the cycle stability of the SnO

2
based anodematerials,

including elaborate structure design and combination with
conductive additives [3–7]. Unfortunately, the mitigation of
the capacity fading is quite difficult because of the large
volume change derived from alloying/dealloying reactions of
Sn with Li, which is the fundamental electrochemical origin
of the SnO

2
electrode [8, 9].

The SnO
2
/metal oxide hybrid electrodematerials, such as

SnO
2
-SiO
2
, SnO

2
-Fe
2
O
3
, and SnO

2
-TiO
2
[10–13], have been

reported to show improved electrochemical performance
than pure SnO

2
for lithium storage because metal oxide can

act as a buffering matrix to accommodate the large change in
volume as well as the conductive additive to improve the elec-
trical conductivity. Among these metal oxides, TiO

2
itself has

also attracted great attention as an alternative anode material
owing to its low cost, low toxicity, stable cyclability, and good
safety. However, the practical application of the TiO

2
anode is

challenging due to its low specific capacity and low intrinsic
electrical conductivity which leads to limited rate capability
[14–16]. There have been some reports on the SnO

2
-TiO
2

mixed oxides as the anode material for Li-ion batteries. The
studies involve a fundamental investigation of SnO

2
-TiO
2

mixed oxides and aim to improve the cyclic performance
by manipulating the morphology and content of TiO

2
. Lin

and coworkers [12] investigated the electrochemical perfor-
mance of a TiO

2
-supported SnO

2
nanocomposite formed of

equimolar amounts of SnO
2
and TiO

2
. The nanocompos-

ite showed improved capacity and higher Coulombic effi-
ciency. Du and coworkers [17] prepared three-dimensional
SnO
2
/TiO
2
composite by depositing SnO

2
nanocrystals into

TiO
2
nanotube electrodes through solvothermal technique.

The maximum reversible capacity of the composite could
reach as high as ∼300 𝜇Ah cm−2. Except the SnO

2
-TiO
2
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mixed oxides, Uchiyama and coworkers [18] first proposed
that the Sn

𝑥
Ti
1−𝑥

O
2
solid solution could be used as the

potential anode material for Li-ion batteries. They found
that there was not major collapse of the structure in the
Sn
𝑥
Ti
1−𝑥

O
2
solid solution during lithium insertion.However,

the lithium insertion/extraction behavior of this rutile-type
solid solution remains unclear, and the electrochemical per-
formance such as cyclic performance, rate performance, and
resistance of this solid solution should be further tested and
improved.

In this paper, a series of Sn
𝑥
Ti
1−𝑥

O
2
(0.3 ≤ 𝑥 ≤ 0.9)

nanomaterials were successfully synthesized by an aqueous
solution-based method. The morphology, structure, and the
performance of Sn

𝑥
Ti
1−𝑥

O
2
solid solutions as anode materi-

als were examined in detail. The results proved that the elec-
trochemical performance of Sn

𝑥
Ti
1−𝑥

O
2
differed from either

SnO
2
or TiO

2
. In order to further improve its electrochemical

performance, the solid solution with a certain 𝑥 value
was modified by graphene. The improved electrochemical
performance indicates that Sn

𝑥
Ti
1−𝑥

O
2
/graphene composite

can be used as a potential anode material for Li-ion battery.

2. Materials and Methods

2.1. Materials. All chemicals were of analytical grade and
were purchased from Sinopharm Chemical Reagent Co.,
Ltd., China. Graphene oxide (GO) nanosheets were prepared
by a chemical exfoliation process using natural graphite
flakes of 300mesh size according to the method we reported
previously [19].

2.2. Preparation of Sn
𝑥
Ti
1−𝑥

O
2
Solid Solution. Precursors

of Sn
𝑥
Ti
1−𝑥

O
2

solid solutions with different 𝑥 values
were obtained by dissolving tetrabutyl titanate (TBT) and
SnCl
2
⋅2H
2
O with a certain molar ratio into 50mL of ethanol

solution under stirring at room temperature. The total
concentration of the metal ions (TBT + SnCl

2
⋅2H
2
O) was

0.1M. The (TBT)/SnCl
2
⋅2H
2
O molar ratio in the precursor

solutions was adjusted to 8 : 2, 7 : 3, 6 : 4, 5 : 5, 4 : 6, 3 : 7, and
2 : 8. After 30min, 50mL of deionized water was added
into the solution. The resulting white slurry was stirred for
another 1 h and additionally aged for 8 h. The precipitate
was collected by centrifuge and repeatedly washed with
ethanol and then air-dried at 80∘C for 10 h. Different from
the Ti

𝑥
Sn
1−𝑥

O
2
reported by Uchiyama et al. under the same

calcination temperature [18], the obtained sample was further
calcinated at 500∘C−900∘C for 5 h, resulting in the final solid
solutions. In order to compare, we prepared TiO

2
and SnO

2

particles with the precursor solutions only containing TBT or
SnCl
2
⋅2H
2
O, respectively.

2.3. Preparation of Sn
𝑥
Ti
1−𝑥

O
2
/Graphene Composite.

Sn
0.7
Ti
0.3
O
2
was mixed with the GO solution to form a

slurry with the weight ratio of Sn
0.7
Ti
0.3
O
2
: GO = 4 : 1.

The solid content of the slurry was adjusted to 10% by
adding deionized water. After being ultrasonically exposed
for 10min, the slurry was spray-dried with an inlet air
temperature of 200∘C to form solid powders. The composite

was then annealed at 500∘C under Ar to form Sn
0.7
Ti
0.3
O
2
/G

composite.

2.4. Structural Characterization. Powder X-ray diffraction
(XRD) measurements were performed using AXS D8
Advance diffractometer (Cu K𝛼 radiation; receiving slit,
0.2mm; scintillation counter, 40mA; 40 kV) from Bruker
Inc. The morphology and structure were analyzed by a
Hitachi S-4800 field emission scanning-electron microscope
(SEM) and FEI Tecnai G2 F20 transmission-electron micro-
scope (TEM) at an accelerating voltage of 200 kV.

2.5. Electrochemical Tests. The evaluation of electrochemical
performance was carried out using CR2032-type coin cells.
The working electrode contained 80wt % of active materials,
10 wt% of Super P, and 10wt % of polyvinylidene fluoride
(PVDF).TheLimetal foil served as the counter electrode.The
electrolyte was composed of 1MLiPF

6
solution in ethylene

carbonate (EC)/dimethyl carbonate (DMC) (1 : 1 by volume).
The coin cells were activated at a current density of 50mAg−1
for the first cycle and then cycled under different current
densities within the voltage range of 0.01–2V using a LAND-
CT2001A battery test system (Jinnuo Wuhan Corp., China).
Cyclic voltammogram analysis was performed using Autolab
83710. Specific resistance of Sn

𝑥
Ti
1−𝑥

O
2
electrode materials

was measured by four-point resistivity test system (NAPSON
CRESBOX) after coating the anode slurry on an insulating
substrate.

3. Results and Discussion

The XRD patterns of Sn
𝑥
Ti
1−𝑥

O
2
solid solutions with differ-

ent 𝑥 were collected to determine the crystal structures, as
shown in Figure 1. All samples exhibit similar XRD patterns
as that of pure rutile SnO

2
and no peaks of other crystal

phase are detected, indicating that Ti does not present in
the form of TiO

2
in the solid solution. When the 𝑥 value

of Sn
𝑥
Ti
1−𝑥

O
2
decreases, all the peaks shift towards higher

diffraction angles, demonstrating that the crystal structures
remain the same whereas the lattice parameters of the solid
solutions shrink gradually. It should be pointed out that the
calcination temperature needs to be lowered to keep the pure
solid solution structure at highTi content.Though rutile TiO

2

and rutile SnO
2
both belong to tetragonal systems and the

lattice parameters of two oxides are close, phase separation
of TiO

2
along with solid solutions may occur especially at

high Ti content. For example, at the calcination temperature
of 650∘C,TiO

2
are detectablewhen theTi content is above 0.5.

Consequently, lower calcination temperatures were adopted
in our experiments to prevent the formation of TiO

2
. Specif-

ically, Sn
0.9
Ti
0.1
O
2
, Sn
0.8
Ti
0.2
O
2
, Sn
0.7
Ti
0.3
O
2
, Sn
0.6
Ti
0.4
O
2
,

Sn
0.5
Ti
0.5
O
2
, Sn
0.4
Ti
0.6
O
2
, and Sn

0.3
Ti
0.7
O
2
were obtained

at 900∘C, 900∘C, 800∘C, 700∘C, 600∘C, 600∘C, and 500∘C,
respectively. As a result of lower calcination temperature,
the width of the peaks in the XRD pattern decreases with
increasing Ti content, indicating that the particle size or the
crystallinity of the solid solution decreases.
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Figure 1: XRD patterns of Sn
𝑥
Ti
1−𝑥

O
2
solid solutions with different

𝑥 values.

The morphology of the precursors (before calcination)
and the corresponding solid solutions were analyzed by SEM
and TEM. As shown in Figures 2(a) and 2(b), both precursors
of Sn

0.9
Ti
0.1
O
2
and Sn

0.4
Ti
0.6
O
2
present irregular sphere-

like morphology. The particles of Sn
0.4
Ti
0.6
O
2
precursor are

more significantly aggregated than that of Sn
0.9
Ti
0.1
O
2
. After

calcination at different temperatures, as shown in Figures 2(c)
and 2(d), both Sn

0.9
Ti
0.1
O
2
and Sn

0.4
Ti
0.6
O
2
still maintain

the irregular particulate morphology. The particle size of
Sn
0.4
Ti
0.6
O
2
is about 10–20 nm, which is much smaller than

that of Sn
0.9
Ti
0.1
O
2
(30–50 nm) (Figures 2(e) and 2(f)). The

clearly visible set of lattice fringes observed in TEM images
(Figures 2(g) and 2(h)) with a period of 0.334 nm and
0.328 nm is characteristic of the (101) lattice planes of rutile
Sn
𝑥
Ti
1−𝑥

O
2
with 𝑥 of 0.9 and 0.4, respectively. The decrease

of the particle size along with the increase of the Ti content
is consistent with the XRD results, which is probably due to
the lower calcination temperature. However, the aggregation
of Sn
𝑥
Ti
1−𝑥

O
2
nanoparticles becomes more severe when the

Ti content increases.
X-ray photoelectron spectroscopy (XPS) analysis of the

Sn
0.4
Ti
0.6
O
2
solid solution was performed in the range of 0–

1200 eV, as shown in Figure 3(a). There are two symmetrical
peaks at 487.15 eV and 495.60 eV in the Sn 3d spectrum
(Figure 3(b)), which can be attributed to Sn 3d

5/2
and Sn

3d
3/2

, respectively.The separation between these two peaks is
8.45 eV, slightly larger than the energy splitting reported for
SnO
2
[11]. Similarly, the Ti 2p spectrum (Figure 3(c)) is also

composed of two symmetrical peaks with binding energies
of 459.5 eV and 465.15 eV, which are derived from Ti 2p

3/2

and Ti 2p
1/2

, respectively. The separation of 5.65 eV between
these two signals indicates a normal state of Ti4+ in the rutile
Sn
0.4
Ti
0.6
O
2
solid solution [20]. As for the O 1s spectrum

shown in Figure 3(d), the O 1s peak can be deconvoluted

into two peaks at 530.70 eV and 531.95 eV, corresponding to
Ti–O–Ti and Sn–O–Ti bonds, respectively [21]. It should
be noted that the Ti–O–Ti bonds should be attributed to
the trace of TiO

2
on the surface of solid solution especially

when Ti content is high. From the Sn–O–Ti bonds it can be
inferred that Ti has been successfully incorporated into the
SnO
2
matrix through Sn–O–Ti bonds.

Then the solid solutions were subjected to a system-
atic electrochemical analysis. Cyclic voltammetry (CV) was
carried out at a scan rate of 0.2mV s−1 to identify the
characteristics of the redox reactions during charge/discharge
cycles. As can be seen from Figures 4(a), 4(b), and 4(c), all
the solid solutions with different 𝑥 present similar CV curves
in the first cycle. The CV curves clearly indicate a reaction
during the first discharge with a reduction peak around 1V.
The XRD results (Figure 4(d)) further confirm that, after the
Li+ insertion, Sn as the only crystalline phase presents in
both Sn

0.9
Ti
0.1
O
2
and Sn

0.7
Ti
0.3
O
2
anodematerial.Therefore,

the peak around 1V is speculated to represent the reaction
of Li with SnO

2
to form Li

2
O and Sn, which is similar to

the first discharge process of the SnO
2
based anode material

as the reaction (1). For the SnO
2
based anode material, the

reduction peak at 1 V disappears after the first discharge,
indicating that the reaction of Li with SnO

2
to form Li

2
O

and Sn is generally irreversible [5, 12, 22]. After the first cycle,
electrochemically reduced Sn will react with Li+ to form a
series of tin-lithium alloys during the following cycles as
the reaction (2), which is reversible. On the other hand, it
should be also mentioned that the insertion/extraction of Li+
in rutile TiO

2
anode usually takes place in the potential range

of 1.0–1.4 V in CV curves [23], and this process has a good
reversibility as reaction (3):

SnO
2
+ 4Li+ + 4e− → 2Li

2
O + Sn (1)

Sn + 𝑥Li+ + 𝑥e− ←→ Li
𝑥
Sn (0 ≤ 𝑥 ≤ 4.4) (2)

TiO
2
+ 𝑥Li+ + 𝑥e− ←→ Li

𝑥
TiO
2
(0 ≤ 𝑥 ≤ 0.8) (3)

For the Sn
𝑥
Ti
1−𝑥

O
2
, there is no obvious redox peak at 1.0–

1.4 V in the CV curves for the solid solution, suggesting that
Ti in the solid solution does not undergo a similar elec-
trochemical reaction as that in TiO

2
. Basically, the charge-

discharge process of the solid solution is similar to that of
SnO
2
.

The initial charge-discharge curves of Sn
0.9
Ti
0.1
O
2
,

Sn
0.7
Ti
0.3
O
2
, and Sn

0.4
Ti
0.6
O
2
solid solutions at a current

density of 50mAg−1 between 0.01 and 2V are compared in
Figure 5. Sn

0.9
Ti
0.1
O
2
delivers a capacity of 888mAh g−1 in

the first charge and 1465mAh g−1 in the first discharge, while
Sn
0.7
Ti
0.3
O
2
and Sn

0.4
Ti
0.6
O
2
display 780, 1225, 600, and

1125mAh g−1 in the first charge and discharge, respectively.
The increasing capacity of Sn

𝑥
Ti
1−𝑥

O
2
with increasing 𝑥

indicates that the increasing of Sn content can enhance the
capacity of the solid solution. Moreover, Sn

0.9
Ti
0.1
O
2
exhibits

lower irreversible capacity loss in the first cycles comparing
to that of Sn

0.4
Ti
0.6
O
2
. Such phenomenon may be attributed

to the smaller particle size of Sn
0.4
Ti
0.6
O
2
and its lower

crystallinity.
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(a) (b)

(c) (d)

(e) (f)
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Figure 2: SEM images of the precursors of Sn
0.9
Ti
0.1
O
2
(a) and Sn

0.4
Ti
0.6
O
2
(b) solid solutions, and SEM images of Sn

0.9
Ti
0.1
O
2
(c) and

Sn
0.4
Ti
0.6
O
2
(d) solid solutions. ((e), (f)) TEM images of Sn

0.9
Ti
0.1
O
2
(e) and Sn

0.4
Ti
0.6
O
2
(f) solid solutions. ((g), (h)) High-resolution TEM

images of Sn
0.9
Ti
0.1
O
2
(g) and Sn

0.4
Ti
0.6
O
2
(h) solid solutions.
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Figure 3: XPS spectra of the Sn
0.4
Ti
0.6
O
2
solid solutions. Panel (a) shows the survey spectrum and panels (b), (c), and (d) show the high-

resolution spectra of Sn, Ti, and O, respectively.

The cycling performance of bare TiO
2
, bare SnO

2
, and

Sn
𝑥
Ti
1−𝑥

O
2
solid solution with 𝑥 of 0.9, 0.7, and 0.4 was

evaluated at the current density of 100mAg−1, as shown in
Figure 6.The bare-TiO

2
electrode presents a stable cyclability

with the reversible capacity of 200mAh g−1. The excel-
lent cycle stability of the TiO

2
anode material should be

attributed to its negligible volume change (<4%) during the
charge/discharge processes.The bare-SnO

2
electrode delivers

a high initial capacity of 1100mAh g−1, much higher than
that of bare-TiO

2
. Unfortunately, there is a rapid fading of

capacity due to the severe pulverization of SnO
2
during

cycling. After 30 cycles, only a low reversible capacity of
94mAh g−1 is remained, which was about 10% retention of
the initial reversible capacity. The Sn

0.9
Ti
0.1
O
2
, Sn
0.7
Ti
0.3
O
2
,

and Sn
0.4
Ti
0.6
O
2
deliver the initial capacity of 887mAh g−1,

743mAh g−1, and 592mAh g−1, respectively. It is obvious
that the initial capacity of Sn

𝑥
Ti
1−𝑥

O
2
declines with the

increasing of the Ti content but is still much higher than
that of pure TiO

2
. As the content of Ti increases, the cycle

stability is enhanced. After 30 cycles, Sn
0.9
Ti
0.1
O
2
shows

∼20% retention (174mAh g−1) of the initial capacity, which
is a little higher than that of pure SnO

2
anode materials. The

capacity retention can be further significantly raised to 47%
and 60% when 𝑥 is decreased to 0.7 (Sn

0.7
Ti
0.3
O
2
) and 0.4

(Sn
0.4
Ti
0.6
O
2
), respectively. With increasing Ti content, the

resistivity of the solid solution also increases as displayed
in Table 1. The above results thus demonstrate that the
electrochemical performance of the solid solution found here
is a combination of TiO

2
and SnO

2
. A gradual transition

of the electrochemical performance from SnO
2
to TiO

2
can

be observed along with the increase of Ti content in the
solid solution, and the overall electrochemical performance
of Sn

𝑥
Ti
1−𝑥

O
2
is strongly affected by the ratio of Ti/Sn.

Consequently, with an optimal𝑥 value, the characteristic high
capacity of SnO

2
anode material and superior cycle stability

of TiO
2
can be optimally balanced in one solid solution anode

material. Based on the above results, the optimal 𝑥 value is
found to be 0.7.

Despite the fact that relative good electrochemical per-
formance can be achieved, the solid solutions still suffer
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Figure 4: Cyclic voltammogram curves of Sn
𝑥
Ti
1−𝑥

O
2
solid solution with 𝑥 of 0.9 (a), 0.7 (b), and 0.4 (c) from the first cycle to the fifth cycle

at a scan rate of 0.2mV s−1 in the voltage range of 0.0–2.0V. (d) XRD patterns of Sn
0.9
Ti
0.1
O
2
and Sn

0.7
Ti
0.3
O
2
after Li+ insertion.

Table 1: The resistance of Sn
𝑥
Ti
1−𝑥

O
2
with different 𝑥 tested by four probe tests.

Sn
𝑥
Ti
1−𝑥

O
2

𝑥 = 0.9 𝑥 = 0.8 𝑥 = 0.7 𝑥 = 0.6 𝑥 = 0.5 𝑥 = 0.4 𝑥 = 0.3

𝑅/Ω⋅cm 639.1 675.6 685.3 747.6 981.8 1508.3 1558.3

from low intrinsic conductivity (see Table 1). Therefore,
modification of the solid solution with graphene by a spray
drying method was carried out in our experiments in the
case of Sn

0.7
Ti
0.3
O
2
with the optimal performance. Graphene

as the 2D carbon nanomaterial was recently widely used
to improve the electrochemical performance of various
electrode materials due to its superior electrical conductivity,
large surface area, and excellent structural flexibility [24–29].
SEM image in Figure 7(a) shows an overview of the final
Sn
0.7
Ti
0.3
O
2
/graphene nanocomposite. The sample consists

of secondary quasispherical microparticles with diameters
of 2∼5 𝜇m. SEM observation at a higher magnification

(Figure 7(b)) reveals that each microsphere is actually a
random aggregation of primary Sn

0.7
Ti
0.3
O
2
nanoparticles

that are covered by soft graphene sheets. The TEM image
further demonstrates that the Sn

0.7
Ti
0.3
O
2
nanoparticles are

loosely wrapped by a thin graphene layer as presented in
Figure 7(c). The high resolution TEM image (Figure 7(d))
reveals that the Sn

0.7
Ti
0.3
O
2
nanoparticles are coated with

graphene shells whose thickness is less than 3 nm. In addition,
the SEM and EDS mapping images show that Sn, Ti, O, and
C are dispersed uniformly in the microspheres.

To further study the effects of graphene wrapping on
the rate capability and cyclic stability of the solid solution,
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Figure 5: Initial charge-discharge curves of (a) Sn
0.9
Ti
0.1
O
2
, (b) Sn

0.7
Ti
0.3
O
2
, and (c) Sn

0.4
Ti
0.6
O
2
solid solutions at the current density of

50mAg−1 between 0.01 and 2V.
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Figure 6: The capacity versus cycle number plots of Sn
0.9
Ti
0.1
O
2
, Sn
0.7
Ti
0.3
O
2
, and Sn

0.4
Ti
0.6
O
2
solid solutions at the current density of

100mAg−1.



8 Journal of Nanomaterials

(a) (b)

(c) (d)

(e)

Figure 7: ((a), (b)) SEM images of Sn
0.7
Ti
0.3
O
2
/graphene nanocomposite. (c) TEM image of Sn

0.7
Ti
0.3
O
2
/graphene nanocomposite. (d) High-

resolution TEM image of Sn
0.7
Ti
0.3
O
2
/graphene nanocomposite. (e) SEM image and corresponding elemental map of Sn

0.7
Ti
0.3
O
2
/graphene

nanocomposite with green for C, red for Ti, yellow for Sn, and blue for O.
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Figure 8: Rate capability of Sn
0.7
Ti
0.3
O
2
/graphene nanocomposite and pure Sn

0.7
Ti
0.3
O
2
. The charge and discharge rate was varied in the

range from 100mAg−1 to 1000mAg−1.
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the reversible capacity of Sn
0.7
Ti
0.3
O
2
/graphene nanocom-

posite and pure Sn
0.7
Ti
0.3
O
2
were tested with variable cur-

rent densities, as plotted in Figure 8. The reversible capac-
ity of Sn

0.7
Ti
0.3
O
2
/graphene maintains 600mAh g−1 at a

charge rate of 100mAg−1. Further increasing the charge
rates to 200mAg−1, 300mAg−1, and 500mAg−1, reversible
capacities of 550mAh g−1, 470mAh g−1, and 330mAh g
can be obtained, respectively. Even at a high current
density of 1000mAg−1, graphene modified solid solution
can still deliver a reversible capacity of ∼200mAh g−1.
In contrast to Sn

0.7
Ti
0.3
O
2
/graphene, Sn

0.7
Ti
0.3
O
2
electrode

shows much poorer rate-performance. At the initial six
cycles under the current density of 100mAg−1, the charge
capacity of Sn

0.7
Ti
0.3
O
2

is slightly higher than that of
Sn
0.7
Ti
0.3
O
2
/graphene. However, as the current density

increases, the capacity loss of the Sn
0.7
Ti
0.3
O
2
was much

larger than that of the Sn
0.7
Ti
0.3
O
2
/graphene. Sn

0.7
Ti
0.3
O
2

only delivers a capacity less than 100mAh g−1 at a current
density of 500mAg−1. The results strongly confirm that
graphene conductive network can effectively improve the
rate performance of the solid solution. Comparing to our
previous works on the graphene modified TiO

2
and SnO

2

as anode materials for Li-ion battery, we could find that
Sn
0.7
Ti
0.3
O
2
/graphene presents much higher capacity than

TiO
2
/graphene [27, 30]. However, the cyclic life is not as

high as SnO
2
/graphene, which can be attributed to the

large particle size of solid solution. Although more studies
are required to further improve the coulombic efficiency
and cyclic stability of Sn

0.7
Ti
0.3
O
2
/graphene composite, we

believe that it can be considered as a promising candidate for
high-performance anode material in advanced LIBs.

4. Conclusion

A series of Sn
𝑥
Ti
1−𝑥

O
2
solid solutions were successfully

prepared by sol-gel method. The electrochemical reaction of
the Sn

𝑥
Ti
1−𝑥

O
2
anode material is similar to that of SnO

2
.

The electrochemical performance of Sn
𝑥
Ti
1−𝑥

O
2
is strongly

affected by the ratio of Ti/Sn, which can be regarded as a
gradual transition from that of SnO

2
to TiO

2
when the 𝑥

value increases. At a suitable 𝑥 value of 0.7, high specific
capacity and good cycle stability can be achieved simul-
taneously, which make Sn

0.7
Ti
0.3
O
2
a potential substitute

anode material to SnO
2
or TiO

2
. Sn
0.7
Ti
0.3
O
2
was further

modified by graphene to enhance its electrical conductivity,
which resulted in improved rate performance, indicating the
potential application value of the solid solution as the anode
material for Li-ion batteries.
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Ultraviolet (UV) photooxidation has recently been developed to fabricate superhydrophobic polyimide (PI) films in combination
with fluoroalkylsilane modification. However, it remains unclear whether the surface morphology and hydrophobicity are
sensitive to technical parameters such as UV intensity and radiation environment. Herein, we focus on the effects of UV
intensity on PI surface structure and wettability to gain comprehensive understanding and more effective control of this
technology. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) results showed that UV intensity governed
the evolutionary pattern of surface morphology: lower UV intensity (5mW/cm2) facilitated in-plane expansion of dendritic
protrusions while stronger UV (10 and 15mW/cm2) encouraged localized growth of protrusions in a piling-up manner. Surface
roughness and hydrophobicity maximized at the intensity of 10mW/cm2, as a consequence of the slowed horizontal expansion
and preferred vertical growth of the protrusions when UV intensity increased. Based on these results, the mechanism that
surface micro/nanostructures developed in distinct ways when exposed to different UV intensities was proposed. Though
superhydrophobicity (water contact angle larger than 150∘) can be achieved at UV intensity not less than 10mW/cm2, higher
intensity decreased the effectiveness. Therefore, the UV photooxidation under 10mW/cm2 for 72 h is recommended to fabricate
superhydrophobic PI films.

1. Introduction

Superhydrophobicmaterials withwater contact angle (WCA)
above 150∘ have numerous potential applications such as in
self-cleaning, antifrosting, anticorrosion, anti-icing, and drag
reduction [1–3]. As a representative type, superhydrophobic
polymers have attracted extensive interest in recent decades
due to their low costs, light weight, flexibility, and ease of
processing [4–6]. However, common polymers lack adequate
stability against heat and tension, which seriously limits their
applications in harsh environments [7]. Polyimide (PI), a
widely used polymer, can avoid these drawbacks owing to
its unique physical and chemical properties such as excellent
thermal stability, high strength, and good chemical resistance
[8–10]. Therefore, superhydrophobic PI would exhibit high

durability when applied in various extreme environments
(e.g., space environment) [11, 12].

Superhydrophobic property is influenced by both surface
energy and surface roughness [1]. Generally,WCA larger than
120∘ could only be obtained by altering the surface roughness
[13]. However, PI surface is normally flat on the micron
scale. Therefore, techniques including template [14–17], elec-
trospinning [7, 18, 19], laser [11, 20], and plasma [21–23]
are used to tailor surface morphology for superhydrophobic
PI. Unfortunately, the complex operations, novel precursors,
masks, or vacuum instruments involved usually limit the
industrial fabrication. A facile strategy using ultraviolet (UV)
photooxidation has been put forward by our group to fabri-
cate micro/nanostructures on originally flat PI films. Then,

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 546384, 7 pages
http://dx.doi.org/10.1155/2015/546384

http://dx.doi.org/10.1155/2015/546384


2 Journal of Nanomaterials

based on the proper surface morphology, superhydropho-
bic PI could be easily obtained by further 1H,1H,2H,2H-
perfluorodecyltriethoxysilane (FAS) treatment. Being a dry
process conducted under atmospheric environment, this
UV photosensitized oxidation method possesses distinctive
advantages compared with other techniques. The equipment
investment and operating costs are relatively low, which
would largely facilitate the large-scale production. In previous
work [12], we have reported the preparation procedure and
detailed characterization of the superhydrophobic PI films.
UV photooxidation induced surface morphology was proven
to be crucial to the wettability. However, it remains unclear
whether the surface morphology and hydrophobicity are
sensitive to technical parameters.

In this paper, the evolution of surface morphology and
corresponding hydrophobicity under different UV intensities
was studied to deeply understand the effects of UV intensity
and better control the hydrophobicity of PI films.

2. Materials and Methods

2.1. Materials. Pyromellitic dianhydride-oxydianiline-type
PI films (Kapton 100H, C

22
H
10
O
5
N
2
) were obtained from

Toray DuPont. 1H,1H,2H,2H-Perfluorodecyltriethoxysilane
(FAS, C

10
F
17
H
4
Si(OCH

2
CH
3
)
3
, 97%) was supplied by Alfa

Aesar. Ultrapure water was prepared using a Milli-Q-Plus
system.Analytical grade ethanol (99.7%)was purchased from
Sinopharm Chemical Reagent Co., Ltd. Prior to use, PI films
were ultrasonically cleaned with purified water followed by
ethanol and dried in an oven. Other chemicals were used as
received.

2.2. Fabrication of Hydrophobic PI. In a typical process, the
method was divided into two distinct procedures, that is, UV
photooxidation and succedent fluoroalkylsilanemodification
(denoted by UV/FAS). UV photooxidation was conducted in
air at ambient temperature in a cubic chamber (450 × 450 ×
350mm2).The chamber was equippedwith tubularmercury-
quartz lamps (290mm × 15mm, SunMonde) side-by-side
emitting UV light at 254 and 185 nm. The output at 185 nm
was equivalent to about 10% of that at 254 nm. During UV
irradiation processes, rectangular PI films (30×40mm2) were
placed at different distances (ca. 8mm, 25mm, and 55mm)
from the lamps, where the intensities of the 254 nm UV light
were measured to be 5, 10, and 15mW/cm2, respectively. The
light at 185 nm attenuated quickly in air accompanied by
dissociation of oxygen molecules into oxygen atoms. Here,
we denoted the intensity of 254 nm UV light as the intensity
of UV light for convenience. At each intensity, PI films were
irradiated for 24, 48, 72, or 144 h in air at atmospheric envi-
ronment. Fluoroalkylsilane modification was then carried
out with FAS in heated reactors. Specifically, a few droplets
(30−50 𝜇L) of FAS were dispensed at the bottom of a Teflon
container (200mL) using amicro-adjustable pipette (720000,
Dragon) while the UV-treated PI films were placed vertically
in the Teflon container, whichwas further sealed in a stainless
steel autoclave.The reactor was then annealed at 120∘C for 2 h
to enable the vapor of FAS to react with themodified PI films.

Finally, the samples were heated at 150∘C for 3 h to volatilize
unreacted FAS molecules.

2.3. Characterization. The morphology and element distri-
bution were characterized by scanning electron microscopy
(SEM) coupled with energy-dispersive X-ray spectroscopy
(EDS) on an FEIMagellan 400microscope. Before the exam-
ination, the surfaces of the samples were sputter-coated with
a thin layer of Cd to prevent charging. For the EDSmappings,
the colored spots corresponded to the presence of each
element.The surface roughness was analyzed using an atomic
force microscope (AFM) (Nanoscope V Multimode AFM
System, Bruker) in tappingmode.The averageAFMvaluewas
obtained at six different positions by measuring three sam-
ples. The static WCA was measured with 5𝜇L water and the
sliding anglewas tested by 10 𝜇Lwater using a SL200B contact
angle system (Solon Tech.) at ambient temperature. The
averageWCA value was obtained at six different positions by
measuring three samples. The sliding angle was determined
by slowly tilting the sample stage until the 10 𝜇L water
droplet started moving. Meanwhile, a digital video camera
was employed to take photographs at the rate of 1 frame/s.

3. Results and Discussion

3.1. Surface Morphology. The pristine PI films possessed a
morphologically flat surface and could only be rendered
slight hydrophobicity (WCA = 105.1∘) after FAS modifica-
tion. Further enhancement of hydrophobicity was proven to
be feasible by constructing appropriate morphology through
UV irradiation [12]. Therefore, investigations of the depen-
dence of surface morphology and roughness on the UV
treatment parameters would allow for rational control of the
hydrophobicity. To this end, SEM in combination with AFM
was used to study the evolution of surface morphology at
different UV intensities (5, 10, and 15mW/cm2). Note that
samples with sequent UV exposure and FAS modification
(denoted by UV/FAS-treated PI films hereafter) were used
to analyze the morphological evolution, since the latter
was proven to have no significant effect on the surface
microstructure.

Figure 1 shows the surface microstructure of UV/FAS-
treated PI when UV intensity was 5mW/cm2 and irradia-
tion period varied from 24 h to 144 h. As can be seen in
Figure 1(a), 24 h of UV irradiation resulted in uniformly
distributed nanoprotrusions (in spherical or dendritic shape)
and grooves on the PI surface.The protrusion areas gradually
expanded and finally occupied most surface of the film as
the exposure time prolonged (see Figures 1(a)–1(d)). This
expansion, in fact, could be explained by the growth (in
both width and length), interconnection, and final aggre-
gation of the nanoprotrusions, as clearly presented in the
enlarged SEM images (Figures 1(e)–1(h)). Expansion of the
dendritic protrusions along the in-plane directions can be
regarded as a main characteristic of this type of growth
mode. Consequently, the initial grooves (up to 200–300 nm
in size) gradually diminished and were replaced by the
narrow dendritic channels (less than 100 nm) in the end.
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Figure 1: SEM images of the UV (5mW/cm2)/FAS-treated PI films.The UV exposure periods are 24 h (a, e), 48 h (b, f), 72 h (c, g), and 144 h
(d, h), respectively.
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Figure 2: SEM images of UV (10mW/cm2)/FAS-treated PI films. The UV treatment periods are 24 h (a, e), 48 h (b, f), 72 h (c, g), and 144 h
(d, h), respectively.

It should be noted that many wide grooves (up to 900 nm)
emerged (Figure 1(d)) on the 144 h irradiated films, separat-
ing the protrusion networks into micron-sized fragments.
These wide grooves may be ascribed to the accumulated
interfacial stress between the protrusions dominated sur-
face and the underlying PI. In other words, the crack-
like grooves formed as a manner to release the interfacial
stress introduced by the newly formedmicro/nanostructures.
Overall, 5mW/cm2 UV irradiation mainly benefits the in-
plane expansion of nanoprotrusions and tends to obtain PI
films with protrusions densely distributing on the surface.

Figure 2 presents the SEM images of UV/FAS-treated PI
films at the UV intensity of 10mW/cm2. The doubled UV
intensity was supposed to significantly boost the evolution
of the microstructure since higher concentration of active
oxygen would be generated [24]. However, SEM images show
that the growth of protrusions seemed to be suppressed from
the very beginning compared with the 5mW/cm2 irradiated

samples. During the first 24-hour irradiation, dense and uni-
form spherical nanoprotrusions with dimension of ca. 50 nm
in diameter formed on the surface and no dendritic protru-
sion was observed (Figure 2(e)). Instead of rapid growth and
expansion in the horizontal direction, dendritic protrusions
began to arise only after 48 h of exposure and became
apparent until 72 h. The suppressed growth of protrusions
(Figure 2(c)) resulted in larger area of channels compared to
5mW/cm2 UV-treated films. As shown in Figures 2(d) and
2(h), further irradiation led to submicron or micron-sized
islands that were piled up by the aggregated nanoprotrusions
and separated by evenly distributed channels (ca. 200–
300 nm in width). Unlike in the case of 5mW/cm2 UV
exposure, wide grooves are not found on the surface, pre-
sumably due to the effective release of surface stress through
the well-developed channels. In comparison, stronger UV
irradiation tends to slow down the horizontal growth of the
micro/nanostructures and form island-like nanoprotrusion
aggregates as well as well-developed channels in between.
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Figure 3: SEM images of UV (15mW/cm2)/FAS-treated PI films. The UV treatment periods are 24 h (a, e), 48 h (b, f), 72 h (c, g), and 144 h
(d, h), respectively.

To further confirm the effects of UV intensity on the
evolution of the surface morphology, films treated under
15mW/cm2 with various periods were investigated. As shown
in Figure 3, the growth of protrusions, especially those in
dendritic shape, became much slower when UV intensity
increased from 10 to 15mW/cm2. Instead, localized growth
of the spherical protrusions to the vertical direction of the
surface dominated the whole evolution process, leading to
the piling-up of the protrusions. The evolution of surface
morphology at 15mW/cm2was similar to the polymer surface
treated by Ar plasma with shorter exposure time to some
extent [25]. In fact, this growth mode is also observed in
the 10mW/cm2 treated films but not as apparent. When the
exposure time was extended to 144 h, interconnecting of the
spherical and/or short protrusions also formed island-like
aggregates owing to the vertical growth, but with much more
and larger groove areas retained in between (Figures 3(d) and
3(h)) than those found in the 5 and 10mW/cm2 UV-exposed
films. Remarkably, grooves even possess an area nearly equal
to that of the protrusion islands in this case.

Therefore, from the above discussion, it can be concluded
that the evolution of micro/nanostructures on the surface
was governed by distinct protrusion growth modes when
UV intensity changed from 5 to 15mW/cm2. Increased UV
irradiation suppressed the in-plane expansion of protrusions
and facilitated the growth in the vertical direction, leading to
different surface morphologies.

The evolution of protrusions in horizontal and vertical
directions is expected to roughen the surface and thus
affect the surface hydrophobicity. While SEM images allow
visual assessment of the structural evolution mainly in the
horizontal direction, quantified surface roughness values
could reflect the growth of protrusions in both horizontal and
vertical directions.Therefore, wemeasured surface roughness
of the samples by means of AFM technique.

In Figure 4, root mean square surface roughness (RMS
roughness) values at different UV intensities are plotted
against theUV irradiation time.Overall, extended irradiation
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Figure 4: RMS roughness plotted against UV radiation time at
different UV intensities.

under all UV intensities led to obviously rising trends of the
RMS roughness. However, a turning point seemed to appear
at 72 h for 5mW/cm2 UV-treated samples.This turning point
can be viewed as a result of the fast in-plane expansion of
protrusions as described above. In other words, a proper
proportion of grooves distributing among the protrusion
networks were in favor of the surface roughening, but
excessive in-plane expansion of the protrusion areas during
the prolonged UV exposure would significantly diminish
the groove areas and thus sacrifice the roughness. Then,
combining the evolution of the protrusions and that of the
grooves, we can speculate that the roughness at ca. 72 h
(30.6 nm) was the maximum value that PI films could obtain
under 5mW/cm2 UV irradiation. However, this maximum
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Figure 5: SEM image and corresponding EDS mappings of O (b) and C (c) of UV-treated PI (10mW/cm2, 72 h). The images were taken at
the same position of the sample at the same scale.

roughness was far surpassed by the samples with stronger
UV irradiation. Obviously, this can hardly be explained by
the suppressed expansion of protrusions in the horizontal
directions. Considering the evolution of the microstructures
under strongerUV (10 and 15mW/cm2) irradiation described
above, we assume that piling-up growth of protrusions in
the vertical direction contributed to the surface roughening
as well. The fact that roughness values of 10mW/cm2 UV-
treated films were larger than those of any other samples
also highlighted the combined effects of different protrusion
growth modes.

To deepen the understanding of the protrusion evolution
and the resultant surface roughness, we have tried to explain
the effects of UV intensity from the perspectives of UV
photooxidation. Figure 5 demonstrates a typical SEM image
and corresponding EDS mappings showing the relation
between elemental distributions and surface morphology
after UV irradiation (10mW/cm2 for 72 h). As shown in
Figure 5, protrusion areas are rich in O, yet poor in C. Given
the fact that highly volatile andmobile low-molecular-weight
(LMW) polymer chains would form as a result of the UV
photooxidation induced chain scission [26], the protrusions
are deemed to stem from the migration and redeposition
of the oxidized polymer chains during UV irradiation [12].
Therefore, we think that UV intensity affected the protrusion
evolution by changing the process of polymer chain scission
and redeposition. Stronger UV irradiation would lead to
higher photooxidation degree of polymer with shorter chains
due to more concentrated active oxygen [24]. These oxidized
polymers were more likely to volatilize and leave rather than
redeposit on the surface, thus leading to the lower expansion
rate of the protrusions. Another reason for the suppressed in-
plane growth of the protrusions is the mismatch of interface
energy between highly oxidized polymer chains and the
newly formed PI surface, which was unfavorable for the
redeposition on less oxidized areas, especially the groove
areas. This can also explain why the protrusions preferred to
grow in a piling-up mode when UV intensity increased.

3.2. Hydrophobicity. According to the Wenzel equation [27],
surface roughening would further enhance the antiwetting
capability if the smooth surface exhibits a hydrophobic
nature.Thehydrophobicity is strongly dependent on the RMS
roughness of the surface. Therefore, it can be speculated that
the hydrophobicity of the PI samples would change with the
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Figure 6: WCA plotted against UV radiation time at different UV
intensities.

UV exposure period as well as UV intensity. To quantitatively
confirm this relationship, WCA was used in this study to
evaluate the hydrophobicity of the PI films.

The WCA against UV irradiation time at different UV
intensities are plotted in Figure 6. The evolution of WCA
is substantially consistent with the surface roughness in
Figure 5. At the intensity of 5mW/cm2, WCA increased
from 105.1∘ to 148.1∘ with irradiation time extended from
0 h to 72 h and showed a relatively low hydrophobicity at
144 h with WCA of 144.7∘. The WCA value of 5mW/cm2
at 144 h decreased as a result of the excessive in-plane
expansion of the protrusion areas and the consequent surface
roughness decrease as depicted in Figure 5. In contrast, the
WCA increased continuously to 159.2∘ at the intensity of
10mW/cm2 and to 156.9∘ at 15mW/cm2 when UV exposure
time was prolonged to 144 h. Eventually, superhydrophobic
surfaces with WCA above 150∘ could be achieved after 72 h
of irradiation at the intensity of 10mW/cm2 or after 144 h at
15mW/cm2. As another important characteristic parameter,
the sliding angle was further investigated for the superhy-
drophobic samples. As shown in Figure 7, water drops (10 𝜇L)
were found to readily roll off all the superhydrophobic PI
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Figure 7: Water droplets (10 𝜇L) sliding on slightly tilted surfaces. The UV treatment parameters are 72 h at 10mW/cm2 (a), 144 h at
10mW/cm2 (b), and 144 h at 15mW/cm2 (c), respectively. These were critical images obtained by slowly tilting the sample stage until the
10𝜇L water droplet started moving using a digital video camera.

films with the tilted angle below 5∘. These data strongly
support that superhydrophobicity could be obtained by both
10mW/cm2 and 15mW/cm2 UV irradiation.

It should also be stressed that rational choosing of UV
intensity is very important for the fabrication of superhy-
drophobic PI materials. Either too low or too high UV
intensity is adverse to superhydrophobicity. In a relatively
short period (72 h), a medium UV intensity of 10mW/cm2
could afford the filmsWCA larger than 150∘ and sliding angle
below 5∘. In contrast, 5mW/cm2 UV irradiation failed to
achieve superhydrophobicity, and a longer time was proven
to be required (up to 144 h) for 15mW/cm2. Considering the
efficiency and costs, UV photooxidation under 10mW/cm2
for 72 h is an optimized choice to obtain superhydrophobic
PI films.

It is worth noting that the trend discussed above was
different from the case inwhich laser ablation or plasma treat-
ment was used to engineer the surface structures of polymers
[20–22]. Generally, the surface roughness and hydrophobic-
ity of PI surfaces treated by shaped laser increased when
intensity or exposure time was enhanced [11, 20], which
was quite different from the evolution modes of surface
morphology and corresponding surface roughness when UV
intensity increased in this work. The difference could be
explained by different surface dynamics. Under UV irradia-
tion of polymers in air, the polymer surfaces undergo chem-
ical modification (photooxidation and induced hydrolysis)
and induced degradation, crosslinking, and redeposition.
Whereas for the laser ablation its energy is deposited in a
short period, ablation dominated the morphological change
while the crosslinking and redeposition could be neglected
for laser-treated PI surfaces [28].

4. Conclusions

In summary, we investigated the effects ofUV intensity on the
PI surface morphology and wetting performance, following
the development of UV photooxidation as a method to
prepare hydrophobic PI in combination with FAS modifi-
cation. Surface morphology was found to present different
evolutionary patterns against UV irradiation time when UV
intensity varied. 5mW/cm2 UV intensity facilitated in-plane
expansion of dendritic protrusions while 10 and 15mW/cm2
UV intensity encouraged localized growth of protrusions in

a piling-up manner. Surface roughness and hydrophobicity
maximized at the intensity of 10mW/cm2. The mechanism
that enhanced degree of photooxidation under stronger UV
intensity suppressed the horizontal expansion and boosted
the preferred vertical growth of protrusions was proposed
to explain the changes in evolutionary patterns of sur-
face structure. Though superhydrophobicity (WCA larger
than 150∘) can be achieved at UV intensity not less than
10mW/cm2, a longer time was proven to be required (up
to 144 h for 15mW/cm2). Considering the efficiency and
costs, UV photooxidation under 10mW/cm2 for 72 h is an
optimized choice to obtain superhydrophobic PI films. We
expect that this work would further promote the application
of UV method in hydrophobicity control of PI materials.
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Design and development of one-dimensional nanoarchitecture titania (TiO) assemblies have gained significant scientific interest,
which have become the most studied material as they exhibit promising functional properties. In the present study, anodic TiO

2

films with different surface morphologies can be synthesized in an organic electrolyte of ethylene glycol (EG) by controlling an
optimum content of ammonium fluoride (NH

4
F) using electrochemical anodization technique. Based on the results obtained,

well-aligned and bundle-free TiO
2
nanotube arrays with diameter of 100 nm and length of 8𝜇m were successfully synthesized in

EG electrolyte containing ≈5wt% of NH
4
F for 1 h at 60V. However, formation of nanoporous structure and compact oxide layer

would be favored if the content of NH
4
F was less than 5wt%. In the photoelectrochemical (PEC) water splitting studies, well-

aligned TiO
2
nanotubular structure exhibited higher photocurrent density of ≈1mA/cm2 with photoconversion efficiency of ≈2%

as compared to the nanoporous and compact oxide layer due to the higher active surface area for the photon absorption to generate
more photo-induced electrons during photoexcitation stage.

1. Introduction

At present, one of the crucial steps taken by many countries
to aid our mother earth [1–3] andminimizing environmental
problems is applying sustainable development [4–8]. It seems
that sustainable development to create an alternative clean
and renewable energy [3, 5] to sustain the present level
of population and economic development is a strategic
goal of modern society reflecting contemporary demand for
economic, social, political, and environmental development
[9, 10]. To date, hydrogen (H

2
) has been established as a

potential future energy carrier [7–9] and possibly the best
substitute for fossil fuel to secure the future supply of a clean
and sustainable energy [11–14].This probable supply of energy
in the future is by trapping the solar energy to split the
water into hydrogen and oxygen gases within a PEC water
splitting cell [10–16].The controlled reaction of hydrogen and
oxygen gases within a fuel cell will generate electricity [17–
19]. However, the cost effective generation ofH

2
with sunlight

via water splitting process is a critical breakthrough needed

to transition to a renewable energy based hydrogen economy
[14–16].

In fact, a suitable candidate as a photoelectrode for H
2

production via water splitting process must have three basic
criteria as shown below [7, 8].

(i) Stability.The semiconductormust be photochemically sta-
ble in aqueous solution, in which it will not be photocorroded
during the water splitting process.

(ii) Band Gap. The semiconductor must have a band gap
of about 1.7–2.0 eV considering the overpotential losses and
energy required for water splitting process.

(iii) Energy Level. For spontaneous water splitting process,
the oxidation and reduction potential must lie between the
valence and conduction band edges of the semiconductor.

Since 1972, PEC water splitting using TiO
2
as photoelec-

trode was successfully reported by Fujishima and Honda [4,
5]. Since then, TiO

2
has been extensively used as an efficient
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photoelectrode in PEC water splitting system for H
2
genera-

tion [11–16] because of its unique characteristics, such as high
active surface area, strong oxidation ability, active at room
temperature, outstanding charge transport property, andhigh
stability against corrosion [20, 21]. This breakthrough has
triggered the subsequent interests in photocatalysis research
by scientists and researchers from all over the world on
TiO
2
and made TiO

2
an important component in photo-

catalysis field [6, 7]. However, bundling problem (disorder
arrangement of nanotube arrays) and weak adherence of
the nanotubes on Ti substrate remains as a great challenge
for synthesizing high quality of one-dimensional (1D) TiO

2

nanotubes film [12–16]. Thus, considerable efforts have been
conducted to the development of more efficient photoanode
materials, especially well-aligned and ordered arrangement
of 1D TiO

2
nanotubes [20–22]. Nowadays, synthesis of TiO

2

nanostructures can be achieved by various approaches, such
as sol-gel methods [23–25], hydrothermal synthesis [26–28],
and anodization technique [22, 29, 30]. Among all of these
methods, electrochemical anodization technique has been
seen as an effective and economical way in the formation of
well-aligned TiO

2
nanotubes [31–34]. Moreover, anodization

technique is relatively simple and can be adopted for large-
scale industrial production for creating self-organized anodic
oxides in the form of nanotubular structures with almost
perfect vertical alignment.

In order to obtain the right dimensions and morpholo-
gies, a controlled synthesis procedure for the production of
well-aligned and ordered arrangement of 1D TiO

2
nanotubes

must be investigated and optimized [35–37]. In principles,
three differentmorphologies of Ti anodic oxide layer could be
achieved via anodization technique, which are compact oxide
layer, nanoporous structure, and self-organized nanotube
arrays [38, 39]. The most important point ought to be men-
tioned is that anodization technique is a versatile technique to
form self-organized nanotubular thin film with controllable
dimension, such as tubular’s diameter, length, and wall
thickness [35–40]. Therefore, well understanding regarding
the formation of highly ordered and bundle-free nanotubular
structure on anodized Ti surface is important in order to
obtain the right dimensions and morphologies in PEC water
splitting studies. In this work, a study has been performed to
evaluate the morphology of the anodized Ti foil in different
contents of NH

4
F and determine the best morphology for

high efficient PEC water splitting performance.

2. Experimental Procedure

Ti foil (99.7% purity) with a thickness of 127 𝜇m fromSTREM
Chemicals, USA, was selected in this experimental work.
Before the anodization process was conducted, Ti foils were
degreased by sonication in ethanol for 30 minutes. Then, Ti
foils were rinsed in deionised water and dried in a nitrogen
stream. Next, anodization process was conducted in a two-
electrode configuration bath, where Ti foil served as anode
and the platinum foil served as counter electrode.The anodic
oxidation was conducted in EG electrolyte containing 5wt%
of H
2
O
2
with different amounts of NH

4
F (1 wt%, 3wt%, and

5wt%) for 1 hour at a constant potential of 60V. In the present
study, H

2
O
2
was maintained at 5 wt% and applied potential

was fixed at 60V because smooth and highly ordered nan-
otubes arrays could be synthesized when they are maintained
around this value according to our preliminary study [29,
41]. The current density transient was recorded using a
computerized Keithley DC Power Supply. The sweep rate
was maintained at 1 V/min. After the anodization process,
the anodic samples were cleaned using acetone and dried
in nitrogen stream. The as-prepared anodic samples were
then annealed for 4 h at 400∘C in argon atmosphere. It was
anticipated that the formation of the single crystalline anatase
phase would result in enhanced PEC performance [37, 42].

The morphologies of the TiO
2
nanotubes were charac-

terized through field emission scanning electron microscopy
(FESEM) using a Zeiss SUPRA 35VP at working distances
down to 10mm. To obtain the thickness of the nanotube
layer, cross-sectional measurements were carried out on
mechanically bent samples.The actual length of the nanotube
arrays was fixed on a 45∘ sample stage to view the cross-
sectional morphologies. Then, actual length was determined
by dividing the observed length by cos 45∘. The PEC water
splitting properties of the samples were characterized using a
three-electrode PEC water splitting cell with TiO

2
nanotube

arrays as the working photoelectrode, platinum rod as the
counter electrode, and saturated calomel electrode (SCE) as
the reference electrode. A solution of 1M KOHwith addition
of 1 wt% of EG was used as the electrolyte in the PEC cell.
In this study, ethylene glycol was used as sacrificial agent
to reduce electron-hole recombination losses, which could
improve the photocurrent density [7]. All three electrodes
were connected to a potentiostat (𝜇Autolab III). A 150W
xenon lamp (Zolix LSP-X150) with an intensity of 800W/m2
was used to produce a largely continuous and uniform
spectrum.The light was transmitted by the quartz glass as the
xenon lamp shone on the working electrode (photoanode).
The xenon lamp was switched on after the three electrodes
were connected to the potentiostat and the photocurrent was
measured during the voltage sweeping (5mV/s).

3. Results and Discussion

Anoptimumcontent ofNH
4
Fhas significant influence on the

morphology of anodic TiO
2
nanotubes film. Figure 1 shows

FESEM images of the surface of the anodized Ti foils formed
in EG electrolyte containing 5wt% of H

2
O
2
with different

contents of NH
4
F from 1wt% to 5wt%. The insets are the

cross-sectional morphology of the oxide layers. From those
FESEM images, the morphology of the Ti anodic oxides
was dependent on the contents of NH

4
F in the electrolyte.

Anodization of Ti foil in a bath containing 1 wt% NH
4
F

resulted in a thin TiO
2
compact oxide layer with small

random pits on the surface of Ti foil as shown in Figure 1(a).
The overall thickness of the oxide is approximately 500 nm.
This result indicates that a low fluoride (F−) concentration
can only form small pits over the TiO

2
foil. The reason

is attributed to the inactive chemical dissolution reaction,
which is induced by the low content of F− ions.
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Figure 1: FESEM images of the TiO
2
anodic oxide film anodized at 60V for 1 h in EG electrolyte containing 5wt% of H

2
O
2
and different

contents of NH
4
F, (a) 1 wt%, (b) 3 wt%, and (c) 5 wt%.

When the amount of NH
4
F in the electrolyte was

increased to 3wt%, Ti surface contained irregular features
and a porous oxide instead of ordered nanopores was
observed (Figure 1(b)). The irregular pore sizes are in the
range of 25 nm–100 nm and the thickness of this porous oxide
layer is approximately 800 nm. The insufficient F− content
in the electrolyte probably caused incomplete chemical dis-
solution and oxidation at the interface between Ti and the
barrier layer. Thus, the irregular features and nanoporous
oxide layer formed. For the 5wt% NH

4
F, self-organized

and well-aligned TiO
2
nanotube arrays were successfully

synthesized. This indicates that sufficient F− content is able
to increase the chemical dissolution reaction during electro-
chemical anodization process.This led to further acidification
to develop a nanotube structure, as shown in Figure 1(c).
The TiO

2
nanotube arrays with diameters of approximately

100 nm and lengths of 8𝜇m were formed when the F−
concentrationwas increased up to 5wt%. Based on the results
obtained, NH

4
F plays an important role in the formation

of the nanotubular structure of Ti anodic oxide films and
an optimum F− content was identified as ≈5wt% in the
EG electrolyte in order to synthesize well-aligned nanotube
arrays.

A simple schematic illustration explaining the TiO
2

nanotube arrays formation is exhibited in Figure 2. First of all,
an oxide layer was formed on Ti surface and then turned into
TiO
2
due to the electrochemical oxidation process [43, 44].

In the presence of F− ions, the oxide layer dissolves locally
and small pits are formed on the oxide layer (Figure 2(a)).
These random pits react with the F− ions to produce [TiF

6
]2−

complex ions as shown in the following [43–45]:

TiO2 + 4H
+
+ 6F− → [TiF6]

2−
+ 2H2O (1)

The porous structure is formed as a result of the localized
chemical dissolution of the oxide by [TiF6]

2− complex ions
during electrochemical anodization process (Figure 2(b))
[34]. The chemical dissolution reduces the thickness of the
oxide layers and allows electrochemical etching process to
continue at the bottom of the pits [44, 46]. Meanwhile,
the high applied potential during anodization process will
lead to the field-assisted dissolution, where Ti metal ions
(Ti4+) dissolve into electrolyte. The growth of pores is due
to the competition between electrochemical oxide formation
and chemical dissolution by sufficient content of F− ions
[43–47]. Finally, the nanotube structure will grow inwards
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Figure 2: Schematic illustration explaining the TiO
2
nanotube

arrays formation: (a) growth of compact oxide layer and small pits
formation; (b) growth of irregular porous oxide layer; and (c) well-
aligned nanotube arrays.

(Figure 2(c)). In summary, formation of TiO
2
nanotube

arrays in fluorinated electrolyte was the result of three simul-
taneously occurring processes: (1) field-assisted oxidation of
Ti metal to form TiO

2
, (2) field-assisted dissolution of Ti4+

ions into electrolyte, and (3) chemical dissolution of Ti and
TiO
2
in the presence of F− ions [38, 39]. From the results

obtained, it could be concluded that optimum amount of
NH
4
F is one of the important factors for the formation of

well-aligned TiO
2
nanotubes.

The difference in morphology of the TiO
2
nanotube

arrays under different amounts of NH
4
F can be explained by

referring to the current density profile, as shown in Figure 3.
It was found that current density increased up to 7.8mA/cm2
when increasing the NH

4
F up to 5wt% (Figure 3(c)). The

reason is attributed to the high diffusivity of the F− ions
concentration in the electrolyte, which led to enhanced
conductivity of the solution [48, 49]. The higher current
density in the electrolyte indicates that the higher chemical
etching process induces by the [TiF

6
]2− complex ions [50].

In order to evaluate the effect of the variousmorphologies
of anodic TiO

2
layer on the PEC water splitting performance,

the above-discussed samples were used as photoelectrode in
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Figure 3:The current density-time behavior during the anodization
of Ti foils at 60V in EG electrolyte containing 5wt% H

2
O
2
and

different amounts of NH
4
F, (a) 1 wt%, (b) 3 wt%, and (c) 5 wt%.
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Figure 4: The I-V characteristics of different surface morphologies
of anodic TiO

2
photoanode in 1M KOH solution with 1 wt% of EG,

(a) nanotubes, (b) nanoporous, and (c) compact oxide layer.

the PEC water splitting cell. The I-V characteristics of the
samples were recorded under illumination by a 150W xenon
lamp, with a light intensity of approximately 800W/m2.
Based on the I-V characteristic curves, the photocurrent den-
sity was increased when the voltage was increased from −1 V
to 1 V under solar illumination. A maximum photocurrent
density of approximately 1mA/cm2 was observed from the
anodic TiO

2
nanotube arrays as compared to the nanoporous

and compact oxide layer as exhibited in Figure 4(a). Mean-
while, the TiO

2
nanoporous structure and TiO

2
compact

oxide layer exhibited decrease of photocurrent densities,
which are approximately 0.55mA/cm2 (Figure 4(b)) and
0.25mA/cm2 (Figure 4(c)), respectively.

TiO
2
nanotube arrays exhibited higher photocurrent

density among the samples. The reason is mainly attributed
to the larger specific surface area. It is noteworthy to point
out that larger specific surface area of well-aligned nan-
otube arrays can greatly increase the density of active sites
available for the photon absorption to generate more photo-
induced electrons. The highly ordered, vertically oriented
tubular structure is suitable for a high degree of electrons
mobility along the tube axis and perpendicular to the Ti
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substrate, which will greatly reduce interface recombination.
As a matter of fact, nanotubular structure offers a preferred
dimensionally to the TiO

2
back contact, which can improve

the transportation of charge carriers due to the less grain
boundaries in the one-dimensional nanotube arrays system
[16, 35, 36, 38, 39, 42]. In addition, both sides of the
nanotube walls and the entire tube sidewalls can act as
large number of reaction sites for chemical reactions to
occur and allow more photo-induced electrons generated
for the hydrogen reduction process during illumination.
The larger active surface area proximal to the electrolyte
solution enhances the generation of photo-induced electrons
from nanotube arrays towards to the back contact of the
TiO
2
and eventually these photo-induced electrons move to

counter electrode (platinum electrode) through the external
circuit where they reduce H+ ions creating H

2
molecules

(2H+ + 2e− → H2) under external bias [51, 52]. This
statement was further confirmed by the more negative values
of photopotential for the TiO

2
nanotube arrays (−0.65V)

compared to TiO
2
nanoporous structure (−0.45V) and TiO

2

oxide layer (−0.4V) as shown in Figure 4. The more negative
values of photopotential or open circuit potential indicated
that more photo-induced electrons were generated from
valence band to the conduction band when the terminal was
left open (no bias voltage was applied).

The drawback of the used irregular nanoporous TiO
2

structure in PEC studies is most probably due to the numer-
ous defect sites and trapping sites, which results in more
recombination losses of charge carriers and reduces the
photo-induced collection at the TiO

2
back contact [53].Thus,

the photocurrent density was decreasing significantly. On the
other hand, the use of TiO

2
compact oxide layer showed

the lowest photocurrent density among the samples. The
compact oxide layer generally will have less specific surface
area compared to the nanotubular and nanoporous structure.
Thus, the number of photo-induced electrons generated from
the photoelectrode will significantly reduce. Based on the
results obtained, it is crucial to maximize the specific surface
area of TiO

2
photoelectrode in the PEC water splitting

studies.
Next, the TiO

2
response with different surface mor-

phologies towards the interruption of light was studied with
a potentiostatic (photocurrent density versus time) at a
fix bias voltage of 0.6V. The photocurrent density of the
samples was measured and plotted in Figure 5. All samples
showed good photoresponses under light pulse illumination.
The photo-induced electrons can effectively transfer from
TiO
2
photoelectrode to counter electrode and eventually

generate the photocurrent response during illumination.The
photocurrent drastically dropped to approximately 0mA
under dark conditions. This indicates that TiO

2
is a good

photo-response semiconductor for the transfer and decay
of the photo-induced electrons [13, 42]. It is noteworthy to
point out that the photocurrent reverted back to the original
state within a couple of seconds under illumination. This
photocurrent pattern was highly reproducible for several on-
off cycles. The results from the potentiostatic curves are in
good agreement with the results in photocurrent density
curves.
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Figure 5: Potentiostatic plot of photocurrent density for different
surface morphologies of anodic TiO

2
photoanode in 1M KOH

solution with 1 wt% of EG under interrupted illumination, (a)
nanotubes, (b) nanoporous, and (c) compact oxide layer.

0

0.5

1

1.5

2

2.5

0 0.2 0.4 0.6 0.8 1

Ph
ot

oc
on

ve
rs

io
n 

effi
ci

en
cy

 (%
)

V versus SCE

(a)

(b)

(c)

−1 −0.8 −0.6 −0.4 −0.2

Figure 6: Photoconversion efficiency versus potential applied to
the different surface morphologies of anodic TiO

2
photoanode (a)

nanotubes, (b) nanoporous, and (c) compact oxide layer.

The photoconversion efficiency (𝜂) for the water splitting
reaction was calculated based on the following equation:

𝜂 (%)

= [
total power output − electrical power output

light power input
]

× 100% = 𝑗
𝑝
[

𝐸
0
rev −

𝐸app


𝐼
𝑜

]× 100,

(2)

where 𝑗
𝑝
is the photocurrent density (mA/cm2); 𝑗

𝑝
𝐸
0
rev is the

total power output; 𝑗
𝑝
|𝐸app| is the electrical power input; 𝐼𝑜

is the power density of the incident light (mW/cm2); 𝐸0rev
is the standard reversible potential (1.23 V/SHE); 𝐸app =
𝐸mean − 𝐸aoc; 𝐸mean is the electrode potential (versus SCE) of
the working electrode where the photocurrent was measured
under illumination; and 𝐸aoc is the potential (versus SCE) of
the working electrode at open circuit condition.

The highest visible spectrum efficiency (about 2%) was
obtained from TiO

2
nanotube arrays from the photoconver-

sion efficiency curves shown in Figure 6. The decrease in
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photocurrent efficiency was as follows: 1% and 0.5%, which
correspond to nanoporous and compact oxide structure,
respectively. These results clearly indicate that the PEC
performance is dependent on the specific surface area of the
TiO
2
anodic film.

4. Conclusion

The formationmechanism of self-organized and well-aligned
TiO
2
nanotube arrays in the fluorinated-based electrolyte was

investigated and discussed. The present study demonstrated
that bundle-free TiO

2
nanotube arrays film was successfully

synthesized in EG electrolyte containing≈5wt% ofH
2
O
2
and

≈5wt% of NH
4
F. It is shown that anodic TiO

2
synthesized in

EG electrolyte containing less than 5wt% of NH
4
F will result

in the formation of nanoporous structure and compact oxide
layer.The high specific surface area of anodic TiO

2
nanotubes

generated a good photocurrent response of 1mA/cm2 with
photoconversion efficiency of 2%. The main reason could be
attributed to the better light absorption for the PEC water
splitting reaction sites by generating more photo-induced
electrons under illumination. In summary, it is crucial to
maximize the specific surface area of TiO

2
anodic films in

order to achieve maximum photocurrent generation and
photoconversion efficiency.
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An electrodeposition method for fabrication of CuTe and Cu
2
Te thin films is presented. The films’ growth is based on the epitaxial

electrodeposition of Cu and Te alternately with different electrochemical parameter, respectively. The deposited thin films were
characterized by X-ray diffraction (XRD), field emission scanning electronic microscopy (FE-SEM) with an energy dispersive X-
ray (EDX) analyzer, and FTIR studies. The results suggest that the epitaxial electrodeposition is an ideal method for deposition of
compound semiconductor films for photoelectric applications.

1. Introduction

Semiconducting compounds such as I–VI copper chalco-
genides are widely used in the fabrication of photoconductive
and photovoltaic devices [1]. Copper based chalcogenides
exhibited the characteristics of a p-type semiconductor for
the vacancies of copper and are potential materials for wide
applications. Thin films of copper chalcogenides especially
have been a subject of interest for many years mainly because
of their wide range of applications in solar cells [2], superionic
conductors [3], photodetectors, photothermal [4] converters
[5], electroconductive electrodes [6], and so forth.

Of these copper chalcogenides, copper telluride com-
pounds have gained great interest owing to its superionic
conductivity [7], direct band gap between 1.1 and 1.5 eV [8],
and large thermoelectric power. In the literature, a number
of methods for preparation of CuxSe [9] and CuxS [10, 11]
thin films have been reported. However, fabrication of CuTe
thin films is much less studied to data. Copper telluride
compounds (CuxTe, where 𝑥 = 1, 2 or between 1 and 2) were
known to exist in a wide range of compositions and phases
whose properties are controlled by the Cu : Te ratio [12] and
can be grown by chemical bath deposition, coevaporation,
and fusion method [13].

Electrochemical atomic layer deposition is considered as
a controllable and simple deposition technique [14] for homo-
geneous compound semiconductors on conductive sub-
strates without annealing [15]. The electrochemical atomic
layer deposition was based on the alternated underpotential
deposition which was a phenomenon of surface limited
[16] so that the resulting deposit was generally limited to
one atomic layer [17]. Thus, each deposition cycle formed
a single layer of the compound [18, 19], and the number
of deposition cycles controls the thickness of deposits [20].
In this paper, an epitaxial electrodeposition method for
preparation of CuTe and Cu

2
Te thin films on ITO substrates

by controlling the solution conditions in contact with the
deposit and the potential of the electrode is reported. The
crystallographic structures of the obtained films are discussed
on the basis of X-ray diffraction data. Field emission scanning
electronic microscopy (FE-SEM) with an energy dispersive
X-ray (EDX) analyzer shows investigation of morphology.
Optical characteristics of the films are studied by FTIR.

2. Experimental

Electrochemical experiments were carried out using a CHI
660A electrochemical workstation (CH Instrument, USA).
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The deposition was performed in a three-electrode cell with
a platinum wire as counter electrode and Ag/AgCl/sat. KCl
as reference electrode. Indium doped tin oxide (ITO) glass
slide (≈20Ω/cm) was used as a working electrode. Prior to
electrodeposition, the ITO substrate was ultrasonic cleaned
with acetone, ethanol, and water sequentially.

All solutions were prepared with nanopure water purified
by the Milli-Q system (Millipore Inc., nominal resistivity
18.2MΩ cm), and all chemicals were of analytical reagent
grade. The oxygen was removed by blowing purified N

2

before each measurement, and the whole experiments were
conducted at room temperature.

The crystallographic structures of the thin films obtained
were determined by XRD (Rigaku D/max-2400). The mor-
phology is investigated by FE-SEM (Kevex JSM-6701F, Japan)
equipped with an EDX analyzer. Glancing angle absorption
measurements were performed using an FTIR spectropho-
tometer (Nicolet Nexus 670, USA).

3. Results and Discussion

3.1. Thin Film Deposition

3.1.1. CuTe Thin Film Deposition. Figure 1 shows the cyclic
voltammograms of ITO electrode in blank and Cu solution,
respectively. For CuTe film growth, H

2
SO
4
was used as

supporting electrolyte. From Figure 1(b), only one pair of
redox peaks was observed at −0.34V (C1) and 0.30V (A1),
corresponding to Cu2+ reduction to Cu, as reaction (1) shows

Cu2+ + 2e1− ←→ Cu (1)

Figure 2 shows the cyclic voltammograms of Cu-covered
ITO electrode in 0.1M H

2
SO
4
and in 5mM H

2
TeO
3
+

0.1M H
2
SO
4
solutions. In these experiments, the potential

scanning was started at 0V to avoid the oxidative stripping
of Cu. Similar to most literatures, two reduction peaks are
seen: peak C2 at about −0.21 V based upon the four-electron
process for Te reduction shown in reaction (1) and peak C3 at
about −0.46V, which should be corresponded to bulk Te (0)
reduction to Te2−, as reaction (2) shows

H2TeO3 + 4H
+
+ 4e1− ←→ Te+ 3H2O (2)

Te+ 2H+ + 2e1− ←→ H2Te (3)

Therefore, we applied −0.30V as the electrodeposition
potentials for Cu and −0.20V for Te. Repeat electrodeposit-
ing Cu at −0.30V and Te at −0.20V for 15 s alternately as
many times as desired to grow epitaxial nanofilms of CuTe
on ITO substrate.

3.1.2. Cu
2
Te Thin Film Deposition. For Cu

2
Te film growth,

KNO
3
was used as supporting electrolyte because Cu+ ions

cannot exist in a strong acid solution like 0.1M H
2
SO
4
.

Figure 3 shows the cyclic voltammograms of ITO electrode
in blank KNO

3
and Cu solution, respectively. In Figure 3(b),

two well-defined cathodic peaks are located at −0.23 V (C4)
and −0.51 V (C5), which are related to the formation of Cu

2
O

0

1

2

3

Cu
rr

en
t (

m
A

)

Potential (V)

A1

C1

(a)

(b)

−0.8 −0.4 0.0 0.4 0.8

−1

Figure 1: Cyclic voltammograms of ITO electrode in (a) 0.1M
H
2
SO
4
; (b) 0.1M H

2
SO
4
with 5mM CuSO

4
(scan rate: 10mV/s).
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(a) 0.1M H
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SO
4
; (b) 0.1M H
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SO
4
with 5mM TeO

2
(scan rate:

10mV/s).

and reduction of Cu on the ITO substrate, as reaction (4) and
(1) show [14]:

2Cu2+ + 2e1− + 2OH− ←→ Cu2O+H2O (4)

Figure 4 shows the cyclic voltammograms of Cu
2
O-

covered ITO electrode in 0.1M KNO
3
and in 5mM H

2
TeO
3

+ 0.1M KNO
3
solutions. From Figure 4(b), two reduction

peaks are also seen: peak C6 at about −0.35V based upon
the H

2
TeO
3
reduction to Te and peak C7 at about −0.60V

corresponding to Te reduction to H
2
Te, which immediately

react with the underlying Cu
2
O layer to form Cu

2
Te, as

reaction (5) shows

Cu2O+H2Te←→ Cu2Te+H2O (5)



Journal of Nanomaterials 3

(a)

(b)

C4C5

−0.8

−0.8

−0.4

−0.4

0.0

0.0

Cu
rr

en
t (

m
A

)

Potential (V)
0.4

0.4

0.8

Figure 3: Cyclic voltammograms of ITO electrode in (a) 0.1M
KNO

3
; (b) 0.1M KNO

3
with 5mM CuSO

4
(scan rate: 10mV/s).

C6
C7

(a)

(b)

−0.8 −0.6 −0.4 −0.2 0.0

Potential (V)

−0.3

−0.2

−0.1

0.0

0.1

0.2

0.2

Cu
rr

en
t (

m
A

)

Figure 4: Cyclic voltammograms of Cu
2
O-covered ITO electrode

in (a) 0.1M KNO
3
; (b) 0.1M KNO

3
with 5mM TeO

2
(scan rate:

10mV/s).

Therefore, we applied −0.20V as the electrodeposition
potentials for Cu and −0.60V for Te. Repeat electrodeposit-
ing Cu at −0.20V and Te at −0.60V for 15 s alternately as
many times as desired to grow epitaxial nanofilms of Cu

2
Te

on ITO substrate.

3.2. Thin Film Characterization

3.2.1. X-Ray Investigations. Identification of the obtained thin
films was carried out using the X-ray diffraction method.
The recorded XRD patterns of deposited CuTe and Cu

2
Te are

presented in Figure 5. Figure 5(a) shows the XRD patterns
of deposited CuTe film. The observed peak positions of
the deposited CuTe film are in well agreement with those
due to reflection from (0 1 1), (1 0 1), and (1 1 2) planes
of the reported CuTe data with an orthorhombic structure
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Figure 5: XRD patterns of deposited CuTe (a) and Cu
2
Te (b) films.

(JCPDS 22-0252).TheXRDpattern of depositedCu
2
Te film is

presented in Figure 5(b). As can be seen, the analysis indicates
that the deposited Cu

2
Te film is in hexagonal structure, with

the preferential orientation of (0 0 6) plane (JCPDS 49-1411).
The average crystal size was estimated using the well-

known Debye-Scherrer relationship:

𝑑 =
0.9 ⋅ 𝜆
𝛽 ⋅ cos 𝜃

, (6)

where 𝜃 is the Bragg angle, 𝜆 is the X-ray wavelength, and 𝛽 is
the full width at half-maximum. It was found that the average
crystal size of the deposited CuTe film is 92.11 nm and Cu

2
Te

film was found to be about 36.84 nm, which are consistent
with the SEM observation.

3.2.2. SEMObservations. The SEMmicrographs of deposited
CuTe and Cu

2
Te films are shown in Figures 6(a) and 6(b),

respectively, at 30,000xmagnification. In depositedCuTe film
(Figure 3(a)), the grains are more distinct and of bigger size,
while, in Cu

2
Te film (Figure 3(b)), the grains are of smaller

size, more compact with densely packed microcrystals. The
EDX analysis was carried out only for Cu and Te.The average
atomic percentage of Cu : Te in deposited CuTe film was
50.4 : 49.6. It is close to 1 : 1 stoichiometry. Similar results for
Cu
2
Te were 67.3 : 32.7, close to 2 : 1 stoichiometry.

3.2.3. Optical Measurements. For optical characterization,
FTIR spectra of deposited CuTe and Cu

2
Te thin films were

recorded. The optical band gap (Eg) for deposited CuTe and
Cu
2
Te thin films was calculated on the basis of the FTIR

spectra, using the well-known relation

𝛼ℎ] = 𝐴 (ℎ]−𝐸
𝑔
)
1/2
, (7)

where 𝐴 is the constant, 𝐸
𝑔
is the band gap, and ℎ] is the

photon energy. Figure 7 shows the variation of (𝛼ℎ])2 with
ℎ] for deposited CuTe and Cu

2
Te. By extrapolating straight

line portion of (𝛼ℎ])2 against ℎ] plot to 𝛼 = 0, the optical
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Figure 6: SEM micrograph of deposited CuTe (a) and Cu
2
Te (b) films.

(a)

(b)

0.5 1.0 1.5 2.0 2.5 3.0 3.5

(eV)

(𝛼
)2

h�

h
�

Figure 7: The dependence of (𝑎ℎ])2 on ℎ] for deposited CuTe (a)
and Cu

2
Te (b) films.

band gap energy was found to be 1.51 eV for CuTe and 1.12 eV
for Cu

2
Te films, comparable with the value reported earlier

for CuTe and Cu
2
Te thin film [1, 15].

4. Conclusion

In this work, the Cu/Te ratio has been successfully controlled
to prepare crystalline CuTe and Cu

2
Te thin films on the

ITO electrode via electrodeposition. The copper-tellurium
films were epitaxial electrodeposited under layer-by-layer,
potentiostatic conditions. XRD, SEM, and IR studies of the
depositedCuTe andCu

2
Te thin films confirm the high quality

of the deposits and demonstrate that the epitaxial electrode-
position is applicable to the deposition of stoichiometric
nanofilms of copper-tellurium films of good quality.
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A mechanical durable polysiloxane superhydrophobic surface was successfully prepared by means of polymerization of silanes
blendingwith particles.The as-prepared polysiloxane surface showed stable superhydrophobicity even after the surface underwent a
long distance friction.The superhydrophobicity of the polysiloxanematerials can be even slightly enhanced by the surface abrasion.
The scanning electronmicroscopy demonstrated that themicro- and nanometer structures distributed through the wholematerials
thickness are responsible for the mechanical durable superhydrophobicity.

1. Introduction

The wettability of solid surface is one of the most important
aspects in both theoretical and industrial applications [1].
One of the extreme cases of wettability, superhydrophobicity,
has aroused considerable interests for many researchers
inspired by the water-repellent nature of lotus leaves in recent
years [2]. Heretofore, numerous methods were presented
to fabricate the superhydrophobic surfaces with various
materials bymimicking the surface of lotus leaves [3–10]. Due
to its novel and important properties, the superhydrophobic
surfaces were greatly anticipated to be used in applications
such as self-cleaning coatings [11], anti-icing and fogging
surfaces [12–14], nonwetting fabrics [15, 16], and buoyancy
and flow enhancement [17, 18]. However, there are still quite
few real applications with superhydrophobic materials so far.

Durability is of great importance in many applications
of superhydrophobic surface. The micro- and nanoscale
surface topography, which is essential for superhydropho-
bicity, can be very easily destroyed by even a slight friction
on the surface. Up to date, studies have begun to address
the mechanical durability and methods were developed to
enhance the durability of superhydrophobic surface [19], such
as fabricating self-healing surfaces, enhancing the robustness

of the hierarchical structure, and fabricating with hydropho-
bic materials. Li et al. demonstrated a self-healing superhy-
drophobic coating fabricated by preserving healing agents
of reacted fluoroalkylsilane in layered polymeric coatings
[20]. When the top layer of fluoroalkyl chains decomposes
or the coatings are scratched, the healing agents migrate
to the surface to restore the superhydrophobicity. In this
case, it takes special conditions and hour’s time to restore
the superhydrophobicity and the fluoroalkylsilane reagent is
still required. It still remains a great challenge to fabricate
superhydrophobicmaterials with excellent antiwear property.

In the current study, we presented a facile and cheap
method to fabricate wear-durable superhydrophobic materi-
als. Inspired by the ability that the lotus leaf can regenerate
its microstructures, we have presented a strategy to fabricate
the materials which are made up of the microstructures
through the whole thickness of the materials to resist the
surface abrasion. When the initial surface suffered abrasion,
a new surface with new hierarchical roughness will appear.
Herein, the micro- and nanoparticles were used to shape
the hierarchical roughness and the organic silanes were
used to fix these particles. The as-prepared polysiloxane
superhydrophobic materials showed good antiwear property.
From both theoretical and practical aspects, the present
results and the fabrication strategy are of great significance
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Figure 1: Schematic representation of abrasion measurement
employed to evaluatewearability of the as-preparedmaterial surface.

to fabricate superhydrophobic materials with stable antiwear
property.

2. Experimental Section

2.1. Materials. The nanoscale silicon dioxide particles
(50 nm) were purchased from Ross Technology Corporation.
The microscale silicon dioxide particles (0.5–10 𝜇m,
approximately 80% between 1 and 5 𝜇m), the triethoxymeth-
ylsilane, and the diethoxydimethylsilane were all purchased
from Sigma-Aldrich. Hydrochloric acid (HCl, 37%), the
isopropanol, acetone, and methanol were analytical and
used as received without any purification. In all the process,
deionized water was used.

2.2. Fabrication of the Antiwear Superhydrophobic Mate-
rials. The 0.12 g nanoscale silicon dioxide particles and
0.6 g microscale silicon dioxide particles were added to
8mL mixed solution of isopropanol and water (V : V =
2 : 1). The mixture was ultrasonic and dispersed for 30min.
Then 0.4mL hydrochloric acid, 3.0mL triethoxymethyl-
silane (0.015mmol), and 0.90mL diethoxydimethylsilane
(0.005mmol) were added to themixed solution.The reaction
mixture was stirred for 3 hours at 60∘C. After themixture was
cooled to room temperature, the mixture was then dropped
onto the glass slide (2.5 cm × 2.5 cm) surface until it spread
all over the glass surface. A Petri dish cover was placed above
the glass in order that the solvent evaporates slowly. After the
mixture was dried overnight the samples were heat-treated at
160∘C for 2 hours.

2.3. Characterization. The methodology illustrated in
Figure 1 was invoked to evaluate the antiwear property. The
grade of sandpapers adopted here is 180. The sample surfaces
were blowed by the N

2
and washed by large amounts of

water to remove the abrasion dust after each abrasion test.
Contact angles were measured at ambient temperature. The
advancing contact angles were measured by advancing a
small volume of water onto the surface using a syringe. The
receding contact angle was measured by slowly removing
water from a drop already on the surface. The water droplets
were 5 𝜇L for the contact angle measurement and 10 𝜇L
for the sliding angle for measurement. For each sample,
a minimum of four different readings was recorded and
the typical error in measurements was 1∘. The thickness of
the material was measured with an optical microscope by
observing the sample’s cross section, and three different

readings were recorded. The surfaces were observed by the
scanning electron microscopy (SEM, XL-30, Philips) to
characterize their morphology.

3. Results and Discussion

The applications of superhydrophobic surfaces have been
greatly hampered by the poor mechanical durability of
the microscopic surface topography. Furthermore, most
of the artificial superhydrophobic surfaces fabricated with
hydrophilic materials required a hydrophobic surface coat-
ing and it is obvious that the original hydrophilic materi-
als would be exposed when the surface was mechanically
damaged. Herein we adopted the strategy to fabricate the
superhydrophobic materials which consist of the micro-
and nanometer scale structures through the whole thickness
of materials to resist the abrasion. Two kinds of particles
were used for fabricating the micro- and nanometer scale
structures which are essential for superhydrophobicity. The
triethoxymethylsilane was adopted to polymerize to embed
and fix the microparticles. The diethoxydimethylsilane was
added to control the polymer with appropriate rigidity,
flexibility, and hydrophobicity. After the polymers were cured
in oven, the as-prepared particles combined polysiloxane
surface has a static water contact angle (CA) of 133∘, as shown
in Figure 2(a), while the water CA can be greatly increased
from 133∘ to 160∘ after the polysiloxane surface bore a 25 cm
slide on the sandpaper surface.

Although there is no standardized testmethod to evaluate
themechanical durability of a superhydrophobic surface [19],
the apparatus by rubbing the sample against the sandpaper
illustrated in Figure 1 was adopted here. Figure 3(a) showed
the relationship between the static water CA and the length
of the sample surface sliding on sandpaper. The initial
water CA of the as-prepared particles combined polysilox-
ane surface is only 133∘, which shows hydrophobicity not
superhydrophobicity. After a 25 cm length rubbing against
the sandpaper with a 500 g weight on the back of the sample,
the water contact angle has increased greatly to 160∘ and
presented the good superhydrophobicity. After one more
25 cm length slide, there is 2∘ increment of water CA. After
this the water CA shows little fluctuation and changed from
about 162∘ to 163∘ when the surface bore 75 cm to 200 cm
length slide abrasion. Figure 2(b) showed the water droplets
have a static water CA of 163∘ on the polysiloxane surface
which bore a 200 cm slide on the sandpaper surface. A
superhydrophobic steel surface, which is prepared according
to Zhang’s procedure [21], also underwent the same abrasion
test. The result showed that the superhydrophobic steel
surface, which is fabricated with hydrophilic material and
hydrophobic coatings, has a poor antiwear property. The
water CA decreased dramatically from 159∘ to 72∘ after the
superhydrophobic surface endured a 25 cm length rubbing
against the sandpaper with a 500 g weight on the back
of the sample, as shown in Figure 3(a). After one more
25 cm length slide, the initial superhydrophobic steel surface
lost completely its superhydrophobicity and switched to a
hydrophilic surface with a water CA of 15∘. The thickness
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(a) (b)

Figure 2: Images of water droplets dyed by methylene blue with different sizes on the particles combined polysiloxane surfaces of the same
sample before (a) and after (b) the surface abrasion. The contact angles of the water droplets on the corresponding surfaces are 133∘ (a) and
163∘ (b), respectively.
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Figure 3: (a) The relationship between the static water contact angle and the lengths of the as-prepared polysiloxane surface
(superhydrophobic steel surface) sliding on the sandpaper. (b) The relationship between the contact angle hysteresis and the lengths of the
as-prepared polysiloxane surface sliding on the sandpaper.

measurements have also been carried out with an optical
microscope before and after the abrasion test to investigate
the thickness change of the polysiloxane film. It showed that
the polysiloxane film of the as-prepared sample is 0.89mm,
while the thickness of the film decreased to 0.22mm after the
surface bore the 200 cm length slide abrasion. These results
clearly revealed that the water repellency of the particles
combined polysiloxane film not only has the mechanical
durability but also can be enhanced with the increase of
surface roughness by the surface abrasion.

In addition to a high static contact angle, a small con-
tact angle hysteresis is also vital for a surface to be truly
superhydrophobic because a small hysteresis leads to a water
droplet being able to roll off of a surface easily. Thus, the
contact angle hysteresis after the sample rubbed against
the sandpaper should also be measured. Figure 3(b) showed

the CA hysteresis of the as-prepared particles combined
polymers after each slide. Before the surface abrasion, the
initial combined polysiloxane surface has a CA hysteresis of
53∘, which is relatively high and implying a high roll-off angle.
After a 25 cm slide against the sandpaper, the CA hysteresis
has decreased greatly to 5∘ and the falling water droplet
already can bounce from the surfaces and eventually roll off
without ever coming to rest on the surface.The CA hysteresis
shows little fluctuationwhen the surface bore 75 cm to 200 cm
length slide abrasion.These results clearly proved that the as-
prepared particles combined polymers have remained of the
true superhydrophobicity even after a severe surface abrasion.

The initial as-prepared polysiloxane surface has a water
CA of 133∘, while the water CA is increased greatly to 162∘
after the surface abrasion. The great changes of the surfaces
morphology before and after the surface abrasion have been
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Figure 4: (a) SEM images of the as-prepared particles combined polysiloxane surface before the abrasion. (b)Theporous and rough structures
with micro- and nanometer scale exist below the outmost surface. The scale bars represent 20 𝜇m (a) and 1 𝜇m (b), respectively.

(a) (b)

Figure 5: SEM images at different magnifications of the particles combined polysiloxane surface after the abrasion. The scale bars represent
100𝜇m (a) and 20 𝜇m (b), respectively.

observed carefully by the scanning electron microscopy.
Figure 4 is the SEM images before the surface abrasion
test. There is a porous and rough structure which made
up the materials. However, many-large-island structure with
diameters of about 20–50 𝜇m is distributed randomly across
the upper surface, as shown in Figure 4(a). Figure 4(a) also
revealed that the top of the island structure is relatively
flat and there is no porous structure on the island surfaces.
This relative flat surface probably formed during the process
of the solvent evaporate process has decreased the surface
roughness to a certain extent and lowered the water CA as
a result. According to the Cassie equation [22],

cos 𝜃
𝑟
= 𝑓
1
cos 𝜃 − 𝑓

2
, (1)

which is generally valid for heterogeneous surfaces, com-
posed of air and a solid with superhydrophobicity. Here, 𝜃

𝑟

(132∘) is the CA of the initial particles combined polysiloxane
surface. 𝜃 (107∘) is the CA of the smooth polysiloxane
surface without particles and 𝑓

1
and 𝑓

2
are the fractional

interfacial areas of the microstructures and of the air in
the interspaces among the microstructures, respectively (i.e.,
𝑓
1
+ 𝑓
2
= 1). According to the equation, the 𝑓

2
value of

the rough surface with the microstructures is estimated to
be 0.53. This means that air occupies only 53% of contact
area between the water droplet and the microstructures.
Figure 4(b) is a magnified image of the porous and rough

structures with micrometer scale existing below this flat
island. Figure 4(b) showed that the nanoscale particles are
distributed across the rough structure surface. These micro-
and nanometer scale structures inside the surface have the
certain superhydrophobicity and it was exposed after the top
flat islands were gotten rid of.

Figure 5(a) is the low-magnification image of the new
surface produced by the surface abrasion. Compared with
Figure 4(a), the main difference is that there are no more
island structures on the top of surface and the remarkable
scratches appeared across the surface. Figure 5(b) showed
that a furrow-like structure with width of 20–50𝜇mmicrom-
eter was parallel distributed on the surface. These scratches
which are produced by the sandpaper during sample sliding
on sandpaper surface are vital to the superhydrophobicity
since this behavior has gotten rid of the flat-top island
and greatly increased the surface roughness. These images
clearly revealed that a new surface appeared after the surface
abrasion just like the natural superhydrophobic plant leaves
regenerating their hydrophobic wax coating. The existence
of the nanometer particles is also important to the super-
hydrophobicity for forming the nanometer scale structure
and bestowing the synergistic binary geometric structures on
the surfaces. These images demonstrated that the particles
combined polymers surface after the surface abrasion has
the structures at the micro- and nanometer scale, and such
synergistic binary geometric structures made the surface
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roughness increase and the air fraction of the interfacial
areas high enough. The binary micro- and nanometer scale
structures have already trapped enough amount of air to
prevent the penetration of the water droplet into the holes,
which bestowed the superhydrophobicity on the surfaces.
According to the Cassie equation, the 𝑓

2
value of the rough

surface with the hierarchical rough structures is estimated
to be 0.93. This means that air already occupies 93% of
contact area, which is responsible for the enhancement of
superhydrophobicity after the surface abrasion.

4. Conclusions

In summary, we fabricated the mechanically durable super-
hydrophobic surfaces with organic silane and particles by
polymerizing silane and embedding the particles. The as-
prepared particles combined polysiloxane surface showed
stable superhydrophobicity even after the surface underwent
a long distance friction. Furthermore, the superhydropho-
bicity of the polymer materials can be enhanced or restored.
These propertieswill greatly accelerate and broaden the appli-
cations of superhydrophobic surfaces.We expect this strategy
will open a new avenue in the preparation of mechanically
durable superhydrophobic surface.
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A facile in situ fabrication of palladium nanoparticles decorated boron nitride nanotubes (Pd-BNNTs) is described.The decoration
of BNNTs was carried out by the self-regulated reduction of palladium chloride (PdCl

2
) with the aid of sodium dodecyl sulfate

(SDS). During the preparation process, the surfactant SDS plays a dual role: it aids the dispersibility of BNNTs and produces
the reductant of CH

3
(CH
2
)
10
CH
2
OH. Then the CH

3
(CH
2
)
10
CH
2
OH can reduce Pd2+ to form Pd nanoparticles on the surface

of BNNSs. The as-prepared Pd-BNNTs were characterized by field emission scanning electron microscopy, transmission electron
microscopy, X-ray energy dispersive spectroscopy, and Fourier transform infrared spectroscopy. The results show that the Pd
nanocrystalline particles can be deposited onto the BNNTs surface via this simple route. This approach constitutes a basis for
the assembly and integration of nanoscale materials onto BNNTs and puts a light on the potential application of the BNNTs in
electronic, catalysis, and hydrogen storage fields.

1. Introduction

Boron nitride nanotubes (BNNTs) have recently attracted
increased attention due to their various potential applications
in electronic, mechanical, and optical devices. Structurally
similar to carbon nanotubes (CNTs), BNNTs exhibit excellent
mechanical [1–3] and thermal [4–6] properties. Despite
these similarities, BNNTs exhibit excellent chemical stability
and high resistance to oxidation at high temperature [7].
BNNTs are uniform semiconductors with a bandgap of 5.5 eV,
basically independent of tube chirality and diameters [8],
while CNTs exhibit variable metallic and semiconducting
characteristics. In addition, recent research has also demon-
strated that BNNTs can be used as room temperature hydro-
gen storage media [9], humidity sensor devices [10], and
oil/water separation materials [11]. Considering the above-
mentioned properties, BNNTs have become very attractive
for innovative applications in various fields of science and
technology, especially in hazardous and high temperature
environments. However, the insolubility in common solvents
and good insulating property also limit their applications.
Further modification of BNNTs is therefore necessary for

the utilization of BNNT-based materials for novel sensory,
electronic, catalytic, and biomedical applications. For exam-
ple, the multiwalled BNNTs modified with long alkyl chains
are soluble in many organic solvents [12]. And subsequent
cathodoluminescence and UV-Vis absorption tests show that
long alkyl chains can induce drastic changes in the band
structure of BNNTs [12]. The Au decoration on the surface
of BNNTs significantly enhanced their field emission current
densities [13]. Additionally, the introduction of rare-earth
element into the walls of BNNTs can result in broad and
tunable light emission [14, 15], making them a potential can-
didate in nanosized lighting sources and nanospectroscopy.
Yet it is difficult to directly decorate the BNNTs with metal
nanoparticles by chemical route due to the good chemical
inertness of the BNNTs. At present, the synthesis of metal
nanoparticles decoratedBNNTs ismainly realized by physical
vapour deposition (PVD) [13] or a complicated chemical
route [16]. Although metal nanoparticles with uniform size
can be obtained by PVD, the deposition only occurs on the
top surface of bulk BNNTs samples facing the metal target.
And, for previous chemical route, the surface of the BNNTs
and metal nanoparticles needs to be functionalized with
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organic molecules, which is fairly complicated. Therefore,
simpler and effective methods are required to prepare these
metal nanoparticles decorated BNNTs.

In this work, a facile in situ preparation of Pd-BNNTs
is developed. The process was carried out by self-regulated
reduction of PdCl

2
with the aid of SDS.Themethod provides

a basis for the assembly and integration of nanoscale materi-
als onto the BNNTs. In addition, Pd is an important transition
metal in catalysis due to their high hydrogen solubility,
diffusivity, and corrosion resistance [17, 18] and it can also
be used as hydrogen storage media [19] for its high affinity
for hydrogen. That is, the introduction of Pd may improve
the catalytic activity and hydrogen adsorption property of the
BNNTs, making them potential candidate in these fields.

2. Experimental Procedure

TheBNNTswere synthesized by a ballmilling and subsequent
high temperature annealing process [13–15]. Typically, the
amorphous boron powder was first milled in a planetary
mill with a stainless steel bowl and several balls for 50 h
at a rotation speed of 300 rpm. The weight ratio of the
milling balls to the boron powder was 50 : 1. Then, the milled
boron powder was annealed in a tube furnace at 1100∘C for
2 h under a H

2
/N
2
(15% H

2
) gas flow (100mL/min). Then,

0.5mg of as-synthesized BNNTs was suspended in 2mL of
0.05M aqueous SDS solution and ultrasonicated for 30min.
Subsequently, 1mL of PdCl

2
saturated solution (20∘C) was

added to the BNNTs/SDS dispersion and the mixture was
refluxed for 6 h at 130 ± 1∘C. After cooling down to room
temperature naturally, the reaction mixture was filtered with
0.45 𝜇mmembrane filter, washed several times with distilled
water to remove the excess surfactant, and then redissolved
in ethanol.

Zeiss UltraPlus analytical field emission scanning elec-
tron microscopy (FESEM) was used for morphology investi-
gation. X-ray energy dispersive spectroscopy (EDS) attached
to the Zeiss UltraPlus analytical FESEMwas used to examine
the components. Philips CM300 high-resolution transmis-
sion electron microscopy (HRTEM) was employed to probe
the interior construction of the as-prepared BNNTs and Pd-
BNNTs. The X-ray diffraction spectrum was collected with
BRUKER-AXS X-ray diffractometer (XRD) with monochro-
matic Cu K𝛼 radiation. The bonding information of BNNTs
was identified with PerkinElmer Fourier transform infrared
spectroscopy (FTIR).

3. Results and Discussion

As shown in Figure 1(a), the typical XRD pattern of the
as-prepared BNNTs shows three peaks (marked with black
rhombus “⧫”) at the d-spacing of 3.36, 2.15, and 2.06 which
can be assigned to (002), (100), and (101) planes of hexagonal
boron nitride structure (JCPDF card number 73-2095) [20].
The rest peak marked with hollow rhombus (◊) can be
identified as (110) plane of 𝛼-Fe, which was introduced in
the ball milling process and used as catalyst in the BNNTs
growth process. In addition, two IR absorption regions can

be obviously distinguished at 805 cm−1 and 1385 cm−1 in the
FTIR spectrum (Figure 1(b)), corresponding to the out-of-
plane radial buckling (R) mode where boron and nitrogen
atoms are moving radially inward or outward and transverse
optical (TO) mode of h-BN sheets that vibrate along the
longitudinal or tube axis of BNNTs, respectively [21, 22]. Fig-
ures 1(c) and 1(d) show the typical FESEM and TEM images
and EDS spectrum of the as-prepared BNNTs. The FESEM
image (Figure 1(c)) reveals that pure products were formed
on the sample surfaces, which possess a high density of one-
dimensional structures with relatively uniform diameters in
the range of 100–300 nm. The inset EDS spectrum confirms
that the main components composed of the nanotubes are
boron and nitride. Further examination carried out by TEM
analysis (Figure 1(d)) indicates that the BNNTs are formed by
repeated cup-like structures with void interior. The intrinsic
plane spacing of the walls is determined to be 0.34 nm in
terms of the HRTEM images (inset in Figure 1(d)), which is
well matched with that of h-BN (002) plane.

As described in Figure 2, the in situ decoration of BNNTs
with Pd nanoparticles is realized by refluxing a dispersion
of BNNTs in an aqueous solution of SDS/PdCl

2
for 6 h

(details can be seen in Experimental Procedure section).
During the whole preparation process, the surfactant SDS
plays a dual role. Firstly, as the surfactant, a great deal
of SDS molecules will be absorbed on the surface of the
BNNSs thus aiding the dispersion of BNNTs in water as
shown in Figure 2. Secondly, SDS acts as a reactant to
participate in the oxidation-reduction reaction. During the
reflux process, CH

3
(CH
2
)
10
CH
2
OH was generated by the

reaction of SDS with H
2
O (reaction (1) in Figure 3), and

then the Pd2+ ions that had diffused into the core of the
micelle were reduced by the CH

3
(CH
2
)
10
CH
2
OH to form

Pd atoms (reaction (2) in Figure 3) [23]. With the increase
in the reduced Pd atoms, they agglomerated together on the
BNNTs’ surface to form Pd nanoparticles. After separating
and carefully rinsing, the residual organic was removed and
Pd-BNNTs were achieved. Figure 4(a) shows a typical SEM
image of the Pd nanoparticles decorated BNNT, where Pd
nanoparticles can be clearly seen attached on the surface of
BNNT. EDS analysis (inset in Figure 4(a)) confirmed that
the attached nanoparticles are indeed palladium. Figures
4(b) and 4(c) present the TEM micrographs of pristine and
Pd nanoparticles decorated BNNTs, respectively. Comparing
Figure 4(c) with Figure 4(b), the dark spots particles can be
clearly seen on the surface of Pd nanoparticles decorated
BNNT. Inset in Figure 4(c) is a typical HRTEM image of
the Pd nanoparticles attached on the surface of BNNTs.
The lattice constant of the nanoparticles is calculated to be
0.197 nm, which is the same as the (200) plane distance of
the cubic Pd crystal structure [24], demonstrating that the Pd
nanoparticles are successfully deposited on the surface of the
BNNTs.

4. Conclusions

It has been demonstrated that Pd-BNNTs can be prepared
by the self-regulated reduction of PdCl

2
with the aid of SDS.
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Figure 4: (a) FESEM image of the Pd-BNNTs (inset is the corresponding EDS spectrum); (b) and (c) the typical TEM images of pristine
BNNTs and BNNTs with Pd nanoparticles (inset is the HRTEM image).

During the preparation process, the surfactant SDS plays
a very important role in the dispersibility of BNNTs and
reduction of Pd2+ to formPd nanoparticles.The characteriza-
tion results indicate that Pd nanocrystalline particles can be
successfully deposited on the BNNTs surface via this simple
wet chemical route, which constitutes a basis for the assembly
and integration of nanoscale materials onto the BNNTs. The
good activity catalysis of Pd combined with the excellent
properties of BNNTs may make the Pd-BNNTs be potential
candidate in the application of electronic and catalysis fields.
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Nanofibrous scaffolds were fabricated through blending of a synthetic polymer, polycaprolactone (PCL), and a natural polymer,
gelatin (GE), using an electrospinning technique. Processing and solution parameters were optimized to determine the suitable
properties of PCL/GE-based nanofibers. Several characterizations were conducted to determine surface morphology by scanning
electron microscopy (SEM), wettability using water contact angle measurement, and chemical bonding analysis using attenuated
total reflectance (ATR) of PCL/GE-based nanofibers. Experimental results showed that 14% (w/v) PCL/GE with a flow rate of
0.5mL/h and 18 kV demonstrated suitable properties.This nanofiber was then further investigated for its in vitro degradation, drug
loading (using a model drug, tetracycline hydrochloride), and antibacterial testing (using zone inhibition method).

1. Introduction

In cases of full-thickness burns or deep ulcers, there are
no remaining sources of cells for tissue regeneration and
recovery [1]. These severely injured parts will deteriorate
further if a patient has diabetes [2]. Hence, tissue engineering
(TE) technology is crucial to solve this issue. TE provides
an alternative pathway for tissue regeneration and recovery
using polymeric biomaterials [3] to harvest tissues for trans-
plantation [4] from the patient’s own cells. In human skin,
extracellular matrix (ECM) is a key element in monitoring
cell behavior while scaffold design is the most important
component inTE [5]. Biomaterials scaffolds play a pivotal role
in providing a synthetic but suitable ECM environment for
growing cells and drug delivery in severely injured skin [6].

Recently, the rapid growth of nanotechnology has spurred
the development of nanofibrous scaffolds [7]. There are
many fabrication techniques including phase separation, self-
assembly, and electrospinning [8]. Among these, electro-
spinning is the most widely used [9]. The technique of
electrospinning is dependent on several types of parameters,
including solution parameters such as concentration, vis-
cosity, and solution conductivity and processing parameters
such as voltage applied, temperature, flow rate, and distance

between tip of syringe and collector [10–12]. Electrospinning
technology has led to wide interest in scaffold fabrication, in
the main because the biological andmechanical properties of
nanofibers can be easily manipulated by altering the solution
and processing parameters [13]. Electrospinning is a relatively
simple technique for fabricating highly porous nanosize scaf-
folds from a wide variety of polymers including biopolymers
such as gelatin, collagen, and fibrinogen [14] on a large scale.
The large surface area to volume ratio of nanofibers enhances
the diffusion efficiency of nutrient and gaseous exchange
[15]. Porosity, air permeability, and surface wettability of
nanofibers are important elements for regenerating skin
tissue [16]. Also electrospinning is able to fabricate nanofibers
with similar morphology and architectural features to the
natural ECM in skin [13]. In addition, biodegradable scaffolds
are able to degrade and thus change their structure over time
to seeded cells in order to proliferate and produce their own
ECM [17]. Using biodegradable polymer via electrospinning
is important in skin to avoid the need for surgical removal
[18].

Recent studies have shown that PCL/GE can be used
for dermal reconstitution [13] and wound healing or wound
dressing [19]. However, there is less research on the
antibacterial testing of PCL/GE nanofibers for the application
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of skin tissue regeneration. It is essential to apply antibiotic
to the severely injured part of the skin via a drug delivery
system to reduce inflammation caused by bacterial infection
[20]. Therefore, it is important to fabricate an antibacterial
test for PCL/GE-based nanofibers to avoid the interference
of bacteria with cell activities during tissue regeneration and
repair. Kenawy et al.’s research demonstrated the potential of
electrospun nanofibers as effective carriers for drug delivery
and tetracycline hydrochloride was used in the research [21].
According to Bhardwaj and Kundu’s research, tetracycline
has been found to prevent skin inflammation from bacterial
infection [14]. However, there is still no report investigating
the antibacterial activities of tetracycline hydrochloride in
PCL/GE nanofibers for skin loss application.

In this paper, PCL/GE-based nanofibers were fabricated
using the electrospinning technique by varying certain
parameters. Characterizations and degradation tests were
carried out to determine potential nanofibers for further
investigation. Tetracycline hydrochloride was loaded into
PCL/GE-based nanofibers and tested on their antibacterial
activity against Gram-negative and Gram-positive bacteria.

2. Materials and Methods

2.1. Materials. Polymer of GE powder from porcine skin,
PCL pellets (Mw = 70,000–90,000), and solvent of formic
acid (density: 1.22 g/mL) were purchased from Sigma-
Aldrich. The drug (antibiotic) used in this study was tetra-
cycline hydrochloride, obtained from Calbiochem.

2.2. Methods

2.2.1. Preparation of PCL/GE-Based Polymer Solutions. Three
different polymer blend solutions of PCL/GE, which were
12% (w/v) (PCL = 1.0 g; GE = 0.2 g), 14% (w/v) (PCL = 1.0 g;
GE = 0.4 g), and 18%w/v (PCL = 1.0 g; GE = 0.8 g), were
prepared by dissolving different amounts of PCL pellets and
GE powder into 10mL formic acid. Based on the solution
properties, 14%w/v was found to be suitable for producing
nanofibers. The PCL pellets and GE power were dissolved
completely in formic acid by stirring magnetically using a
magnetic stirrer (LABMART HTS-1003) at 600 rpm at room
temperature for up to three hours.

2.2.2. Fabrication of PCL/GE-Based Electrospun Nanofibers.
An electrospinning unit (NaBond, China) was used in the
fabrication of PCL/GE-based nanofibers. The prepared poly-
mer solution (12% [w/v] PCL/GE-based) was transferred
into a 5mL syringe with the constant flow rate of 0.5mL/h
using an infusion pump (Veryark TCV-IV, China). Once high
voltage at 18 kV was applied to the needles of the syringe,
a fluid jet was ejected from the needles and accelerated
towards a grounded collector (10 cm × 10 cm) aluminum
sheet. The needle was placed at a distance of 10 cm away
from the aluminum collector. The polymer solution was
evaporated and the charged polymer fibers were deposited
on the collector in the form of nanofibers. These steps

were repeated with 14% (w/v) and 18% (w/v) PCL/GE-based
polymer solution.

2.2.3. Characterization of PCL/GE-Based
Electrospun Nanofibers

Morphology. First, the electrospun nanofibers were coated
with gold. Then, the surface morphology of the coated
PCL/GE-based electrospun nanofibers was obtained by SEM
(Hitachi TM 3000, Japan) at an accelerating voltage of 15 kV
and a field emission scanning electron microscope (FESEM).
The obtained images were further analyzed to examine fiber
diameters and pore size diameters by J-Image. At least 30
fibers were measured for their fiber diameters and pore sizes
and the average and standard deviations were plotted.

Attenuated Total Reflectance (ATR): Fourier Transform In-
frared Spectroscopy (FTIR). Chemical bonding of PCL and
PCL/GE was determined by ATR-FTIR (Perkin-Elmer 5
Series, USA) over a range of 400 to 4000 cm−1.

Contact Angle. Wettability of hydrophilicities of PCL/GE-
based electrospun nanofibers was examined through a con-
tact angle measuring system (VCA Optima, AST Products,
Inc.) and further analyzed using VCA Optima software. The
size of dropping deionized water was 3 𝜇L.

2.2.4. In Vitro Degradation Study. The selected sample of
nanofibers was cut into 1 cm2 pieces and immersed in phos-
phate buffered saline (PBS, pH = 7.4) and incubated in vitro
at 37∘C for different periods of time (day 1 and day 14). After
each degradation period, the nanofibers were washed and
subsequently dried in room temperature for 24 hours. The
morphologies of degraded nanofibers were observed with
field emission scanning electron microscopy (FESEM) and
the fiber diameters were calculated using J-Image.

2.2.5. Drug Loading. Tetracycline hydrochloride was used
as the model drug (antibiotics) in this study. It had to
be predissolved in methanol before being added to the
spinning solution. Tetracycline 0.2 g was prepared to be pre-
dissolved in 10mL methanol to load 2% (w/v) of tetracycline
hydrochloride into the nanofibers. After all the tetracycline
hydrochloride was completely predissolved into methanol,
just 1mL of tetracycline hydrochloride solution was taken
out and added to the blended polymer solution selected.
After mixing the 1mL of 2%w/v tetracycline hydrochloride
with the blended polymer solution, electrospinning was
then carried out to fabricate PCL/GE-based nanofibers with
tetracycline hydrochloride.

2.2.6. Antibacterial Tests. Antibacterial activity of tetra-
cycline hydrochloride-loaded PCL/GE-based electrospun
nanofibers was investigated by zone inhibition method. Te-
tracycline hydrochloride-incorporated PCL/GE nanofibers
were cut into 14mm diameter circular discs. Escherichia coli
(Gram-negative bacteria) and Bacillus cereus (Gram-positive
bacteria) were chosen asmodelmicroorganisms in this study.
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Figure 1: FESEMmicrographs of 14%w/v PCL/GE-based nanofibers at different magnification.

The spread platemethodwas used as nutrient agar plates were
inoculatedwith 1mL of bacterial suspensionwhich contained
around 108 cfu/mL for each type of bacteria. Nanofibers were
gradually placed on the inoculated plates and incubated for
24 hours at 37∘C. Zones of inhibition were determined by
calculating the diameter of clear area formed around each of
the nanofibers.

2.2.7. Statistical Analysis. Three to five samples were tested
and the average and standard deviations were plotted and
analyzed.

3. Results and Discussion

3.1. Morphology of PCL/GE-Based Nanofibers. Figure 1 shows
the microstructures of PCL/GE-based nanofibers fabricated
from 14%w/v PCL/GE-based solution. Electrospun PCL/GE-
based nanofibers produced from lower concentrations had
unwanted beads because of low polymer concentration. The
fibers were in wet form when reaching the collector during
the electrospinning process. Thus unwanted bead formation
occurred. Fewer beads were observed with the increase of
solution concentration. However, if the blended polymer
solutionwas too concentrated, it was difficult to eject the fluid
jet from the needles and to accelerate it toward a grounded
collector. In some cases, the droplet of overconcentrated
polymer solution might dry out at the tip and halt the
electrospinning process.

The diameter and pore sizes of electrospun nanofibers are
presented in Figure 2. According to Figure 2(a), the average
fiber diameter increased with the increasing concentration

of the polymer solution. Concentrations of 12%, 14%, and
18%w/v PCL/GE-based nanofibers attained fiber diameters
of 15.9 nm, 87.7 nm, and 547.6 nm, respectively. Higher vis-
cosity resistance as a result of higher concentration of the
blended solution fails tomaintain its flow at the tip of needles.
Hence, a large size of nanofibers formation is obtained.
Basically, a small fiber diameter is much preferred over a
larger size due to its high surface area to volume ratio
which is able to enhance its nutrient and gaseous delivery
efficiency as well as drug loading and drug release via the
diffusion process. On the other hand, the pore size of the
nanofibers was also examined for the polymer concentration
of 12%w/v, 14%w/v, and 18%w/v (Figure 2(b)). It was found
that 14%w/v had the highest pore size, which was around
178.42 nm. Larger pore size improves cell activities such
as cell migration and cell proliferation. From the surface
morphology characterization, the average fiber diameters and
pore size of 14%w/v displayed the optimum characteristic
which is needed for skin tissue regeneration.

3.2. ATR-FTIR. ATR-FTIR analysis was done to identify
the intermolecular interaction between PCL- and PCL/GE-
based electrospun nanofibers. According to the spectrum
shown in Figure 3, PCL and PCL/GE have the same infrared
spectra showing that they have similar chemical bond-
ing. The common band included 2,949 cm−1 (asymmetric
CH
2
stretching), 2,865 cm−1 (symmetric CH

2
stretching),

1,727 cm−1 (carbonyl stretching), 1,293 cm−1 (C–O and C–C
stretching), and 1,240 cm−1 (asymmetric COC stretching).

The only difference in bands between PCL and PCL/GE
was the presence of an amide group (NH

2
) in PCL/GE.
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Figure 2: Average fiber diameters (a) and average pores sizes (b) of PCL/GE-based electrospun nanofibers fabricated from 12%w/v, 14%w/v,
and 18%w/v PCL/GE-based polymer solution.
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Figure 3: ATR- FTIR spectra of PCL- and PCL/GE-based nanofi-
bers.

The bands of GE appeared at approximately 1,650 cm−1
(amide I) and 1,540 cm−1 (amide II).Thepresence of an amide
group confirms the presence of GE in nanofibers after poly-
mer blending and electrospinning. Amide groups in gelatin
are able to form hydrogen bonds with water molecules. Thus
gelatin has the ability to increase the hydrophilicity of PCL-
based nanofibers.

3.3. Water Contact Angle. Since the PCL/GE-based nanofi-
bers that we fabricated are intended to be used in skin tissue
regeneration, contact with water, blood, and other bodily
fluids is frequent. Thus it is essential to characterize the
PCL/GE-based nanofibers for their wettability. The wettabil-
ity of the fiberwasmeasured usingwater contact angle. Table 1
demonstrates the contact angle of water on the surface of
nanofibers produced at different concentrations.

It was observed that the nanofibers of 12% (w/v) showed
the highest contact angle of 98∘± 2.0∘ compared to those of
14% (w/v) which were 49.5∘± 3.2∘. When the amount of GE
increased to 0.8 g, the contact angle decreased significantly
and it was absorbed completely on the surface as GE is highly
hydrophilic in nature.The contact angle of nanofibers showed

Table 1: Contact angle of PCL/GE-based electrospun nanofibers
produced from different polymer concentrations.

Concentration of
PCL/GE solution
(w/v)

Contact angles (∘)

12%

98 ± 2.0

Angles: [98.10∘ , 98.10∘]

14%

49.5 ± 3.2

Angles: [49.50∘ , 49.50∘]

18%

—

hydrophilic property with less than 90∘ value. Since 14%w/v
PCL/GE-based nanofibers exhibit the most optimum char-
acteristics such as smaller fiber diameters, largest pore size,
and good hydrophilicity, they were thus chosen for further
analysis and characterization.
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Figure 4: FESEM micrographs of (a) 14%w/v PCL/GE-based nanofibers: as-fabricated (A) and degraded (B); (b) distribution of fiber
diameters in 14%w/v PCL/GE-based nanofibers after degradation.

The GE component in PCL/GE nanofibers is expected
to be gradually dissolved when it comes into contact with
water (or bodily fluid); hence, it is able to create more
space for cell growth and cell migration. Similarly, the good
deformation properties of GE provide easier opening of space
to harvest the skin tissue and cells. It is not easy to fabricate
desired pore sizes through electrospinning due to the random
deposited fibers. However, the overall network architecture
structure fabricated is similar and able to mimic the natural
ECM, providing the advantage in the process of skin tissue
regeneration and repair.

3.4. InVitroDegradation. Theability of nanofibers to degrade
was evaluated through soaking them in PBS solution for 14
days using a sample of 14% (w/v). The morphology of as-
fabricated and degraded PCL/GE nanofibers was studied by
FESEM. The FESEM images are shown in Figure 4(a). At
day 14, it was observed that many fibers were broken down.
The diameter range of degraded nanofibers was in the range
of 26.7 nm–206 nm, with average diameters of 127.29 nm.
Figure 4(b) shows the distribution of nanofiber diameters.
The broken fibers and the percentages of weight loss (Table 2
and Figure 5) from 3.3% (day 7) to 15.5% (day 14) indicated
that the blended nanofiberswere successfully degraded due to
the presence of GE, which has a faster degradation rate than
PCL (0% for both day 7 and day 14). Consisting of an amide
group, GE was able to form a hydrogen bond with water

Table 2: The percentages of weight loss for 14% PCL-based nanofi-
bers and 14% PCL/GE-based nanofibers.

Days PCL (%) PCL/GE (%)
0 0.0 0.0
7 0.0 3.3 ± 1.1
14 0.0 15.5 ± 2.0

molecule. These biodegradable and hydrophilic properties
of 14%w/v PCL/GE-based nanofibers are beneficial to skin
tissue regeneration.

3.5. Drug Loading. It is important to load antibiotics into
PCL/GE-based nanofibers to reduce inflammation caused by
bacterial infection during the process of recovery activities,
since the injured part of skin is an ideal environment
for microbial growth. The 14% PCL/GE-based nanofibers
incorporated with tetracycline hydrochloride were examined
using EDX and FESEM (Figure 6(a)). Meanwhile, smooth
fibers with no bead formation and decrement in average fiber
diameter were observed in the FESEM image, as shown in
Figure 6(b).

3.6. Antibacterial Tests. It is essential to carry out antibac-
terial tests on tetracycline hydrochloride-loaded PCL/GE-
based nanofibers to investigate the potential of nanofibers



6 Journal of Nanomaterials

0

2

4

6

8

10

12

14

16

18

0 7 14
W

ei
gh

t l
os

s (
%

)

Days

PCL
PCL/GE

Figure 5: The percentages of weight loss of PCL- and PCL/GE-based nanofibers in day 7 and day 14.

C
Cl

O Cl

2 4 6 8 10 12 14 16 18 20

(keV)

Spectrum 1

Full scale 7048 cts cursor: 0.000

(a)

0

2

4

6

8

10

12

14

16

50–80 81–110 111–140 141–170

Fr
eq

ue
nc

y

Fiber diameter (nm)

(b)

Figure 6: FESEMmicrograph and EDX spectrums of 14%w/v PCL/GE-based electrospun nanofibers with tetracycline hydrochloride (a) and
its fiber diameter distribution (b).

in the inhibition of bacterial growth. The antibacterial
tests were performed using the zone inhibition method
by examining the antibacterial activities against two types
of bacteria, Bacillus cereus (Gram-positive bacteria) and
Escherichia coli (Gram-negative bacteria). Figure 7 displays
the inhibition zone of the nanofibers while Table 3 shows
the diameters of the inhibition zone. Based on the result
observed, the drug-loaded nanofibers showed a large area
of zone inhibition toward the two bacteria. The initial
diameter of nanofibers was 14mm. The diameters of clear
inhibition were at least double the initial diameter.This result
indicates that tetracycline hydrochloride possesses efficient
antibacterial property and a small amount of tetracycline
hydrochloride (2%) is enough to inhibit a large area of
bacterial growth. The drug-loaded nanofibers fabricated
should be able to prevent the growth of bacteria respon-
sible for severe harm to skin tissue, thus aiding the tissue
regeneration process and effectively avoiding exogenous
infections.

Table 3: Antibacterial activity of tetracycline hydrochloride-loaded
PCL/GE-based nanofibers (14%w/v) against Bacillus cereus and
Escherichia coli.

Bacteria The diameter of inhibition zone (mm)
Bacillus cereus 34 ± 0.5
Escherichia coli 30 ± 1.2

4. Conclusions

PCL/GE-based electrospun nanofibers were successfully fab-
ricated using the electrospinning technique. Suitable fibers
with suitable properties were fabricated with 14%w/v of
PCL/GE with flow rate 0.5mL/h and 18 kV. Results from
these experiments confirmed that 14%w/v PCL/GE was in
the range of ideal porosity and was able to degrade with time.
It was possible to incorporate drugs into the nanofibers. The
14% PCL/GE-based nanofibers with tetracycline hydrochlo-
ride showed clear inhibition zones against Gram-positive and
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Figure 7: Antibacterial activity of 14%w/v PCL/GE-based nanofiber: (a) Bacillus cereus and (b) Escherichia coli.

Gram-negative bacteria.The nanofibers are suitable for use in
inhibiting bacterial infections and protect the injured part of
both skin and tissues from contamination during skin tissue
engineering.
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