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Nanomaterials and nanocomposites have attracted consid-
erable interest for application in various areas due to their
unique properties. The functionalization and bottom-up
assemblies of nanomaterials and subsequent applications
of well-defined micro/nanostructures have multiple impor-
tant impacts upon nanoscience and nanotechnology. The
sophisticated nanostructures with multiple components have
deepened the insight of nanomaterials and enriched the
content of supramolecular chemistry. It can be predicted
that, due to the growth of understanding of the rules in the
nanoscale, our dream to manipulate molecules to achieve the
precisely tailored organic/inorganic nanostructures could be
realized in future.

This special issue addresses the research studies on
chemical functionalization, self-assembly, and applications
of nanomaterials and nanocomposites. It contains twenty-
four articles including two reviews and twenty-two research
articles. It is used to create new functional nanomaterials
and nanocomposites with a variety of sizes and morpholo-
gies such as Zn/Al layered double hydroxide, tin oxide
nanowires, FeOOH-modified anion resin, Au nanoclusters
silica composite nanospheres, Ti-doped ZnO sol-composite

films, TiO
2
/ZnO composite, graphene oxide nanocompos-

ites, LiFePO
4
/C nanocomposites, and chitosan nanoparticles.

These nanomaterials and nanocomposites have widespread
applications in tissue engineering, antitumor, sensors, pho-
toluminescence, electrochemical, and catalytic properties.
In addition, this themed issue includes some research arti-
cles about self-assembly systems covering organogels and
Langmuir films. Furthermore, B. Blasiak et al. performed
a literature survey on the recent advances in production,
functionalization, toxicity reduction, and application of
nanoparticles in cancer diagnosis, treatment, and treatment
monitoring. P. Colson et al. performed a literature survey
on the recent advances in nanosphere lithography due to
its compatibility with wafer-scale processes as well as its
potential to manufacture a wide variety of homogeneous
one-, two-, or three-dimensional nanostructures.
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Three polyurethane films were prepared by adding the antioxidant-1010 and the composite stabilizer to the polyurethane
matrix, respectively. The accelerated weathering tests were performed by using self-designed UV/ozone aging test device. The
color difference, yellowness index, UV-Vis spectrum, and infrared spectrum were recorded with colorimeter apparatus, UV-Vis
spectroscopy, and FT-IR spectroscopy, respectively. The results show that, for the polyurethane film, the composite stabilizer can
remarkably decrease UV transmission, the antioxidant-1010 and the composite stabilizer canmarkedly decrease the photooxidation
index and the carbonyl index, respectively, and the antioxidant-1010 can significantly improve the antiyellowing properties after
60 h exposure. With incremental exposure time for the three films, UV-Vis transmission decreases, the photooxidation index,
the carbonyl index, color difference, and yellowness index increase gradually. Under current experimental conditions, the order
of UV/O

3
aging resistance from highness to lowness is as follows: the polyurethane film modified by the antioxidant-1010, the

polyurethane film modified by composite stabilizer, and the pure polyurethane film.

1. Introduction

Polyurethane (PU), a polymer containing repeated group
(–NHCOO–) on the main chain, is well-known coating
materials in a large variety of commercial and technical
applications, including adhesives, sealants, coatings, fibers,
thermoplastic parts, elastomers, and both rigid and flexible
foams [1, 2]. PU is available in many formulations and pos-
sesses an excellent balance of properties [3]. As an alternative
material for the weathering layer of the high-altitude balloon
or airship, thermoplastic PU has recently attracted more and
more attention, because it has outstanding overall toughness,
high tensile strength, tear strength, abrasion resistance prop-
erties requiring much less coating weight, low temperature
flexibility, fair gas permeability, good handling properties,
and good weatherability and ozone resistance properties.
Thermoplastic polyurethane can be heat-sealed, adhesively
bonded, and laminated to other substrates [4].

However, similar to other polymer materials, exposure
of thermoplastic PU to aggressive environments (i.e., UV
radiation, thermal exposure, and oxidative atmosphere)
causes changes in their physical, chemical, and mechanical
characteristics and even loss of use value [5]. Hence, in order
to suppress degradation and prolong the service life, the
antiaging agent should be added to the polymer. The suitable
antiaging agents for PU materials mainly include ultraviolet
absorber [6], antioxidant [3], hindered amine [7, 8], and
others [9, 10].

The UV absorbers include organic and inorganic UV
absorbers. Despite the fact that the organic UV absorber
has broad applicability, it has the disadvantages of volatil-
ity and migration, due to the pure organic compositions,
which not only affects the persistent performance but also
leads to environment pollution. Inorganic UV absorbers,
such as nano-ZnO and nano-CeO

2
, have advantages of

good chemical stability, thermal stability, nontoxic, odorless,
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wide wavelength range for the UV shielding, and so forth.
However, they usually affect the transparency of the film.
The advantages of antioxidants-1010 are low costs and good
resistance properties, but heat-discoloration resistance is
poor. The functions and effects of the different additives are
different, and each has its ownmerits. Excellent performance
or synergy effect could be acquired by using composite
stabilizers.

In this paper, thermoplastic polyester PU was selected as
matrix, and the modified PU films were prepared by adding
antioxidants-1010 and composite additives (containing nano-
ZnO, nano-CeO

2
, UV-531, UV-327, and the hindered amine-

622), respectively.The comprehensive UV/ozone aging prop-
erties of polyester PU films were studied in a self-designed
UV/ozone aging test device. Meanwhile, the effects of
antioxidants-1010 and composite additives on the UV/ozone
resistance properties of polyester PU film were analyzed,
which provide some basis in application of the thermoplastic
PU to theweathering layer of high-altitude balloon or airship.

2. Experiments

2.1. Raw Materials and Equipment. In this work, the raw
materials mainly include the polyester PU pellets (B85A,
BASF AG), antioxidants-1010 (≥98.0%, Nanjing Hualiming
Chemical Co., Ltd.), nano-ZnO (20 nm) modified by silane
coupling agent (Qinhuangdao Taijihuan Nano Products Co.,
Ltd.), nano-CeO

2
(50 nm, Qinhuangdao Taijihuan Nano

Products Co., Ltd.), 𝛾-methacryloxypropyltrimethoxy silane
(KH570, ≥98%, Shanghai Huyu Bio Co., Ltd.), UV absorbent
of UV-327 (≥99.0%, Nanjing Hualiming Chemical Co., Ltd.),
UV absorbent of UV-531 (≥99.0%, Shanghai Deyude Co.,
Ltd.), antioxidant-1010 (≥98.0%, Nanjing Hualiming Chem-
ical Co., Ltd.), hindered amine-622 (≥99.0%, Nanjing Hual-
iming Chemical Co., Ltd.), and N, N-dimethylformamide
(DMF) (AR, Tianjin Kaitong Chemical Co., Ltd.). The struc-
tures of UV absorbent of UV-327 and UV-531, antioxidant-
1010, and hindered amine-622 are shown in Scheme 1.

The experiment instruments and equipment mainly
include AD-XF-5P type ozone generating machine (ozone
concentrations ranging from 0 to 1000 ppm, Jinan Jieanli
Technology Co., Ltd.), ACO-318 electromagnetic air com-
pressor (Guangdong Haley Group Co., Ltd.), UVB-313
UV radiation meter (Beijing Normal Photoelectric Instru-
ment Factory), UVB-313EL UV fluorescent tubes (Q-Lab
Co., Ltd.), CPR-G6 ozone detection probe (Beijing Shan-
meishuimei Environmental Protection Hi-Tech), CR-10 col-
orimeter (Japan Minolta Co., Ltd.), UV-2550 UV-Vis spec-
trophotometer (Shimadzu Co., Ltd. Japan), Nicolet IS10
infrared spectrometer (Thermo Fisher Technologies, Inc.),
FA2004 electronic balance (Shanghai the Shunyu Hengping
Scientific Instrument Co., Ltd.), JFA-II coating machine
(Shanghai Environmental EngineeringTechnologyCo., Ltd.),
DZF vacuum oven (Shanghai Jinghong Testing Equipment
Co., Ltd.), and KQ3200B ultrasonic cleaning (KunshanUltra-
sonic Instrument Co., Ltd.).

2.2. Surface Modification of Nano-CeO
2
. At room temper-

ature, 5 g nano-CeO
2
and 100mL mixed solvent (absolute

Table 1: Content of the additives in the films.

Sample Content of the additives/wt.%
PU UVAI UVAO ANT HALS

PU 100.0 0 0 0 0
PU-ANT 99.5 0 0 0.5 0
PU-COM 96.7 2.0 0.8 0 0.5

ethanol : water = 3 : 1) were added to a 250mL three-necked
flask, magnetically stirring for 30min, and then heated to
85∘C. Silane coupling agent KH570 (CeO

2
/KH-570 = 6wt.%)

was added dropwise with magnetic stirring. After reflux
for 4 h and extraction for 24 h using Soxhlet extractor, the
products were dried in a vacuum oven at 80∘C for 12 h.

2.3. Preparation of Slurry. PU pellets, inorganic compos-
ite ultraviolet absorbent (ZnO + CeO

2
) (represented as

UVAI), composite organic UV absorbent (UV-531 + UV-
327) (represented as UVAO), antioxidants-1010 (represented
as ANT), and hindered amine-622 (represented as HALS)
were weighed according to the designed composition (see
Table 1) and then added to amixed solvent in accordancewith
the volume ratio of N, N-two dimethylformamide :methyl
ethyl ketone : pellets = 7 : 2 : 1 with magnetic stirring. After
being uniformly dispersed, the pellets were gradually added
to the mixed solvent and gradually heated to about 60∘C and
strongly stirred for two hours. The solid content was held to
15%, and the slurry could be obtained.

2.4. Film Preparation. In this work, the films were prepared
by two methods. For the first method, the film was coated on
a coating machine and then dried in a vacuum oven at 60∘C
for 12 h.The slurry was cured on the quartz slide, and the film
with theoretical thickness of 30𝜇m was obtained for testing
the color difference, the yellowness index, and the UV-Vis
transmittance. For the other method, the film was prepared
by spin-coating with the ratio of 2000 r/min and the duration
of 10 s. After being dried in a vacuum oven at 60∘C for 12 h,
the slurry was cured on CaF

2
slide. The obtained film is used

for testing the infrared spectra.

2.5. Weatherability Testing. The integrated aging properties
of the polyester films were studied in a self-designed com-
prehensive UV/ozone aging test device. The light source is
fluorescent UV lamps of UVB-313 EL system from American
Q-Lab Co.; the intensity of ultraviolet irradiation was 400 ±
20 𝜇W/cm2 at wavelength of 313 nm. The ozone concentra-
tion was 100 ± 2 ppm at ambient temperature and relative
humidity of 20%.

The color difference, the yellowness index, UV-Vis trans-
mittance, and FT-IR spectroscopy of the samples after expo-
sure time of 0 h, 20 h, 60 h, 120 h, 160 h, and 200 h were
tested by using CR-10 type colorimeter, UV-2550 UV-Vis
spectrophotometer, and Nicolet IS10 infrared spectrometer,
respectively.

In order to quantitatively compare the degree of aging,
–CH peak was as internal standard peak.The photooxidation
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index (PI) and the carbonyl index (CI) were calculated
according to formulas (1) and (2), respectively:

𝑃𝐼 = (
𝐴

𝐵
)

aged
− (
𝐴

𝐵
)

initial
(1)

𝐶𝐼 =
𝐶

𝐵
, (2)

wherein 𝐴 represents –OH and –NH peak area and 𝐵 and 𝐶
represent the peak areas of –CH

3
and –C=O, respectively.

3. Results and Discussion

3.1. UV-Vis Spectra. UV-Vis transmittance spectra of the PU,
PU-ANT, and PU-COM films as function of the aging time

are shown in Figures 1 and 2. It is found thatUV transmittance
of the film gradually decreases as the aging time increases
before 120 h, indicating that the aging degree of the film
increases with the increase of the aging time. After 120 h,
UV transmittance of the film remains stable. However, as
can be seen from Figure 2, UV transmittance of the PU-
COM film is significantly lower than those of PU and PU-
ANT films during the same aging time, indicating that the
composite additive could significantly improve theUV/ozone
resistance properties of the polyester PU material. This may
be attributed to the composite UV absorbent which could
effectively shield or absorb ultraviolet light and thus inhibit
or reduce the rate of oxidation reaction of the incremental
macromolecular and postpone the degradation and aging
process of the PU material.
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Figure 1: UV-Vis transmittance spectra of PU filmwith the increase
of the aging time.
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Figure 2: UV-Vis transmittance spectra of PU, PU-ANT, and PU-
COM films at the aging time of 120 h.

3.2. FT-IR Spectra. FT-IR spectra of the PU, PU-ANT, and
PU-COM films as function of the aging time are shown
in Figures 3, 4, and 5. The following main peaks can
be observed from the spectra: 3500∼3000 cm−1: –NH/OH
stretching vibration peak; 3000∼2800 cm−1: –CH

2
asymmet-

ric and symmetric stretching peak; 1760∼1660 cm−1: –C=O
stretching vibration peak; 1527 cm−1: the coupling peak of the
–NH/OH bending vibration and C–N stretching vibration in
–C–NHgroup; 1300∼1100 cm−1: theC–O stretching vibration
in ester group.
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Figure 3: FT-IR spectra of PU film as function of the aging time.
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Figure 4: FT-IR spectra of PU-ANT film as function of the aging
time.

It can also be seen from Figure 3 to Figure 5 that the
peak of –NH/OH stretching vibration widens and the peak
area increases gradually with the increase of the aging time,
indicating that the hydrogen peroxide may be generated
during the UV/O

3
aging process [11].The –C=O peak widens

gradually with the increase of the aging time, indicating that
new carbonyl groups (including quinone-imide structure)
may be generated during the UV/O

3
aging process [7].

These changes show that the urethane structures of these
films gradually decrease as the aging time increases. In
addition, the peak height at 1527 cm−1 in the spectra gradually
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Figure 5: FT-IR spectra of PU-COM film as function of the aging
time.
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Figure 6: The variation of PI of PU, PU-ANT, and PU-COM films
as function of the aging time.

decreases with the increase of the aging time, which indicates
that the Photo-Fries rearrangement of the urethane structure
may occur in each film [2].

3.3. The Photooxidation Index (PI) and the Carbonyl Index
(CI). In order to quantitatively compare the aging degrees
of PU, PU-ANT, and PU-COM films during the same
aging time, –CH peak was as internal standard peak. The
photooxidation index (PI) and the carbonyl index (CI) were
calculated according to formulas (1) and (2), and the results
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Figure 7: The variation of CI of PU, PU-ANT, and PU-COM films
as function of the aging time.
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Figure 8: The variation of the color difference of PU, PU-ANT, and
PU-COM films as function of the aging time.

are shown in Figures 6 and 7, respectively. It can be seen
that both the photooxidation index and the carbonyl index
of the films gradually increase with the increase of the aging
time, because the ozone has strong oxidation property and
the ultraviolet light has enough energy for penetrating, which
accelerates radical generation and enhances the photoradical
reaction. However, when the aging time is more than 60 h,
the photooxidation index and the carbonyl index of the PU
film increase rapidly with the increase of the aging time, while
those of modified PU-ANT and PU-COMfilms increase very
slowly, especially the PU-ANT film. For example, at the aging
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Figure 9:The variation of the yellowness index of PU, PU-ANT, and
PU-COM films as function of the aging time.

time of 200 h, photooxidation index of PU-COM film is 9.01,
which is lower than that of PU film (26.05) significantly,
because the composite additive could effectively shield and
absorb UV as well as hinder the aging of PU. PU-ANT
film has the lowest photooxidation index of 5.47, indicating
that 0.5 wt% antioxidant-1010 could significantly delay the
degradation and the aging process of PU in the UV/ozone
environment. Moreover, the composition and the ratio of the
composite additive could be further optimized.

3.4. The Color Difference and the Yellowness Index. The color
difference and yellowness index of PU, PU-ANT, and PU-
COM films as function of the aging time are shown in
Figures 8 and 9, respectively. It can be seen from Figure 8
that the variation of the color difference of the modified PU
is similar to that of pure PU. Before 120 h, as the aging time
increases, the color difference of each film increases without
significant difference from each other. Thereafter, the color
difference of each film is nearly unchanged. However, the
color difference of PU-ANT film is significantly lower than
that of PU film, while the color difference of PU-COM film is
higher than that of PU film. As can be seen from Figure 9,
the variation of yellowness index for each film is basically
consistent with that of the color difference.These phenomena
indicate that in the UV/ozone environment, the methylene
in PU film may be oxidized, leading to the quinone-imide
structure chromophore [6]. With the increase of the aging
time, the yellowing resistance properties of PU-ANT film
are much better than those of the pure PU, indicating
that antioxidant-1010 can effectively improve the yellowing
resistance properties of PU film. A possible reason is that
the antioxidant can effectively suppress or reduce the rate of
thermal oxidation and photooxidation of macromolecules,
thereby significantly improve the heat resistance and the

light resistance properties of the material and delay the
degradation of the PU material during the aging process.
After 120 h, the yellowing resistance properties of PU-COM
film are slightly lower than those of the pure PU, which
could be attributed to the decomposition and failure of some
organic additives in the strong UV/ozone environment or
certain antagonism effect among some additives. Further
studies need to be performed for verifying the exact reason.

4. Conclusions

(1) The composite stabilizer can significantly reduce the
UV transmittance of the PU film. The UV trans-
mittances of three films gradually decrease with the
increase of the aging time.

(2) The –NH/OH and –C=O peaks of three films grad-
ually widen, and the urethane structures gradually
reduce with the increase of the aging time.

(3) Antioxidant-1010 and the composite stabilizer are able
to significantly reduce photooxidation index and the
carbonyl index of the polyester PUfilm. In the present
experimental conditions, the order of UV/O

3
aging

resistance properties of these films is PU-ANT, PU-
COM, and PU film.

(4) The color difference and the yellowness index of these
films gradually increase with the increase of the aging
time. In the early stage of aging, the variations of
the color difference and the yellowness index are not
obvious. As the aging time is more than 60 h, the
yellowing resistance properties of PU-ANT film are
better than those of PU-COM and PU films.
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The layers of a Zn/Al layered double hydroxide (LDH) were doped with Dy3+ cations. Among some compositions, the
Zn2+ : Al3+ : Dy3+molar ratio equal to 30 : 9 : 1 presented a single crystalline phase. Organic anionswith carboxylic, amino, sulfate, or
phosphate functional groups were intercalated as single layers between LDH layers as confirmed by X-ray diffraction and infrared
spectroscopy. Photoluminescence spectra of the nitrate intercalated LDH showed a wide emission band with strong intensity in
the yellow region (around 574 nm), originated due to symmetry distortion of the octahedral coordination in dysprosium centers.
Moreover, a broad red band emission was also detected apparently due to the presence of zinc oxide. The distorted symmetry of
the dysprosium coordination environment, also confirmed by X-ray photoelectron spectroscopy analysis, was modified after the
intercalation with phenyl phosphonate (PP), aspartate (Asp), adipate (Adip), and serinate (Ser) anions; the emission as measured
from PL spectra of these LDH was more intense in the blue region (ca. 486 nm), thus indicating an increase in symmetry of
dysprosium octahedrons. The red emission band from zinc oxide kept the same intensity after intercalation of dodecyl sulfate
(DDS). An additional emission of unknown origin at 𝜆 = 767 nm was present in all LDHs.

1. Introduction

Layered double hydroxides (LDHs) are crystalline materi-
als whose layers are composed by octahedral units either
occupied by divalent or trivalent cations in coordination
with hydroxyl groups. Since the electrostatic charge of
trivalent cations in such coordination is not completely
neutralized, additional anions intercalated between the layers
are required. The chemical composition of LDHs is then

represented by the general formula: [M2+
1−𝑥

M3+
𝑥
(OH)
2
]
𝑥+

A𝑚−
𝑥/𝑚
⋅ 𝑛H
2
O, where M2+ and M3+ are the cations in octa-

hedral sites and A is the interlayer anion of charge𝑚− [1–3].
One of the conditions to successfully synthesize these

layered structures is the radius size of M2+ and M3+ cations,
which must be close to that of Mg2+ ( 0.86 Å) [1, 4]. If the
cationic radius is lower than 0.60 Å, the layers could be
distorted and the quality of crystals is reduced [3], while if
the radii are larger than 0.93 Å, the most probable product
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is a mixture of LDH crystalline phases with single metal
hydroxides.

Recently, the synthesis of LHDs doped with Eu3+ occu-
pying the M3+ sites was achieved [5–8] despite its large
cationic radius of 1.08 Å in octahedral coordination [9], thus
demonstrating the possibility to introduce large cations in
the layers. The introduction of europium led to obtain LDHs
with fluorescent properties [6–8, 10, 11]. The fluorescence
due to europium in LDHs has also been introduced by
intercalating anionic europium complexes in the interlayer
space represented by A𝑚− in the general formula [10, 12,
13]; however, the first approach to produce fluorescent LDH
is more attractive since the interlayer space is available
for further exchange reactions [11]. This combination of
fluorescence and intercalation properties in LDH structures
has been proposed as an alternative to design drug delivery
systems [6, 8] that could bemonitored through light emission
techniques [14]. This strategy seems feasible owing to the
chemical and thermal stability of the LDHs modified with
molecules for medical or biological applications [15, 16].

Another interesting application proposed for an europi-
um-doped LDH is as a probe for phenylalanine detection
considering that the light emission of europium into the
layers shifts from the red to the blue region of the visible
spectrum after the amino acid intercalation [8]. Even when
this result did not correspond to a single crystalline phase
compound, the change in luminescence induced by the sub-
stitution of ligands coordinating the europium centers was a
novelty [8] considering that the electronic internal transitions
in lanthanides should not be affected by ligands [17].

A possible way to confirm the influence of ligands on
the lanthanide luminescence is by testing variety of organic
ligands introduced in the interlayer space (A𝑚− site) of
lanthanide-doped LDHs considering that some organic ions
intercalated into LDHs can be grafted to the layers [18, 19];
that is, they could directly coordinate the lanthanide center.

The objective of this work was to synthesize LDH struc-
tures containing Dy3+ cations in the octahedral sites of the
layers to verify whether the layered structure is stable with
this large cation, whose ionic radii (1.05 Å) is close to that of
europium [9], and to study the emission spectrum of dyspro-
sium after the intercalation of organic ions with carboxylate,
amino, phosphonate, and sulfate functional groups in order
to confirm the influence of ligands on the emission of the
lanthanide in a single crystalline phase compound.

Finally, the paper demonstrated that the introduction of
dysprosium is an advantage due to a weak emission near to
the red light which opens the possibility to design biological
probes since the light with this energy is able to cross biologi-
cal tissues.

2. Experimental Part

Thechemicals used in this workwere Zn(NO
3
)
2
⋅6H
2
O (Ana-

lytyka, Mexico, 98%), Al(NO
3
)
3
⋅ 6H
2
O (Analytyka, Mexico,

98%), Dy(NO
3
)
3
(Sigma-Aldrich, USA, 99%), L-serine, Ser,

(Sigma-Aldrich, USA 99%), L-aspartic acid, Asp, (Sigma-
Aldrich, USA, 99%), sodium dodecylsulfate, DDS (Jalmex,

Mexico, 99%), adipic acid, Adip, (Meyer, Mexico, 99%), and
phenyl phosphonic acid (PP) (Sigma-Aldrich, USA, 99%).
All of these materials were used as received without further
purification. To avoid the co-intercalation of carbonate,
decarbonated distilled water was used to prepare all the
solutions and the syntheses were performed under flow of
nitrogen.

2.1. Layered Double Hydroxides. The LDHs were prepared
with the Zn2+ : Al3+ : Dy3+ molar ratios of 30 : 10 : 0, 30 : 9 : 1,
and 30 : 0 : 10, and these values were used as labels to iden-
tify the LDHs. All the compositions maintain the constant
Zn2+ :M3+ molar ratio equal to 3 : 1.

As example, the LDHwith the ratio 30 : 9 : 1 was prepared
by dissolving 4.4709 g of Zn(NO

3
)
2
⋅ 6H
2
O (2.36 × 10−2mol

of Zn2+), 2.6671 g of Al(NO
3
)
3
⋅ 9H
2
O (7.1 × 10−3mol of Al3+),

and 0.2741 g of Dy(NO
3
)
3
(7.8 × 10−4 mol of Dy3+) in 250mL

of decarbonated distilled water in a sealed vessel and purged
with nitrogen. The solution was titrated with 4% ammonia
solution up to pH 9. The white powder was recovered by
decantation, washed with distilled water three times, and
dried at 60∘C to constant weight.

2.2. Intercalation of Organic Anions. The coprecipitation
method was followed to obtain the LDH because this is
more efficient for intercalation of amino acids [20].Themetal
cations solution with the Zn2+ : Al3+ : Dy3+ molar ratio of
30 : 9 : 1 was prepared according to the procedure described
previously for the LDH. A second solution containing
0.0106mol of Asp, Ser, PP or DDS, or 0.0053mol of Adip in
100mL of water was adjusted to pH = 9, with 4% ammonia
solution, and then was added to the metal cations solution
under vigorous stirring. The final pH was adjusted to pH =
9 and the stirring was kept for 18–24 h. The powders were
recovered by filtration, washed with water, and dried at 60∘C
to constant weight.

2.3. Characterization. The X-ray diffraction patterns were
collected with a Shimadzu diffractometer (XDR-6000) using
CuK𝛼 radiation (0.15418 nm) with 30mA and 40 kV and
graphite crystal as monochromator; the scan step was 0.02
degrees. Fourier transform infrared (FTIR) spectra were
collected in the transmission mode with a Perkin-Elmer
spectrometer model Spectrum One using a resolution of
4 cm−1. Photoluminescence (PL) spectra were obtained with
a fluorescence spectrometer (Hitachi FL-7000) operated with
a 5 nm slit and 500V at room temperature. A series of exci-
tation measurements were conducted in order to determine
the optimum excitation energy. X-ray photoelectron spectra
(XPS) were collected with an AES-XPS PHI 548 system
with Al anode. An energy step of 100 eV was used for the
generation of survey spectra, which was scanned from 0 to
1200 eV. For high-resolution spectra, an energy step of 50 eV
was used with 0.8 eV resolution. The C1s binding energy was
used to compensate surface charge effects. The electronic
paramagnetic resonance (EPR) analyses were done in quartz
tubes containing powdered samples which were placed in
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Figure 1: XRD profiles of LDHs with different Zn2+ : Al3+ : Dy3+
molar ratios. Asterisks belong to ZnO reflections.

a suitable support containing liquid nitrogen (77K) and
analyzed in a BRUKER ESP 300 E spectrometer at 9.5 GHz (X
band). For registration of the spectra, a microwave power of
2mW was used, with frequency modulation of 100 kHz and
field modulation amplitude of 5G.

3. Results and Discussion

3.1. Dysprosium Doped LDHs. The XRD patterns of the
30 : 10 : 0 LDH presented a basal distance of 9.3 Å, similar
to that in the 30 : 9 : 1 LDH , whereas the distance decreased
to 8.3 Å in the 30 : 0 : 10 LDH. These different values have
been observed earlier and demonstrated to depend on
the perpendicular or parallel orientation of nitrate ions
with respect to the layers, respectively [21]. The orientation
becomes important to define the ion-exchange capability
in LDHs once parallel nitrate ions are more difficult to
be exchanged [21]; then the 30 : 0 : 10 LDH would not be
a suitable matrix for exchange experiments; furthermore,
this compound presented a second phase of ZnO whose
reflections are identified with asterisks in Figure 1. Therefore,
the selected LDH for the intercalation study was 30 : 9 : 1
because it presented a single phase; additionally, the basal
distance of 9.3 Å related to perpendicular nitrate anions
would facilitate the ion-exchange in future works.

The FTIR analysis of the three LDH presented the typical
wide band around 3500 cm−1 of O–H vibrations [5, 7, 22] and
the intense signal at 1384 cm−1 of the stretching mode in the
nitrate ion with D

3h symmetry (Figure 2); that is, nitrate is
free in the interlayer space [18] of 30 : 10 : 0 and 30 : 9 : 1 LDHs,
which are the same structures whose XRD pattern suggested
nitrate with perpendicular orientation in the interlayer space.
The 30 : 0 : 10 LDH presented an additional band at 1515 cm−1,
which clearly appears when nitrate ions are bonded to the lay-
ers [18], contributing to reducing the basal space in addition
to the parallel orientation.The bands below 550 cm−1 indicate
the presence of metal-oxygen stretching and bending modes
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Figure 2: FTIR spectra of LDHs with different Zn2+ : Al3+ : Dy3+
molar ratios.
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Figure 3: XRD patterns of the 30 : 9 : 1 LDH coprecipitated with
L-aspartic acid (Asp), L-serine (Ser), phenylphosphonic acid (PP),
adipic acid (Adip), and sodium dodecyl sulfate (DDS).

[23], which are associated with metals in the octahedral sites
for the structures whose XRD pattern indicated a layered
structure; in the case of the 30 : 0 : 10 LDH, the metal-oxygen
vibrations belong also to zinc oxide.

3.2. Intercalation in Dysprosium-Doped LDH. The coprecip-
itated LDHs with organic anions were analyzed by XRD
(Figure 3). The patterns of the Asp, PP, Adip, and DDS
derivatives presented basal spaces of 12.5, 15.0, 14.5, and
29.2 Å, respectively, in agreement with the intercalation of
a single organic layer in the interlayer space of the LDH
structure [19, 20, 22, 24, 25]. The Ser coprecipitation product
did not produce an intercalated compound since the basal
space of 8.3 Å corresponded to the 30 : 0 : 10 LDH intercalated
with nitrate ions, which is plotted in Figure 1; however,
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Figure 4: FTIR spectra of the 30 : 9 : 1 LDH coprecipitated with
L-aspartic acid (Asp), L-serine (Ser), phenylphosphonic acid (PP),
adipic acid (Adip), and sodium dodecylsulfate (SDS).

the surface adsorption of this amino acid was evidenced by
FTIR spectroscopy.

The FTIR spectra of the organic intercalated LDHs
presented in Figure 4 confirmed the presence of the corre-
sponding anions in the LDH structures. All the products
presented bands below 600 cm−1 corresponding to metal-
oxygen stretching modes of the inorganic layers [5, 8, 20,
24]. The Asp and Ser derivatives showed a wide shoulder at
2900 cm−1 and a signal around 1600 cm−1 of stretchingmodes
in the amino group and wide bands at 1380 and 1550 cm−1
of carboxylate stretching modes typical of amino acids [20,
24]. Therefore, despite the Ser product was not intercalated
according to the XRD pattern, the LDH particles adsorbed
Ser molecules on the crystallites surface.

The bands corresponding to the organic functional
groups in the spectra of LDHs coprecipitated with PP, Adip
and DDS indicated the presence of organic anions: the phos-
phate group presented the P–C and P–O stretching modes
at 1440 and 980 cm−1, respectively [22]; the carboxylate
vibrations of adipate anions appeared at 1560 and 1400 cm−1
[18], whereas the S–O vibration of the sulfate anion was
identified at 1210 cm−1 [26] and two C–H bands of the
aliphatic chain near to 1210 cm−1 [26].

These XRD and FTIR data indicated that (except for the
Ser product) the structures obtained correspond to LDH
structures intercalated with organic anions.

An insight into the chemical environment of Dy3+ was
attempted through XPS analysis of the 30 : 9 : 1 LDH and
the Asp derivative (Figure 5). The Dy 4d 5/3 spectrum was
detected in the 30 : 9 : 1 LDH at 157 eV, which is a typical
binding energy reported in dysprosium hydroxides [27] and
oxides [28]. The large FWHM of 6 eV in this spectrum sug-
gests an irregular environment for dysprosium. Considering
that the basal space detected by XRD was in agreement with
a LDH structure with nitrate ions in the interlayer space and

the FTIR spectrum clearly indicated that nitrate anions are
free; then the Dy3+ cations could only be allocated in the
octahedral sites of the layers and surrounded by hydroxide
anions, thus remaining the different degrees of distortion in
the dysprosium sites as a feasible explanation to thewide band
observed by XPS.The Dy spectrum in the Asp derivative was
not detected since the co-precipitation products of layered
matrices also contain organic anions covering the outer
crystallites surface [29] and this type of shell reduces the
efficiency for the X-rays to reach the inorganic layers; even
if some beams do, the content of dysprosium is low and the
photoemission is not detected by the equipment.On the other
hand, the Zn 2p 3/2 spectrum in both samples presented the
same symmetry with FWHM of 2.1 eV (Figure 5), suggesting
that the zinc sites were not affected with the intercalation of
Asp anions.

Therefore, the incorporation of Dy3+ cations into the lay-
ers of the LDH was possible despite the large ionic radii, but
the octahedral sites allocating this lanthanide are distorted.

Owing to the difficulty to analyze dysprosium by XPS,
the EPR spectroscopy was conducted to all the organic
intercalated samples (Figure 6). To collect an EPR spectrum
of the paramagnetic Dy3+ cation (𝐼 = 5/2) is a difficult task
since the unpaired electron in the 4f shell can be shieldedwith
outer 5 s electrons. Maybe, due to this difficulty several EPR
studies onmaterials dopedwith dysprosiumdonot report the
spectra [30–32].

However, other authors have detected a signal with 𝑔 =
2.007 in strontium aluminates and sulfides doped with Dy3+
[33, 34], whose hyperfine splitting is coherent with 𝐼 = 5/2
[33]. In these reports, an additional absorption appeared in
regions of 𝑔 values around 11, 7, and 4, associated with low
field resonance of Dy3+ [35]. These last signals fall within
the range expected for Dy3+ [36]; then the absorptions with
𝑔 = 4.2 in Figure 6 probably are originated from dysprosium
cations. Since the signals are wide, it is only possible to
confirm the paramagnetic properties in the 30 : 9 : 1 LDH
and the Ser, PP, and Adip derivatives. The absorption near
to 𝑔 = 2.0 appeared in the Ser and Asp derivatives. Since
these are not present in the 30 : 9 : 1 LDH, then the absorption
probably corresponds to radicals formed in the serine and
adipate anions. In the literature, the 𝑔 = 2.0 signal has
been observed in solid samples of calcium sulfate doped with
dysprosium, and it was assigned to sulfate oxides radical but
not to dysprosium [31].

3.3. Photoluminescence

3.3.1. Dysprosium Doped LDHs. The PL spectra of nitrate
intercalated LDHs with different content of dysprosium are
presented in Figure 7. The main emission of dysprosium
atoms dispersed in inorganic matrices are found in the blue
and yellow region when excited with photons in the range
of 𝜆 = 350–387 nm [37–39]. The spectra of the two LDHs
are formed by a wide band around 620 nm, which could
be considered as inhomogeneous broadening resulting from
changes in the crystal field of the phosphorescent cation
[17], but such situation is limited for our compounds since
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the Dy3+ cations are restricted to occupy octahedral sites
surrounded by hydroxide anions or eventually by nitrate
anions; otherwise, theXRDprofiles in Figure 1would not cor-
respond to LDH structures.Thus, one probable fact changing
the chemical environment is distortions in the octahedral
sites allocating dysprosium, as it was also inferred from the
XPS spectrum. The changes in the crystal field are known to
contribute to the broadening of the 620 nm emission [17]. A
second possible reason for this widening effect, which has
not been well understood, is the contribution of the LDH
lattice from ZnO defect centers [40, 41] or from Zn–OH
moieties [41]; this factor is likely contributing considering

that the 30 : 0 : 10 LDH,which presented ZnO reflection in the
XRD pattern presents the band centered at 𝜆 = 620 nm with
higher relative intensity than the 30 : 9 : 1 LDH.

With respect to the dysprosium emission in the blue
region (468 nm), the low intensity indicates a low contri-
bution of the magnetic dipole ( 4F

9/2
to 6H

15/2
transition)

because the Dy3+ cations are delocalized from the inversion
center [37] in the two compounds. However, the relative
intensity of the blue emission was higher in the 30 : 9 : 1
LDH suggesting that dysprosium cations achieved higher
symmetry in comparison with the structure with higher
dysprosium content (30 : 0 : 10), whose red band at 620 nm
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has a higher relative intensity (due to the content of ZnO)
accompanied by the shoulder at 570 nm, which is the yellow
emission sensitive to crystallinemodifications [37–39]; there-
fore, the high intensity of this shoulder indicates a high or
diverse degrees of distortion in the coordination symmetry
of dysprosium.

3.3.2. LDHs Intercalated with Organic Molecules. PL spectra
of the organic intercalated LDHs (Figure 8) show narrower
band emissions and a clear absence of the broad orange
emission (except for the DDS). All compounds presented
blue emission peaks between 468 and 480 nm (characteristic

magnetic dipole transition 4F
9/2
→
6H
15/2

in Dy), which
appeared with higher relative intensity than the transitions
of the electric dipole in the Asp, Adip PP, and Ser deriva-
tives. Knowing that magnetic dipole transition depends on
the crystal symmetry, the increased intensity indicates an
improvement in crystallinity after the organic anion interca-
lation, which probably occurred because the organic species
separate the inorganic layers allowing a rearrangement of
the dysprosium octahedrons to increase the symmetry and
the formation of inversion centers uniformly coordinated by
hydroxyl groups.

Regarding the PP derivative, the intensity of the blue band
(486 nm) is higher than the yellow emission (574 nm), but
this spectrum contains a new peak at 546 nm. The new band
can be assigned to the interaction of Dy3+ with PP as ligand,
since this anion has the capability to substitute some hydroxyl
groups in LDHs [42]. In fact, a recent report described the lost
of the common red emission (620 nm) of europium ions after
the functionalization with phenylalanine, while a blue band
(445 nm) rose; the new band was explained due to the ligand-
metal charge transference formed with functionalization [8].
For our case, the effect caused PP could be an explanation
if functionalization did occurred; that is, the PP anions
substituted some hydroxyl sites of the inorganic layers, thus
changing the crystal field of Dy3+ ions. The consequence of
the new crystal field was also reflected in the weak band at
620 nm.

The PL spectrum of the DDS derivative presented a weak
blue emission (468 nm) and a broad yellow emission from
dysprosium centers overlapped with the 620 nm emission
coming fromZn–O regions.The activationmechanism of the
band involving Zn needs further studies, since its presence
occurred only in nitrate intercalated LDHs and in the PP
and DDS derivatives. Similarly, studies are required for the
anomalous emission observed at 546 nm in the PP, DDS, and
Ser derivatives. This band has not been reported for dyspro-
sium, zinc oxide/hydroxides, or aluminate, neither can be
associatedwith the organic anions, since the bandwas present
in the nitrate intercalated samples contributing to enlarge the
main emission band, but it raisesmonochromatizedwhen the
inorganic layer interacts with PP, DDS, and Ser.

On the other hand, the yellow emission of dysprosium at
574 nm becomes narrower in the derivatives where carboxy-
late anions are present like Asp, Adip, and Ser. In the last case
of Ser, as the effect does not seem to depend on intercalation,
then a probable effect of ligands is present.

Finally, the weak band at 767 nm of unknown origin
was present in all LDHs samples. Since this emission is
independent of the functional groups in the organic anion,
this could be useful for monitoring dysprosium-doped LDH
as biological probes; additionally, the energy of this emission
is near to that of the IR light, which is able to pass through
cell walls and tissues.

4. Conclusions

The precipitation of the LDHs with different Zn2+ : Al3+ :
Dy3+molar ratiowas conducted.The 30 : 9 : 1 LDHcomprised
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a single crystal phase with free nitrate ions intercalated.
Wide PL spectrum of the yellow emission of dysprosium
(574 nm) suggested that the coordination environment of
Dy3+ has different degrees of distortion, matching with the
information obtained by XPS. Along the yellow emission, a
red emission (620 nm) from zinc centers was detected, which
was retained in the DDS derivative in contrast with the LDHs
intercalated with PP, Asp, Adip, and Ser anions where the
yellow dysprosium emission became narrow, while the broad
red contribution from zinc centers disappeared. Then, the
emission of Dy3+ is influenced by ligands. The emission of
unknown origin at 767 nm in all LDHs samples could be
useful for optical probes once this type of light is able to
transpose cell walls.
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Tin oxide (SnO
2
) nanowires were synthesized on oxidized silicon substrates by thermal evaporation of tin grains at 900∘C in Ar

flow at ambient pressure. Structural characterization using X-ray diffraction and transmission electronmicroscopy shows that SnO
2

nanowires have a single crystal tetragonal structure. Scanning electron microscopy observation demonstrates that SnO
2
nanowires

are 30–200 nm in diameter and several tens of micrometers in length.The surface vibrationmode resulting from the nanosize effect
at 565.1 cm−1 was found from the Fourier transform infrared spectrum. The formation of SnO

2
nanowires follows a vapour-solid

(VS) growth mechanism. The gas sensing measurements indicate that SnO
2
nanowire gas sensor obtains peak sensitivity at a low

operating temperature of 150∘C and shows reversible response to H
2
gas (100–1000 ppm) at an operating temperature of RT-300∘C.

1. Introduction

In recent years, much more attention has been focused on
the research field of quasi-one-dimensional nanostructural
materials due to their importance for understanding the
fundamental properties of low dimensionality and the wide
range of their potential applications in nanodevices [1, 2].
SnO
2
, as an n-type wide band gap semiconductor material

(𝐸
𝑔
= 3.6 eV at 300K), is a key functional material that

has been used extensively for transparent conductors [3,
4], gas sensors [5, 6], transistors [7], solar cells [8], and
optoelectronic devices [9, 10]. So far, considerable efforts have
been devoted to the research on the synthesis and charac-
terization of SnO

2
nanomaterials such as nanowires [11, 12],

nanotubes [13], nanorods [14], and nanobelts [15, 16] by using
various synthetic methods. Among these methods, thermal
evaporation is widely used because of its simple operation,
low cost in preparation, and large-scale production.

SnO
2
nanomaterials are very promising for gas sensors

due to their advantageous characteristics of large surface-to-
volume ratio and great surface activity. Gas sensors based
on SnO

2
nanomaterials have shown higher sensitivity, faster

response, and enhanced capability to detect low concen-
tration gases compared with the corresponding thin film

materials [16, 17]. However, most of them are effective at
high temperature above 200∘C, which results in high power
consumption and complexities in integration. Therefore,
there is a need to develop SnO

2
nanomaterials for gas sensors

that have goodperformance at a low temperature. In addition,
much more efforts have been devoted to study the CO, NO

2
,

or ethanol gas sensing properties of SnO
2
nanomaterials [15–

20], and only a few reports were related to H
2
gas sensing

properties [21–23]. Deshpande et al. [21] reported that Pt-
catalyst SnO

2
nanowires could detect 500 ppm H

2
gas with

response time as low as 10 sec at RT.Wang et al. [22] reported
that the response of SnO

2
naonwires to 500 ppm H

2
gas

could be repeated without observing major changes in the
signal at RT. Kolmakov et al. [23] reported that individual
Pd-functionalized SnO

2
naonwires and nanobelts exhibited a

dramatic improvement in the sensitivity toward oxygen and
hydrogen at 200 and 270∘C. However, in their works, the
responses of SnO

2
naonwires were investigated only under

the fixed temperature and H
2
concentration.

In this study, single-crystalline SnO
2
naonwires were

synthesized by thermal evaporation of tin grains at 900∘C
in an Ar flow at ambient pressure. Structural characteriza-
tion of the obtained SnO

2
naonwires was investigated by

using X-ray diffraction, scanning electron microscopy, and
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Figure 1: (a) Photograph of the obtained SnO
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nanowires. (b) Schematic illustration of SnO
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Figure 3: XRD pattern of SnO
2
nanowires.

transmission electron microscopy. The Fourier transform
infrared spectrum and growth mechanism of the nanowires
were also investigated and discussed. The measurements of
H
2
gas sensing properties demonstrated that SnO

2
nanowire

gas sensor obtained peak sensitivity at a low operating

temperature of 150∘C and showed reversible response to H
2

gas (100–1000 ppm) at an operating temperature of RT-300∘C.

2. Experimental

SnO
2
nanowires were synthesized on oxidized Si substrates

by thermal evaporation of tin grains. Tin grains with high
purity of 99.9% were placed on oxidized Si substrates in an
alumina boat. No catalysts or impurities were introduced.The
alumina boat was introduced at the center of a quartz tube
that was inserted in a horizontal tube furnace. Ar gas with a
flow rate of 50mLmin−1 was introduced into the quartz tube
at ambient pressure. Then, the furnace was heated to 900∘C
and maintained at this temperature for 1 h. After the furnace
was cooled down to room temperature naturally, a layer of
wire-shaped products was obtained on the substrates around
the tin grains, as shown in Figure 1(a).

The crystallographic structure of SnO
2
nanowires was

studied by means of glancing angle X-ray diffractometer
(GAXRD) (Shimadzu XRD-6100) with Cu K𝛼 radiation.
The morphology was observed by field emission scan-
ning electron microscope (FESEM) (JEOL JSM-6700F).
The microstructure and components were investigated by
transmission electron microscope (TEM) (JEOL EM002B)
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Figure 4: (a) Low magnification and (b) high magnification FESEM images of SnO
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2
nanowire with a diameter of 96 nm. (b) HRTEM image of this nanowire. (c) SAED pattern of this

nanowire. (d) EDX analysis of this nanowire.

with an energy dispersive X-ray spectrometer (EDX). The
Fourier transform infrared (FTIR) spectrum was measured
by infrared spectrometer (Shimadzu IRPrestige-21).

SnO
2
nanowire gas sensor was fabricated by pouring

a few drops of nanowire-suspended ethanol onto oxidized
Si substrate with a pair of interdigitated Pt electrodes. The
schematic illustration of a SnO

2
nanowire gas sensor device

is shown in Figure 1(b). H
2
gas sensing properties were

measured in a quartz tube inserted in an electric furnace at
the operating temperatures ranging from room temperature
(RT ≈ 25∘C) to 300∘C. As shown in Figure 2, dry synthetic
air mixed with the desired concentration of H

2
gas flowed

through the quartz tube at a rate of 200mLmin−1. The elec-
trical measurement was carried out by a volt-amperometric
method at a constant bias of 10V, and a multimeter (Agi-
lent 34970A) was used to monitor the change of electrical
resistance upon turning H

2
gas on and off. In this study, the

sensor sensitivity was defined as 𝑆 = (𝑅
𝑎
− 𝑅
𝑔
)/𝑅
𝑔
, where

𝑅
𝑎
and 𝑅

𝑔
were the electrical resistances before and after the

introduction of H
2
gas, respectively.

3. Results and Discussion

3.1. Structure and Morphology. The XRD pattern of the
obtained SnO

2
nanowires is shown in Figure 3. All the

diffraction peaks can be indexed to the tetragonal SnO
2

structure with lattice constants of 𝑎 = 𝑏 = 0.4738 nm and 𝑐 =
0.3187 nm according to JCPDS card no. 41-1445. Moreover,
no other crystalline forms such as Sn or SnO are detected,
indicating that single phase SnO

2
nanowires are obtained.

Figure 4(a) is a typical FESEM image of SnO
2
nanowires,

showing that a large quantity of wire-shaped nanostructures
can be produced. It is found that SnO

2
nanowires have

diameters ranging from 30 to 200 nm and have lengths of
several tens of micrometers. A high magnification FESEM
image shown in Figure 4(b) indicates that SnO

2
nanowires

have smooth sidewalls.
Figure 5(a) is a typical TEM image of a single SnO

2

nanowire with a diameter of 96 nm. A high-resolution TEM
(HRTEM) image of this nanowire is shown in Figure 5(b),
in which the lattice planes can be clearly seen, indicating a
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single crystal structure. The interplanar spacing of 0.34 nm
corresponds to the (110) plane in a tetragonal SnO

2
structure.

The corresponding selected area electron diffraction (SAED)
pattern shown in Figure 5(c) also supports the formation
of single crystal tetragonal SnO

2
nanowires. The growth

direction of SnO
2
nanowires is found to be [301], which is

consistent with previous reports [24, 25]. To demonstrate
the chemical composition of the nanowire, EDX analysis
was performed, and the EDX spectrum is illustrated in
Figure 5(d). We can see that, except for the Cu element
from the copper grid, only peaks of Sn and O elements are
observed.

3.2. The Growth Mechanism. Two models have been pro-
posed to describe the growthmechanism of SnO

2
nanowires:

the catalyst-assisted vapour-liquid solid (VLS) and the
vapour-solid (VS) growth mechanisms [2]. The VLS mech-
anism was first proposed by Wagner and Ellis in 1964 [26].
The important feature of the VLS growth process is the
existence of metal nanoparticles. The nanoparticles serve as
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catalysts between the vapour feed and the solid product and
usually locate at the ends of the produced nanowires [27]. In
this study, no metal catalysts were employed, and no metal
nanoparticles were observed at any ends of SnO

2
nanowires.

Therefore, the growth process might be dominated by the
VS growth mechanism. At a high temperature of 900∘C,
tin grains are vaporized and then directly condensed on
the substrates. Once the condensation process happens, the
initial condensed molecules form seed crystals serving as
the nucleation sites. As a result, they facilitate directional
growth to minimize the surface energy [2]. Therefore, SnO

2

nanowires tend to be produced by continuous aggregation of
more molecular SnO

2
on the growth front of the initial SnO

2

nuclei via the VS growth mechanism [28].

3.3. FTIR Spectrum. The FTIR spectrum of SnO
2
nanowires

is shown in Figure 6. Compared with the data published in
the literatures [29–31], the peaks observed can be determined.
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Thepeaks located at 603.7 and 692.4 cm−1 can be attributed to
the Sn–O stretching vibration in SnO

2
.Thepeaks at 665.4 and

705.9 cm−1 can be assigned to O–Sn–O bending vibration.
The peak at 565.1 cm−1 is noticeable because it cannot be
found in the FTIR spectrum of bulk SnO

2
and is similar to

the surface vibration mode of the peak at 564 cm−1 in SnO
2

nanopowders resulting from the nanosize effect [32]. This
surface vibration mode is related to the change of the surface
structure. When the influence of the volume atoms on the
lattice energy of surface atoms decreases, the surface tensile
stress decreases, leading to the renormalization of the surface
atoms and forming the new vibration mode [31, 32].

3.4. H
2
Gas Sensing Properties. SnO

2
nanowires are very

promising due to their large surface-to-volume ratio and
great surface activity, which make them ideal candidates for
gas sensing materials. Figure 7 shows the sensitivity of SnO

2

nanowire gas sensor as a function of the operating tempera-
ture upon exposure to 1000 ppm H

2
gas. It is found that the

sensitivity increases with increasing operating temperature
below 150∘C, but reverse tendency is observed after 150∘C. At
this optimum temperature of 150∘C, the highest sensitivity of
5.54 is obtained. It should be noted that the value of this peak
sensitivity is larger than that of a porous SnO

2
sputtered thin

filmdeposited at 24 Pa andRTupon exposure to 1000 ppmH
2

gas [33]. In addition, the sensitivity value is comparable to the
one found in [22] and is even higher than the value reported
in [21, 23] for SnO

2
nanowires, showing that the obtained

SnO
2
nanowires are good for gas sensing application.

Figure 8 shows the dynamic responses of SnO
2
nanowire

gas sensor to H
2
gas with various concentrations at 150∘C.

One can see that the resistance decreases upon exposure to
H
2
gas and the resistance further decreases with increasing

H
2
concentration. In addition, the resistance can recover to

its initial value after removing H
2
gas, indicating a good

reversibility of SnO
2
nanowire gas sensor. The resistance

changes of 0.86, 1.68, 2.98, 3.61, 4.19, and 5.54 times with
respect to the baseline are observed towards 100, 200, 400,
600, 800, and 1000 ppm H

2
gas, respectively. The sensor

also shows reversible response to H
2
gas with different

concentrations at an operating temperature of RT-300∘C,
although the corresponding data are not shown in this figure.

The relationship between the sensor sensitivity and H
2

concentration at the operating temperature of 150∘C is shown
in Figure 9. It is found that the sensitivity increases as H

2

concentration increases. Such a variation implies that the sen-
sitivity 𝑆 can be described as a function of gas concentration
𝐶 by an empirical model of 𝑆 = 𝑎𝐶𝑏, where 𝑎 and 𝑏 are
constants for a given gas. In this study, “𝑎” and “𝑏” were found
to be 0.065± 0.034 and 0.629± 0.079, respectively. We see
that the experimental data and the theoretical curve obtained
from the empirical model show good agreement.

4. Conclusions

Single-crystalline SnO
2
nanowires were synthesized on oxi-

dized silicon substrates by thermal evaporation of tin grains
at 900∘C. The structural characteristics, growth mechanism,

and H
2
gas sensing properties of SnO

2
nanowires were

investigated. SnO
2
nanowires with a tetragonal structure are

30–200 nm in diameter and several tens of micrometers in
length. The nanosize effect induced FTIR surface vibration
modewith peak at 565.1 cm−1 was observed.The formation of
SnO
2
nanowires follows a vapour-solid (VS) growth mecha-

nism. SnO
2
nanowire gas sensor shows reversible response

to H
2
gas at an operating temperature of RT-300∘C. The

peak sensitivity is found at a low operating temperature of
150∘C. The sensor sensitivity increases empirically with an
increase of H

2
gas concentration.The results demonstrate the

potential of SnO
2
nanowires for gas sensor applications.
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Recent technological advances in nanotechnology, molecular biology, and imaging technology allow the application of
nanomaterials for early and specific cancer detection and therapy. As early detection is a prerequisite for successful treatment, this
area of research has been rapidly growing. This paper provides an overview of recent advances in production, functionalization,
toxicity reduction, and application of nanoparticles to cancer diagnosis, treatment, and treatment monitoring. This review focuses
on superparamagnetic nanoparticles used as targeted contrast agents inMRI, but it also describes nanoparticles applied as contrasts
in CT and PET. A very recent development of core/shell nanoparticles that promises to provide positive contrast in MRI of cancer
is provided. The authors concluded that despite unenviable obstacles, the progress in the area will lead to rapidly approaching
applications of nanotechnology to medicine enabling patient-specific diagnosis and treatment.

1. Introduction

Despite many efforts, cancer is among the top three causes of
death inmodern society [1], demanding improved treatment,
that currently includes surgery, chemotherapy, and various
types of radiation therapy. Although there is a substantial
progress in effective cancer treatment and many forms of
cancer are treatable, the therapies are not always effective and
often have undesired side-effects [1]. As early diagnosis is
essential for successful therapy, both new diagnosis and treat-
ment methods need to be developed. Nanotechnology, com-
bined with other disciplines such as molecular biology and
imaging technology, provides unique capabilities and enables
innovative diagnosis and therapy. Furthermore, it also allows
individualized treatment and treatment monitoring, taking
into account patients’ variability and thus their response to
treatment, ensuring optimal efficacy of the applied therapy.
While this technology is currently mostly applied to various
types of cancer, it could soon find applications to other
diseases.

2. Nanomaterials in Cancer Diagnosis

As early diagnosis is associated with positive outcome, using
any type of therapy, there are many incentives for developing
technologies that can detect cancer at its earliest stages. In
most cases, detection of stage 1 cancers is associated with a
higher than 90% 5-year survival rate [2, 3] due to availability
of curative treatment.

Currently, cancer is detected using various medical tests
such as blood, urine, or imaging techniques followed by
biopsy. Conventional anatomical imaging techniques typi-
cally detect cancers when they are fewmillimeters (e.g., MRI)
or centimetres (e.g., PET) in diameter, at which time they
already consist of more than a million cells. Recently pro-
posedmolecular imaging aims at rectifying this disadvantage.
The development of this new imaging modality became pos-
sible due to the recent progress in nanotechnology, molecular
and cell biology, and imaging technologies. While molecular
imaging applies to various imaging techniques such as Pos-
itron Emission Tomography (PET), computed tomography
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(CT), or ultrasound, of particular interest is magnetic reso-
nance imaging (MRI) that provides the best spatial resolution
when compared to other techniques and is noninvasive or
at least minimally invasive. Unfortunately, MRI has not been
applied to its full potential for the diagnosis of cancer mostly
because of its low specificity (false-positive rate of 10% for
breast cancer) [4–8]. The lack of MRI specificity can be,
however, rectified using cell markers and unique properties
of paramagnetic and superparamagnetic nanoparticles (NP),
which can be utilized to be detected with MRI in small
quantities. Super(paramagnetic) nanoparticles when placed
in the magnetic field disturb the field causing faster water
proton relaxation, thus enabling detection with MRI.

Nanoparticles, typically smaller than 100 nm, have been
applied to medicine [9, 10] due to their unique magnetic
properties and sizes, comparable to the largest biologicalmol-
ecules, such as enzymes, receptors, or antibodies, that enable
diagnostic, therapy as well as combined therapy and diag-
nostic (known as theranostics) [11, 12]. Nanoparticles with
potential MRI-related medical applications comprise various
materials, such as metals (gold, silver, and cobalt) or metal
oxides (Fe

3
O
4
, TiO
2
, and SiO

2
).

A passive or active method can be used to deliver nano-
particles to the specific site. An example of passive application
of iron-based nanoparticles is liver cancer that lacks an effi-
cient method of early diagnosis. Current techniques, includ-
ing ultrasound, CT, and MRI, detect liver tumors only when
they have grown to about 5 centimeters in diameter. By that
time, the cancer is especially aggressive, resisting chemother-
apy, and difficult to remove surgically. Application of iron-
based nanoparticles improved MRI sensitivity due to accu-
mulation of iron in the liver caused by selective action of the
hepatobiliary system (Figure 1).This type of contrast delivery
does not apply, however, to most of the cancers thus targeted,
and active delivery is used.

From the point of view ofMRI technique, to increaseMRI
sensitivity, two types of contrast agents, providing positive or
negative image contrast, are used. Contrast agents comprising
gadolinium (Gd) or manganese (Mn) provide hyperintense
T
1
-weighted tumor images [13–16], while superparamagnetic

nanoparticles reduce T
2
and 𝑇

2

∗ of surrounding water mol-
ecules, thus decreasing MR signal in T

2
- and 𝑇

2

∗-weighted
MRI (negative image contrast) in the areas corresponding to
the location of the disease [17]. Gadolinium (III), with its high
electron magnetic moment, is the most common T

1
contrast

agent, that provides nonspecific positive T
1
contrast.

Free Gd3+ is toxic (LD
50
= 0.2mmol kg−1 in mice); there-

fore, it is administered in the form of stable chelate complexes
that prevent the release of themetal ion in vivo [18]. Following
intravascular injection, nonspecific Gd-based compounds
distribute rapidly between plasma and interstitial spaces and
are ultimately eliminated through the renal route with half-
lives of about 1.6 h [18]. Polyaminocarboxylate ligands, which
incorporate nitrogen and oxygen donor atoms, are used to
coordinate the Gd center. The Gd-based contrast agents are
provided commercially by various suppliers. Accumulation
of these contrast agents is solely based on differences in the
vasculature between tumor and normal tissues; thus, MRI
recognition of specific tumor types is not achieved.Molecular

MR imaging rectifies this drawback by taking advantage of
the distinctive cell properties (such as a unique pattern of
protein expression) of the tumor and combines them with
superparamagnetic nanoparticles enabling both sensitive
and specific detection of molecular targets associated with
early events in carcinogenesis [2]. To enable MR specificity,
nanoparticles may be conjugated with various organic vehi-
cles (Figure 2), for example, with single domain antibodies
(sdAb) that are specific for proteins that are overexpressed on
the surface of the tumor cells, in the tumor microenviron-
ment (e.g., the extracellular matrix (ECM)), or by the tumor
vasculature.

There are various corresponding receptors such as epider-
mal growth factor receptor (EGFR), a cell surface receptor
known to be overexpressed, for example, in the triple negative
(TN) breast cancers or secreted clusterin (sCLU), and a pro-
tein that is secreted into the microenvironment and that has
been shown to be associated with the progression of primary
to metastatic carcinoma. Insulin Growth Factor Binding
Protein 7 (IGFBP-7) has been shown to be specifically over-
expressed by the tumor vasculature; it can also be used as
a vascular target [19, 20]. The agents against these selected
targets can be developed using single domain antibodies that
have been shown to specifically bind to these targets. Such
a probe allows localization of the disease in vivo, and poten-
tially gives insight into biological processes (e.g., angiogenesis
and metastasis) which are critical to tumor development and
can, therefore, be used to monitor the response of a tumor to
individualized therapy. This way, treatment may be applied
at a curable stage and adjusted if needed. Furthermore, MRI,
in particular when combined with application of nanopar-
ticles, has a capability in cancer staging, following up the
progress of treatment, and accurate detection of lymph nodes
involvement in disease [21] as showed in the recently reported
detection of small and otherwise undetectable lymph node
metastases in patients with prostate cancer [22, 23].

3. Therapeutic Applications of Nanoparticles

While diagnostic is a common medical application of nano-
particles, they can also be used for therapy [9, 24, 25]. Their
properties offer unique interactions with biomolecules both
on the surface and inside the cells, enabling significant
improvement in cancer diagnosis and treatment [26]. There-
fore, nanoparticles have been recently utilized by biologists,
pharmacologists, and physicists, physicians as well as the
pharmaceutical industry [27].

There are about 20 clinically approved nanomedicines
used for treatment. An example is Abraxane, an albumin-
bound form of paclitaxel with Cobalt of mean particle size of
approximately 130 nm that is used to treat breast cancer [28].
Doxil, also based on Cobalt, is used for the treatment of
refractory ovarian cancer and AIDS-related Kaposi’s sarcoma
and it consists of nanoparticles with a polyethylene glycol
(PEG) coating [11, 29, 30].

A primary attribute of nanoparticles delivery systems is
their potential to enhance the accumulation of anticancer
agents in tumor cells as some nanoparticles passively accu-
mulate in tumors after their intravenous administration
[1, 28, 31–33]. Nanoparticles can penetrate through small
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(a) (b)

Figure 1: An MR image (gradient echo, TR/TE= 100ms/4ms, flip angle 30∘, FOV= 5.5 cm× 2.5 cm, 256× 256) of a mouse liver obtained at
9.4T before (a) and after (b) injection of iron oxide (Nano-Ocean, USA). Decrease of MR signal within the liver (yellow arrow) is visible.
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Figure 2: Schematic representation of a targeted contrast agent
used for MRI approaching of the cancer cell and expressing specific
proteins (modification from [19]).

capillaries and are taken up by cells, which allow efficient
drug accumulation at target sites enabling also a sustained
and controlled release of drugs at target sites over a period
of days or even weeks [1, 28, 31–33]. In general, drug targeting
by nanoparticles or nanocapsules reduces dosage, ensures the
pharmaceutical effects, minimizes side-effects, and enhances
drug stability [1, 34–36].

Bare nanoparticles are inherently unstable under physio-
logical conditions; thus, they are coated with biocompatible
polymers that improve colloidal stability in biological media
preventing agglomeration and subsequent precipitation.

Colloidal nanoparticle systems for biomedical applica-
tions should also exhibit low toxicity and possess a long shelf
life [12]. Therefore, magnetic nanoparticles are the subject of
intense research focusing on their synthesis, characterization,
biocompatibility, and functionalization [13, 37]. The organic
coatingmay also provide ameans for delivery of drugs or/and
bioconjugation of biological vehicles (e.g., antibodies), thus
enabling transportation to the specific disease site [9, 38]. A
protective layer increases circulation half-life by preventing

action of the immune system and allows for the addition of
targeting agents. [11, 30, 39–42]. The core particle is often
protected by several monolayers of inert material [9, 17],
that composition depends on its application. Various research
groups have studied the effect of nanoparticle coating on
cellular toxicity [9]. For example, Goodman and colleagues
[43] demonstrated that cationic nanoparticles were mod-
erately toxic, while as-anionic nanoparticles were nontoxic
[9, 43]. The authors found that nanoparticles functionalized
with quaternary ammonium have mild effects on cell via-
bility, while carboxy-functionalized nanoparticles do not
have effects [9, 43]. Pisanic et al. [44] found that magnetic
nanoparticles coated with dimercaptosuccinic acid (DMSA)
were toxic to neurons in a dose-dependent manner [44]
while Wilhelm and colleagues [45] have shown that DMSA
coated nanoparticles are non-toxic to HeLa cells or RAW
macrophages [9, 45]. The most common coatings are poly-
ethylene glycol (PEG) [46], polyvinyl alcohol (PVA) [47],
polysaccharides chitosan [48], dextran [49], carboxym-
ethyl dextran (CMDx) [50], starch, albumin, silicones, or
polyvinylpyrrolidone (PVP) [9, 51]. While the same layer
might act as a biocompatible material, more often an addi-
tional layer of linker molecules is used to improve fur-
ther functionalization. The linear linker molecule has reac-
tive groups at both ends. One group is aimed at attaching the
linker to the nanoparticle surface and the other is used to bind
various moieties like proteins, antibodies, or fluorophores,
depending on the application [17], creating a targeted contrast
agent [9, 52]. The choice of material, its size, and the way in
which it is coated or protected becomes of great importance
in moving a nanoparticle into clinical use [11].

The most commonly used method of drug delivery is the
antibody- or ligand-mediated targeting of anticancer ther-
apeutics similarly as in molecular imaging diagnostic. The
basic principle that underlies ligand-targeted therapeutics is
that the selective delivery of drugs to cancer cells or tumor
vasculature can be enhanced by synthesising the drugs with
molecules that bind to antigens or receptors that are either
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uniquely expressed or over-expressed on target cells [1, 53–
56]. The use of new synthesis techniques, such as condensa-
tion reactions, allowed the incorporation of various targeting
ligands to the nanoparticle shell, including EGF-related tar-
gets [11, 57, 58], transferrin [11, 59, 60], lactoferrin [11, 61],
transactivating transcriptional activator [11, 62], aptamers [11,
63], and numerous other peptides such as chlorotoxin [11, 64–
68]. For example, the use of the peptide sequence known as
Angiopep has recently become important for the targeting of
brain cancer [11, 69] as both the BBB and gliomas are known
to overexpress the corresponding receptors [11, 69]. Many
researchers have recently utilized various coatings to improve
the drug delivery. For example, Veiseh et al. [66, 70] found
that the incorporation of chlorotoxin onto functionalized
Fe
3
O
4
nanoparticles resulted in a significant increase in

the total uptake within the brain tumors of mice after in
vivo injection when compared with untargeted particles;
Kim and coworkers found that hydrophobic drugs could
be incorporated into monolayers of polyelectrolyte-coated
gold nanoparticles for cellular delivery [11, 71]. Liu et al.
utilized polymer-coatedmagnetic nanoparticles to deliver the
anticancer drug epirubicin and to provide an MRI contrast
agent for brain cancer [11, 72].

An example of an organic-based delivery vehicle is
liposomes, which are spherical in shape and consist of a
phospholipid shell that can be used to encapsulate and deliver
both hydrophobic and hydrophilic drugs [11]. They are on
average 100 nm in diameter [41, 73–75]. Doxorubicin was the
first drug to be delivered by liposomes to brain tumors [11,
41, 74, 75]. High-density lipoprotein (HDL) nanoparticles are
closely related to liposomal nanocarriers, having the stability
and monodispersity of inorganic nanoparticles combined
with the shielding ability of liposomes that improve circula-
tion half-lives of therapeutics [76–78].

Nanoparticles with controllable sizes ranging from a
few nanometers up to tens of nanometers are of particular
interest. They are thousands of times smaller than cells and
comparable with viruses, proteins, and genes.Therefore, they
are able to cross biological membranes, interact closely with
biomolecules enabling access to intra- and extracellular spa-
ces thus inducing various responses in biological systems [79]
and improving cancer therapy and/or diagnosis. Nanoparti-
cles provide a means to increase transport across the BBB
and/or blood-brain-tumor barrier (BBTB) and for this reason
have been exploited in the treatment of brain cancer [11, 80–
86]. For example, nanoparticles are promising in glioma
treatment. This brain cancer is particularly difficult to treat
[11, 87, 88] as neurosurgery is ineffective, while chemotherapy
suffers from the inability of therapeutics to cross the blood-
brain barrier (BBB). Several different types of nanoparticles
have been employed as imaging and delivery agents for brain
cancer treatment, including Fe

3
O
4
nanoparticles [11, 42, 66,

70, 89–93], gadolinium [81, 94–96], gold [97], semiconductor
quantum [QDs] [11, 58, 98], and organic-based (dendrimer,
hydrogel, and polymer) nanoparticles [11, 64, 67, 68, 73, 99–
101].

While nanoparticles can function as delivery vehicles
with variable sizes, shapes, and surfaces that serve to increase
bioavailability and specificity of cancer therapeutics, they

can also allow loading of additional drugs for simultaneous
multidrug delivery. The addition of imaging probes may be
utilized for simultaneous diagnosis, therapy, andmonitoring.
Finally, toxicity of nanoparticles could also be potentially
utilized to destroy the cancer cells [11, 41, 102–104].

Although not yet fully developed, methods of activation
of nanoparticles after reaching the target are being investi-
gated. An example is the use of metallic nanoparticles that
can be heated with light, radiofrequency, or magnetic fields
for thermal ablation of tumors [17, 43–46, 105–107].The oscil-
lating magnetic field can be applied after the particles reach
the tissue of interest, as determined, for example, byMRI.The
drug release is induced by the temperature increase gener-
ated by the magnetic nanoparticles subject to an oscillating
magnetic field. This temperature increase is then utilized
to stimulate a thermoresponsive polymer synthesised to the
nanoparticle surface.

4. Iron-Based Nanoparticles

The inorganic nanoparticles that have been applied clinically
are mainly nanoparticles based on iron oxide, Fe

3
O
4
, with

diameters around 50 nm as these nanoparticles have been
relatively well-tolerated.

The most common and the first to be applied in MRI
nanoparticle is the so-called small and ultrasmall superpara-
magnetic iron oxide (SPIO and USPIO, resp.). SPIONs are
typically monocrystalline composed of magnetite (Fe

3
O
4
) or

maghemite (𝛾-Fe
2
O
4
) [22]. Because iron oxide has a relatively

low saturation magnetization, it requires the use of large par-
ticles to achieve sufficient MRI contrast [4]. Iron oxide nano-
particles vary in size and may have different types of surface
coating, which significantly affect their blood half-life, bio-
distribution, and uptake. The synthesis method utilized to
produce SPIO nanoparticles determines the size and polydis-
persity of the particle population [5, 6].

Magnetic iron oxide particles have been used clinically
since 1987, when they were applied for the detection of focal
liver and spleen lesions withMRI. SPIOs, with hydrodynamic
diameter larger than 30 nm, tend to have a short blood half-
life as they are taken up by mononuclear phagocytosing
system (MPS) in liver and spleen, leading to a significant MR
signal loss in these tissues in 𝑇

2
-weighted MR images [22,

108]. Focal liver lesions without an MPS or without an intact
MPS do not show this accumulation and maintain their pre-
contrast signal intensity [22]. Thus, SPIO-enhanced MRI
shows an increase of liver-to-tumor contrast with respect to
the precontrast images, allowing differential diagnosis of
malignant versus benign liver lesions or metastases [14, 15,
22]. The USPIOs (<30 nm diameter) can escape the initial
uptake by liver and spleen; thus, they can reach other targets
that can be then indirectly detectable with MRI and thus are
used as targeted contrast agents after their bioconjugation.

There are several commercially available compounds con-
taining superparamagnetic iron oxide such as Feridex (Ber-
lex, USA), Endorem (Guerbet, EU), and Resovist (Schering,
EU, Japan). They are mostly used for liver and spleen tumors
diagnosis [22]. These particles are of medium size and are
coated with dextran (Feridex, Endorem) or an alkali-treated
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lowmolecular weight carboxydextran (Resovist).Their relax-
ivity (𝑟

2
= 1/𝑇

2
) varies [109]: 186mM−1s−1 (Resovist,

4.0 nm core, hydrodynamic diameter 60 nm), 120mM−1s−1
(Feridex, 4.96 nm core, hydrodynamic diameter 160 nm), and
65mM−1s−1 (Combinex, 5.85 nm core, hydrodynamic diam-
eter 30 nm) at 1.5 T.

Although iron oxides have been the most widely used,
biomedical applications of magnetic ferrites are currently
being intensely investigated. In particular, substituted mag-
netic spinel ferrites of the general formula MFe

2
O
4
(where

M=Zn2+, Mn2+, Co2+, Ni2+, and Mg2+) offer the opportu-
nity to fine-tune the magnetic properties of the inorganic
nanoparticle core as a function of the kind of divalent ion [16].
Large magnetic moments, observed in these nanoparticles,
are preferred for most applications, as they reduce the
amount of nanoparticles needed to detect them with MRI.
However, their toxic effects are often considerable and need
to be reduced. Therefore, a balance between larger magnetic
moments, nanoparticles concentration, and their biocompat-
ibility is the goal of the researchers involved in the synthesis
of clinically relevant nanoparticles [16].

5. Other Nanoparticles

As mentioned above, other than iron oxide based nanoparti-
cles with potential clinical application in MRI and/or CT are
cobalt (Co), gold (Au@Fe), and platinum (Pt@Fe). As they
have much higher saturation magnetization value than that
of the iron, they have much larger effect on proton relaxation
(𝑟
1
= 7.4mM−1s−1, 𝑟

2
= 88mM−1s−1 for copolymer at

1.5 T, 3.9 nm core diameter, 28 nm particle diameter [110])
providing better MR contrast than iron oxide in the same
concentration and allowing smaller particle cores to be used
without compromisingMR sensitivity [4]. Probably the most
frequently used is cobalt. While cobalt toxicity is an issue, the
undesired effects of cobalt in man are difficult to evaluate,
as they are also dependent on nutritional factors [111]. Many
patients have taken up to 50mg cobalt per day as treatment
of refractory anemia for long periods with little or no toxicity
[4]. Most cobalt drugs also contain ferrous sulfate, which
may affect the amount of cobalt absorbed, since cobalt and
iron share a common absorption pathway. In contrast, 10mg
cobalt/day taken by heavy beer drinkers in the 1960smayhave
resulted in cardiomyopathy [111], as the effect of inadequate
protein intake, thiamine intake, zinc depletion, and alcohol
may render the heart more sensitive to Co2+ toxicity [4].

As Au@Fe magnetic moment is high and it has limited
reactivity, it can also be used as an MR contrast agent. There
are many subtypes of gold-based nanoparticles depending on
their size, shape, and physical properties. The earliest studied
gold-based nanoparticles were gold nanospheres (although
not exactly spherical in a strict sense). Subsequently, gold
nanorods, nanoshells, and nanocages have been investigated
[26]. With continued development in the synthesis tech-
niques over the last two decades, most of these gold nano-
particles can now be produced with well-controlled size
distribution.

Gold nanoparticles have recently been investigated in
delivering therapeutics to the brain cancer [86, 112–114].

These nanoparticles have the advantages of relatively straight-
forward synthesis, easy surface functionalization, small sizes,
ability to be excreted by the body and remain relatively
nontoxic [11, 57, 82]. Because gold is an excellent absorber of
X-rays, it was used for improved cancer therapy. The tumors
could be loaded with contrast agents containing gold increas-
ing the radiation dose within the tumor and thus reducing
unwanted radiation of normal tissue [115]. Qian et al. [116]
applied gold nanoparticles for in vivo tumor targeting and
detection based on pegylated gold nanoparticles and surface-
enhanced Raman scattering (SERS). Colloidal gold has been
found to amplify the efficiency of Raman scattering by 14-15
orders of magnitude [116]. A gold colloid was encoded with
Raman reporter molecules and covered with a layer of thiol-
PEG. Approximately 1.4-1.5 × 104 reporter molecules were
adsorbed on each 60 nm colloid gold [116].

One of the most interesting and promising biomedical
applications of Au-based nanoparticles is their application for
intracellular delivery vectors for drugs and genes [117, 118].
Yan et al. [119] proposed one-pot-synthesized polypeptide-
conjugated Au nanoparticles for gene delivery and efficient
transfection. In their approach, positively charged polypep-
tides were used to serve as capping agents as well as reduc-
tants eliminating the need for an external reducing agent.
The resulting positively charged polypeptide-conjugated gold
nanoparticles were applied for gene delivery due to prolonged
(almost two weeks) and gradual intracellular uptake and
transfection [119].

In addition to providingMRI contrast, gold nanoparticles
may provide a suitable bimodal, CT, andMRI contrast [11, 42,
83, 120, 121]. It is worth to mention that gold nanoparticles
have been examined by the USA National Institute of Stan-
dards and Technology as a potential standard for research
based on nanosized particles [86, 97, 113, 114].

6. Core-Shell Nanoparticles

The very recent development in nanotechnology enabled the
production of complex particles consisting of the core and
shell, each made of different atoms, such as FePt@Au [109].
In principle, there are two types of core/shell nanoparticles
used in imaging applications: inorganic/organic and inor-
ganic/inorganic [122]. The most common organic shell is sil-
ica (SiO

2
), while inorganicmaterial comprises variousmetals.

Many inorganic core-shell nanoparticles have been con-
structed, includingAu@Ag [123], Au@Co [124], Au@Pt [125],
Au@TiO

2
[126], Au@Fe

2
O
3
[127], Ni@Ag [128], Fe@Ag [129],

Ni@Pt [130], Co@Au [131], Fe@Pt [132], LaF
3
@Eu [133] or 𝛽-

NaYF
4
: Yb3+, and Er3+/𝛽-NaYF

4
[134].

This development allowed new applications of nanopar-
ticles, for example, as targeted contrast agents generating
positive contrast inMRI. Standard contrast agents shortening
𝑇
2
have been developed, yet efficient targeted contrast agents

shortening both 𝑇
1
and 𝑇

2
are still an area of research as the

core/shell nanoparticles could provide improved tumor
delineation and hyperintense tumor MRI due to shortening
both 𝑇

1
and 𝑇

2
, unlike standard iron-based nanoparticles

that shorten mostly 𝑇
2
[43, 135–137]. These core-shell nano-

particles can be stabilized by an organic coating that can be
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pegylated for the reduction of nonspecific binding and
further chemically modified for subsequent bioconjugation
of the biological vehicles such as antibodies, for example,
against IGFBP7 used for glioma detection [19].

7. Production of Nanoparticles

A commonly used method of magnetite synthesis is the
coprecipitation of iron salts in aqueous media at room tem-
perature under basic, inert conditions [7, 8]. This relatively
straightforward method results in the formation of large
amounts of magnetic core clusters of about 36 nm composed
of single particles around 10 nm; however, the generated
clusters are very polydisperse. Difficult control of aggregation
and particle size distribution are the disadvantages of the
coprecipitation method. An alternative to coprecipitation is
the thermal decomposition method [24, 25, 34, 38, 51, 52].
In this method, an iron oleate precursor is prepared which is
then decomposed into an iron oxide at high temperature in an
organic solvent.The resulting nanoparticles have narrow size
distributions but unfortunately are coatedwith a hydrophobic
layer of oleic acid. In order to obtain stable aqueous disper-
sions of these particles in water, OA on the surface of the
particles is exchanged for another ligand [35] which not only
stabilizes the particle in suspension but can also serve to cova-
lently attach other molecules to the surface of the particle [8].

Themost common synthesis methods of core/shell nano-
particles are chemical vapor deposition, laser-induced assem-
bly, self-assembly, and colloidal aggregation [138, 139].

In themicroemulsionmethod [140], surfactants allow the
homogenization of all types of reactants, and the particles
formed are capped by the surfactant molecules [141]. Thus,
the size of the nanoparticles can be controlled varying a con-
centration of surfactant [142].Mandal et al. [141] used glucose
to control shell growth of gold or silver onto Fe

3
O
4
particles

upon heating of the mixture of Fe
3
O
4
particles. To cover

Fe
3
O
4
nanoparticles with gold or silver, a modified micro-

emulsion method has been used [141]. This method allows
shell thickness of the core-shell particles to be tunable and
allowed production of structures of size from 18 to 30 nmwith
varying proportion of Fe

3
O
4
to the noble metal precursor

salts [141].
Very recently a very promising method of production of

3D colloidal spheres containing various nanoparticles was
proposed [143]. These multifunctional nanoparticles may be
used for different applications such as multimodal imaging,
remotely controlled release, targeted drug delivery, or simul-
taneous diagnosis and therapy [144].This so-called template-
assisted fabrication process uses porous calcium (CaCO

3
)

microspheres as a sacrificial template. This method allows
easy control of the size of the spheres, flexible tuning of their
biochemical and physical properties, and encapsulation of
various nanoparticles. The process comprises adsorption of
nanoparticles into the porous CaCO

3
sphere, encapsulation

of polyelectrolytes, and removal of the template by cross-
linking. The end product is a colloidal sphere. Using this
method, Au nanoparticles and cross-linked poly-L-lysine
(PLL) (P-AuNPs) [143], citrate-stabilized gold nanoparti-
cles (C-AuNPs) [145], cetyl trimethylammonium bromide

(CTAB) capped gold nanorods (GNRs) [146], and magnetic
nanoparticles (𝛾-Fe

2
O
3
) were used to create 3D hybrid

colloidal spheres [147].

8. Nanoparticles for Multimodal Imaging

While various imaging techniques, such asMRI, CT, Positron
Emission Tomography (PET), and infrared (IR) imaging,
have been used for diagnosis and treatment monitoring, each
one delivers different information on disease and its location.
There is no perfect imaging method, as each technique has
its advantages and disadvantages. MRI provides the best soft
tissue contrast but its sensitivity is low; PET is more sensitive
than MRI but its spatial resolution is low; CT is fast but
soft tissue contrast is low; and finally infrared imaging is fast
and very sensitive but the depth of penetration is very low.
Nanotechnology allowing production ofmultimodal contrast
agents (“all in one”) takes advantages of all these modalities.

Of particular interest is the recent development of rare
earth upconversion nanophosphors (RE-UCNPs) [148–152]
as potential contrast agents because of their optical and bio-
chemical properties, such as sharp emission lines, long life-
times, and nonphotoblinking. In particular, Yb3+ and Tm3+
codoped RE-UCNPs emitting at 800 nm have been used for a
whole-body small-animal near-infrared imaging [153]. This
technique allowed detection of only 50 cells in a whole-
bodymouse imaging [154]. Unfortunately, photoluminescent
imaging has a low light penetration depth, but this limitation
could be rectified by simultaneous application of MRI or/and
CT with a contrast agent suitable for all these techniques.
Therefore, Gd3+ was synthesised with RE-UCNPs creat-
ing magnetic-luminescent RE-UCNPs contrast agent for
bimodal imaging, allowing 𝑇

1
-enhanced MRI and upcon-

version luminescence imaging (UCL) [155]. Furthermore, to
enable CT, MRI, and luminescence imaging using the same
contrast, superparamagnetic nanoparticles have been synthe-
sized with RE-UCNPs using a crosslinker anchoring method
[156]. An example isNaYF

4
: Yb, Er@Fe

3
O
4
@Au,which could

be used for MRI, optical, and CT imaging [157]. NaYF
4
: Yb,

Tm@Fe
𝑥
O
𝑦

core-shell nanostructure was used for 𝑇
2
-

weightedMRI andUCL bimodal lymphatic imaging [158]. Of
particular interest for multimodal contrasts may be NaLuF

4

because RE-UCNPs based on the NaLuF
4
have high UCL

quantum yield [159] and high X-ray absorption coefficient.
Another example of multimodal application of nanoparticles
is their simultaneous utilization in high-resolution MRI and
high-sensitivity PET formore accurate disease detection.The
PET marker (e.g., Cu64) can be added to an MR marker, cre-
ating a MRI/PET contrast agent. Furthermore, radionuclide
attachment can be achieved via chelating agents.

9. Conclusions

Recent developments in nanomaterials, molecular and cellu-
lar biology, and imaging technology enabled to enhance our
diagnostic and therapeutic capabilities, improving detection
limits from the tissue down to the cell and even to the molec-
ular level. We can now combine atom and biomolecular
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manipulation applying quantum physics, molecular chem-
istry, biology, and genetics to fabricate minute synthetic
structures [1, 160] and to apply them along with high-resolu-
tion noninvasive imaging technologies for diagnosis, therapy,
and treatment monitoring. Current investigation of nanoma-
terials in animal models has offered less invasive diagnosis
and induced fewer side-effects due to improved targeting, yet
up to date their clinical applications have been limited. The
major obstacle seems to be the long time needed for clinical
trials and associated costs. Despite that nanomaterials will
likely have a significant impact on patient care in the future.
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S. Jin, “Nanotoxicity of iron oxide nanoparticle internalization
in growing neurons,”Biomaterials, vol. 28, no. 16, pp. 2572–2581,
2007.

[45] C. Wilhelm, C. Billotey, J. Roger, J. N. Pons, J.-C. Bacri, and F.
Gazeau, “Intracellular uptake of anionic superparamagnetic
nanoparticles as a function of their surface coating,” Biomate-
rials, vol. 24, no. 6, pp. 1001–1011, 2003.

[46] Y. Zhang and J. Zhang, “Surface modification of monodisperse
magnetite nanoparticles for improved intracellular uptake to
breast cancer cells,” Journal of Colloid and Interface Science, vol.
283, no. 2, pp. 352–357, 2005.

[47] J.-S. Kim, T.-J. Yoon, K.-N. Yu et al., “Cellular uptake of mag-
netic nanoparticle is mediated through energy-dependent
endocytosis in A549 cells,” Journal of Veterinary Science, vol. 7,
no. 4, pp. 321–326, 2006.

[48] S. R. Bhattarai, B. K. Remant, S. Y. Kim et al., “N-hexanoyl chi-
tosan stabilizedmagnetic nanoparticles: implication for cellular

labeling and magnetic resonance imaging,” Journal of Nano-
biotechnology, vol. 6, article 1, 2008.
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ado et al., “Application of nanoparticles on diagnosis and ther-
apy in gliomas,” BioMed Research International, vol. 2013, Arti-
cle ID 351031, 20 pages, 2013.

[90] C. G. Hadjipanayis, R. Machaidze, M. Kaluzova et al.,
“EGFRvIII antibody-conjugated iron oxide nanoparticles for
magnetic resonance imaging-guided convection-enhanced
delivery and targeted therapy of glioblastoma,”Cancer Research,
vol. 70, no. 15, pp. 6303–6312, 2010.

[91] M.-Y. Hua, H.-L. Liu, H.-W. Yang et al., “The effectiveness of a
magnetic nanoparticle-based delivery system for BCNU in the
treatment of gliomas,” Biomaterials, vol. 32, no. 2, pp. 516–527,
2011.

[92] P. M. Costa, A. L. Cardoso, L. S. Mendonça, and A. Serani,
“Tumor-targeted chlorotoxin-coupled nanoparticles for nucleic
acid delivery to glioblastoma cells: a promising system for
glioblastoma treatment,” Molecular Therapy Nucleic Acids, vol.
2, pp. 1–20, 2013.
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We developed a novel method for the synthesis of Au nanoclusters (NCs) silica fluorescent composite nanospheres by mixing the
as-prepared bovine serum albumin (BSA) protected Au NCs with amino-modified silica spheres in acetate buffer solution. The
products were characterized by high-resolution transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy
(XPS), fluorescent microscope imaging (FLMI), and dynamic light scattering (DLS) measurements. The proposed method was
simple, efficient, and inexpensive. In addition, the composite nanospheres exhibited favorable water-dispersible, stable, and
fluorescent properties, potentially leading to further applications in chemical and biological sensors. A reasonable mechanism
was also proposed for the formation of composite nanospheres.

1. Introduction

Recently, strong attention has focused on the synthesis of flu-
orescent composite nanospheres, such as quantumdots, dyes,
and carbon dots-based compositematerials, which are widely
used as fluorescent probes in bioassay, sensing, and fluores-
cence imaging [1–4]. However, the information on fluores-
cent Au nanoclusters (NCs) based composite nanospheres
is rather limited despite their unique electronic and optical
properties. As an emerging fluorescent material, these fluo-
rescent Au NCs possess a variety of distinct features, such
as ultrasmall size (<2 nm), low toxicity, and lack of intermit-
tency [5, 6].Therefore, AuNCs-based composite nanospheres
can be potentially exploited for the development of new
sensor application aswell as fluorescent probes for in vivo and
in vitro imaging. Le Guével et al. [7] reported the successful
synthesis of fluorescent Au NCs-doped silica nanoparticles
using a modified-Stöber method and subsequently used this
new label for fluorescence imaging in tumor lung cells.
Zhang et al. [8] developed a straightforward strategy for the
preparation of fluorescent Au NCs with silica coating outer
shells. Additionally, the application of these bioconjugatedAu
NCs-silica nanocomposites as bioprobes for cellular imaging

was demonstrated. Samanta et al. [9] reported the synthesis of
ultrasmall Au NCs arrays encapsulated in silica nanospheres
and demonstrated the utilization of the composite material
in fluorescence imaging and catalysis. Consequently, it is of
great essential to exploremore approaches for the preparation
of Au NCs-based composite nanospheres.

In this work, we developed a simple method for the
preparation of Au NCs-silica composite nanospheres. The
morphology and optical properties of these as-prepared
composite nanospheres have been investigated by HRTEM,
XPS, FLMI, and DLS measurements. A possible formation
mechanism of the composite nanospheres was also pro-
posed.

2. Experimental

The BSA coated Au NCs were synthesized in one pot follow-
ing the method developed by Xie et al. [10]. Briefly, 5.0mL of
10mM HAuCl

4
solution was added to 5.0mL of 50mg⋅mL−1

BSA solution under severe stirring at 37∘C. Twominutes later,
0.5mL of 1.0M solution was added into it. The mixture was
reacted at 37∘C for 24 h. The Au NCs were obtained when
the color of the solution changed to deep brown, which was
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Figure 1: (a) Absorption and fluorescence emission spectra of BSA-Au NCs and (b) fluorescence microscope image of Au NCs-silica
composite nanospheres (the scale bar is 100 𝜇m).

dialyzed in membrane tubing with a molecular weight cutoff
(MWCO) of 12 kDa against 500mL of ultrapure water under
continuous stirring at room temperature to remove unreacted
HAuCl

4
or NaOH.

Silica nanospheres were synthesized based on the
Stöber method [11] and then were amino-functionalized by
(3-aminopropyl)-trimethoxysilane. The as-prepared silica
nanospheres were dispersed in sodium acetate-acetic acid
buffer solution (0.01M, pH = 5.0) under sonication. The
purified Au NCs were added and mixed for 30 minutes.
Then, the mixture was centrifuged and washed 3 times with
ultrapure water. Finally, the composite nanospheres were
resuspended in the buffer solution.

The UV-vis absorption spectrum was obtained in
the range of 220–600 nm, with 1.0 cm × 1.0 cm quartz
cuvette on an evolution 300 UV-vis spectrometer (Thermo
Nicolet Corporation, USA). Fluorescence measurement was
performed on a RF-5301PC Spectrofluorometer (Shimadzu,
Japan) equipped with a 20 kW xenon discharge lamp as a
light source. Fluorescence microscope image was recorded
with a Ti-S fluorescence microscope (Nikon, Japan) with an
objective (10x).The size andmorphology of the productswere
acquired by a Tecnai G20 transmission electron microscope
(FEI, USA) with an acceleration voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) measurement was carried
out by a VG Multilab 2000 spectrometer (Thermo Electron
Corporation, USA) with an Mg K

𝛼
X-ray source. Hydro-

dynamic diameters and zeta potential of the samples were
measured using a ZetasizerNanoZS90DLS system (Malvern,
UK).

3. Results and Discussion

The absorption spectrum in Figure 1(a) (blue line) exhibited
a peak centered at 280 nm, which was attributed to BSA
molecules for stabilizing Au NCs [12]. Figure 1(a) (red line)
showed the fluorescence emission spectrum of Au NCs
with a peak around 628 nm upon excitation at 500 nm.

Referred to previous reports, the emission was assigned to
the intraband transitions of free electrons of Au NCs [13].
Figure S1 (see supplementary material available online at
http://dx.doi.org/10.1155/2013/972834) indicated the fluores-
cence emission spectrum of Au NCs (black line) and the
composite nanospheres (red line) upon excitation at 500 nm.
A small blue shift was observed, which may arise from the
reduction of polarity in the local environment of BSA-Au

25

after attaching to the surface of silica nanospheres [14]. Figure
S2 depicted the effect of illumination time with UV light
on the fluorescence intensity of Au NCs (red line) and the
Au NCs-silica composite nanospheres (black line). It can be
seen that Au NCs-silica composite nanospheres have better
stability than BSA/Au NCs. The fluorescence microscope
image of the Au NCs-silica composite nanospheres was
shown in Figure 1(b). These composite nanospheres were
remarkably bright with red emission. It can be inferred that
Au NCs were successfully attached to the surface of silica
nanospheres, which led to the visible fluorescence of the
composite material.

TEM images of silica nanospheres and fluorescent com-
posite nanospheres were presented in Figure 2. The shape
of silica nanospheres (Figure 2(a)) remained spherical, and
the size was about 250 nm. Compared with silica spheres,
fluorescent composite nanospheres (Figure 2(b)) displayed
some substance sticking to the surface, indicating the adhe-
sion of BSA-Au NCs with silica nanospheres. Furthermore,
some black spots could be seen on the composite nanospheres
(Figure 2(b) inset), and these black spots (∼1 nm) were Au
NCs on the nanosphere surface.

Binding properties and oxidation state of the powder
sample of the composite spheres were confirmed by XPS
(Figure 3). Au 4f

7/2
for BSA-Au NCs could be deconvoluted

into two distinct components centered at 84.1 (blue curve)
and 85.0 eV (red curve), which are ascribed to Au(0) and
Au(I), respectively [15, 16], inferring that elemental Au
NCs are entrapped in the composite spheres, which is in
agreement with the TEM results.
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Figure 3: XPS spectra of Au 4f for Au NCs-silica composite nanospheres.

DLS has been used to measure the sizes of Au NCs, silica
nanospheres, and the composite nanospheres. As shown
in Figure 4, the hydrodynamic diameter of BSA-Au NCs
and silica nanospheres was 10 nm and 257 nm, respectively.
However, the composite material showed a diameter of
3000 nm, which was due to the adhesion of silica spheres
together via BSA-Au NCs. The result here is coincident with
the TEM image (Figure 2(b)).

Based on the above results, a possible formation mech-
anism of Au NCs-silica fluorescent composite nanospheres
was suggested as follows (Figure 5). The zeta potential of
the as-prepared BSA-Au NCs and silica nanospheres was
determined to be −13.7mV and 47.2mV at pH 5.0, respec-
tively.Therefore, these twomaterials were oppositely charged,
suggesting that BSA-Au NCs and silica spheres could be
conjugated by electrostatic interaction.

4. Conclusion

Herein, we described a straightforwardmethod for the prepa-
ration of Au NCs-silica fluorescent composite nanospheres.
The composite material exhibited favorable water solubility,
stability, and strong fluorescence. An electrostatic interaction
mechanism was proposed for the formation of composite
nanospheres according to the negative charge of BSA-AuNCs
and positive charge of amino-functionalized silica spheres in
acetate buffer solution. The as-prepared composite material
could be potentially applied to chemical and biological
sensors.
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measurement.

NH2

NH2H2N H3N

H3NH2N

Au NCs
Silica spheres

BSA

Acetate buffer solution+

O

O

O
O

O
OO

O
O

OH

O
HO

NH3

NH3

Figure 5: Schematic illustrations of formation mechanism of the Au NCs-silica composite nanospheres.



Journal of Nanomaterials 5

Acknowledgments

This work was supported by Grants from National Natural
Science Foundation of China (20905028), the Fundamental
Research Funds for the Central Universities (2011PY009),
Natural Science Foundation of Hubei Province Innovation
Team (2011CDA115), and Huazhong Agricultural Univer-
sity Scientific & Technological Self-innovation Foundation
(2010SC05).

References

[1] Y. Zhao, Y. Ma, H. Li, and L. Wang, “Composite QDs@MIP
nanospheres for specific recognition and direct fluorescent
quantification of pesticides in aqueous media,” Analytical
Chemistry, vol. 84, no. 1, pp. 386–395, 2012.

[2] Y. L. Li, J. Zhou, C. L. Liu, and H. B. Li, “Composite quantum
dots detect Cd(II) in living cells in a fluorescence “turning on”
mode,” Journal of Materials Chemistry, vol. 22, no. 6, pp. 2507–
2511, 2012.

[3] X. Wang, S. Xu, and W. Xu, “Luminescent properties of dye-
PMMA composite nanospheres,” Physical Chemistry Chemical
Physics, vol. 13, no. 4, pp. 1560–1567, 2011.

[4] Y. Mao, Y. Bao, D. X. Han, F. H. Li, and L. Niu, “Efficient
one-pot synthesis of molecularly imprinted silica nanospheres
embedded carbon dots for fluorescent dopamine optosensing,”
Biosensors and Bioelectronics, vol. 38, no. 1, pp. 55–60, 2012.

[5] L. Shang, S. Dong, andG. U. Nienhaus, “Ultra-small fluorescent
metal nanoclusters: synthesis and biological applications,”Nano
Today, vol. 6, no. 4, pp. 401–418, 2011.

[6] L. Shang and G. U. Nienhaus, “Gold nanoclusters as novel
optical probes for in vitro and in vivo fluorescence imaging,”
Biophysical Reviews, vol. 4, no. 4, pp. 313–322, 2012.
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The never-ending race towards miniaturization of devices induced an intense research in the manufacturing processes of the
components of those devices. However, the complexity of the process combined with high equipment costs makes the conventional
lithographic techniques unfavorable formany researchers.Through years, nanosphere lithography (NSL) attracted growing interest
due to its compatibility with wafer-scale processes as well as its potential to manufacture a wide variety of homogeneous one-, two-,
or three-dimensional nanostructures. This method combines the advantages of both top-down and bottom-up approaches and is
based on a two-step process: (1) the preparation of a colloidal crystal mask (CCM) made of nanospheres and (2) the deposition of
the desiredmaterial through themask.Themask is then removed and the layer keeps the ordered patterning of themask interstices.
Many groups have been working to improve the quality of the CCMs. Throughout this review, we compare the major deposition
techniques to manufacture the CCMs (focusing on 2D polystyrene nanospheres lattices), with respect to their advantages and
drawbacks. In traditional NSL, the pattern is usually limited to triangular structures. However, new strategies have been developed
to build up more complex architectures and will also be discussed.

1. Introduction

More than 50 years have passed since the famous lecture
“There’s plenty of room at the bottom” by Feynman [1]. In
his talk, Feynman explored apparently simple and elegant
possibilities of working at the atomic scale—possibilities
that would have startling results. He touched upon ideas
such as miniature writing, seeing and moving atoms, the
prospect of designing molecules one atom at a time, and
the challenges involved in developing miniature machines.
Devices operating on this scale are expected to provide a
number of breakthrough applications like more powerful
computers and increased data storage due to more efficient
and smaller components. Applications are also expected in
many fields such as solar cells, (molecular) electronics, and
biosensors.

To cite Feynman, the question is now, “How do we write
small?”

There are two well-known major routes for nanofabrica-
tion, called the “top-down” and the “bottom-up” approaches
[2–8].

1.1. Top-Down. In the top-down approach, thin films or
bulk materials are scaled down to create nanodevices. This
can be done by using various techniques such as precision
engineering and lithography and has been developed and
refined by the semiconductor industry over the past 30 years.
Indeed, the never-ending race towards miniaturization of
devices (mobile, camera, etc.) induced an intense research in
themanufacturing processes of the basic components of these
devices. Subtractive and additive transfers lead to different
nanoarchitectured materials.
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The lithographic tools are classified in two families:
“parallel writing” (or replication)methods (e.g., optical lithog-
raphy) and “sequential writing” (or patterning)methods (e.g.,
focused-electron beam lithography).

In parallel writing, the whole pattern is made simultane-
ously using a mask, which dictates the features to be repro-
duced. It is easy to understand that sequential lithography is
slower as the pattern is written point by point on the resist
surface and is therefore more expensive.

Optical lithographic processes are limited in final res-
olution by the wavelength of the light used to expose the
photoresist [10]. The use of short wavelengths and reduc-
tion optics between the mask and substrate has allowed
a reduction in features size. Extending these processes to
wavelengths in deep UV and soft X-ray brings increasing
technical difficulty. Alternative techniques, such as electron
beam lithography, have been developed to overcome the
limitations of optical light. While optical lithography is
mainly intended for patterns of a few micrometers to a few
100microns, the electron beam lithography allows for its part
to achieve submicron resolutions far. Under ideal conditions,
it is possible to reach a sub-10 nm resolution.

Each of these conventional fabrication tools, except for
soft X-ray lithography, is commercially available (though
expensive). These techniques are highly developed and opti-
mized for semiconductor fabrication. The costs of purchas-
ing, installing, and maintaining the tools they require limit
their application in areas other than microelectronics. These
tools are also often incompatible with nonstandard problems
in fabrication (e.g., coatings on nonplanar surfaces).

Over the years, many lithographic and patterning tech-
niques have been proposed to overcome these disadvantages.
The concept of soft lithography was introduced in 1988 by
Whiteside’s group at Harvard [11]. It refers to a set of methods
[4, 12, 13] (microcontact printing, replica molding, micro-
transfermolding, etc.) for generating or replicating structures
by using a patterned elastomer (e.g., polydimethylsiloxane
(PDMS)) as a mask, stamp, or mold. These methods can be
carried out by hand in an ordinary laboratory. Conventional
photolithography must take place in clean-room facility
devoid of dust and dirt; if a piece of dust lands on the
mask, it will create an unwanted spot on the pattern. As a
result, the device being fabricatedmay fail. Soft lithography is
generally more forgiving because the PDMS stamp is elastic.
If a piece of dust gets trapped between the stamp and the
surface, the stamp will compress over the top of the particle
but maintain contact with the surface. Thus, the pattern will
be reproduced correctly except for where the contaminant is
trapped.

Moreover, soft lithography can produce nanostructures
in a wide range of materials, including the complex organic
molecules needed for biological studies [14]. The technique
can print or mold pattern on curved or planar surfaces, but
the technology is not ideal for making the structures required
for complex nanoelectronics. Currently all integrated circuits
consist of stacked layers of different materials. Deformations
of the soft PDMS stamp can produce small errors in the
replicated pattern and amisalignment of the pattern with any
underlying patterns previously fabricated.

Therefore, soft lithography is not well suited for fabricat-
ing structures with multiple layers that must stack precisely
on top of one another.

Researchers have found ways, however, to correct this
shortcoming—at least in part—by employing a rigid stamp
instead of an elastic one.

In a technique called step and flash imprint lithography
[13], photolithography is used to etch a pattern into a quartz
plate, yielding a rigid bas-relief master. The master is then
pressed against a thin film of liquid polymer, which fills
masters recesses. Exposition to ultraviolet light solidifies the
polymer to create the desired replica. A related technique
called nanoimprint lithography [15] also employs a rigid
master but uses a film of polymer that has been heated to a
temperature near its melting point to facilitate the embossing
process.

Scanning probe techniques [16] are also potential tools for
nanofabrication. Depending on the sharpness of the pen, the
resolution of writing can vary frommacroscopic feature sizes
down to the atomic sale.These scanning probe techniques are
based on the changes undergone by species present on the
surface of a substrate.

In practice, such changes can be induced by mechanical,
electrical, magnetic, or chemical means. One of the most
striking examples of nanoscale fabrication by scanning probe
lithography has been the precise positioning of atoms with
an STM tip [17]. Manipulations of atoms or particles by
scanning probe lithography techniques will be rather clas-
sified in the bottom-up approach. These tools seem well
suited for applications in research but will require substantial
development (simultaneous writing patterns with multiple
probes [18]) before they can be used for patterning large areas
in manufacturing.The characteristics of all these lithography
techniques are summarized in Table 1.

Many reviews are focused on the evolution of these new
“unconventional” approaches to nanofabrication [13, 19, 20].

1.2. Bottom-Up. Bottom-up approach uses small and simple
building blocks (atoms, molecules, nanoparticles, etc.) that
will self-assemble into larger, more complex structures. Com-
pared with top-down route, this is more like a chemical or
biological approach and it has the potential to make complex
3D structures cheaply and in large quantities. These methods
can easily make the smallest nanostructures—easily reaching
sub-10 nm dimensions—and do so inexpensively.

Self-assembly (although the distinction is not always
made in the literature, the terms self-assembly and self-
organization should be used, resp., to describe structures
formed close-to-equilibrium and far-from-equilibrium dissi-
pative processes involving energy/matter flow. In some cases,
the words are used interchangeably and the confusion is
still frequent in the literature.) is defined as the sponta-
neous (without the assistance of external forces or spatial
constraints) organization of two (or more) components into
larger aggregates using covalent and/or noncovalent bonds
[24].

Materials fabricated using this approach include self-
assembled monolayers [25] or nanostructures that self-
assemble from block copolymers [23, 26–28] and that can
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Table 1: Characteristics of most popular lithographic techniques [7, 13, 19, 20].

Technique Minimum feature size Pattern Area Cost Time Use
Deep UV L. [21] ≅50–100 nm PW Large High Short Industry
Immersion deep UV L. [22] ≅30 nm PW Large High Short R & D
Extreme UV L. [23] <50 nm PW Large High Short R & D
X-Ray L. ≅20 nm PW Large High Short R & D
Electron Beam L. ≅ nm SW Small High Long R & D (industry)
Soft L. [11] ≅10 nm PW Large Low Short R & D (industry)
Scanning Probe L. [16] <1 nm SW Small High Long R & D
L.: lithography; PW: parallel writing; SW: sequential writing.

be used as templates for the preparation of metallic or
semiconducting nanostructures [29]. The main advantage of
this technique is that nanoscale features can be achieved.
Block-copolymer lithography is sometimes used together
with a lithography prepatterned substrate for further specific
assembly of copolymers [23].

Recent advances in the fabrication of functional nanos-
tructures using self-assembly include self-assembled [30]
magnetic nanoparticles [31]. Crystalline areas of magnetic
nanocrystals can store large amount of information. How-
ever, an annealing step is usually necessary to enhance the
magnetic properties and may give rise to coalescence of
the nanoparticles [32]. Nontemplated self-assembly, while
being attractive for its minimalist use of materials and energy
(compared to conventional lithography), is not widely used
for nanofabrication. Indeed, self-assembly is prone to pro-
ducing defects, and the perfect periodicity of self-assembled
structures from nanoscale components is generally limited
to micrometer-sized areas [13]. Moreover, precise spatial
positioning and nanostructure shape control are difficult to
implement.

1.3. Top-Down, Bottom-Up, or Both? Considering the previ-
ously described synthesis routes (Sections 1.1 and 1.2), the
following conclusions can be drawn. The complexity of the
preparation process combined with high initial equipment
costs makes the conventional lithographic techniques unfa-
vorable for many researchers.

Most of the unconventional lithographic techniques
developed to date, however, require the assistance of conven-
tional lithographic techniques, such as photolithography, to
design and manufacture the masks or masters. Soft lithog-
raphy techniques, although they present many advantages,
do require the production of a single mask (which will be
used several times) by conventional lithographic techniques.
Scanning probe lithography techniques are of course too slow
for mass production. Bottom-up techniques, although they
easily reach sub-10 nanometers, may present some disad-
vantages. Self-assembly has its own problem of regularity
and repeatability. Indeed, control of the density and shape
of the nanostructures is difficult to achieve, which is rather
annoying especially in case of magnetic data storage.

By the way, the dimensions that can now be controlled
by either approach (Figure 1) are of similar order, and this
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Figure 1: The convergence of top-down and bottom-up approaches
[9].

leads to exciting new hybrid methods including nanosphere
lithography towards which our choice was directed.

2. Nanosphere Lithography

Nanosphere lithography (NSL) is a promising inexpensive
fabrication tool for producing regular and homogenous
arrays of nanoparticles with different sizes. This method
combines the advantages of both top-down and bottom-up
approaches.

The process is divided into two steps (Figure 2), the first
of which is mask preparation.

The flat substrate is coated with a suspension containing
monodisperse spherical colloids (e.g., polystyrene) after a
chemical treatment to enhance its hydrophilic character.
Upon drying, a hexagonal-close-packed (HCP)monolayer or
bilayer, called a colloidal crystal mask [33] (CCM), is formed.

This mask is then used to selectively pattern the substrate
thanks to the deposition of the material of interest through
the interstices of the ordered beads.

The subsequent removal of the mask (lift-off) by son-
ication in an adequate solvent or by stripping leaves an
array of ordered nanodots on the surface of the substrate.
An annealing step is sometimes necessary to crystallize the
sample or/and induce a crystallographic phase change.
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Figure 2: Nanosphere lithography process (NSL).

The NSL is often considered as a hybrid between the
bottom-up approach (due to the self-organization of the col-
loidal spheres in a HCP lattice) and the top-down approach
(due to the obtention of dots/structured layers such as in a
conventional lithography technique).

Nanosphere lithography is also known as colloidal lithog-
raphy [34, 35] or natural lithography.

Fischer and Zingsheim [36] are the first to report, in
1981, the formation of an ordered monolayer on a glass
plate.They simply deposited a suspension of colloidal spheres
with a diameter of 312 nm and allowed it to evaporate.
They obtained small-area particle monolayers. The term of
“naturally” assembled polystyrene (PS) latex nanosphereswas
then introduced. However, the focus of their work was the

replication of submicroscopic patterns using visible light and
not fabrication of lithographic colloidal masks.

A year later, Deckman and Dunsmuir [37] extend the
scope of the approach of Fischer showing that a monolayer
of nanospheres can be used both as a “deposit material” or
as a lithographic mask. The deposition is either random or
with ordered arrays over the entire surface of a macroscopic
substrate [38]. The coating procedure developed to produce
microcrystalline arrays is based on a spin coating process.
Several point defects or dislocations are present in the
tens of micrometers scale. Because the mask preparation
process is obtained by self-assembly phenomenon rather
than by photolithography, they named this strategy “natural
lithography.”
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SL DL

Figure 3: Schematic diagrams of single-layer (SL) and double-layer (DL) nanosphere masks and the corresponding periodic particle array
PPA surfaces (dotted line = unit cell). “Reprinted with permission from [39]. Copyright (1995) American Vacuum Society.”

In the 90s, themethod is renamed by the group ofHulteen
and Van Duyne [39] and is still nowadays commonly called
“nanosphere lithography”. Their work is not only focused on
mono- (single) layers (SL) but extends to double layers (DL)
which leads to the formation of smaller dots corresponding to
the small openings that remain in a closed packed structure
(Figure 3).

Van Duyne’s group [40, 41] has also intensively investi-
gated the plasmon resonance properties of metallic patterns
with the ultimate goal of developing biosensors based on
surface enhanced Raman spectroscopy.

Besides, several groups have experimentally and theoret-
ically studied the behavior of colloidal suspensions in order
to understand their stability as well as the mechanisms of
formation of the mask [42].

Through years, nanosphere lithography attracted growing
interest due to its potential to manufacture a wide variety of
one-, two-, or three-dimensional nanostructures [34, 43–47].
Figure 4 highlights the increasing interest for NSL since 1995.

2.1. DesigningMonolayers. In recent years, many groups have
been working on different strategies to continually improve
the quality of the crystal masks. The major methods will be
briefly described below, focusing only on two-dimensional
polystyrene nanospheres lattices.

2.1.1. Self-Assembly during Solvent Evaporation. Evaporation
methods are based on solvent evaporation from a droplet of
dilute colloidal nanosphere suspension deposited on a sub-
strate. The evaporation of the solvent induces the formation
of a meniscus between the particles and therefore attractive
capillary forces give rise to the self-assembly of the particles.

Denkov and his team [48] conducted pioneering work
on self-ordering of colloidal particles by direct observation
of colloids. They found that attractive capillary force and
convective transport of the nanospheres are the main factors
that dominate the self-assembly process, while the ordering
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and quality of the obtained arrays are considerably affected
by the rates of solvent evaporation [49].

By controlling the temperature and the humidity of the
system, Micheletto et al. [50] prepared colloidal monolayers
on a slightly tilted substrate. Since then, other tests were
performed successfully [51, 52]. Low control over the process
often yields mixed multilayers structures.

2.1.2. Dip Coating. Based on their work on convective assem-
bly of colloidal nanospheres during solvent evaporation,
Nagayama et al. [53, 54] developed a dip-coating procedure
for formation of 2D colloidal templates.

Constant monitoring of the evaporation rate as well as
fine-tuning of the withdrawal speed of the substrate are key
parameters to achieve large 2D ordered arrays (Figure 5).
However, the particles layers are formed on both sides of the
substrate, thereby increasing the amount of suspension used.

To overcome this drawback, Nagao et al. [55] engineered
a hybrid method between evaporation and dip coating. A
drop of colloidal suspension is placed on the substrate,
which is thereafter inclined vertically until the suspension is
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Figure 5: (a) SEMmicrograph of a PSmonolayer (480 nm diameter) containing defects of multilayers and voids. “Reprinted with permission
from [53]. Copyright (1996) American Chemical Society.”; (b) Tapping-mode atomic force microscopy micrograph of PS monolayer.
“Reprinted with permission from [54]. Copyright (2000) American Institute of Physics.”
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Figure 6: SEMmicrograph of a PS nanoparticles (520 nm diameter)
monolayer. “Reprinted from [55]. Copyright (2007), with permis-
sion from Elsevier.”

dried. However, many defects are still present in the network
(Figure 6). Multilayers can be obtained by repeating the
operation.

2.1.3. Spin Coating. The spin coating of a colloidal suspension
onto a substrate can accelerate the evaporation of the solvent
[37, 39]. The quality and thickness of colloidal templates
are greatly affected by spin speed, size of the nanospheres,
wettability, and so forth.

Most of the literature on spin coating of colloidal suspen-
sion is experimentally based. Even if recent papers are more
detailed, spin coating protocols described in the literature
are varied and sometimes imprecise [56–58]. Therefore a
major goal for further progress in NSL is the development of
experimental protocols to control the ordering of particles on
solid substrates and to get large well-ordered structures.

However, the spin coating has a significant potential for
mass production and scaling-up because of its rapid imple-
mentation and its compatibility with wafer-scale processes.

For those reasons, we studied by an experimental design
approach the influence of some spin coating parameters on

the degree of ordering of the nanosphere layers (Figure 7)
[59]. We highlighted that, to get large hexagonal-close-
packed ordered areas, we need to quickly spin coat the
suspension at high rotation speed. We also identified ade-
quate spin coating parameters to manufacture large, defect-
free areas reaching up to 200𝜇m2 (with PS nanospheres of
500 nm diameter) [59]. These results agree with studies on
spin coating of colloidal suspensions [60, 61].

As theoretically shown by Kralchevsky and Denkov [49]
interparticle capillary forces arise between spherical particles,
which are partially immersed in a liquid on a horizontal
solid substrate (Figure 8). As the liquid becomes thinner, the
liquid surface deformation increases giving rise to increased
capillary forces.The next step begins with themotion ofmore
colloids that are driven toward the nucleus and is attributed
to a convective flux, which compensates the evaporated
solvent in the already ordered array, hence dragging particles
suspended in the thicker layers towards the thinner regions.
The newcomers remain attached to the domains, pressed by
a hydrodynamic pressure and captured by capillary forces.

The onset of ordering process coincides with the moment
when the thickness of the liquid layer becomes smaller than
the particle diameter [62].

The ordering is therefore highly related to the thick-
ness of the evaporating film. The film thickness has been
demonstrated to be inversely proportional to the spin speed
[61, 63], which corroborates our results. Moreover, Rehg and
Higgins [60] and Dushkin et al. [64] both concluded that
rapid evaporation rate is better at assembling more uniform
monolayers and colloidal crystals. Our results confirm that
the first acceleration in the spin coating process is the critical
parameter to reach high % of HCP organization.

Chen et al. [65] recently provided lots of useful infor-
mation for the efficient and controllable fabrication of large-
scale and uniform monolayer or multilayer colloid-crystal
films with PS nanospheres of various diameters by spin-
coating technology. They improved the understanding of the
relationship between ratios of monolayer coverage areas and
spin speed/acceleration.
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Figure 7: Two- or three-dimensional organization of PS nanospheres (depending on the spin coating parameters). Typical SEMmicrographs
of organized PS nanospheres showing in (a) large HCP area, (b) small HCP area, and (c) multilayers. Scale bars are 5 𝜇m. “Reprinted from
[59]. Copyright (2011) American Chemical Society.”
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Figure 8: Main driving forces in ordering of spherical particles in
wetting film on substrate. 𝐹

𝐶
is a capillary force between particles

trapped in thin liquid film whose thickness is around the particle
diameter. 𝐹

𝑑
is a hydrodynamic force, which drags the immersed

particles toward the thinner regions. This force is caused by the
hydrodynamic flux (𝐽

𝑆
) of the solvent, which compensates the

solvent evaporated from thinner regions. “Reprinted from [49].
Copyright (2001), with permission from Elsevier.”

Figure 9: SEMmicrograph showing large area of self-assembled PS
(200 nm diameter) monolayer. The scale bare is 1 𝜇m. “Reprinted
from [70]. Copyright (2009), with permission from Elsevier.”

2.1.4. Self-Assembly at Interface of Two Media

(i) Air-Liquid Interface
Langmuir-Blodgett Coating. Langmuir-Blodgett coating
refers to the preparation and transfer of nanosphere
monolayers from liquid-gas interface onto a solid substrate
by controlled withdrawal of the substrate. Through use of
surfactants [66] or through surface modification of the
nanospheres [67] in order to enhance their hydrophobicity, a
2D crystal film is formed on the liquid surface. The resulting
floating monolayer is compressed by a barrier that promotes
the assembly of the nanospheres in close-packed lattices.
This setup ensures that the pressure remains constant as
the substrate is being withdrawn. Macroscopic areas can be
patterned with nanospheres.
Controlled Evaporation.The first step of the process (colloidal
monolayer formation) is similar to that of the Langmuir-
Blodgett technique. However, the floating monolayer is left
free without action of any barrier to modify its assembly,
which greatly simplifies the apparatus. Moreover, instead of
being slowly withdrawn from the suspension, the substrate is
left immersed during the liquid evaporation [68, 69].

By slightly tilting the substrate, large HCP domains
(Figure 9) with size greater than 150 𝜇m2 (PS nanospheres
with 200 nm diameter) were manufactured [70].

(ii) Liquid-Liquid Interface
Self-assembly may also occur at the interface between

two nonmiscible liquids [71]. Thanks to carefully prepared
surface conditions, nanospheres assemble at the interface.
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Substrate

Counter electrode

Figure 10: Scheme of electrophoretic deposition of colloids.

Figure 11: SEM micrograph of PS pattern produced by DC elec-
trophoretic deposition in the presence of an UV illumination motif.
The inset shows the overall appearance of the pattern. “Reprinted
by permission from Macmillan Publishers Ltd. Reference [76],
copyright (2000).”

Once they are trapped at the interface, they self-organize into
amonolayer. Subsequently, themonolayer is deposited on the
substrate by a removal procedure or evaporation of one phase.

2.1.5. Electrophoretic Deposition. In electrophoretic deposi-
tion, a colloidal suspension is confined between two elec-
trodes. An applied electric field induces the migration of the
particles (Figure 10) and self-assembly occurs at electrode
interfaces (Figure 11). This method is therefore limited to
conductive substrates (e.g., indium tin oxide (ITO) glass).
Two- [72] and three-dimensional [73] colloids crystals have
been studied both in aDCfield [74–76] or anACfield [77, 78].

The use of AC field allows manipulation of almost any
type of particle in any type of media and has the advantage
of permitting high field strengths without causing water
electrolysis [78].

2.1.6. Prepatterned Substrates. Template-assisted self-
assembly of colloids is usually employed to fabricate types of
arrangements which are difficult or impossible to fabricate
with traditional self-assembly process.

Substrate

Figure 12: Self-assembly on a physically patterned substrate.

Figure 13: SEM micrographs showing large area of polystyrene
spheres on patterned photoresist template. Inset shows magnified
image of the channel. “Reprinted with permission from [115].
Copyright (2006) American Chemical Society.”

Two fundamentally different strategies are available,
namely, the self-assembly on chemically or physically (Fig-
ure 12) patterned substrates. Both methods involve an addi-
tional preliminary step in the process and may consequently
increase the time and the cost of preparation.

Indeed, physically patterned substrates are produced by
conventional lithographic techniques (optical lithography
[79] and electron beam lithography). By changing the shape
of the patterned geometry and the ratio size to particle size
(Figures 13 and 14), it is possible to control the packing order
of the colloidal crystals [80, 81].

On the other side, a selective deposition of the colloids
may occur on chemically patterned (Figure 15) substrates [82,
83].

Depending on the nature of the interaction between the
particles and the template surface, the assembly process is
carried out by different methods (evaporation, spin coating,
or electrophoretic deposition (Figure 16)).

3. Applications of NSL

Assembling colloidal micro-nanoparticles into 2D ordered
arrangements presents a high potential for applications in
many different fields.

First, freestanding cross-linked polymer nanoparticle
films can be used as filtration membranes to separate small
proteins or gold nanoparticles and present the great advan-
tage of a narrow pore size distribution that is never seen in
the present polymer membranes [84].

Furthermore, the 2DHCPmonolayer can be used asmask
or template to generate patterns of functional materials on
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Figure 14: SEM micrographs of some typical examples of polygonal aggregates that were formed by templating PS beads against 2D arrays
of cylindrical holes. The cylindrical holes used in all experiments are ≅2𝜇m. (a) Dimers with 1.0𝜇m PS beads; (b) trimers with 0.9𝜇m PS
beads; (c) square tetramers with 0.8𝜇mPS beads, and (d) pentagons with 0.7 𝜇mPS beads. “Reprinted with permission from [116]. Copyright
(1996) American Chemical Society.”

(a) (b)

Figure 15: SEMmicrographs of a chemical patterning experiment by use of a square elastomer stamp as structure for printing. (a) Overview
of the sample, (b) zoom on one square. Dimensions of the pattern: squares (24𝜇m)2. “Reproduced from [83] with permission of the PCCP
Owner Societies.”
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(a) (b)

Figure 16: SEMmicrographs of 2D colloidal crystals grown by electrophoretic deposition on (a) a patterned and on (b) an unpatterned ITO
substrate. Scale bars are 5 𝜇m. “Reprinted with permission from [81]. Copyright (2004) John Wiley and Sons.”

a substrate. The deposited materials can be chosen without
almost any limitation and the feature size of obtained struc-
tures can be controlled by adjusting the particle diameters,
ranging from less than ten nanometers [85] to tens of
micrometers [86].

Although the preparation of a colloidal mask is easy
and cheap, the resulting pattern is limited to triangular
structures, which can be a significant drawback, compared
to conventional lithographic techniques. Indeed, in many
applications, the material properties and target applications
are highly dependent on the shape of the patterned species.
To overcome this disadvantage and build new architectures,
various strategies have been suggested and will also briefly
discussed in this review.

3.1. Nanodots. Nanoparticle arrays can simply be generated
by deposition on the substrate through the mask, which
is usually positioned normal to the propagation direction
of a material vapor. The particles obtained after removal
of the mask have, in general, approximate triangular shape
(Figure 17(a)) and are distributed in hexagonal lattices at the
substrate surface.

Among all applications of those structures, localized
surface plasmon resonance (LSPR) [87] is one active area of
great interest. LSPRplays amajor role in newdevelopments of
nanophotonics, such as surface enhanced Raman scattering
[88, 89] (SERS) substrates or biosensors [90]. Haynes andVan
Duyne [88] investigated the relationship between particles
sizes, shape, interparticle spacing, and LSPR. They worked
on hexagonally ordered triangular Ag dot arrays obtained
with single-layered colloidal masks or Ag nanoparticle arrays
obtained by double-layered colloidal masks (Figure 17).
They demonstrated that the absorption band of the metallic
nanostructures can be easily tuned from visible to near IR.

Another important area of the NSL is the design
of ordered nanostructures for ultrahigh density magnetic

recording [69, 91–93]. Compared with conventional tech-
niques for fabricating magnetic ordered nanostructures, NSL
is inexpensive and allows high-output fabrication. In gen-
eral, reducing the feature dimensions to lower length scales
has revealed novel magnetic properties [29]. For example,
nanoscale magnetic materials often exhibit superparamag-
netic behavior, which hinders the miniaturization race.

NSL allows a fine-tuning of the size of the manufactured
nanostructures. Indeed, a number of posttreatment methods
(e.g., heating (Figure 18) and etching) have been developed
in order to modify the interstitial structure of the colloidal
mask.

Haynes and coworkers [94] also pioneered angle-resolved
colloidal lithography, which consists in the deposition of
materials at the nonzero incident angle (𝜃) of the vapor beam
with respect to the normal direction of the substrate. This
technique not only reduced the dimension of the nanodots
but also modified the shape from equilaterals to isosceles
triangles (Figure 19).

Recently, Wang and coworkers broadened the scope of
angle-resolved colloidal lithography by developing a stepwise
strategy to generate heterogeneous binary particles (Fig-
ure 20).

3.2.Nanodisks—Nanorings. Amodified colloidal lithography
(hole-mask colloidal lithography [95]) enables the prepara-
tion ofmetal nanodisk arrays after several deposition/etching
steps.

The essential new feature of hole-mask colloidal lithog-
raphy compared to the original colloidal lithography is the
presence of a sacrificial layer combined with a thin filmmask
with nanoholes (“holemask”). A sacrificial polymer film (e.g.,
PMMA) is spin-coated onto a flat surface (e.g., glass slide
and Si wafer). This is followed by deposition of a colloidal
solution containing PS bead. A thin film, which is resistant
to reactive oxygen plasma etching, is then deposited onto
the surface (and not under the nanospheres). The PS beads
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Figure 17: (a) SEM micrograph of Ag triangular nanodots made with a single-layered colloidal mask. (b) SEM micrograph of Ag nanodots
madewith a double-layered colloidalmask.The scale bar is 1 𝜇m. “Reprintedwith permission from [88]. Copyright (2001) AmericanChemical
Society.”

(a) (b) (c)

Figure 18: SEMmicrographs of a PS mask annealed in water/EtOH/acetone mixture by (a) 1, (b) 2, and (c) 4 microwave pulses.The scale bar
is 200 nm. “Reprinted with permission from [117]. Copyright (2005) John Wiley and Sons.”

(a) (b)

Figure 19: SEM micrographs of gold nanodots fabricated by angle-resolved colloidal lithography with (a) 𝜃 = 20∘ and (b) 𝜃 = 40∘. The scale
bar is 1 𝜇m. “Reprinted with permission from [94]. Copyright (2002) American Chemical Society.”

are tape-stripped away and the film is then subjected to
plasma treatment, leaving nanoholes in the plasma-resistant
film (“hole mask”) resting on the sacrificial PMMA layer.The
hole mask can then be used either as a deposition- or etch-
mask or both.

Kasemo andhis group fabricated Pt [96], Pd [96], Ag [96],
andAl [97] nanodisks (Figure 21) and studied their plasmonic
properties.

Choi et al. [98] studied nanopatterned Co/Pt nanodisks
for magnetic memory devices.

Aizpurua et al. [99] investigated the optical properties of
Au nanorings using another modified colloidal lithography,
coupled with an Ar ion beam etching step. A red-shifted
localized surface plasmon was observed compared to Au
nanodisks of similar size. Those nanorings may also be used
as ultrasensitive biosensors [100].
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Figure 20: (a) Schematic illustration of depositing gold and silver onto a hexagonally close-packed spheres monolayer at the incidence angles
(𝜃) of 15 and −15∘, respectively. The incident beam of gold, the incident beam of silver, and the normal direction of the colloidal template are
highlighted by yellow, blue, and black arrows, respectively. (b) SEM image of the resulting heterogeneous binary array. The original locations
of PS spheres, gold NPs, and silver NPs are highlighted by black circles, yellow triangles, and blue triangles, respectively.The scale bar is 2𝜇m.
“Reprinted with permission from [118]. Copyright (2008) American Chemical Society.”
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Figure 21: (a) SEMmicrograph of Pt nanodisks.The scale bar is 500 nm. “Reprinted with permission from [96]. Copyright (2006) American
Chemical Society.” (b) AFM 3Dmicrograph of a Al nanodisk. Cross-section profile reveals a rather rough surface. “Reprinted with permission
from [97]. Copyright (2008) American Chemical Society.”

A dewetting process also enables the synthesizing of
nanorings of various materials (TiO

2
[101], CdSe Quan-

tum Dots [102], and proteins [103]). First, a solution con-
taining the desired material is filled into a colloidal tem-
plate on a substrate. During the evaporation of solvent at
the nanosphere/substrate interface, the solvent molecules
around the contact area usually evaporate last, because
they are confined by capillary forces. The materials dis-
solved or dispersed in the solvent move towards these
areas and form ring-like structures under the nanospheres
(Figure 22).

3.3. Nanoholes. The fabrication of nanoholes is based on
the modification of colloidal masks by etching or heating
treatment. It modulates the size of the interstitial pores
between the particles, changing the arrangement from close
packing to nonclose packing.

This technology allows considerable freedom to control
both the feature dimensions and shape of nanoholes by
changing the sizes of nanospheres. By filling the empty inter-
space between nanospheres with target materials, nanohole
or nanopore arrays can be produced. Periodic metallic

nanohole arrays (Figures 23 and 24), as other metallic nanos-
tructures, have attracted great interest because of their impor-
tant technological applications in nanophotonic devices.

Current challenge in this field lies in the fabrication of
nonspherical nanohole arrays (Figure 24) due to the fact that
the shape of the individual nanoholes offers an important
handle to tune the plasmonic properties.

Recently, Yu et al. [104] developed a facile and new
approach to prepare large-scale ordered porous nanoparticles
(e.g., gold or Fe

3
O
4
) films, by filling the nanoparticles into

interstitial voids of the sphere arrays by filtration technique.
Then the ordered porous structured were formed after
heating and removing the sphere template (Figure 25). The
obtained structures can be used formembranes, catalysts, and
surface enhanced Raman scattering probes.

3.4. Nanorods—Nanowires—Nanopillars—Nanotips. By cat-
alytic deposition or growth, 1D structured arrays can be
fabricated using 2D colloidal crystals as templates.

Metal nanoparticle arrays can be used as catalysts to
grow 1Dnanowire arrays. Indeed, Ni nanoparticle arrays have
been used to prepare carbon nanotube arrays (Figure 26)
by plasma-enhanced chemical vapor deposition (PECVD).
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(a) (b)

Figure 22: SEM micrographs of Au nanorings: (a) top view and (b) 80∘ tilted view. Both scale bars are 100 nm. “Reprinted with permission
from [100]. Copyright (2007) American Chemical Society.”

Figure 23: SEM micrograph of Ni porous ordered arrays. The scale bar is 1𝜇m. “Reprinted with permission from [119]. Copyright (2009)
American Chemical Society.”

(a) (b)

Figure 24: SEM micrographs of elliptical Ag porous ordered arrays before (a) and after (b) nanosphere removal. The scale bar is 1𝜇m.
“Reprinted with permission from [120]. Copyright (2009) American Chemical Society.”

Wang and coworkers [105] prepared aligned ZnO nanorods
by vapor-liquid-solid growth guided by Au nanoparticles
arrays.

Li and coworkers [106] reported a new approach for
manufacturing TiO

2
hcp nanocolumn arrays (Figure 27(a))

by pulsed laser deposition (PLD) in oxygen on the top of PS

nanospheres. The periodicity can be tuned by using different
nanosphere sizes and the distance between neighboring
columns could be controlled by experiment parameters (e.g.,
pressure) during process (Figure 27).

By changing the corresponding target in the PLD process,
this strategy can be used to synthesize similar nanocolumns
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Figure 25: Cross-sectional SEM image (after removal of the 1.09 𝜇m polystyrene monolayer template) of a film prepared from 100 nm gold
nanoparticles. The scale bar is 500 nm. “Reprinted from [104] with permission of the Royal Society of Chemistry.”

200 nm

Figure 26: Tilted SEMmicrograph of aligned carbon nanotubes (CNTs). “Reprinted with permission from [121]. Copyright (2003) American
Chemical Society.”

200 nm

200 nm

200 nm

(a) (b)

(c)

Figure 27: TiO
2
nanocolumn array obtained by PLD using a PS colloidal monolayer as substrate. (a) HR-SEM micrograph observed from

the side (the dotted circle highlights the PS sphere). “Adapted with permission from [122]. Copyright (2008) American Chemical Society.”
(b), (c) Top-view HR-SEM micrograph of TiO

2
nanorods obtained under different background gas pressures ((b) 2.0 Pa for 200min and (c)

26.7 Pa for 30min) and subsequent annealing. “Adapted with permission from [123]. Copyright (2005) John Wiley and Sons.”
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∘
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(a)

Figure 28: ZnO nanowire arrays grown via the “templated growth” route trough a sacrificial layer of polystyrene nanospheres, showing
controllable and reversible wetting properties. (a) Cross-section SEM micrograph showing the as-grown ZnO nanowires through the
polystyrene nanospheres. (b) SEM micrograph of the ZnO nanowires after removal of the polystyrene template, highlighting a hexagonal
symmetry.The inset scale bar is 500 nm. (c) Reversible hydrophobicity to superhydrophilicity by successive UV illumination and dark storage
or annealing (CA: contact angle). “Adapted with permission from [109]. Copyright (2011) American Chemical Society.”

(a) (b)

(c) (e)

(d)(d)

1𝜇m

Figure 29: (a) SEMmicrograph of a cross-section of the silicon tip arrays obtained by wet etching.The inset is the profile of water droplet on
the sample. “Reproduced from [110] with permission of the Royal Society of Chemistry.” (b), (c) Respectively side and top SEMmicrographs of
RIE-etched silicon sample for antireflective applications.The scale bar is 200 nm. “Reprintedwith permission from [113].” (d) SEMmicrograph
of silicon nanoimprint lithography stamp obtained by RIE etching. (e) SEMmicrograph of corresponding imprinted pattern on PMMA.The
scale bar is 200 nm. “Reprinted with permission from [124]. Copyright (2003) John Wiley and Sons.”

in different materials such as Co
3
O
4
, [107] ZnO, [108] Fe

2
O
3
,

[108], or CuO [108]. These nanostructures, in addition to
intrinsic properties ofmaterials they aremade of, may display
interesting wettability properties [107].

Our group also investigated the use of nanosphere
lithography process to produce density-controlled patterned
arrays of well-aligned ZnO nanowires by hydrothermal
growth. Reversible superhydrophilicity to hydrophobicity
was observed and controlled by successive UV illumination
and O

2
annealing (Figure 28) [109].

Two-dimensional colloidal crystals can also be used as
protective masks to prepare nanotip/nanopillar arrays by
etching procedures such as dry etching by reactive ion etching
(RIE) or metal catalytic wet etching [110, 111].

RIE steps of certain materials are realized by correspond-
ing ions, for example, polymer and carbon by oxygen ions,
but silicon and silica by fluorine ions [112].

Nanotips and nanopillars are of great importance because
of their unique potential in a wide variety of applications
(Figure 29), such as antireflection coatings [110, 113], highly
hydrophobic surfaces [110], andmold for nanoimprint lithog-
raphy [114].

4. Conclusions

The complexity of the preparation process combined with
high initial equipment costs made the conventional litho-
graphic techniques unfavorable for many researchers. More-
over, most of the nonconventional lithographic techniques
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developed to date require the assistance of conventional
lithographic techniques, such as photolithography, to design
and manufacture the masks or masters.

In this context, nanosphere lithography emerged as a
hybrid (between top-down and bottom-up approaches) and
high-output nanostructure process:

(i) to produce nano objects, exhibiting similar features in
terms of size, shape, and interface in order to exhibit
similar (e.g., chemical, magnetic,etc.) properties;

(ii) to manufacture long range ordered arrays of nanos-
tructures: all nanostructures are equidistant and have
the same environment;

(iii) to control the density of these nanostructures in order
to isolate or otherwise increase their number on a
given surface;

(iv) to offer a certain flexibility in the choice of materials,
both for the substrate and the nanostructures;

(v) to fulfill the above conditions in a short time and at
reasonable price.

Throughout this review, we compared the various deposi-
tion techniques that can be used to manufacture the colloidal
crystal masks, with respect to their advantages and draw-
backs. Nanosphere lithography was here clearly evidenced
as a powerful process to manufacture various arrays of
periodic structures with a wide potential of interest for the
field of nano- and microfabrication, as highlighted by the
unexhaustive list of architectures/applications manufactured
by NSL.
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Métalliques, Université Paris-Sud XI, Orsay, France, 2005.

[8] W. Kandulski, Shadow nanosphere lithograpy [Ph.D. thesis],
University of Bonn, 2007.

[9] R. W. Whatmore, “Nanotechnology: big prospects for small
engineering,” Ingenia, pp. 28–34, 2001.

[10] S. Okazaki, “Resolution limits of optical lithography,” Journal of
Vacuum Science & Technology B, vol. 9, no. 6, pp. 2829–2833,
1991.

[11] Y. Xia and G. M. Whitesides, “Soft lithography,” Angewandte
Chemie, vol. 37, no. 5, pp. 550–575, 1998.

[12] “Soft lithography: reviews,” http://www.chem.hanyang.ac
.kr:8001/hanyang/professor6/upload/Lhito.pdf.

[13] B. D. Gates, Q. Xu, M. Stewart, D. Ryan, C. G. Willson, and G.
M. Whitesides, “New approaches to nanofabrication: molding,
printing, and other techniques,” Chemical Reviews, vol. 105, no.
4, pp. 1171–1196, 2005.

[14] P. W. K. Rothemund, “Folding DNA to create nanoscale shapes
and patterns,” Nature, vol. 440, no. 7082, pp. 297–302, 2006.
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Ti-doped ZnO sol-composite films were prepared on the glass substrate by the two-step sol-gel technique. X-ray diffraction, Uv-Vis
spectrophotometer, and FS spectrumof composite filmswere used to helpmake structure characterization and optical performance
testing.The results showed that the composite was amixture of ZnO+Zn

2
TiO
4
. Because of synergistic effect of both semiconductor

oxides, composite films had a wide range of spectral response in the visible region, and the absorption band edge was about 510 nm,
and the Green Belt of composite films luminous significantly enhanced. Photocatalytic oxidation experiments showed that using
the composite films treatment (16.5ml, l0mg/L methyl orange aqueous solution)/cm2, the decolorization rate of methyl-orange
was 90% after 3 hours irradiation.

1. Introduction

Due to low energy consumption, strong oxidation abil-
ity, mild reaction conditions, and no secondary pollution,
semiconductor photocatalytic oxidation technique potential
applications in the field of environmental protection attract
widespread interest ofmany scholars. TiO

2
and ZnO are ideal

semiconductor oxide materials and have a broad application
prospects in respect of wastewater treatment and air purifi-
cation. ZnO has aroused much attention because it has high
photocatalytic activity in some organic photodegradation
reactions [1, 2]. It has also been found that both quantum
efficiency and catalytic efficiency of powderedZnOare higher
than those of TiO

2
[2]. Most of the studies related to pho-

todegradation reactions have been carried out using suspen-
sions of powdered ZnO in aqueous solutions [3]. Although
suspension/slurry reactors are generally found to be more
efficient, their effective applications are hindered by some
serious disadvantages, namely, difficulties of the separation
and recovery of catalyst and easiness to aggregate. In recent
years, there are fewer reports on photocatalytic properties
of ZnO nanocomposite materials including nanocomposite

powder [4–8] and films [9–17]. Some investigators have
prepared ZnO/TiO

2
composite films and ZnO/TiO

2
multi-

layer films [14–19]. ZnO and TiO
2
have similar band gap

(𝐸
𝑔
= 3.2 eV) and staggered band position. Using different

semiconductor conduction band and valence band energy
level difference, they are bothmixed on themolecular level, so
the photoexcited carriers can separate. It is helpful to reduce
the recombination probability of photoinduced electron/hole
pairs, improving quantum efficiency, and this is very impor-
tant to the design and preparation of the photocatalyst.
In general, the details of the surface morphology, crystal
structure, and chemical composition critically influence the
photocatalytic performance of the photocatalysts. Therefore,
nanocomposite films prepared by different composite tech-
niques can have different photocatalytic activity for those
films composed of ZnO and TiO

2
.

In this paper, Titanium ion-doped ZnO sol nanocompos-
ite films were prepared by using a two-step sol-gel process.
The photocatalytic activity of the composite films prepared
by different methods was compared. And the micromech-
anism of the composite films photocatalytic efficiency was
explored.
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Figure 1: Uv-vis absorbance curves of films (a) multilayer films, (b)
doping films, (c) ZnO, (d) sol composite films, and (e) TiO

2
.

2. Materials and Methods

2.1. Film Catalyst Preparation. Reagents used in the experi-
ment are of analytical grade.

The preparation of TiO
2
sol. According to the ratio of

6 : 2 : 1 : 0.3 (volume ratio), anhydrous ethanol, acetic acid,
tetrabutyl titanate, and ethanolamine were sequentially
placed in a beaker, which magnetic stirring for 0.5 h, getting
a solution A. Ethanol and distilled water were prepared to
a solution B with a ratio of 36 : 1. The solution B was slowly
added dropwise (9mL/min) to the solutionA, and then it was
obtained a uniform and transparent yellowish solution after
stirring for 1.5 h. The solution was aged for 20 h.

The preparation of ZnO sol. Zinc nitrate hexahydrate,
ethanol, and citric acid, respectively, were used as a solute,
solvent, complexing agent. Zinc nitrate and citric acid were
mixed with amolar ratio of 1 : 1 and prepared to Zn2+ concen-
tration of 0.5mol/L solution by the water bath temperature of
60∘C and magnetically stirred 2 h. The solution was aged for
20 h.

The preparation of Zn-doped TiO
2
composite sol. Its

steps were basically the same as TiO
2

sol preparation
steps, just a certain amount of Zn(NO

3
)
2
⋅6H
2
O (with 20%

ZnO/TiO
2
molar ratio) was dissolved in solution B, and

slowly dropped into the solution A after full dissolution.
The preparation of Ti-doped ZnO composite sol with

two-step method. ZnO sol was slowly poured into TiO
2
sol

with different molar ratios. Stirring mixed sol under room
temperature for 0.5 h and Aging the solution for 20 h.

In this study, Ti-doped ZnO composite films (hereinafter
referred to as sol composite film) were prepared on glass
substrate by sol-gel dip-coating technique. As a comparation,
single component ZnO and TiO

2
films, ZnO/TiO

2
alter-

nating multilayer film, and Zn-doped TiO
2
composite film

(hereinafter referred to as doped composite film) were also
prepared under optimized conditions, respectively.

Glass substrates were dipped in the starting solution for
20 s and were drawn at a rate of 4 cm/min using the TL
0.01 vertical pulling machine (Shenyang Scientific Precision
Instrument Factory). The deposited layers were then dried in
air at 70∘C for 30min after each dipping. The crystallization
of the films was finally performed by thermal annealing in
air at temperature of 500∘C for 1.5 h after several coating
cycles, cooling along with the furnace.The film thickness was
measured using XP-2TM surface Talysurf (Shenyang Science
Precision Instruments Factory).

2.2. Sample Performance Testing. X-ray diffraction (XRD)
measurements were performed by a D/Max-2500/PC diffrac-
tometer with Cu K𝛼 line for an angle range of 2𝜗 = 20–
70∘ (Rigaku). Optical absorption properties and photolumi-
nescence spectra of the samples were carried out employing
anUV-2550 ultraviolet-visible spectrum (Shimadzu) and FL-
1039 fluorescence spectrum using an excitation wavelength of
325 nm (France Jobin Yvon).

3. Results and Discussion

3.1. Optical Absorption Properties of Films. Optical absorp-
tion behavior of Ti-doped ZnO sol composite films with
different molar ratio prepared by the two-step sol-gel method
was first studied. The results showed that all composite films
exhibit a wide range of spectral response in the UV-visible
region. Among them, the sol composite film with 15% of
Ti content appears as the widest absorption band and has
a better absorption within the 245 nm–460 nm wavelength
range. Absorption band edge is near 510 nm. The extension
of the spectral response range of sol composite films may
be resulted from the formation of a moderate amount of
Zn
𝑥
Ti
𝑦
O
2𝑦+𝑥

composite oxide in the film.
Figure 1 gives UV-visible optical absorption curves of all

kinds of films (8 layers). As can be seen, order of the spectral
response range is Ti-doped ZnO sol composite films, Zn-
doped TiO

2
doped composite films, ZnO/TiO

2
alternating

multilayer film, ZnO film, and TiO
2
film. Obviously, the

spectral response ranges of the composite films arewider than
that of the single component film. And absorption band edge
of the composite films occur red shift,which is consistentwith
the result reported in the literature [12, 17, 20]. The spectral
response range of Ti-doped ZnO sol composite film is the
widest in the three composite films. Absorption band edge of
Ti-dopedZnO sol composite film lie 510 nm, approximate red
shift 50 nmcomparingwithZn-dopedTiO

2
doped composite

film. According to the relationship of the optical absorption
threshold and band gap of the semiconductor [20], the band
gap of the Ti-doped ZnO sol composite film (film thickness
of 400 nm) is near 2.44 eV:

𝜆
𝑔
(nm) = 1240

𝐸
𝑔
(eV)
. (1)

3.2. Sol Composite Film Structure. X-ray diffraction pattern of
15% Ti-doped ZnO sol composite film prepared by the two-
step sol-gel method was shown in Figure 2. We can see
that the main phase is still the hexagonal wurtzite structure
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Figure 2: XRD pattern of samples. (a) ZnO + Zn
2
TiO
4
sol compos-

ite films and (b) ZnO film.

for ZnO (JCPDS 36-1451), but it can be clearly observed
that there is several weak diffraction peaks except ZnO
main phase in the X-ray diffraction spectrum labeled as
“a” of sol composite film. After careful comparison with
the JCPDS card. The weak diffraction peaks in the curve
labeled as “a” of sol composite film are characteristic peak of
No. 26-1500 ZnTiO

3
and No. 25-1164 Zn

2
TiO
4
(mostly), no

TiO
2
characteristic peaks are found, suggesting the doped-

Ti formation of solid solution with ZnO. On the basis of
the XRD profiles, the average grain sizes of the products
were calculated according to the Debye-Scherrer Equation,
being 54 nm and 46 nm for Ti-doped ZnO sol composite
film and single component ZnO film, respectively, indicating
that the dopant Ti improves the crystallinity of ZnO. When
ZnO react with TiO

2
, the composition of titanate depends

on the ratio between ZnO and TiO
2
. When the ZnO is

excess, reacted product is mainly Zn
2
TiO
4
[21]. As shown

in Figure 2, nanocomposite film exhibits a slightly higher
angle shift from that of single ZnO film, indicating a lattice
distortion due to the introduction of other elements. Just
because of the formation of the new phase, structure of the
sol composite film changed.

3.3. Photocatalytic Properties of Ti-Doped ZnO Sol Composite
Films. Photocatalytic degraded l0mg/Lmethyl orange aque-
ous solution, which served as a model organic pollutant,
was carried out under UV light irradiation. The glass sample
coated with sol composite films was cut into 35mm ×
26mm rectangular. And then it was suspended into the
vessel which contained 150mL methyl orange solution, and
the mixture was continuously stirred for 30min in dark to
reach an adsorption-desorption equilibrium. After that, they
were irradiated from top using a UV lamp (Philips 125W,
360 nm).The distance between vessel and lampwas 30 cm. At
regular intervals, 5mL of the aliquot samples were withdrawn
from the reaction mixture. The used solution was returned
to the vessel and degraded again after measure absorbance
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Figure 3: Effect of the thickness of sol composite films on the decol-
orization rate. (a) 275 nm, (b) 380 nm, (c) 490 nm, and (d) ZnO-
390 nm.

(𝜆max = 465 nm) every time. Decolorization rate of methyl
orange solution was used to estimate the photocatalytic
activity of the film [7]:

𝜂 =
(𝐴
0
− 𝐴)

𝐴
0

× 100%, (2)

where𝐴
0
and𝐴 are the absorbance ofmethyl orange solution

before and after irradiation. In general, increasing the film
thickness can enhance photocatalytic activities of the film, but
this increase is limited. Effect of sol composite film thickness
on photocatalytic activities was studied.The results are shown
in Figure 3. We notice that the photocatalytic activities of
the sol composite film increase with the increasing of a film
thickness in a 300–400 nm range. When the film thickness
is greater than 400 nm, the photocatalytic activities of the
film reduces. Thus, the maximum decolorization rate of
methylorange solution reaches 90% after degradation for
180min in a suitable film thickness of 400 nm or so, while
the maximum decolorization rate of pure ZnO films is only
48% (curve labeled as “d” in Figure 3). The photocatalytic
activities of the sol composite film vary with film thickness.
The main reason is that the load volume of film increases
with the increase of the film thickness, then photo-generated
electrons/holes concentration and hydroxyl content relatively
increase, which enhance the photocatalytic activities of the
sol composite film. Nevertheless, when the film is too thick,
the diffusion speed of the reaction solution reaching com-
posite film interior and the resultant reaching composite film
surface reduced. And the enlarging of migration distance of
the photoexcited electrons andholes hindered diffusion of the
carrier. Furthermore, part of the grains grew up and became
agglomerate during the course of film thickness increase
via layer by layer, which decreased the specific surface area
of the film and reduced the adsorption properties of the
film. So the photocatalytic activities of too thick films are
decreased.
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3.4. The Photoluminescence Spectra of Ti-Doped ZnO Sol
Composite Film. In order to investigate themicromechanism
of significantly enhanced photocatalytic activity for the ZnO
+ Zn
2
TiO
4
sol composite film prepared by the two-step sol-

gel method, the photoluminescence spectra of sol composite
film were measured (excitation wavelength of 330 nm), as
shown in Figure 4. As we can observe from Figure 4, lumi-
nescent peak in the spectrum of sample ZnO + Zn

2
TiO
4

sol composite film (curve labeled as “b”) located in the UV-
violet range present weak and redshift comparing with the
pure ZnO film (curve labeled as “a”), which is consistent
with the above conclusion obtained from optical absorption
curve in Figure 1. At the same, time we also notice that the
green band emission in the visible region (510–530 nm) is
significantly enhanced. It is well known that there are two
kinds of emission bands of near band edge (NBE) excitonic
UV emission and defect-related deep-level emission (DLE)
in the visible region in ZnO crystals [20, 22]. Although the
exact mechanisms for UV-violet and visible emissions are
not yet clear, the UV emission is believed to originate from
the excitonic recombination corresponding to the band edge
emission of ZnO, while the origin of the green luminescence
is associated with the intrinsic defect centers, such as oxygen
vacancy (VO), zinc vacancy (VZn), or antisite oxygen (OZn)
[20]. Formation of Zn

2
TiO
4
in the sol composite film made

the surface state of the film different, resulting in an increase
of content of oxygen vacancy (VO), therefore, sol composite
film exhibits a strong emission in the green region. In
general, during the photocatalytic oxidation reaction process,
oxygen vacancy defect in ZnO crystallinity can act as the
active centers to capture photoinduced electrons, thereby the
recombination of photoinduced electrons and holes can be
effectively inhibited, so that the photocatalytic activity can
be greatly improved. And the existence of oxygen vacancy
also promotes the adsorption of the sample on the oxygen.
Moreover, there is a strong interaction between photoex-
cited electron shackled or captured by oxygen vacancies
and its adsorbed oxygen. This implies that oxygen vacancy

shackle of the photoexcited electron may be conducive to
capture of adsorbed oxygen on photoexcited electron, which
alleviated the bottleneck factors of photocatalytic oxidation
technology to some extent, that is, transmission slow of
photoexcited electron to adsorbed oxygen [23]. Meanwhile,
activated species peroxy radical ∙O

2
was further generated,

accelerating oxidation of organic matter [12]. Hence, the
oxygen vacancy can enhance photocatalytic activity of film.

In addition, we also observe that there is an obvious
orange luminescent peak at the 616 nm in the spectrum of
the sol composite film. The emission peak is rarely reported
in the previous literature. This may be a new defect in ZnO
crystallinity introduced by the generation of a new phase in
the sol composite film, and the light-emittingmechanism still
needs to do further in-depth study.

4. Conclusions

Ti-doped ZnO sol-composite films were prepared on glass
substrate by the two-step sol-gel technique. X-ray diffraction
test results show that the composite film composed of a
mixture of ZnO + Zn

2
TiO
4
. When Ti doping ratio was

15%, sol composite film had the widest spectral response
range and exhibited high photocatalytic efficiency. Accord-
ing to the processing (16.5mL, l0mg/L of methyl orange
solution)/cm2 composite film calculation, decolorization rate
of methyl orange was 90% after degraded 3 hours. Obvious
improvement of sol composite film photocatalytic efficiency
results from formation of the appropriate amount Zn

2
TiO
4

in composite film, due to both phases of ZnO and Zn
2
TiO
4

coexisting in the film, and it is probable that the coupling of
both semiconductor oxides promote the charge separation,
which decreases the photoexcited electron-hole recombina-
tion. Moreover, formation of the new phase caused surface
state of the composite film to change,which led to the increase
of the oxygen vacancy concentration of the film. So when
quantum efficiency of the sol composite film was improved,
its photocatalytic activity was greatly enhanced.
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Nanoparticles of the TiO
2
/ZnO composite photocatalysts were prepared via sol-gel process.The crystalline structure, morphology,

thermal stability, and pore structure properties of the composite photocatalysts were characterized by XRD, FE-SEM, TG-DTA,
and N

2
physical adsorption measurements. The photocatalytic activity of the composite catalysts was evaluated by photocatalytic

degradation reaction ofmethyl orange (MO) in aqueous solution.The best preparation parameters for the composite photocatalysts
were obtained through systematical experiments. Furthermore, the photocatalytic degradation reaction of aqueous MO solution
followed the first-order reaction kinetics; the relative equation can be described as ln(𝐶

0
/𝐶) = 0.5689𝑡, and the calculated

correlation constant (𝑅2) is 0.9937 for the calibration curve.

1. Introduction

Photocatalytic technology has been increasingly demonstrat-
ing prominent superiority for the decomposition of organic
compounds and pollutants coming from many industries.
Among various semiconductor photocatalysts, TiO

2
has been

proven to be the most important one due to series of merits
such as good photocatalytic activity, good chemical and ther-
mal stability for long term, nontoxicity, and low cost. Thus, it
has been widely applied in environmental, optical, and elec-
tronic fields [1–7]. ZnO is another promising photocatalyst
and suitable alternative to TiO

2
for the wider direct band gap

as well as higher solar receive and utilization efficiency for
organic pollutants photodegradation [8–15]. Recently, many
studies for improving TiO

2
photocatalytic efficiency have

becomehot topics; one approach is to dope some kind of tran-
sition metals into TiO

2
, forming doped photocatalyst, which

would modify both physical and optical properties of TiO
2

[16], but the results are still unsatisfying. Another one is to
couple other oxides in order to achieve higher photocatalytic
efficiency, such asWO

3
[17], ZnO [18–20], SiO

2
[21, 22], SnO

2

[23], Fe
2
O
3
[24], and MoO

3
[25], and these studies on this

aspect are becoming more and more extensively.
In this paper, nanoparticles of TiO

2
/ZnO composite

catalysts were obtained via sol-gel process. The crystalline
structure, morphology, thermal stability, and pore structure
properties were characterized by means of XRD, FE-SEM,
TG-DTA, and N

2
physical adsorption measurements. The

photocatalytic activity of composite catalysts was investigated
by photocatalytic degradation experiment of MO in aqueous
solution.

2. Experimental

2.1. Materials. The starting materials, tetrabutyl titanate
(TBOT), zinc acetate, ethanol absolute, and hydrochloric acid
(36.5 wt.%)were purchased fromShanghaiChemical Reagent
Company, and they were used to prepare TiO

2
/ZnO com-

posite catalysts. The above reagents were of analytic reagent
grade, and they were used without further purification.
SevenmL TBOT was mixed with 20mL ethanol absolute
and hydrochloric acid which varied from 0.10mL, 0.15mL,
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0.20mL, and 0.25mL to 0.3mL, respectively, forming solu-
tion A. Zinc acetate (for instance, 0.45 g, 0.68 g, 0.90 g,
1.13 g, 1.35 g, and 1.58 g) and 1.5mL deionized water were
mixed with 20mL ethanol absolute to form solution B.
The starting materials ratio was equal to ZnO/TiO

2
(molar

ratio) varying from 0.10, 0.15, 0.20, 0.25, and 0.30 to 0.35,
respectively. Then, solution B was slowly added into solution
A under magnetic stirring for 0.5 h. The mixed sol was aged
at room temperature until forming gel, and themixed gel was
dried and calcined.The calcination temperatures were 450∘C,
480∘C, 500∘C, 550∘C, and 600∘C, respectively. Calcination
time was changed among 1 h, 1.5 h, 2 h, 2.5 h, and 3 h when
the calcination temperature has been determined. In this way,
the nanoparticles of TiO

2
/ZnO composite catalysts can be

synthesized.

2.2. Characterization. The morphology of TiO
2
/ZnO com-

posite catalysts was studied by the field emission scanning
electron microscopy (FE-SEM, S4800, Japan), and the pipe
pressure was 15 kV. The crystalline structure and crystal
phases of the as-prepared composite catalysts were deter-
mined by the X-ray powder diffractometer (XRD, Rigaku,
Japan) of D/MAX-rB, which was radiated by Cu K𝛼 with
the pipe pressure of 40mV, the wave length (𝜆) being
0.154056 nm, and the diffraction angle being in the range
of 10∘–80∘. The N

2
adsorption/desorption isotherms, specific

surface area, and pore size distribution plots were measured
by automatic physical adsorption apparatus (NOVA4000e,
Quantachrome, USA), and the thermogravimetric analysis
and differential thermal analysis (TG-DTA) curves of the
composite catalysts were carried out by CRY-2P and WRT-
3P analyzers.

2.3. Photocatalytic Activity Test. 0.1 g powders of TiO
2
/ZnO

nanocomposite catalysts were put into 100mL MO aqueous
solution; its concentration was 10mg/L. A 250W high-
pressure mercury lamp was used as the light source. The
absorbance of MO aqueous solution was analyzed by the
722s visible spectrophotometer at the wavelength of 465 nm,
corresponding to maximum absorption wavelength of MO.
The photocatalytic degradation rate of MO aqueous solution
can be calculated by the formula

𝐷 =
(𝐴
0
− 𝐴)

𝐴
0

× 100%. (1)

In the formula,𝐷 represented the photocatalytic degradation
rate of MO aqueous solution, 𝐴

0
was the absorbance of

MO aqueous solution before the photocatalytic reaction, and
𝐴 was the absorbance of MO aqueous solution after being
catalyzed by the TiO

2
/ZnO nanocomposite powders at a

moment within 5 hours.

3. Results and Discussion

3.1. Physical Properties of TiO
2
/ZnO Composite Catalysts

3.1.1. XRD Pattern Analysis of TiO
2
/ZnO Composite Catalysts.

Figure 1 shows XRD pattern of the prepared TiO
2
/ZnO
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Figure 1: XRD pattern of the TiO
2
/ZnO composite catalysts.

nanocomposite samples. From the XRD pattern and cor-
responding characteristic 2𝜃 values of diffraction peaks, it
can be confirmed that TiO

2
particles in the samples are

identified as anatase phase according to the standard card
of PDF#21-1272, for the sharp diffraction peaks located at
2𝜃 = 25.3∘, 38.0∘, 48.1∘, 54.1∘, 55.1∘, 62.8∘, 68.9∘, and 75.2∘,
which are corresponding to the (101), (004), (200), (105),
(211), (204), (116), and (215) planes, respectively. Meantime,
several slight diffraction peaks located at 2𝜃 = 31.7∘, 34.4∘,
36.3∘, and 70.0∘ are also observed, they are corresponding
to the (100), (002), (101), and (201) planes of hexagonal
zincite phase ZnO particles according to the standard card
of PDF#36-1451. Therefore, it can be suggested that the as-
prepared TiO

2
/ZnO composites samples are the combination

of anatase TiO
2
particles and zincite ZnO particles. In

addition,most diffraction peaks in the XRDpattern are sharp
and symmetrical Gauss peaks, which further indicate that the
particles of TiO

2
and ZnO in the composites samples have

high crystallinity. The results are also identified with other
research papers [26, 27].

3.1.2. FE-SEM Analysis of TiO
2
/ZnO Composite Catalysts.

Figure 2 has shown FE-SEM image of TiO
2
/ZnO composite

catalysts. A lot of TiO
2
andZnOnanoparticleswith a granular

morphology can be seen clearly from Figure 2. According
to the measurement, the particles size of the as-prepared
TiO
2
/ZnO samples is almost not more than 100 nm. It is also

observed that TiO
2
particles are main components in the

TiO
2
/ZnO composites samples, and ZnO particles were

widely dispersed on the surfaces of the obtained TiO
2
bulks,

which would be beneficial to improve the catalytic activity of
the TiO

2
/ZnO composite photocatalysts in essence. Further-

more, some amounts of TiO
2
and ZnO crystalline grains in

the samples are aggregated to some extent for their nanoscale
particles.
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Figure 2: FE-SEM image of the TiO
2
/ZnO composite catalysts.
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Figure 3: N
2
adsorption/desorption isotherms, pore diameter, and

pore distribution plots of the TiO
2
/ZnO composite catalysts.

3.1.3. N
2
Physical Adsorption Analysis of TiO

2
/ZnO Compos-

ite Catalysts. Figure 3 gives the N
2
adsorption/desorption

isotherms, pore diameter, and pore size distribution plots
of the TiO

2
/ZnO composite catalysts. The adsorption/des-

orption isotherms are corresponding to the typical type-
IV isotherms (IUPAC, 1985) which indicate the mesoporous
nature of TiO

2
/ZnO composite particles. In addition, the

desorption hysteresis loop appears when the relative pressure
(𝑃/𝑃
0
) is in the range of 0.42 to 0.83. The hysteresis type

of the isotherms can be classified as H1 which is related to
the capillary condensation associated with the mesoporous
channels of TiO

2
/ZnO composites, and this type of hysteresis

loop is normally attributed to the cylindrical pore geometry,
and high degree of pore uniformity and connectivity in the
composite catalysts [28].

As shown in Figure 3, it also can be seen that
the pore diameter is 6.602 nm, the biggest pore volume
is 0.0361 cm3/g, and the average pore volume is 0.0119 cm3/g.
In addition, the average specific surface area is 76.258m2/g
according to BET calculated results, which are bound up
with the morphology and the size of lots of the nanoparticles
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Figure 4: TG-DTA curves of the TiO
2
/ZnO composite catalysts.

in the TiO
2
/ZnO composite catalysts [29].These results show

that there are rich and uniform pores as well as big specific
surface areas in the obtained TiO

2
/ZnO composite catalysts.

3.1.4. TG-DTA Curves Analysis of TiO
2
/ZnO Composite Cata-

lysts. In order to verify the thermal stability of the TiO
2
/ZnO

composite catalysts, the TG-DTA analysis was conducted
using the dried composites gel. As shown in Figure 4, there
is an endothermic peak at 80∘C in the DTA curve, and the
correspondingmass loss is about 20% in the TG curve, which
has inferred that an amount of the absorbed water in the
composites samples has been evaporated. When the temper-
ature is increased to 275∘C, an obvious exothermic peak can
be observed in the DTA curve, and there is a corresponding
mass loss in the TG curve, which can be assigned to the
dehydroxylation of precursor powders and the formation
of some brookite phase TiO

2
particles. There is another

endothermic peak appearing at 525∘C in the DTA curve,
which is attributed to the dehydration of bound water. Then,
there is a sharp and strong exothermic peak at 620∘C in
the DTA curve, which can be attributed to the polymorphic
transformation of TiO

2
, which is from anatase phase to rutile

phase, and this is a steady and slowprocess. After 650∘C, there
is no peak in the DTA curve, and the mass of composites
samples shows a little change in the TG curve.The total mass
loss of the samples is about 40%. The results have shown
that the obtained TiO

2
/ZnO composite catalysts have good

thermal stability.

3.2. Photocatalytic Performance Testing of TiO
2
/ZnO Compos-

ite Catalysts

3.2.1. Evaluation of Preparation Parameters of TiO
2
/ZnO

Composite Catalysts. As shown in Figure 5, among the six
kinds of the starting materials ratio, when ZnO/TiO

2
(molar

ratio) is 0.25, the decolorization rate of MO aqueous solution
is the highest; the maximum value is up to 72.34%.The effect
of hydrochloric acid dosage on the photocatalytic activity of
TiO
2
/ZnO composite samples has been shown in Figure 6,

when hydrochloric acid dosage is 0.15mL, the decolorization
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Figure 5:The effect of ZnO/TiO
2
(molar ratio) on the photocatalytic

activity of the TiO
2
/ZnO composite catalysts.
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Figure 6: The effect of hydrochloric acid dosage on the photocat-
alytic activity of the TiO

2
/ZnO composite catalysts.

rate ofMO aqueous solution can be up to themaximumvalue
71.43%. Through investigating the calcination temperature
of TiO

2
/ZnO composite catalysts as shown in Figure 7, the

most proper calcination temperature is 500∘C. Furthermore,
the calcination time has been inspected. It can be seen
from Figure 8 that when the calcination time is 2 h, the best
photocatalytic activity of TiO

2
/ZnO composite catalysts has

been obtained; at that time, the decolorization rate of MO
aqueous solution has reached the highest value 74.03%. From
the above, proper preparation conditions of TiO

2
/ZnO com-

posite catalysts are as follows: ZnO/TiO
2
(molar ratio), 0.25;

hydrochloric acid dosage, 0.15mL; calcination temperature,
500∘C; and calcination time, 2 h.

3.2.2. Photocatalytic Activity of TiO
2
/ZnO Composite Cat-

alysts. The photocatalytic activity of TiO
2
/ZnO nanocom-

posites prepared under the best conditions has been shown
in Figure 9. When MO aqueous solution alone has been
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Figure 7:The effect of calcination temperature on the photocatalytic
activity of the TiO

2
/ZnO composite catalysts.
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Figure 8:The effect of calcination time on the photocatalytic activity
of the TiO

2
/ZnO composite catalysts.

irradiated by high-pressure mercury lamp, its decolorization
rate is only 2.22% (Figure 9, MO alone under the light). In
the dark condition, TiO

2
/ZnO composites have reached the

saturation adsorption amount after 0.5 h, the decolorization
rate of MO aqueous solution is 4.9% (Figure 9, Adsorption in
the dark). Adding TiO

2
/ZnO composite catalysts under the

same light source, alongwith the reaction time extending, the
photocatalytic decolorization rate of MO aqueous solution
increased gradually. When the reaction time is 5 h, the
decolorization rate of the MO aqueous solution is up to
93.30% (Figure 9, Photocatalytic reaction), and the increasing
tendency of MO decolorization rate turns slowly after 4 h.
It can be inferred that the MO aqueous solution would be
nearly degraded completely when catalyzed by TiO

2
/ZnO

composite catalysts in proper time.

3.2.3. Reaction Kinetics of MO Aqueous Solution Catalyzed
by TiO

2
/ZnO Composite Catalysts. As shown in Figure 10,

photocatalytic reaction kinetics of MO aqueous solution has
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Figure 10: The reaction kinetics of MO aqueous solution catalyzed
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/ZnO composite catalysts.

been studied, and the good linearity between theMOaqueous
solution concentration and the reaction time can be observed.
According to calculated results, the reaction kinetics equation
can be described as ln(𝐶

0
/𝐶) = 𝑘𝑡, the reaction rate constant

(𝑘) is equal to 0.5689, and the calculated correlation constant
(R2) is 0.9937 for the calibration curve. The above results
indicate that the photocatalytic reaction of MO aqueous
solution follows the first-order reaction kinetics, which is
consistent with the research results of Gao et al. [30].

4. Conclusions

In this study, TiO
2
/ZnO composite catalysts were successfully

prepared via sol-gel process. According to the above char-
acterization and experiment results, TiO

2
/ZnO composite

catalysts have a granular morphology, and the particles size is
almost not more than 100 nm. The composite catalysts with
high crystallinity are the combination of anatase TiO

2
and

zincite ZnO particles. The adsorption/desorption isotherms
are the typical type-IV isotherm with H1 desorption hys-
teresis loop in desorption branch curve, which indicates
the mesoporous nature of TiO

2
/ZnO composite catalysts.

The pore diameter is 6.602 nm, the biggest pore volume is
0.0361 cm3/g, the average pore volume is 0.0119 cm3/g, and
the average specific surface area is 76.258m2/g. In addition,
the as-prepared TiO

2
/ZnO composite catalysts have good

thermal stability. Meantime, the better preparation con-
ditions for the TiO

2
/ZnO composite catalysts have been

obtained, which are as follows: ZnO/TiO
2
(molar ratio), 0.25;

hydrochloric acid dosage, 0.15mL; calcination temperature,
500∘C and; calcination time, 2 h. The decolorization rate of
the MO aqueous solution is up to 93.30% after 5 h, and the
experimental result is better than the research ones of Tian
et al. [31] and Zhang and Song [32]. The reaction kinetics
equation can be described as ln(𝐶

0
/𝐶) = 0.5689𝑡, which fol-

lows the first-order reaction kinetics. From the above results,
it is reasonable to believe that TiO

2
/ZnO composite catalysts

will be applied more and more in environmental protection
field and other catalytic fields.
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Highly sensitive and stable pH-sensing properties of an extended-gate field-effect transistor (EGFET) based on the aluminum-
doped ZnO (AZO) nanostructures have been demonstrated. The AZO nanostructures with different Al concentrations were
synthesized on AZO/glass substrate via a simple hydrothermal growth method at 85∘C. The AZO sensing nanostructures
were connected with the metal-oxide-semiconductor field-effect transistor (MOSFET). Afterwards, the current-voltage (I-V)
characteristics and the sensing properties of the pH-EGFET sensors were obtained in different buffer solutions, respectively. As
a result, the pH-sensing characteristics of AZO nanostructured pH-EGFET sensors with Al dosage of 3 at.% can exhibit the
higher sensitivity of 57.95mV/pH, the larger linearity of 0.9998, the smaller deviation of 0.023 in linearity, the lower drift rate
of 1.27mV/hour, and the lower threshold voltage of 1.32V with a wider sensing range (pH 1∼ pH 13). Hence, the outstanding
stability and durability of AZO nanostructured ionic EGFET sensors are attractive for the electrochemical application of flexible
and disposable biosensor.

1. Introduction

Ion-sensitive field-effect transistor (ISFET) was first fabri-
cated as an alternative to the fragile glass electrode in pH-
measurement and ion concentrations by Bergveld in 1970
[1]. The major difference between ISFET and usual metal-
oxide-semiconductor field-effect transistor (MOSFET) is that
there is no metal gate electrode in the former. The first pH-
sensitive membrane to be used in ISFET was silicon dioxide
(SiO
2
), which showed an unstable sensitivity and large drift

[1]. Silicon nitride (Si
3
N
4
) and aluminum oxide (Al

2
O
3
) have

been also used as pH-sensitive membranes because of their
higher response [2, 3]. In general, the ISFET has several
disadvantages such as low current sensitivity and device
instability. On the contrary, the structure of the extended-
gate field-effect transistor (EGFET) reveals many advantages
over the conventional ISFET, such as the low cost, simple
passivation and package, insensitivity of temperature and

light, flexibility of shape of the extended-gate structure, and
better long-term stability [4, 5]. EGFET explored by Van
der Spiegel et al. in 1983 is a structure used to isolate FET
from the chemical environment [6], in which a chemically
sensitive membrane is deposited on the end of the signal
line extended from the FET gate electrode. The surface
ion adsorption mechanisms of pH-sensitive membranes in
ISFET and EGFET are the same. The principal distinction
between pH-ISFET and pH-EGFET sensors is the impedance
of sensing films [7]. Insulatingmembranes, for example, SiO

2
,

Si
3
N
4
, and Al

2
O
3
, were commonly used for the fabrication

of ISFET and presented very low sensitivities when applied
in EGFET. The sensitively extended gate of EGFET must
use a conductive material to be a sensing electrode that
can transmit sensing signals easily [8–10]. Many materials
were adopted as the pH-sensing membranes of pH-EGFET
sensors, such as zinc oxide (ZnO) [11], tin oxide (SnO

2
) [12],

ruthenium oxide (RuO
2
) [13], and vanadium oxide (V

2
O
5
)
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[14]. Recently, one-dimensional ZnO nanostructures have
attracted considerable attention as pH-sensitive membranes
because of the unique advantages including high surface-to-
volume ratio, nontoxicity, thermal stability, chemical stability,
electrochemical activity, and high mechanical strength [15–
17]. However, intrinsic ZnO exhibits larger sheet resistance
and less conductivity. To achieve low impedance, it is neces-
sary to increase the conductivity or reduce the resistivity of
ZnO sensing membrane. ZnO nanostructures usually were
dopedwith IIIA element, for instance, aluminum (Al) [18, 19],
which could enhance their conductivities [20, 21]. Al-doped
ZnO (AZO) nanowires (NWs) and nanotubes (NTs) have
been presented for the high conductance and high crystal
quality [22], which could be expected for lower resistivity.
However, only the finite report demonstrates the pH-sensing
properties of AZO nanostructures [23]. The stability and
durability of AZO nanostructured pH-EGFET sensors have
not been addressed. In this work, the pH-sensing and drift
characteristics of hydrothermal Al-doped ZnO nanostruc-
tured pH-EGFET sensors were analytically demonstrated.

2. Experimental

The EGFET investigation is divided into two parts. One is
the sensing unit containing the sensitive membrane, and the
other is the MOSFET device. Figure 1 shows the key fabrica-
tion procedures of undoped ZnO and AZO nanostructures
applied in pH-sensing membrane. The growth of undoped
ZnO and AZO nanostructures on the glass substrate was per-
formed by hydrothermal growthmethod. In the sensing unit,
a 200 nm thick AZO film was sputtered on glass substrates to
serve as a seed layer for the growth of undopedZnO andAZO
nanostructures.The precursor solution was prepared bymix-
ing with 0.025M zinc nitrate hexahydrate (Zn(NO

3
)
2
⋅6H
2
O)

and 0.025M hexamethylenetetramine (HMTA) in deionized
water. The aluminum nitrate nonahydrate (Al(NO

3
)
3
⋅9H
2
O)

powders were used as the doping source to add in the
precursor solution. Then, the samples were placed in such
a mixed hydrothermal solution at 85∘C for 1 hour on a
hot plate. The atomic ratio of Al dopant in the precursor
solutions (Al/(Al+Zn)) was controlled as 0 at.% (undoped),
1 at.%, 2 at.%, 3 at.%, 5 at.%, and 7 at.%, respectively. After the
hydrothermal method growth, the samples were bound to
metal wire with silver paste and packaged with epoxy resin,
and then the packaged electrode was put into an oven for
30min at 120∘C. Epoxy resin was used to avoid the leakage
current and define the sensing window at 2 × 2mm2. In
addition, the Keithley 236 semiconductor parameter analyzer
was used to measure the current-voltage (I-V) characteristics
of the pH-EGFET sensor in pH 1, 3, 5, 7, 9, 11, and 13
phosphate buffer solutions. Figure 2(a) reveals the schema
of pH-sensing measurement facility. A commercial Ag/AgCl
electrode (DX200) was adopted as the standard reference
electrode, offering a constant potential during the whole
measuring process. The sensing unit and the reference elec-
trode were directly immersed into the buffer solution and
electrically connected to the gate of commercial standard
MOSFET device (CD4007UB). To avoid the temperature

effect due to outside light interference, measurements were
carried out in a dark box at room temperature. Subsequently,
response voltage and drift effect of the sensing device in
different phosphate buffer solutions were measured with a
specific voltage-time (V-t) measurement system (indicated
in Figure 2(b)), which consists of a commercial instrument
amplifier (LT1167) and a digital multimeter (HP 34401A).
In this measurement system, the instrumentation amplifier
was utilized to measure the total charges associated with
the hydrogen ions accumulated on the sensing window, and
its amplification gain is one. The output voltage variations
versus time of the sensing unit were recorded with the
reference electrode to provide constant voltage during the
measurement process.

3. Results and Discussion

In the previous investigations [23, 24], the AZO nanostruc-
tures with various Al dosages were synthesized successfully
on AZO/glass substrate by hydrothermal growth method
at 85∘C. The morphologies, crystallinity, optical emission
properties, bonding states, and chemical compositions of
AZO nanostructures show evident dependence on the Al
dosage [24]. While the Al dosage was equal or less than
3 at.%, only NWs are observed. Both the undoped and lightly
Al-doped ZnO NWs are well ordered and vertically aligned
with similar specific dimensions (i.e., the average length of
∼1 𝜇m and diameter of ∼ 100 nm). Contrarily, the nanosheets
(NSs) are obtained while Al dosages are above 3 at.%. NWs
and NSs coexisted when Al dosage was 5 at.%. The sample
doped with 7 at.% Al dosage disclosures the remarkable
changes on morphology, resulting in a complete NSs. The
lightly Al-doped (≦3 at.%) NWs indicate single-crystalline
wurtzite structure. On the contrary, the heavily Al-doped (i.e.
7 at.%) NSs reveal the polycrystalline ZnO wurtzite crystals.
The optical emission properties of undoped ZnO and AZO
nanostructures examined by photoluminescence (PL) spectra
can be linked to the structural defects [24]. Less structural
defects existed in the AZO NWs with appropriate Al dosage
(i.e., 3 at.%). The reduced structural defects are probably
related to the fact that the Al ions competed with Zn ions to
consume the residual O ions and decrease the concentration
of oxygen interstitials in the AZONWs [25]. Furthermore, Al
atoms may also have more opportunities to occupy the sites
of oxygen vacancies in the AZO NWs, associated with the
decreased concentration of oxygen vacancies [19].The exper-
imental compositions of Al in the AZO nanostructures were
analyzed as 0 at.%, 0.31 at.%, 0.81 at.%, 1.98 at.%, 3.35 at.%, and
6.27 at.% byX-ray photoelectron spectroscopy (XPS, Physical
Electronics PHI-1600) [23, 24], according to the controlledAl
dosages of 0 at.%, 1 at.%, 2 at.%, 3 at.%, 5 at.%, and 7 at.% in the
precursor solutions.

The operation of the pH-EGFET sensor is very similar
to that of a conventional MOSFET, except that an additional
sensing structure is immersed in the buffer solution. The
relation between the pH value and drain-source current
(𝐼DS) can be obtained by the basic MOSFET expression [26],
where the threshold voltage of pH-EGFET sensor depends



Journal of Nanomaterials 3

Glass substrate
AZO seed layer

(a)

Glass substrate
AZO seed layer

Al-doped ZnO nanostructures

(b)

Metal line

Glass substrate
AZO seed layer

Al-doped ZnO nanostructures

(c)

Epoxy

Glass substrate
AZO seed layer

Metal line

Al-doped ZnO nanostructures

(d)

Figure 1: Key fabrication procedures of undoped ZnO and AZO nanostructures applied in pH-sensing membrane.
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Figure 2: Schematic diagrams of the (a) I-V measurement facility and (b) V-t measurement system for the pH-EGFET sensors.

on the pH value. Figure 3 depicts the transfer characteristics
(𝐼DS-𝑉REF) for the pH-EGFET sensors in the linear regime
(when 𝑉DS was fixed at 0.2 V) with pH values from 1 to
13. The 𝐼DS-𝑉REF curves show that the threshold voltage
shift (Δ𝑉

𝑇(EGFET)) depends on the concentration of hydrogen
ions. The threshold voltage moves from the left side to
the right side of x-axis with a raised pH value similar to
a decreased concentration of hydrogen ions. The flat-band
voltage increases with the increasing of carrier concentration
in sensing film [9], bringing about a diminution of pH-
EGFET threshold voltage as the Al dosage rises, as shown
in Figure 3. The pH sensitivity and linearity values can be

extracted from the change in 𝑉
𝑇(EGFET) and can be written as

follows:

pH voltage sensitivity

=

𝑉
𝑇(EGFET) (𝑥2) − 𝑉𝑇(EGFET) (𝑥1)

pH (𝑥
2
) − pH (𝑥

1
)

𝐼DS=0.2mA

=

Δ𝑉
𝑇(EGFET)

ΔpH

𝐼DS=0.2mA
.

(1)

The pH sensitivity and linearity values were constructed
from the relationship for 𝑉REF as a function of pH (while
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Figure 3: Transfer characteristics (𝐼DS-𝑉REF) for the pH-EGFET sensors in the linear regime with various Al dosages: (a) 0 at.%, (b) 1 at.%, (c)
2 at.%, (d) 3 at.%, (e) 5 at.%, and (f) 7 at.%.
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Figure 4: Linearity of the pH-EGFET sensors in the linear regime with various Al dosages while𝑉DS = 0.2 V and 𝐼DS = 0.2mA: (a) 0 at.%, (b)
1 at.%, (c) 2 at.%, (d) 3 at.%, (e) 5 at.%, and (f) 7 at.%.
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Figure 5: V-t curves of the pH-EGFET sensors immersed in pH 1∼pH 13 buffer solutions with various Al dosages: (a) 0 at.%, (b) 1 at.%, (c)
2 at.%, (d) 3 at.%, (e) 5 at.%, and (f) 7 at.%.

𝐼DS was fixed at 0.2mA), given in Figure 4. The pH voltage
sensitivities are about 35.23, 49.79, 54.16, 57.95, 55.61, and
53.34mV/pH with respect to the Al dosages of 0 at.%, 1 at.%,
2 at.%, 3 at.%, 5 at.%, and 7 at.% in the pH 1∼pH 13 range,
accordingly. Figure 4 exhibits the linearity of 0.9757, 0.9880,
0.9937, 0.9998, 0.9962, and 0.9902, correspondingly, for the
Al dosages of 0 at.%∼7 at.%. Furthermore, the deviation is
about 0.126, 0.111, 0.068, 0.023, 0.054, and 0.084 V with
respect to the Al dosages of 0∼7 at.%, accordingly, based
on the result of twenty measured samples. Moreover, the
experimental sensitivity values can be consistent with the
addressed observations of physical analysis [24].The superior
crystallinity and less structural defects can inhibit grain
boundaries scattering and carrier trapping and result in the
increases of carrier concentration and mobility, which can
benefit for a better conductivity [27, 28]. Furthermore, the
Fermi level is typically higher than the redox potential of
the electrolyte for an n-type semiconductor electrode at
open circuit [29]. After electrical contact, electrons will be
transferred from the electrode into the solution. There is
a positive charge associated with the space charge region
and thus reflected in an upward bending of the band edges.
The semiconductors have a significant density of structural
defects between conduction band and valence band, pre-
senting the pinning of Fermi level when contacting a liquid
electrolyte solution [30].

Therefore, the structural defects play a role as similar as
a junction of semiconductor metal. The density and energy
distribution of structural defects determine their energy level
or work function.The band bending degree of a semiconduc-
tor can be linked with the structural defects. Consequently,

when theAl dosage was increased above 3 at.%, the sensitivity
values are decreased significantly due to the polycrystalline
and disorders of NSs. The readout circuit of the pH-EGFET
sensor instrument amplifier is refered to in Figure 2(b). The
change of the pH buffer solution will proportionally affect
the interface potential of the solution and EGFET sensing
membrane. The output signal can be expressed as

𝑉OUT = 𝑉
+

IN − 𝑉
−

IN = 𝑉REF − 𝑉SENSING-FILM, (2)

where 𝑉+IN and 𝑉−IN are the two input terminal voltages of
the instrumentation amplifier.𝑉REF and𝑉SENSING-FILM are the
voltages of reference electrode and the sensing film, which
are connected to the input terminals of the instrumentation
amplifier. Afterwards, the drift characteristics of the separate
pH-EGFET sensors were obtained using this readout circuit.
The drift effect has been used to evaluate durability and
reliability of electrochemical sensors, especially for ISFETs,
which relates to OH− ions adsorption on sensing film surface
in different buffer solutions [31].

Figures 5 and 6 demonstrate the V-t curves for short
durations (i.e., 0∼30 sec) and the drift characteristics of pH-
EGFET sensors with long-term (i.e., 12 hours) measurement,
respectively. The relation between output voltage and time
is indicated in Figure 5 while the sensors were immersed
in pH 1∼pH 13 buffer solutions with various Al dosages.
The response output voltage curves of the AZO pH-EGFET
sensor with 3 at.% Al dosage are the most sensitive when
compared to the others. The shifts in voltage from 5 to
12 hours were estimated to obtain the drift rate of pH-
EGFET sensors immersed in buffer solutions. The long-term
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Figure 6: Drift characteristics of the undoped ZnO and AZO
nanostructured pH-EGFET sensors measured within pH = 7 for the
duration of 12 hours.

drift rates (revealed in Figure 6) of undoped ZnO and AZO
nanostructures employed in pH-EGFET sensors are about
16.81, 13.59, 4.77, 1.27, 3.38, and 8.79mV/hour with respect to
the variousAl dosages in pH 1∼ pH 13 range, correspondingly.
AZO nanostructures demonstrate smaller long-term drift
rates (better durability and stability) than those of undoped
ZnO nanostructures.

In brief, it suggests that AZO nanostructured pH-EGFET
sensor with Al dosage of 3 at.% gives the best and most
stable pH-sensing characteristics in this work. AZO nanos-
tructured pH-EGFET sensor with 3 at.% Al dosage reveals
the higher sensitivity of 57.95mV/pH, the larger linearity
of 0.9998, the smaller deviation of 0.023 in linearity, the
lower drift rate of 1.27mV/hour, the lower threshold voltage
of 1.32V, and the wider sensing range (i.e., pH 1∼pH 13),
which may be associated with the vertically well-aligned
NWs array, superior crystallinity, less structural defects, and
better conductivity [24]. The better conductivity of sensing
electrode applied in EGFET can transmit sensing signals
easily. Therefore, AZO nanostructured pH-EGFET sensors
with 3 at.%Al dosage presents the optimumpH-sensing char-
acteristics. The sensitively nanostructured membrane is also
easy to fabricate and package. This result recommends that
AZO nanostructured pH-EGFET sensors prepared by low-
temperature hydrothermal growthmethod in the atmosphere
demonstrate the promised sensing characteristics and can be
candidates for the applications of disposable biosensors (i.e.,
glucose and urea sensor).

4. Conclusion

The AZO nanostructures with various Al dosages were syn-
thesized on AZO/glass substrate by a simple hydrothermal
growth method at a low temperature of 85∘C. The pH-
sensing properties of hydrothermal AZO nanostructures are

evidently influenced by Al dosage. The AZO nanostructured
pH-EGFET sensors with Al dosage of 3 at.% present the opti-
mum pH-sensing characteristics in this work (i.e., the higher
sensitivity of 57.95mV/pH, the larger linearity of 0.9998, the
smaller deviation of 0.023 in linearity, the lower drift rate
of 1.27mV/hour, the lower threshold voltage of 1.32V, and
the wider sensing range of pH 1∼pH 13), which may be
attributed to the vertically well-aligned NWs array, superior
crystallinity, less structural defects, and better conductivity.
Consequently, the well-aligned arrays of Al-doped ZnONWs
synthesised by hydrothermal growth method can disclose
superior pH-sensing characteristics and be promising for the
application of disposable biosensors.
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We described a facile method for assembly gold nanochains by using octreotide acetate as template in aqueous environment. In
acidic solution, octreotide acetatewas conferred positive charges and its structure changed to chain-like.Themonodisperse negative
gold nanoparticles were bound to the surface of octreotide acetate template by electrostatic attraction and the interaction of gold
nanoparticles with amino acid residues (tryptophan and lysine). The fabricated gold nanostructure presented chain-like observed
by transmission electron microscopy. The cytotoxicity of gold nanochains was examined by tetrazolium dye-based microtitration
(MTT) assay, which demonstrated significantly less toxicity than that of octreotide acetate alone. TheMTT assay also reflected the
combinative action between the gold nanoparticles with octreotide acetate. Ourwork lays the groundwork for developing octreotide
acetate-templated nanomaterials that can be used as a building block for the creation of nanomaterials. Meanwhile, the harmfulless
gold nanochains have great application prospects in the biomedical filed.

1. Introduction

Gold nanoparticles (AuNPs) have attracted increasing atten-
tion due to their great potential in biological and medical
applications in recent years. AuNPs show excellent stability,
universal biocompatibility, and unique optical, surface, elec-
tronic, and photocatalytic properties [1–4]. The biocompati-
bility and optical property have contributed to the increasing
interest in utilizing AuNPs as optical markers for living
cells [5], colorimetric sensors [6], contrast agent for optical
coherence tomography imaging [7], and vehicles for drug and
gene delivery [8]. The properties of AuNPs attribute to their
surface plasmon resonance (SPR) property which is dependet
upon their particle characteristics (shape and size) [9]. Many
attempts have been made to control the shape and size for
desirable functional properties during metal nanomaterials
synthesis, such as photochemical method [10], electrochem-
ical method [11], rapid microwave heating process [12], and
liquid crystal template [13].

In various methods, biotemplate synthesis has emerged
as an ideal encouraging approach to produce nanomaterials.
The strategy can make AuNPs possessing excellent optical
property by controlling the AuNPs at size and shape. Mean-
while, the biotemplate and AuNPs have high affinity, and the
special morphologies of gold nanostructures were formed by
different biotemplates.The high reproducibility and accuracy
in controlling mineralizations and nanocrystal synthesis of
variousmetals are also themerits of biotemplatemethod [14].
Therefore, various and wide range biomaterials as templates
have become the focus for researchers. Griffin et al. [15]
have made aqueous dispersion of DMAP-stabilized AuNPs
adsorbed on the DNA template and achieved gold nanoscale
wires. Zhang et al. [16] have prepared the periodic square-like
AuNPs arrays functionalized with a layer of T15 sequences
on 2D DNA nanogrids. Cowpea mosaic virus was modified
with poly (allylamine) hydrochloride as template to form
narrowly dispersed AuNPs [17]. However, all the chemical
modification regents used in the preparation of AuNPs are
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not desired. Meanwhile, whether the drug effect of AuNPs
is affected by the biotemplate function did not get atten-
tion.

Therefore, we chose a neoteric strategy, using a new
biomaterial as template to solve the problem of the chemical
modifier. In numerous biomaterials, peptides have excellent
potential as one of morphology-specific ligands due to their
various amino acid sequences [18]. The morphology of the
peptides can be controlled according to their physicochemi-
cal properties.

Octreotide acetate (OCT) is a synthetic octapeptide ana-
logue of nature somatostatin [19], cyclized by a disulfide bond
between the two Cys residues (D-Phe-c(Cys-Phe-D-Trp-Lys-
Thr-Cys)-Thr(ol)) [20].The amino acids composition ofOCT
is simple, and its physicochemical properties are available. To
the best of our knowledge, using OCT as template to prepare
gold nanochains has not been previously reported. The mor-
phology and charges of OCT can be adjusted by experiment
condition. In addition, OCT is a kind of medicine for the
treatment of acromegaly, pancreatic endocrine tumors, and
carcinoid syndrome [21]. The drug effect of template must be
cleared away by our efforts so that the OCT-metal composite
can be used in biomedicine without toxicity.

In this study, a mild, versatile, and controlled method-
ology was used to form OCT-AuNPs chains by assembling
AuNPs with OCT. The morphology of OCT-AuNPs chains
was characterized by TEM, and UV-vis spectroscopy was
used to measure the optical property of OCT-AuNPs chains.
Finally, 3-(4,5-dimethylazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) array was measured to evaluate whether the
OCT-AuNPs chains have the drug toxic effect of OCT. The
result of MTT array demonstrated the potential biomedicine
applications of the obtained OCT-AuNPs chains. Meanwhile,
the OCT-Au complex as contrast was also studied prepared
by reducing the solution of Au (III) precursor and OCT.

2. Materials and Methods

2.1. Materials. Octreotide acetate (C
49
H
66
N
10
O
10
S
2
) was

purchased by Shanghai TASH Biotechnology Co., Ltd.
(Shanghai, China). Gold (III) chloride (AuCl

3
) was obtained

from Chengdu West Chemical Co., Ltd. (Chengdu, China).
Sodium borohydride (NaBH

4
) was purchased from Tianjin

chemistry factory (Tianjin, China). Hydrochloric acid (HCl)
was supplied by Gu’an Chenmical plant (Langfang, China).
3-(4,5-dimeth-ylazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) got from Beyotime Institute of Biotechnology, Ltd.
(Haimen, China). HeLa cells were provided by Cell Resource
Center, IBMS, CAMS/PUMC. Deionized water prepared in
our laboratory is used throughout all experiments.

2.2. Preparation of OCT Biotemplate. OCT powder (0.3mg)
was dissolved into 2mLof 0.01mMHCl at room temperature,
in the dark. OCT was denatured and obtained positive
charges owing to the acidic environment. Then, some bond
sites of OCT were exposed so that its structure converted
from microspheres to chains. Ultimately, OCT nanochains
were prepared.

2.3. Preparation of Monodisperse AuNPs. The monodisperse
AuNPs were synthesized by sodium borohydride reduction
method at differentAu :NaBH

4
molar ratios.TheAuCl

3
(0.10,

0.25, 0.50, 0.75, and 1.00mM, 1mL), and freshly prepared
NaBH

4
(253.0mM, 100 𝜇L) solutions were static for 1.5min

in ice bath and in the dark. Then, the NaBH
4
(253.0mM,

10 𝜇L) solution was separately pipetted into AuCl
3
solution

with different concentration rapidly. Afterwards, the resultant
solution was static for 4min in ice bath. Finally, the yellow-
brown monodisperse AuNPs solution was obtained.

2.4. Preparation of OCT-AuNPs Chains. OCT solution
(200𝜇L) as prepared above was added to the disperse AuNPs
solution. The solution changed color from yellow-brown to
purple was observed promptly. The anionic AuNPs were
allowed to adsorb onto the surface of the OCT nanochains
with positive charges. The mixing solution was incubated for
5min in the dark at room temperature. Ultimately, the OCT-
AuNPs were prepared. The OCT at a pH of 8.0 was also
studied.

2.5. Preparation of OCT-Au Complex. The OCT (0.15mM,
200𝜇L) solution was mixed with light yellow AuCl

3
(5mM,

200𝜇L), in incubation for 24 h. The long incubation time
ensured Au ion combined with the template sufficiently.
Then, the deposition appeared in the bottom of the tube.
Ultimately following the OCT-Au3+ was reduced with freshly
prepared NaBH

4
(253.0mM, 10 𝜇L) solution, and the OCT-

Au complex was obtained.

2.6. Characterizations. Transmission electron microscope
(TEM) images were obtained on a Hitachi model H-7650
instrument operated at an accelerating voltage of 80 kV. The
specimens were prepared for analysis by evaporating a drop
of aqueous product onto a carbon-coated 300 mesh TEM
copper grid and then naturally dried in air. The dates of
AuNP size were calculated from TEM images using particle
size distribution calculation software. The TEM instrument
was used for presenting the crystal spacing of the OCT-
AuNPs (0.5mM) chains (HRTEM) at an accelerating voltage
of 200KV.Meanwhile, its crystallizations were further identi-
fied by the selected area electron-diffraction (SAED) pattern
on a JEM model 2010 instrument. For investigating the
component elements of the OCT-AuNPs (0.5mM) chains, an
energy-dispersive X-ray spectroscopy (EDS) equipped on the
TEM was used.

UV-vis absorption spectra of the samples were recorded
on a Shimadzu model UV-2550 double-monochromator
spectrophotometerwith 1 cmquartz cuvette.The spectrawere
collected over the range of 200–800 nm. To study the inter-
action between AuNPs and OCT template, the absorption
spectra of monodisperse AuNPs and OCT were measured
to compare with these of OCT-AuNPs chains. For the OCT-
AuNPs chains analysis, the original concentrations of Au
element were 0.10, 0.25, 0.5, 0.75, and 1.00mM and the
samples were diluted with deionized water (1 : 4).

2.7. Cytotoxicity Determination by MTT Assay. The human
cervical carcinoma cell line (HeLa cell) was used to determine
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the cytotoxicity of OCT-AuNPS chains (0.50mM) by a tetra-
zolium dye-based microtitration (MTT) assay. Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing fetal calf serum (10%) at 37∘C in a 5% CO

2

incubator. Cells were plated out in 96-well plates at a density
of 2000 cells per well in 200𝜇L and incubated for 24 h. Then,
the cells were exposed to OCT-AuNPs with different dilution
concentrations (initial concentration 0.25mM, 10−1, 10−2,
10−3, 10−4, and 10−5) in 10 𝜇L for 24 h, and OCT, AuNPs with
the same concentration were used as control. Control cells
were used without any sample treatment. MTT (0.012mM,
10 𝜇L) solution was added to each well, and the plates were
incubated at 37∘C for 4 h in the dark. The medium and MTT
were then removed, and the MTT-formazan crystals were
dissolved in 200𝜇L of DMSO. Then, the absorbance was
measured at 560 nm using an enzyme-linked immunosor-
bent assay (ELLSA) reader. Each sample was performed
independently in triplicate. All date were express as the mean
± SD. The cytotoxicity of OCT-AuNPs chains was calculated
using the following formula:

OD of treated cells −OD of background control
OD of negative control −OD of background control

× 100%.
(1)

2.8. Statistical Analysis. Dates are expressed as the mean and
standard deviation (SD) in all experiments. Statistical analysis
was performed using SPSS version 13.0. ANOVA was used to
analyze statistical comparison between groups. The level of
significance was set at 𝑃 < 0.01.

3. Results and Discussion

3.1. OCT-AuNPs Chains. This procedure yielded AuNPs
with different concentrations (1.0, 0.75, 0.5mM) attached
to the surface of the OCT scaffold was determined by
TEM. Through the analysis of the particle size distribution
calculation software, themeanAuNPs diameter and diameter
distribution histogram were obtained. The dimensions of at
least 200AuNPs recorded on different locations of the TEM
image have been compiled to obtain the date. Representative
TEM images and the corresponding diameter distribution
histograms of AuNPs were shown in Figure 1. TEM images
showed that the structures of all the samples were apparent
chain-like, and the AuNPs diameter was changed with the
molar ratio of Au :NaBH

4
. The average particle diameters

of the OCT-AuNPs samples (0.5, 0.75, and 1.0mM) are 4.18,
4.08, and 9.07 nm, respectively. The diameter of OCT-AuNPs
sample (1.0mM) is different with the others, and the range of
particle diameter is wide from 2.44 nm to 28.74 nm, which is
not what we expected.The reason leading to this result is that
the high molar ratio of Au :NaBH

4
makes the AuCl

3
relative

excess to NaBH
4
, then Au3+ cannot be reduced by NaBH

4

rapidly to form uniform particles. Conversely the reduced
AuNPs provide seeds for the subsequent reduction of AuCl

3
,

and then the AuNPs diameter changed large. Interestingly,
the Au contents of the OCT-AuNPs (0.1, 0.25mM) samples
were too low to form observed AuNPs on TEM.

The variation in surface morphology before and after the
mix of the AuNPs and OCT biotemplate was also examined
by TEM. Figure 2 showed the TEM images of monodisperse
AuNPs (Figure 2(a)), OCT-AuNPs chains (Figure 2(b)). TEM
images clearly indicated the morphology difference between
the monodisperse AuNPs and OCT-AuNPs chains. The
AuNPs had good dispersion without aggregation, and the
OCT-AuNPs chains presented distinct chain-like morphol-
ogy. The different morphological structure between AuNPs
andOCT-AuNPs chains confirmed themonodisperse AuNPs
were conjugated with OCT template to form nanochains.
OCT changed the natural microsphere into branch chain at
the pH 2.0, which provided the scaffold for the AuNPs assem-
bling. It has been found that all the AuNPs are successfully
combined with the OCT because of the clean background.
On the contrary, Figure 2(c) shows that the phenomenon that
AuNPs did not anchor to the surface of OCT template at
alkaline environment (pH8.0), despite that theOCT template
presented ideal chain-like frame.

3.2. Formation Mechanism of OCT-AuNPs Chains. OCT is
a synthetic octapeptide analogue of nature somatostatin,
cyclized by a disulfide bond between the two Cys residues
(D-Phe-c(Cys-Phe-D-Trp-Lys-Thr-Cys)-Thr(ol)). OCT is a
charged molecule, containing nonpolar amino acids (Phe,
Trp), polar uncharged amino acids (Cys, Thr), and alkaline
amino acid (Lys). In aqueous solution, OCT is ionized to
form zwitterions. So, we can control the electronic charges of
OCT by adjusting the pH of solution. According the report
that OCT exhibits a net 2+ charge at pH 5.5 [21], and OCT
presents positive charges at pH 2.0 evidently. The surface of
monodisperse AuNPs conjugates covering layer of AuCl2−,
which makes AuNPs show negative charges. The negative
charges of the AuNPs exclude mutually to form a passivating
on the surface. Then, the passivating makes AuNPs possess
good dispersion. Accompanying the mixing between OCT
and AuNPs, AuNPs bound to the surface of OCT by elec-
trostatic force. In the meantime, AuNPs could not absorb
on the negatively charged OCT template at pH 8.0, which
also proved that the combination of AuNPs and OCT by
electrostatic interaction at acid environment on the opposite.

In addition, Tan et al. has reported that all the amino acids
have different capping capability for the AuNPs. There are
many other reportsmentionedAuNPs can interactwithmany
amino acid residues, such as tyrosine [22], lysine, cysteine,
histidine [14], and aspartic acid [23]. Hence, the amino acid
residues on the OCT can be used as capping agents to form
OCT-AuNPs chains.

3.3. OCT-Au Complex. Preparation of OCT-Au complex as
the control experiment was researched. The TEM image
(Figure 3) showed that the OCT-Au complex presented seri-
ous agglomeration and its morphology offered a depressing
picture. Many reports have put forward the preparation
methods: incubation of the biomaterials with Au (III) solu-
tion was reduced by reducing regent. However, we found
the structures of the biomaterials used as templates in the
literature were pretty stable and constant, such as DNA [24],
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Figure 1: Representative TEM images (left) and the corresponding diameter distribution hist-ograms (right) of OCT-AuNPs chains with
different concentrations: (a) 1.0, (b) 0.75, and (c) 0.5mM.
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(a) (b) (c)

Figure 2: TEM images of dispersion AuNPs (a), before and after mixed with OCT template at pH 2.0 (b), and pH 8.0 (c).

Figure 3: TEM image of OCT-Au complex prepared by the co-
incubation of OCT and AuCl

3
.

virus [25], and CNTs modified with peptide [14]. This made
these materials endure nasty drastic regents. The reason for
such frustrated image may be that the effect of the reducing
regent (NaBH

4
) on OCT changes its structure.

There has been reported some amino acids including Try
own reductive capability [26], which may also lead to the
despairing result.

3.4. Microstructure and Compose of OCT-AuNPs Chains. The
microstructure of AuNPs (0.5mM) absorbing on the OCT
nanochains was checked by HRTEM technique.TheHRTEM
image (Figure 4) exhibited clear fringes with spacings of
0.234 and 0.123 nm, which agrees well with the {111} and
{311} lattice planes in face-centered cubic (fcc) Au. The good
lattice structure was future confirmed by the corresponding
selected-area electron diffraction (SAED) pattern given in the
inset of Figure 4. SAED pattern of AuNPs was similar with
Figure 1(D) of literature [27], showing the ring patterns with
intense spots assigned to (111), (200), (220), (311), and (222)
planes of Au fcc crystals. Both the HRTEM image and SAED
pattern confirmed that the prepared AuNPs displayed in the
form of polycrystalline state and structurally uniform.

Figure 4: HRTEM image of OCT-AuNPs (0.50mM) chains, and the
inset image shows the SAED pattern, corresponding to (111), (200),
(220), (311), and (222) planes of Au fcc crystals.

0 2 4 6 8 10 12 14 16 18 20
(keV)

Figure 5: EDX analysis of OCT-AuNPs (0.50mM) chains.

The composition of OCT-AuNPs chains (0.5mM) was
analyzed by energy-dispersive X-ray spectroscopy (EDS). A
typical EDS spectrumwas shown in Figure 5.The appearance
of various prominent peaks of gold confirmed the presence
of gold element. The C signal arose from the carbon-coated
copper grid and the OCT peptide. The presence of oxygen
was attributed to the OCT peptide and water adsorbed on the
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Figure 6: UV-vis spectra of OCT, AuNPs, and OCT-AuNPs chains.

grid. Besides the Cu peaks coming from the copper grid were
removed. Finally, the EDS spectrum confirmed that theOCT-
AuNPs chains contained gold, carbon, and oxygen elements.

3.5. UV-Vis Spectrophotometry of OCT-AuNPs Chains. To
confirm the interaction of OCT and AuNPs, the UV-Vis
absorption spectra of OCT, AuNPs, and OCT-AuNPs were
shown in Figure 6. In Surujpaul’s research, the UV-vis spec-
trophotometry of the [Tyr3] octreotide protected with Boc
was reported, the absorption peak wavelengths of TOC-Boc
were at 278, 289, and 273 nm [28]. In our study, the OCT
peptide showed an absorption spectrum with maximum of
279 nm and defined negative peak at 289 nm pertaining to
the phenyl groups of tryptophan residue. Our results are
basic consistent with that of the literature except the peak
wavelength at 273 nm causing by Tyr3 residue. The UV-vis
spectrum of monodisperse AuNPs was at 512 nm between
500∼600 nm, assigned to the surface plasmon resonance
of small AuNPs [29]. Compared with the spectra of OCT
and AuNPs, the absorption spectra of OCT-AuNPs chains
appeared evident wavelength shift, which can be attributed to
the AuNPs binding to Try residue. Therefore, the conclusion
of AuNPs adsorbed onto the surface of OCT can be proved.

The UV-Vis absorption spectra of OCT-AuNPs chains
with different concentrations are presented in Figure 7. The
spectra absorbance increased as the increase of AuNPs con-
centration. The samples of high gold concentrations showed
two dominant absorption peaks: the absorption peak of OCT
at above 270 nm and the SPR peak of AuNPs around 520 nm.
No absorption of the samples with low gold contents can be
observed in the 520 nm region due to the development of
surface plasmon band.This is consistent with many literature
reports of the absences of the surface plasmon band for
AuNPs of diameter less than 2 nm [30].

On the other hand, the AuNPs absorption peaks dis-
played red shift along with the increase of concentrations
in general except the sample (0.75mM). The phenomenon
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Figure 7: UV-vis spectra of OCT-AuNPs chains with different
concentrations.

is relative to the SPR of AuNPs. The AuNPs with different
particle diameters produced different SPR effects, leading to
the red shift in the absorption peak. The mean diameter of
sample (0.75mM) is slightly smaller than that of the sample
(0.5mM), so the sample (0.75mM) became a special case.
The special case also proved the theory that the surface
plasmon resonance (SPR) property of AuNPs depended upon
their particle characteristics (shape and size) [31, 32]. In
addition, there was an evident color-changing phenomenon
accompanying with the increase of gold concentrations.
Figure 8 showed the color-changing of the monodisperse
AuNPs (Figure 8(a)) and OCT-AuNPs chains (Figure 8(b)).
The colors of the solutions were darkened from right to left in
sequence. The color distinction of AuNPs and OCT-AuNPs
chains also testified that AuNPs andOCThad interacted with
each other at the same time.

3.6. Cytotoxicity of OCT-AuNPs Chains. Just like other drugs,
OCT has some side effects, including nausea, vomiting,
loose/oily stools, and constipation. OCT-AuNPs chains need
to be examined for biocompatibility if they are to be man-
ufactured on a large scale for in vivo usage. So, we used the
MTT assay and HeLa cell lines to detect their drug toxic
effect. The OCT and AuNPs as control were also subjected
to the MTT assay for cytotoxicity estimate at the same dose.
The bar histogram of MTT assay result (Figure 9) performed
the cell viability at different sample concentrations, and
the statistical analysis showed there is significant difference
(𝑃 < 0.01). At each concentration, the cell viability degrees
of OCT, OCT-AuNPs chains, and AuNPs were increased
successively. The AuNPs possessed the highest cell viability,
so we compared all the MTT results with AuNPs at the
corresponding concentration. From the histogram, we can
know that the cell viability of OCT-AuNPs chains was much
higher than that ofOCTandwas similar to theAuNPs (except
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(a) (b)

Figure 8: Pictures of dispersion AuNPs solutions (a) and OCT-AuNPs solutions (b) with different concentrations. The concentration
increased from left to right: 0.10, 0.25, 0.50, 0.75, 1.00mM.
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Figure 9: Cytotoxicity of the monodisperse AuNPs, octreotide
acetate (OCT), and OCT-AuNPs chains study by MTT assay. HeLa
cells were incubated with samples with different concentrations
(initial concentrations 1 = 0.25mM), ∗∗𝑃 < 0.01 compared with
AuNPs.

0.25 × 10−3, 10−4mM). For example, the cell viability of OCT-
AuNPs chains (0.25 × 10−5) was up to 79.57%, which accessed
to the AuNPs’ cell viability (82.98%). But, the OCT resulted
in nearly 40% loss of cell viability. The statistical analysis also
proved the conclusion that the significant differences were
observed between OCT template and OCT-AuNPs/AuNPs.
The cell viability of OCT (0.25 × 10−3, 10−4mM) samples
only had slight change compared with the OCT sample
(0.25 × 10−2mM) (𝑃 > 0.05); nevertheless, the cell viability
of AuNPs in different concentrations have been apparently
elevated. These indicated that OCT-AuNPs chains had not
the complete toxic effect of OCT. It is well known that the
AuNPs have good biocompatibility [33], then we analyzed
the phenomenon that biocompatibility ofAuNPsweprepared
was lower than to other reports. Shukla and his research
group used dialysis to remove excess free borohydride ions
and unreduced chloroaurate ions presented in the gold
solution [34], but we did not do the dialysis procedure in our
work. The previous reports have shown Au (III) ions bind
strongly to DNA and nervous systems [35, 36]. Then, our
prepared gold nanochains possessed slight toxicity might be

accounted for the AuNPs/OCT-AuNPs solutions contained
free borohydride ions and unreduced chloroaurate ions.

OCT-AuNPs chains with lower toxicity than OCT can
attribute the success to the interaction of AuNPs with the bio-
logical active sites of OCT.The essential amino acids of OCT
are Phe3, Trp4, Lys5, andThr6, in which Lys is the key active
site of OCT peptide [27]. Lys, one kind of alkaline amino,
brings positive charges at acidic environment. AuNPs bound
with these amino residues, which resulted in the part exter-
mination of OCT toxic effect following. Therefore the MTT
assay proved that AuNPs adsorbed onto the surface of OCT,
which coincided with the above mentioned mechanism.

4. Conclusion

In summary, we have successfully demonstrated that octreo-
tide acetate as biotemplate was used to assemble gold nano-
chains in aqueous environment for the first time. The sig-
nificant findings include that a unique aspect of octreotide
acetate is the ability to change its morphology to chain-like
by adjusting pH value, which makes it attractive scaffolds
for ordered arrays of nanochains. The formation mechanism
of gold nanochains can be summarized as the electrostatic
interaction between octreotide acetate and gold nanoparti-
cles, conjugation of gold with special amino acids, Trp, and
Lys. The [NaBH

4
] to [AuCl

3
] ratio determined the diameter

of gold nanoparticles to change their surface plasmon res-
onance effects. The resulting OCT-AuNPs chains can have
upstanding biomedicine applications because they did not
have the evident toxic effect of octreotide acetate.
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Chitosan nanoparticles (CS-NPs) without drug loading have diverse biological activity. In this study, we prepared CS-NPs, CS-NPs
solidified by different amount of glutaraldehyde, and CS-NPs modified with either biotin (B-CS-NPs) or biotin and avidin (A-
B-CS-NPs) and examined their cytotoxicity on HepG2 cells. The morphology and size were measured by transmission electron
microscopy and photon correction spectroscopy, respectively. The extent of solidification was validated by the approach of
sonication. Biotin connect density on the surface of B-CS-NPs and A-B-CS-NPs was determined by biotin assay kit. The results
showed that most of the NPs were round and their mean sizes were all below 300 nm. Biotin connect density of B-CS-NPs and A-B-
CS-NPs was 2.18 ± 0.36 and 1.26 ± 0.11mol biotin/mol CS, respectively. At relatively low concentration, CS-NPs with higher extent
of solidification exhibited more vigorous inhibitory effect against HepG2 cells than those without solidification. When NPs were
incubated with cancer cells for 48 h, compared with CS-NPs, the anticancer activity of B-CS-NPs and A-B-CS-NPs was enhanced
significantly (𝑃 < 0.05). In addition, A-B-CS-NPs showed superior cytotoxicity over B-CS-NPs. This study demonstrates that
modification with biotin and avidin may be an efficient way in improving antitumor activity of CS-NPs against hepatic carcinoma.

1. Introduction

Chitosan is a biodegradable polymer widely applied in
pharmaceutical and medical fields, for example, to fabricate
nanoparticles (NPs) and functional chitosan derivatives [1–
4]. Recent studies revealed that chitosan nanoparticles (CS-
NPs) without drug loading have versatile biological activities.
Blank CS-NPs themselves were able to inhibit bacterial
proliferation, such as E. coli, S. choleraesuis, S. typhimurium,
and S. aureus [5]. The possible mechanism is that CS-NPs
disrupted the cell membranes of bacteria, leading to the
leakage of cytoplasm [6]. Owing to their broad antibacterial
spectrum and biocompatibility, blank CS-NPs were applied
to the treatment of dentinal tubule infection [7, 8]. With the
assistance of ultrasonic activation, CS-NPs were capable of
being delivered to deeper location of dentinal tubule where
routine cleaning cannot reach [8]. Apart from antibacterial
function, CS-NPs have antifungal activity [9, 10], which is

muchmore powerful than chitosan itself [11, 12]. Besides, CS-
NPs without any drug incorporation possessed anticancer
capability. In vitro cell inhibitory experiments showed
that CS-NPs exerted vigorous cytotoxicity toward colon
cancer cell line (Calo320), gastric cancer cell line (BGC823),
and liver cancer cell line (BEL7402) [13]. CS-NPs exhibited
significant antitumor activity against Sarcoma-180 andmouse
hepatoma H22 in vivo as well [14]. Surface modified CS-NPs
usually obtained some unique properties and showed more
potent anticancer effect. For example, N-succinyl-CS-NPs
were able to block the proliferation of K562 cells by inducing
apoptosis and necrosis of cancer cells [15, 16].

Nowadays, biotinmodified nanoparticles (NPs) represent
an attractive strategy to target tumors characterized by rapid
division and aggressive growth [17–20]. Biotin is the ligand of
avidin, which is anothermodifyingmoiety of NPs to specially
combine with cancer cells [21–24]. The interaction between
biotin and avidin is the strongest one that has even been
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known [25]. As a result, biotin can serve as a bridge to connect
avidin with carriers. And it becomes feasible to construct NPs
modified with both biotin and avidin by first linking biotin
with NPs, then adding avidin to the binding part of biotins
on the surface of NPs. The purpose of designing two ligands
modified NPs is that they are expected to possess more
potent cytotoxicity, for they are capable of entering cancer
cells through different routes mediated by two interactions
between receptors existing on tumors and ligands that were
bound with NPs. Considering that avidin linked NPs have
liver targeted feature [26, 27], we chose HepG2 cells, a human
hepatic carcinoma cell line, to examine the antitumor activity
of blank CS-NPs, biotin modified CS-NPs (B-CS-NPs), and
CS-NPs modified by both avidin and biotin (A-B- CS-NPs).

If there is no surfacemodification, free amino groups out-
side of CS-NPs will be available to react with aldehyde agents
to form solidified NPs, which will not have morphological
change upon being exposed to body fluid. Though either
modification or solidification is not an indispensable step in
the preparation of CS-NPs, including either of the two steps
will grant some special features to CS-NPs. The solidifying
agents that are most frequently used are formaldehyde and
glutaraldehyde. Yet whether the introduction of solidifying
process will influence antitumor effect of CS-NPs or not
remains unclear. In this study, we also prepared CS-NPs with
various solidification degrees and compared their inhibitory
activities against HepG2 cells.

2. Methods

2.1. Preparation of CS-NPs and Solidified CS-NPs. CS-NPs
were prepared according to the method we previously estab-
lished [28]. Briefly, 5mL of 0.2% (W/V) CS solution was
put into a 20mL beaker. Under constant stirring, 5mL
of 20% (W/V) sodium chloride solution was dropped into
the beaker using a 1mL syringe, with one minute interval
after each 1mL of solution was added. Then, continuous
stirring lasted for about 2 h until blue opalescence appeared,
manifesting the formation of NPs. The NPs suspension was
centrifuged at 3,000 g for 5min, and the pellet was re-
dispersed in 5mL distilled water for future use.

To solidify CS-NPs, before centrifugation, 100, 200,
and 300 𝜇L of 0.3%w/v glutaraldehyde (GA) solution were
dropped into CS-NPs suspension under magnetic agitation,
respectively, and the stirring was kept on for 2 h to ensure the
completion of the solidifying reaction.Then, the solution was
centrifuged and resuspended as the way described above.

2.2. Validating the Solidification of CS-NPs. To examine the
solidifying extent of CS-NPs, turbidity of CS-NPs solutions
with different addition of GAwas assayed, respectively. After-
ward, they were exposed to sonication for 5min, followed by
the second measurement of turbidity. The percentage of tur-
bidity decrease correlates with solidification degree of NPs.

2.3. Preparation of B-CS-NPs and A-B-CS-NPs. Biotin
modified CS was synthesized conforming to the method
we published before [29]. In short, 0.3%CS solution was

obtained by dissolving CS in diluted hydrogen chloride
solution, and the pH was adjusted to 6.5. Then, 12mg of
sulfosuccinimidobiotin (sulfo-NHS-biotin) was dissolved in
2mL of distilled water and dropped to 10mL of CS solution
under magnetic agitation. The stirring was maintained for
2 h to guarantee complete biotinylated reaction. Afterwards,
the solution was transferred to a dialysis bag with 8,000
dalton molecular cutoff and dialyzed against 1 L distilled
water for 24 h. During the period, water was replaced every
8 h. When small molecular agents were removed by dialysis,
the solutionwas lyophilized and reconstituted in 10mLwater,
from which 5mL was withdrawn and fabricated into B-CS-
NPs in accordance with the method for preparing CS-NPs.

Followed by the acquisition of B-CS-NPs, avidin that was
ready to conjugate with half of biotin exposed on the surface
was added to the solution to construct A-B-CS-NPs. The
added amount was based on the binding ratio of avidin to
biotin 1 : 4 [25].

2.4. Determination of Biotin Content on the Surface. Biotin
content on the surface of B-CS-NPs and A-B-CS-NPs was
determined in accordance with manual brochure of biotin
assay kit (Pierce Biotechnology, Inc). Biotin connect density
was calculated in the light of the formula we previously
reported [29].

2.5. Measurement of Morphology and Size. The prepared
NPs, including CS-NPs, B-CS-NPs, and A-B-CS-NPs, were
stained with 2% phosphotungstic acid, dried on copper
grids overnight, and examined under a transmission electron
microscopy (TEM; JTM-1230, Japan), respectively. The size
of all batches was measured using a photon correction
spectroscopy (PCS; Malvern Instruments, UK). Each sample
was assayed in triplicate.

2.6. Cytotoxicity against HepG2 Cells. HepG2 cells were
cultured in RPMI-1640medium supplemented with 15% fetal
bovine serum (FBS) and grew in awater jacket CO

2
incubator

(Thermo Forma, USA) with an afflux of 5% CO
2
at 37∘C.

When the cellular confluence reached 80%, cells
were washed by 3mL of PBS and harvested with 1% trypsin
solution for 1min.Then, culturemedium containing 15%FBS
was added to terminate trypsin function. After cell density
was adjusted to 1 × 105 cells/mL, cells were seeded onto 96-
well plate, one well loaded with 100 𝜇L cellular suspension,
and were fostered in incubator for 24 h. Subsequently, fresh
complete culture medium replaced the old one. And 2, 4, and
6 𝜇L of CS-NPs solidified by different amounts of GA, B-CS-
NPs, and A-B-CS-NPs, corresponding to the final concentra-
tion of 18, 36, and 54mg/mL in well, were added to the plate,
respectively. The NPs were incubated with cancer cells for 48
and 72 h, respectively. Each level of formulas was repeated on
5 wells. Culture medium, as control group, was manipulated
in the same manner. Afterwards, cell viability was assayed
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT)method.The inhibitory rates were calculated
by comparing the viability with control group.
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(a) (b) (c)

Figure 1: TEM photos of (a) CS-NPs (b) B-CS-NPs, and (c) A-B-CS-NPs.

Table 1: Turbidity of CS-NPs with different addition of GA before
and after sonication (mean ± SD, 𝑛 = 3).

Glutaraldehyde
added (𝜇L)

Turbidity
Turbidity
decrease %Before

sonication
After

sonication
0 0.372 ± 0.007 0.000 100.00
100 0.378 ± 0.006 0.309 ± 0.005 18.25 ± 0.46

200 0.371 ± 0.009 0.350 ± 0.007 5.66 ± 0.44

300 0.374 ± 0.003 0.363 ± 0.003 2.94 ± 0.28

3. Results and Discussion

3.1. Validating the Solidification of CS-NPs. Solidifying is not
a must for the preparation of CS-NPs, for CS is insoluble in
the medium of pH above 7.0. What NPs benefit from solidifi-
cation is that they are able to maintain original morphology
when delivered to blood circulation. In this study, solidifying
extent of CS-NPs was examined by the approach of sonica-
tion. The turbidity of CS-NPs with the addition of different
amount of GA before and after sonication was displayed in
Table 1. It indicated that before sonication, the turbidity of
CS-NPs at various extents of solidificationwas similar to each
other, while after sonication, the turbidity of CS-NPs without
GAdeclined to zero, implying that theywere totally destroyed
by sonication and dissolved in water. With the increase of
added GA, the decrease of turbidity caused by sonication
became negligible, manifesting that since more CS-NPs were
solidified, sonication imposed less effect on CS-NPs. In
general, a conclusion can be drawn that the more GA was
added, the higher extent of solidification would be achieved.

3.2. Determination of Biotin Content. Biotin connect density
on the surface of B-CS-NPs and A-B-CS-NPs was 2.18 ± 0.36
and 1.26 ± 0.11 mol biotin/mol CS, respectively, showing that
approximately 40% of biotins exposed outside of B-CS-NPs
had linked with avidins to form A-B-CS-NPs.

3.3. Morphology and Size. The TEM photos of CS-NPs, B-
CS-NPs, andA-B-CS-NPs (Figure 1) illustrated thatmostNPs
were round with reasonable uniformity. The size measured

by PCS of unsolidified CS-NPs and those solidified by 100,
200, and 300𝜇L of GA solutionwas 257, 286, 282, and 291 nm,
respectively. The uniformity evidenced by polydispersity was
0.225, 0.215, 0.207, and 0.212, respectively. It implied that due
to longer stirring to facilitate solidifying reaction, introduc-
tion of GA slightly elevated the size of NPs. Nevertheless, the
amount of GA had no impact on diameter. The mean size
of B-CS-NPs and A-B-CS-NPs was 238 and 286, respectively,
and the correlated polydispersity was 0.124 and 0.148, show-
ing higher uniformity than CS-NPs. Biotin decoration of CS
reduced the viscosity of CS, thereby it may contribute to the
production of more homogeneous particles. The diameters
assayed by PCS were much larger than apparent sizes dis-
played in photos, owing to the drying process during taking
morphological photos that shrank the NPs dramatically.

3.4. Cytotoxicity against HepG2 Cells. The inhibitory rates of
unsolidified CS-NPs and those solidified by 100, 200, and
300 𝜇L GA solution after being incubated with HepG2 cells
for 48 and 72 h were shown in Figure 2. It can be seen that
the inhibitory activity of NPs at 72 h was generally lower
than at 48 h, implying that cancer cells NPs failed to kill at
48 h continuously proliferated. In addition, the inhibitory rate
elevated with the increase of NPs concentration in culture
medium. CS-NPs at low dose, such as 18 𝜇g/mL, lost their
anticancer ability after acting on the cells for 72 h (Figure 2).
Inmost cases, CS-NPs at various extents of solidificationwere
similar in terms of inhibitory activity. However, when NPs
were cocultured with the cancer cells at 18 𝜇g/mL for 48 h,
the cytotoxicity of those solidified by 200 and 300𝜇L of GA
was significantly higher than CS-NPs without solidification
(𝑃 < 0.05). The same consequence occurred as NPs were
incubated with HepG2 cells at 36𝜇g/mL for 72 h. It seemed
that at relatively low concentration, CS-NPs with higher
extent of solidification possessed more vigorous antitumor
activity than unsolidified CS-NPs. NPs without solidification
at low level were degraded by enzymes secreted from HepG2
cells, which could be considered a contributory factor to the
declined cytotoxicity.

The cytotoxicity of CS-NPs, B-CS-NPs, and A-B-CS-
NPs cocultured with HepG2 cells for 48 and 72 h was
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Figure 2: Inhibitory rates against HepG2 cells of CS-NPs without solidification and those solidified by 100, 200, and 300 𝜇L GA, after being
incubated with the cells for (a) 48 h and (b) 72 h. The data represent mean ± SD (𝑛 = 5). ∗𝑃 ≤ 0.05, ∗∗𝑃 ≤ 0.01, compared to unsolidified
CS-NPs.
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Figure 3: Inhibitory rates against HepG2 cells of CS-NPs, B-CS-NPs, and A-B-CS-NPs after being incubated with cancer cells for (a) 48 h
and (b) 72 h. The data represent mean ± SD (𝑛 = 5). ∗𝑃 ≤ 0.05, ∗∗𝑃 ≤ 0.01, compared with CS-NPs.

displayed in Figure 3. Similar to the above, the inhibitory
activity of NPs sharply decreased after they combated with
cancer cells for 72 h. And there was no obvious difference
of cytotoxicity among the three NPs at that time. However,
when the NPs were incubated with cells for 48 h, B-CS-
NPs and A-B-CS-NPs substantially blocked more cancer cell
growth than CS-NPs at any level (𝑃 < 0.05), demonstrating
that CS-NPs modified by either biotin or biotin and avidin
significantly enhanced their antitumor activity. Furthermore,
A-B-CS-NPs were more effective in slowing down cancer cell

proliferation than B-CS-NPs. As A-B-CS-NPs were modified
with two ligands, it may provide the possibility that this kind
ofNPs entered cells through two different routes, causing
more drugs to fight against cancer cells and displaying more
vigorous cytotoxicity.

4. Conclusion

CS-NPs solidified by different amounts of GA and CS-NPs
modified with either biotin (B-CS-NPs) or biotin and avidin
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(A-B-CS-NPs) were prepared in this study. It demonstrated
that more GA involved brought about higher solidifying
degree of CS-NPs. Biotin connect density of B-CS-NPs and
A-B-CS-NPs was 2.18 ± 0.36 and 1.26 ± 0.11mol biotin/mol
CS, respectively. TEM photos declared that most of NPs were
round and their mean sizes measured by PCS were all below
300 nm. Cytotoxicity experiment exclaimed that at relatively
low concentration, CS-NPs with higher extent of solidifica-
tion exhibited more potent inhibitory activity against HepG2
cells than unsolidified CS-NPs.When cocultured with cancer
cells for 48 h, compared with CS-NPs, B-CS-NPs and A-B-
CS-NPs significantly suppressed more cancer cell growth.
And the anticancer activity of A-B-CS-NPs seemed more
potent than that of B-CS-NPs. This study demonstrates that
A-B-CS-NPsmay be exploited as either an excellent candidate
or a potential vehicle for the treatment of hepatic carcinoma.
Further experiments need to be conducted to clarify how
various CS-NPs act on other cancer cell lines and normal cell
lines and the feasibility to be applied in clinical.
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Nanocomposites from PLA/PU containing small concentrations of graphene oxide (GO) were prepared by simple liquid-phase
mixing followed by casting. The as-prepared ternary PLA/PU/GO composite films exhibited good antibacterial activity against
the gram-positive Staphylococcus aureus and the gram-negative Escherichia coli, due to the excellent antibacterial property of
GO sheets with high specific surface area. The addition of GO inhibited the attachment and proliferation of microbes on the
film surfaces, resulting in that the PLA/PU/GO composite films show remarkably improved antibacterial activity compared with
PLA/PU composite film. The inhibition efficiency is proportional to the amount of GO. Furthermore, PLA/PU/GO composite
fibrous paper was fabricated using electrospinning and exhibited good biocompatibility. The addition of GO does not destroy
normal cell’s proliferation and differentiation. PLA/PU/GO composites with good antibacterial activity and biocompatibility make
it attractive for the environmental and clinical applications and also provide a candidate for future application of tissue engineering.

1. Introduction

Tissue engineering is a field of research in biomedical
engineering that applies the principles and methods of
engineering and life sciences toward the fundamental under-
standing of structure/function relationships in normal and
pathological mammalian tissues and the development of bio-
logical substitutes to restore, maintain, or improve functions
[1]. This technique involves processes such as seeding cells
onto a scaffold, creating artificial organs and tissues, and
triggering or modulating new tissue formation. Currently,
synthetic biomaterials (bioceramics and biopolymers) have
been widely applied to the tissue engineering fields [2–
6]. Also, antimicrobial materials have attracted considerable
attention because bacterial infection is a major medical
complication associated with the use of implanted medical
devices [7–9]. Bacterial infection may result from tissue
destruction, premature device failure, and the spread of the
infection from other areas [8, 10]. Therefore, much effort has

been expended to improve antibacterial activity of synthetic
biomaterials [11–13].

As thermoplastic synthetic polymers with desirable
mechanical property profile, biocompatibility and biodegrad-
ability, polylactic acid (PLA) and polyurethane (PU) are two
of the most promising biopolymers for tissue engineering
territory, such as bone scaffolds, vascular grafts, and heart
valves [14, 15]. Moreover, PU exhibits a certain degree of
antibacterial efficacy [16, 17]. Compared with scaffolds fabri-
cated from PLA or PU alone [18], it has been known that the
composite PLA/PU scaffold exhibits advantageous morphol-
ogy, mechanics, cell adhesion, and growth-supporting prop-
erties. However, dissatisfactory antibacterial activity coming
from PU phase in PLA/PU composite limits its practical
application in tissue engineering fields.

Researchers had excitedly turned to the material to
discover graphene’s potential applications, since it was first
isolated with the help of Scotch tape in 2004 [19]. Graphene
and graphene oxide (GO), with extraordinary mechanical
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properties (high Young’s modulus and hardness and excel-
lent flexibility) [20], high specific surface area, and low
cost, have been considered to be effective reinforcements
for high-performance composites [21–24]. On the other
hand, GO contains a number of oxygen-containing groups,
which makes it relatively easy to be dispersed into some
polar solvents and form intercalated composites with polar
molecules through the strong interaction [25–30]. Recently,
graphene and GO have been proved to exhibit excellent
biocompatibility and high antibacterial activity [25, 30–34].
These have motivated us to explore the possibility of GO
as an antibacterial reinforcement in biomaterials and study
the antiseptic properties and cytotoxicity of GO-containing
composites.

In this study, PLA/PU/GO composite filmswere prepared
by introducing GO nanosheets into PLA and PU phases
through liquid-phase mixing and casting.The as-synthesized
composites are characterized by using transmission electron
morphology, X-ray diffraction, and field emission scanning
electron microscope. Moreover, we investigate the antibacte-
rial activity and biocompatibility of PLA/PU/GO. It showed
remarkably improved antibacterial activity compared with
PLA/PU composite. The addition of small amounts of GO
prevented the attachment and proliferation of microbes on
PLA/PU/GO surfaces, including the gram-positive Staphylo-
coccus aureus (S. aureus) and the gram-negative Escherichia
coli (E. coli), as causative organisms of many device-related
infections. PLA/PU/GO composites have excellent antibac-
terial activity and biocompatibility, suggesting their potential
application in tissue engineering.

2. Experimental

2.1. Synthesis of PLA/PU/GO Composite Films. Polyurethane
(PU) was synthesized in our laboratory according to previous
study [35, 36]. GO nanosheets were prepared according to
the method described by Hummer with a modification [37,
38]. In brief, powdery GO was dispersed in a 50mL of
DMF and dichloromethane (volume ratio = 2/3) solution
by ultrasonification to form a uniform suspension. After
that, 12 wt.% PLA (Mw = 26,000) and 3wt.% PU (mass
ratio = 4/1) were dissolved into the suspension with the aid
of ultrasonification and stirring. Subsequently, PLA/PU/GO
composite film was obtained by casting the suspension onto
a clean silicon wafer, evaporating organic solvents, drying at
60∘C in vacuum for 24 h, and peeling from the Si wafer. In our
system, the PLA/PU/GO composite films with two different
GO contents (the weight ratios between GO and polymers
were 3 : 100 and 5 : 100) were prepared, which were denoted
as PLA/PU/GO (3%) and PLA/PU/GO (5%), respectively.
In comparison, PLA/PU film was prepared under the same
conditions.

2.2. Synthesis of PLA/PU/GO Composite Nanofibers. PLA/
PU/GO nanocomposite fibrous membrane was prepared
by electrospinning. In brief, the above PLA/PU/GO (5%)
suspensionwas used as the electrospun precursor. In a typical
electrospinning process, the precursor suspensionwas loaded

into a plastic syringe equipped with a 23-gauge stainless steel
needle. A high voltage of 16 kV was supplied by a direct-
current power supply and the feeding rate for the precursor
suspension was adjusted to a constant rate of 0.3mL/h using
a syringe pump. A piece of aluminum foil was placed 15 cm
below the tip of the needle to collect the as-spun nanofibers.
Finally, the PLA/PU/GO fibrous paper was obtained by
removing residual solvents at room temperature and peeling
from the foil. Also, PLA/PU nanofibrous paper was prepared
under the same conditions.

2.3. Characterization. Transmission electron microscopy
(TEM, JEOL, JEM-2010) was employed to investigate the
morphology of as-preparedGO, using an accelerating voltage
of 200 kV. XPS measurement of the GO was performed on
a Perkin-Elmer PHI-5702 multi-functional X-ray photoelec-
tron spectroscope (Physical Electronics, USA), using Al-
K𝛼 radiation (photon energy: 1476.6 eV) as the excitation
source and the binding energy of Au (Au 4f

7/2
: 84.00 eV) as

the reference. X-ray diffraction (XRD) patterns were carried
out by an X-ray diffraction using CuK𝛼 radiation (XRD,
Rigaku, D/Max-2400), to investigate the microstructures of
the PLA/PU/GO composite samples. Field emission scan-
ning electron microscope (FESEM, JEOL, JSM 6701F) was
employed to investigate the cross section of the casted films
and the morphology of as-electrospun nanofibers.

2.4. Antibacterial Activity Test. The antibacterial activity
of PLA/PU and PLA/PU/GO nanocomposites against E.
coli ATCC 25922 and S. aureus ATCC 6538 was mea-
sured by using plastics-measurement of antibacterial activ-
ity on plastics surfaces (ISO 22196, International Standard
22196 : 2007(E)). Before the test, the film samples (PLA/PU,
PLA/PU/GO (3%) and PLA/PU/GO (5%)) were cut into
40mm × 40mm and washed repeatedly with sterile water,
then dried in the air. At the same time, polyethylene films
were prepared in 40mm × 40mm, sterilized in 75% ethanol,
and then washed with sterile water. 1.5 × 105 CFU/mL
bacterial suspension was seeded on each film sample and
covered with polyethylene film so that the bacterial sus-
pension can spread to the edges. Make sure that bacterial
suspension does not leak beyond the edges of the film. 40mL
of phosphate-buffered saline (PBS) was used to wash the
sample and polyethylene films in order to get the present
bacteria followed by gentle shaking for 1 h, then diluted to 10-,
100-fold with a gradient method, and 1mL of each dilution
was placed into separate sterile Petri dishes. After that, 15mL
of plate count agar was poured into each Petri dish to disperse
the bacteria by swirling gently. All plating shall be performed
in duplicate. The Petri dishes were inverted and incubated at
37∘C for 24 h. After incubation, the number of colonies in the
Petri dishes was counted. For each dilution series, record the
number of colonies recovered to two significant figures, as
well as the dilution factor for the plates used for counting.

S. aureus and E. coli were seeded on glass plate and
PLA/PU/GO (5%) film and incubated for 24 h.The glass plate
and PLA/PU/GO (5%) film seeded with bacteria were rinsed
twice with PBS and fixed in 3% glutaraldehyde for 4 h, then
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Figure 1: Characterization of GO sheets: (a) TEM image and (b) C1s XPS spectrum. The scale is 100 nm.
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Figure 2: Cross section SEM images of PLA/PU film ((a) and (b)) and PLA/PU/GO (5%) film ((c) and (d)) with different magnifications.

rinsed in 0.1mL of PBS. Thereafter, they were dehydrated
with upgrading concentrations of ethanol (30%, 50%, 60%,
70%, 80%, 90%, 95%, and 100%) twice for 15min each. After
final washing with 100% ethanol, the samples were kept in
fume hood. Finally, the glass plate and PLA/PU/GO (5%) film
were sputter-coated with gold and observed under SEM to
examine the morphology of E. coli and S. aureus.

2.5. Biocompatibility Test. To study the biocompatibility of
the fibrous samples, MC3T3-E1 cells were used in our system,
which are commonly used to assess cytotoxicity of materials.
MC3T3-E1 cells were maintained at RPMI-l640 medium
with 10% fetal bovine serum and 1% antibiotic/antimycotic
solution in a 5% CO

2
incubator at 37∘C, refreshed every

3 days with Trypsin-EDTA solution, and then resuspended
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Figure 3: XRD patterns of GO, PLA/PU, and PLA/PU/GO (5%).
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Figure 4: Photographs of (a) S. aureus and (b) E. coli grown
on PLA/PU, PLA/PU/GO (3%), and PLA/PU/GO (5%) for 24 h,
respectively.

in a fresh culture medium. The PLA/PU and PLA/PU/GO
(5%) fibrous papers were cut into pieces (1 cm × 1 cm) as
scaffolds, soaked in 75% ethanol for 1 h to be sterilized, and
then exchanged with PBS for three times (30min each).
The fibrous scaffolds were then washed with RPMI-1640
containing 10% FBS for two times (2 h each). 2 × 105 cell
suspension was seeded on each scaffold. The cell-scaffold
constructs were cultured in RPMI-l640 supplemented with
10% FBS, 1% antibiotic/antimycotic solution for up to 48 h.
Finally, the cells were stained with acridine orange (AO),
which was cleaved to yield a green fluorescent product by
metabolically active cells.The density of the cells that adhered
on each scaffold was observed at 100-fold magnification with
a fluorescence microscopy (Olympus BX51).

PLA/PU/GO (3%) PLA/PU/GO (5%)

54% 91%

(a)

PLA/PU/GO (3%) PLA/PU/GO (5%)

54% 89%

(b)

Figure 5: Photographs of (a) S. aureus and (b) E. coli grown on
PLA/PU/GO (3%) and PLA/PU/GO (5%) for 4 h, respectively.

3. Results and Discussions

As shown in Figure 1(a), as-prepared GO sheets are nearly
transparent under electron irradiation, indicating that the
GO sheets are quite thin. As shown in Figure 1(b), the
C1s XPS spectrum of GO indicates the presence of four
components: the C in C=C bonds (284.5 eV), the C in C-O
bonds (286.6 eV), the C in C=O bonds (287.7 eV), and the
C in O–C=O bonds (288.7 eV). It indicates the considerable
degree of the oxidation existing in GO material [39, 40]. GO
sheets are a chemically modified graphene with suspended
hydroxyl, epoxyl, and carboxyl functional groups [41], which
result in the hydrophilic nature of GO.

As we know, fully exfoliated GO nanosheets can be
dispersed in a polar organic solvent N,N-dimethylformamide
(NMF) without any assistance of chemical treatment [42]. In
our system, PLA/PU/GO composite films were prepared by
a simple liquid-phase mixing followed by casting. Figure 2
shows the SEM images of the fracture surfaces of the PLA/PU
and PLA/PU/GO (5%) films.

As low-magnification images show (Figures 2(a) and
2(c)), two fracture surfaces exhibit the same morphology:
the PU particles are randomly distributed within the PLA
polymer matrix without obvious agglomeration. However,
high-magnification images (Figures 2(b) and 2(d)) show that
their fracture surfaces are totally different. For the fracture of
the PLA/PU film, the surface of the individual PU particle
is relatively smooth. In comparison with the fracture of
the PLA/PU/GO (0.5%) film, the surface of the individual
PU particle is wrapped by layer-stacked GO sheets. Our
fabrication process is presented to explain the combination
of GO sheets and PU particles in PLA polymer matrix. As we
know, PUmolecule chains contain plenty of N-H groups and
GO sheets contain many oxygen-containing groups. After
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Figure 6: SEM images of S. aureus attached to (a) glass plate and (b) PLA/PU/GO (5%) for 4 h incubation at 37∘; SEM images of E. coli
attached on (c) glass plate and (d) PLA/PU/GO (5%) for 4 h incubation at 37∘C.

1𝜇m

(a)

1𝜇m
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Figure 7: SEM images of (a) electrospun PLA/PU nanofibers and (b) electrospun PLA/PU/GO (5%) nanofibers.

they are mixed by ultrasonication and high speed stirring,
PU particles and GO sheets will preferentially stick together
due to the strong interactions, as a result that PU particles are
wrapped by GO sheets.

Figure 3 shows the XRD patterns of PLA/PU and
PLA/PU/GO (5%) films as well as the XRD pattern of
powdery GO.The XRD pattern of the GO powders exhibits a
characteristic diffraction peak at 11.6∘ (the shoulder centered
at 20∘ is attributed to the glass plate, which is used as the sub-
strate of supporting powdery sample for XRDmeasurement).
The XRD patterns obtained from the PLA/PU/GO (5%) film
is similar to those of the PLA/PUfilmapart from the existence

of a weak peak ascribed to the GO phase.Therefore, the XRD
result further confirms the successful addition of GO sheets
into PLA/PU film, which is consistent with the result coming
from SEM investigations. The weakening of GO peak is due
to two aspects: one is the relatively low content of GO and
the other is the good dispersion of GO within the PLA/PU
matrix.

Figure 4 exhibits considerable antibacterial activities
when the bacteria are attached to PLA/PU/GO (3% GO
and 5% GO) for 24 h. The incorporation of 5% GO into
PLA/PU composite reduced E. coli and S. aureus growth up
to 100%. Moreover, the incorporation of 3% GO reduced E.
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Figure 8: Fluorescencemicroscopy image ofMC3T3-E1 cells grown
on the electrospun PLA/PU/GO (5%) nanofibers for 48 h at 37∘C.
The magnification is 100x.

coli growth up to 100% and reduces S. aureus growth up
to 99%, at 24 h. As the control group, PLA/PU composite
showed the ability to inhibit bacterial growth, but not more
effective than experimental groups. Such a release profile is
consistent with SEM studies in Figure 4. The introduction
of GO nanoparticles may reduce the probability that the
bacteria will colonize on implant surface [23].

After 4 h incubation with PLA/PU/GO nanocomposites
of (3% GO, 5% GO) at 37∘C, the antibacterial activity for E.
coli decreased to 54% and 91% (Figure 5(a)), suggesting the
strong inhibition ability of PLA/PU/GO nanocomposites to
E. coli. We also employed a classic-colony counting method
to measure the microbial viability of S. aureus for 4 h. We
found that viability significantly lose up to 54% and 89%,
respectively (Figure 5(b)). These results further confirmed
that GO contents were responsible for the observed strong
antibacterial effect.

Figure 6 shows that the morphology of S. aureus and E.
coli when seeded on glass plates and PLA/PU/GO nanocom-
posites for 4 h at 37∘C. The control group (seeded on glass
plates) displays a normal bacterial appearance of S. aureus
and E. coli (Figures 6(a) and 6(c)). The SEM studies (Figures
6(b) and 6(d)) reveal that S. aureus and E. coli largely lost
their original appearance; such irreversible changes might
arise from the effects of either oxidative stress or physical
disruption that have been related to carbon nanomaterial
[24, 28].

Figure 7 shows the SEMmicrographs of the PLA/PU and
PLA/PU/GO nanofibers. It is clearly seen that ultrafine fibers
have been successfully fabricated via electrospinning and all
the fibers present loose three-dimensional (3D) frameworks.
Also, the integration of 3D frameworks thatmimic the natural
extra-cellular matrix (ECM) structure is beneficial for cell
adhesion and growth [30].

Figure 8 shows the fluorescence microscopy result after
the cells were seeded directly on PLA/PU/GO fibrous scaf-
folds and incubated for 24 h.The PLA/PU/GO nanocompos-
ite appeared to enhance the cell adhesion and proliferation.
It can be definitely attributed to the excellent intrinsic
biocompatibility and the hydrophilic nature of GOmaterials,
which can greatly promote the cell-material interaction. The

soluble and nonsoluble degradation products were found to
be nontoxic to bovine AF cells grown in vitro.

4. Conclusion

PLA/PU/GO nanocomposites passess strong antimicrobial
activities and exhibit excellent biocompatibility, suggesting
that such nanocomposite could be a good candidate material
applied in tissue engineering territory, while simultaneously
reducing the threat of bacterial colonization and subsequent
chronic infection of surrounding tissue.
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Graphene nanosheets (GNSs) were synthesized by direct current arc discharge and subsequently functionalized by highly
hydrophilic polyacrylic acid (PAA). The loading and release of doxorubicin hydrochloride (DOX) on PAA-functionalized GNSs
(PAA-GNSs) were investigated. PAA-GNSs were successfully prepared and verified by atomic force microscope (AFM), Fourier-
transform infrared (FTIR) and ultraviolet-visible (UV-vis) spectroscopes, and thermogravimetric analysis (TGA). The PAA-GNSs
contained about 10wt% PAA which significantly improved the solubility of GNSs in aqueous media. The efficient loading of DOX
onto the PAA-GNSs is as high as 2.404 ± 0.167mg/mg at the DOX concentration of 0.36mg/mL. Furthermore, the PPA-GNSs
showed strong pH-dependent behavior and efficient slow release ability. Therefore, PAA-GNSs are promising new materials for
biological and medical applications.

1. Introduction

Recently, nanomaterial-based drug carriers have become a
hot spot of research at the interface of nanotechnology and
biomedicine [1–3]. The nanomaterial-based drug carriers
include nanoparticles [4, 5], micelles [6], liposomes [7],
nanofibers [8], and self-assembled polymer nanodevices [9].
An ideal drug carrier should be capable of controlled release
(triggered release of drug under a characteristic environment
of diseased cells) and drug protection until entering diseased
cells, which aim to prevent early drug degradation and to
increase the intracellular drug concentration. By using this
system for drug delivery, we can reduce the side effects of
drugs and enhance the therapeutic efficacy [10–14].

Graphene, a two-dimensional nanomaterial reported for
the first time in 2004 [15], has emerged with many intriguing
properties including electrical, thermal, optical, sensing [16,
17], high surface area, and biocompatibility [18]. The single
or fewer layered structure of graphene provides richness
for diversified surface chemistry on both sides of the sheet
including edges [19]; therefore, graphene and its derivatives
have been proposed to offer high therapeutic molecule

loading capacity due to their high available surface area and
have been explored as potential drug delivery systems [20–
23]. Since 2008, graphene oxide (GO) with different surface
functionalization has been exploited as nanocarriers for
loading of a variety of chemotherapy drugs including DOX
[1, 24–27], camptothecin (CPT) [21, 28, 29], SN38 (an analog
of CPT) [30], ellagic acid [31], and 𝛽-lapachone [32] by either
physical adsorption or covalent conjugation. Liu et al. found
that GO after PEGylation showed excellent physiological
stability and could be utilized for the loading of water-
insoluble aromatic drug SN38 via 𝜋-𝜋 stackings [30]. Yang
et al. investigated the loading and release behaviors of DOX
on GO sheets and found that the efficient loading of DOX on
theGO sheets is as high as 2.35mg/mg at theDOX concentra-
tion of 0.47mg/mL [10]. Zhang et al. found that GOmodified
by sulfonic acid showed specific targeting ability to MCF-7
cells. Interestingly, two types of drug molecules, DOX and
CPT, which were loaded together on GO, realized synergistic
effects of cancer cell killing in a dose-dependent manner
[3]. However, from the previous reports, both GO and GNS
were prepared by a modified Hummers method [33]. In this
route, GO was generally prepared from graphite involving
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oxidation-exfoliation by using a mass of concentrated H
2
SO
4

and KMnO
4
strong oxidants which are not in favor of the

environment protection. GO is not completely exfoliated and
contains extensive domains of stacked graphitic layers [34].
In addition, unavoidable MnO

2
impurity attached on GO

sheets [35] would affect the subsequent reliability-safety of
GO-based drug nanocarriers.

Arc discharge is a versatile and low-cost method for
producing various kinds of carbon nanomaterials. Compared
to other methods, the graphene sheets synthesized by arc
dischargemethod have good dispersibility in organic solvent,
few defects, and high thermal stability [35–39]. Recently,
we have synthesized few-layered GNSs by direct current
arc discharge using different buffer gases [35, 40]. The
GNSs have merits of high quality (no metallic impurity),
excellent electrical conductivity, good thermal stability, and
few defects. Additionally, the sizes of as-made GNSs are
mainly in the range of 50–200 nm [35], which are much
smaller than those of chemically reduced GO sheets. The
relatively small GNSs would be suitable for biological appli-
cations, especially for drug nanocarriers. However, the GNSs
are hydrophobic and tend to form agglomerates or even
regraphitized to graphite due to the strong 𝜋-𝜋 stacking
and Van der Waals interactions which may limit their
further biological applications [3, 41]. Therefore, the pre-
vention for aggregation by functionalizing GNSs is of vital
importance because most of its unique properties are only
associatedwith individual sheets. In earlier report, chemically
reduced GO sheets were functionalized by in situ polymer-
ization of acrylic acid monomers, to generate PAA grafted
graphene [42].

Herein, we have grafted acrylic acid monomers onto the
GNSs surface by an in situ polymerization.The success of the
functionalization is verified by AFM, FTIR and UV-vis spec-
troscopes, and TGA. The PAA-modified GNSs display good
solubility in aqueous solutions and form stable dispersions for
a long time.Due to the conjugated structure of graphene basal
planes, PAA-GNSs can attach and absorb aromatic, water
insoluble drugs [12]. And the amount of DOX loaded onto
PAA-GNSs is significantly high and strongly dependent on
pH value. Furthermore, the interaction between DOX and
PAA-GNSwas investigated by spectroscopy. It is believed that
PAA-GNS could have great potential in biological applica-
tions for drug delivery.

2. Experimental

2.1. Materials. High-purity (99.99%) graphite powder (325
mesh) was purchased from Qingdao Huatai Tech. Co.,
Ltd., China. N, N-dimethyl formamide (DMF) was pur-
chased from Tianjin Reagent Company, China. Acrylic acid
was purchased from Shanghai ShanPu Chemical Company,
China. DOX was purchased from Shenzhen Main Luck
Pharmaceuticals Inc., China. All chemicals and solvents
were commercially available and were of analytical reagent
grade. Dialysis tube (molecular weight cutoff: 8000–14000;
diameter: 44mm) for the drug release was purchased from
Beijing Solarbio Science & Technology Co., Ltd., China.

2.2. Preparation of PAA-GNS. GNSs were prepared following
our previous report [35]. Typically, a direct current arc
discharge of the graphite was carried out in a water-cooled
stainless steel chamber filled with H

2
(200 Torr) and He (200

Torr). The cathode and anode were graphite rods (purity:
99.99%) with diameters of 12 and 8mm, respectively. The
current was kept at 140A during the discharge process, and
the arc wasmaintained by continuously adjusting the cathode
to keep a constant distance of about 2mm from the anode.
After discharge, the graphene powders were collected.

PAA-GNSs was synthesized following the method
reported [42]. GNSs (20mg) were added to a 250mL dried
three-necked flask, and 50mL of solvent (1 : 9, DMF: H

2
O)

was loaded in. After ultrasonication for 30min at 600W,
the solution was purged under dry nitrogen for 60min to
remove the oxygen, followed by the addition of acrylic acid
(10 g) and 40mLH

2
O. Approximately 100mg of (NH

4
)
2
S
2
O
8

(dissolved in 80mL H
2
O) was then loaded in the flask using

a dropping funnel. The flask was placed in an oil bath (60∘C)
under stirring. After 48 h, the mixture was cooled to room
temperature, diluted with 200mL H

2
O, and sonicated for 1 h

then centrifuged. The GNS functionalized by PAA polymer
were denoted as PAA-GNS.

2.3. Loading of DOX and In Vitro Controlled Release Exper-
iments. The loading of DOX was performed by simple
dissolving DOX in a PAA-GNS aqueous solution and stirred
overnight. The free, unbound DOX was removed by cen-
trifugation, repeated washing, and filtration. PAA-GNSs with
the final concentration of 0.12mg/mL (determined using a
standard PAA-GNSs concentration curve at the absorption
of 490 nm) were first sonicated with DOX for 0.5 h and
then stirred overnight at room temperature in the dark. All
samples were adjusted to pH < 6 with 1M hydrochloride and
then ultracentrifuged at 12000 rpm for 1 h [10].

To determine the release rate of DOX loaded on PAA-
GNSs, the nanocarrier PAA-GNSs (6mg) were dispersed in
3mL of phosphate buffered saline (PBS), and the dispersion
was divided into three equal aliquots.ThePAA-GNSs samples
used for the release experiments were placed into inner
dialysis tubes, which were dialyzed in 50mL of PBS buffer
with pH 2, 7, and 10, respectively, in outside reservoir. The
sealed reservoir was incubated in a shaker at 37∘C for a period
of 4 days. At selected time intervals, 2mL dialyzate was taken
out from the reservoir and equal volume of fresh PBS buffer
was replenished to it. The released DOX was evaluated by
measuring the UV-vis absorbance at 490 nm.

2.4. Characterization. The morphology and structure anal-
ysis of the GNS was carried out on a high-resolution
TEM (JEM-2010, at 200 kV). Raman spectrum was recorded
by micro-Raman spectroscopy (JY-HR800, the excitation
wavelength at 532 nm), and AFM image was carried out
by Nanoscope III, a multimode atomic force microscope
(Veeco) in tapping mode, to investigate the structures and
surface morphology of as-prepared GNS and PAA-GNS.The
thermal property of the GNS, PAA, and PAA-GNS samples
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Scheme 1: (a) Schematic illustration of the generation of PAA-GNS nanocarrier, and (b) the structure of DOX molecule.

was conducted through a thermogravimetric analyzer (TGA-
DSA 2960, TA Instruments) carried out from RT to 1000∘C
at 5∘C min−1 under N

2
atmosphere. The microstructure of

GNS, PAA-GNS, DOX,DOX-GNS, andDOX-PAA-GNSwas
characterized by Fourier transform infrared spectrometer
(Bruker IFS66V). The loading capacity of DOX by the GNS
and PAA-GNS were measured by a UV-vis spectrophotome-
ter (Specord50, analytic jena, Germany) at 490 nm.

3. Results and Discussion

Figure 1(a) shows the TEM image of the graphene sheets,
from which transparent graphene sheets are present over a
large area, indicating that the graphene sheets have few layers
and high purity. Also, the surfaces of the graphene sheets are
not perfectly flat, with wrinkles over them giving different
levels of transparency.The geometricmeans of the length and
width of each sheet were used to define their size, which was
in the range 50–100 nm. Figure 1(b) shows a typical Raman
spectrum of the GNS powders. Three intense peaks are the D
band at 1345 cm−1, the G band at 1580 cm−1, and the 2D band
at 2695 cm−1, respectively.The D peak located at 1345 cm−1 is
due to the presence of structural disorders in graphene sheets.
TheGpeak corresponds to the stretching vibrationmode,𝐸

2g
phonon at the Brillouin zone center. The (2D) peak is always
present for crystalline carbon materials [35].

There are bare of groups on the GNS sheets produced by
arc discharge method. To realize good physiological stability
and form stable dispersions, we develop a simple and con-
venient route to prepare functional GNS. Here, hydrophilic
and biocompatible PAA are assembled onto GNS sheets to
improve the aqueous solubility of the graphene. Scheme 1
shows the synthetic route for the preparation of PAA-GNS
conjugate. The large 𝜋 conjugated structure of GNS can form
𝜋-𝜋 stacking interaction with the quinone portion of DOX.
Amino (–NH

2
) and several hydroxyl (–OH) groups are also

on DOX. The carboxylic (–COOH) groups on the PAA-
GNS sheet can form a strong hydrogen-bonding interaction
with –OH and –NH

2
groups of DOX. Therefore, DOX is

noncovalently loaded on PAA-GNS simply by mixing them
in aqueous solution with the aid of slight sonication [10].

Successful functionalization of GNS is first evidenced
by the high solubility and stability of PAA-GNS in salt and
cellular solutions. After removing the residual AA bywashing
with distilled water and centrifugation, the precipitated PAA-
GNS is found to be well dispersed in distilled water, PBS,
and cell culture, respectively. It is stable after storage for 24 h,
showing high stability (Figure 2). PEGylation of graphene
derivatives was usually used to improve the stability of
graphene derivatives under physiological conditions [15].
Instead of using expensive and large PEG molecules, we
render the GNS stable in physiological solution by simple in
situ polymerizationwith PAA that would graftmany –COOH
groups on the surface of GNS.

The morphology of GNS before and after functionaliza-
tion is characterized with AFM in tapping mode, as shown
in Figure 3. GNS is small sheets ranging from 50 to 100 nm
and shows smooth and flat surface (Figure 3(a)). In contrast,
the thickness of PAA-GNS is increased and many surface
protuberances are observed on the surface of PAA-GNS and
the sheet edges turn to be coarse, as shown in Figure 3(b).
Obviously, PAA chains are wrapped onto the GNS sheet.

From the FTIR spectra of GNS and PAA-GNS in
Figure 4(a), there are no groups on the GNS sheets. After
functionalization, we can see the characteristic absorbance
bands of PAA. The peak of C=O vibration suggests that the
PAA is firmly introduced into GNS. The –COOH groups
at the PAA terminals are available for bioconjugation. From
the UV-vis absorption spectra (Figure 4(b)), the absorption
peak of GNS is at 270 nm, which is consisted with the
reported result [3], while the PAA-GNS shows a characteristic
absorption peak of PAA at 216 nm. Both FTIR and UV-vis
spectra confirm the success of functionalization.

TGA is a complementary technique that can reveal the
composition and changes in thermal stability of the PAA-
GNS. From Figure 5, it is observed that GNS produced by arc
discharge method exhibits a high thermal stability. There is
hardly any weight loss under 300∘C and a small weight loss
of ∼2% in the range 350–450∘C. Compared to GNS, PAA
is thermally unstable and starts to lose mass upon heating
even below 100∘C, which is attributed to the volatilization of
residuary water in its structure. The major mass loss occurs
in the range 230–450∘C, which is attributed to the pyrolysis
of labile oxygen-containing groups. For PAA-GNS, the curve
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Figure 1: TEM images (a) and Raman spectrum (b) of GNSs pro-
duced by arc discharge in H

2
-He.

shows two-step thermal decomposition behavior. Between
150 and 300∘C, the curves show the first decomposition from
the PAA-GNS, indicating the successful polymer attachment
to the surface of the GNSs.The second decomposition occurs
when the GNS sheets began to decompose from 300∘C until
the end.Thus, clearly, the decomposition profile of PAA-GNS
is different from that of GNS and PAA.Theweight reductions
can be calculated for the PAA-GNS.Themass fraction of PAA
on the GNS is about 10%.

The evidence of DOX loading on PAA-GNS comes
from the UV-vis spectra (Figure 6). The absorption peaks
of the free DOX are shown at 233, 253, 291, and 490 nm.
The stacking of DOX onto PAA-GNS is evident from the
spectrum of the GO-DOXnanohybrid solution, which shows
the characteristic absorption peaks of DOX clearly. As the
absorption peaks of DOX are so strong, the peaks of PAA-
GNS are not obvious (Figure 4(b)).

The loading capacity of DOX on PAA-GNS is determined
by UV-vis spectrum at 490 nm, which is calculated by
the difference of DOX concentrations between the original
DOX solution and the supernatant solution after load-
ing. On the basis of standard curve of DOX absorbance

(c) (c)

(c)(c)

(b)(b)

(b)(b)

(a)(a)

(a)(a)

PAA-GNSGNS

24  h

0  h

Figure 2: Photographs ofGNS andPAA-GNSdispersed inwater (a),
PBS (b), and cell medium (c), stored for 0 h and 24 h, respectively.

to its concentration, we can calculate the amount of DOX
loaded on PAA-GNSwhich is determined using the following
equation:

Φ =
(𝑀DOX −𝑀DOX)

𝑀PAA-GNS
, (1)

where Φ is the amount of DOX loaded on PAA-GNS,𝑀DOX
is the initial amount of DOX,𝑀DOX is the amount of DOX
in the upper layer after centrifugation, and 𝑀PAA-GNS is the
added amount of PAA-GNS.

The loading of DOX on PAA-GNS is investigated in
different initial DOX concentrations with respect to the
same concentration of PAA-GNS (0.12mg/mL), as shown in
Figure 7, and the loading ratio is correlated to the concen-
tration of drug. The loading of DOX on PAA-GNS is 0.311 ±
0.060mg/mg when the DOX concentration is 0.06mg/mL.
With the increase of the initial DOX concentration, the
loading capacity of DOX increases and reaches 2.404 ±
0.167mg/mg when the DOX concentration is 0.36mg/mL,
which can be seen as the saturated loading efficiency of
PAA-GNS toward DOX. With further increase of DOX
concentration, the loading capacity would not increase. It is
related with the chemical structure of DOX. The interaction
between PAA-GNS and DOX may come from 𝜋-𝜋 staking
between the conjugated structure of GNS sheet and the
quinone portion of DOX and the hydrophobic effect between
them. Also, the hydrogen bonding between the –COOH
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Figure 3: AFM images of GNS (a) and PAA-GNS (b).

groups of PAA-GNS and the –OH and –NH
2
groups of DOX

is existed.
Figure 8 shows the loading of DOX on GNS-PAA at the

initial DOX concentration of 0.36mg/mL with pH values
of 2, 7, and 10. The loading of DOX is 1.434mg/mg at pH
2, 2.504mg/mg at pH 7, and 1.801mg/mg at pH 10. It is
observed that the loading capacity in the neutral condition
is much higher than in acidic or basic conditions. This pH-
dependent behavior may be due to the different degree of
hydrogen-bonding interaction between DOX and GNS-PAA
under different pH conditions. At pH 7, there are two kinds
of hydrogen bonding forming between –COOH of GNS-
PAA and –NH

2
of DOX and –COOH of GNS-PAA and –

OH of DOX. Under acidic condition, the H+ will compete
with the hydrogen-bond-forming groups and then weaken
the previous hydrogen-bonding interaction. However, at pH
10, most of the –COOH of GNS-PAA changed into –COO−
and could not formorweaken the hydrogen bonding forming
between –COOH of GNS-PAA and the –NH

2
or –OH of

DOX [3, 10].
Except the previous hydrogen-bonding interaction, the
𝜋-𝜋 staking between the conjugated structure of GNS sheet
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Figure 4: FTIR spectra (a) and UV absorption spectra (b) of GNS
and PAA-GNS.
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absorbance to its concentration).
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Figure 7: The loading capacity of DOX on PAA-GNS in different
initial DOX concentrations.

and the quinone portion of DOXmay be the most important
interaction because the loading of DOX on GNS-PAA is still
much high with the decreasing of the hydrogen bonding at
pH 2. From the Figure 9, DOX exhibits a fluorescence emis-
sion maximum at 566 nm with an excited source at 480 nm.
However, GNS-PAA-DOX exhibited significant quenching
of its emission band at the same wavelength. It implies
the presence of a photoinduced electron-transfer process
or efficient energy transferring between the GNS-PAA and
DOX interface. According to the earlier report, this efficient
quenching of fluorescence emission shows that there is strong
𝜋-𝜋 stacking interaction between GNS-PAA and DOX [10,
43].

The release behavior of DOX from PAA-GNS is shown in
Figure 10. At different pH environment, the release behavior
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Figure 8:The loading capacity of DOXon PAA-GNS at different pH
values.
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Figure 9: Fluorescence spectra of PAA-GNS-DOX and DOX in
water at the 480 nm excitation wavelength. The concentrations of
both PAA-GNS-DOX and DOX were all controlled to be the same
according to the loading of DOX on PAA-GNS.

varies. It is found that 68% of DOX loaded on PAA-GNS
is released after 48 h at pH 2, while much less DOX is
released after 48 h at pH 7.0. As discussed previously, the
hydrogen-bonding interaction between DOX and GNS-PAA
is the strongest at pH 7, resulting in an inefficient release.
Moreover, at low pH, DOX becomes more hydrophilic and
water soluble; thus, it leads to the release of more DOX from
the PAA-GNS into PBS solution and the partial dissocia-
tion of hydrogen bonding interaction under acid condition.
In addition, the DOX molecule has an –NH

2
group, so

its hydrophilicity becomes higher under acidic conditions,
which explains why the release ratio of DOX in pH 2 was
about twice that of in pH 7. However, DOX would become
extremely volatile and decompose easily under alkaline con-
ditions when meeting the light [44, 45], which may be the
reason why the release ratio of DOX in pH 2 is about seven
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Figure 10: In vitro release profiles of DOX from PAA-GNS in PBS
buffers with different pH values.

times of in pH 10. The pH-dependent drug release from
PAA-GNS could be exploited for drug delivery applications
since the micro-environments in the extracellular tissues
of tumors and intracellular lysosomes and endosomes are
acidic, which will afford active drug release from PAA-GNS
delivery vehicles.

4. Conclusions

In this paper, we have reported the synthesis of a functional
GNS (PAA-GNS) with high aqueous solubility and stability
in physiological solutions and studied its application on the
loading and controlled release of a cancer drug. A high
loading capacity and pH-dependent release of DOX on PAA-
GNS are found. The loading of DOX on PAA-GNS increases
with the increasing of initial DOX concentration, 2.404 ±
0.167mg/mg at the initial DOX concentration of 0.36mg/mL,
and the highest release amount of the DOX from PAA-
GNS shows at pH 2 then pH 7 and pH 10. Altogether,
the water soluble PAA-GNS nanocarrier could open up
a window to potential use of DOX delivery, which may
have potential clinical advantages pertaining to increased
therapeutic efficacy. The unique 2D shape and small size of
PAA-GNSmay offer interesting in vitro and in vivo behaviors.
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Nanostructured conversion coating of Al-Mg alloy was obtained via the surface treatment with zirconium titanium salt solution at
25∘C for 10min. The zirconium titanium salt solution is composed of tannic acid 1.00 g ⋅ L−1, K

2
ZrF
6
0.75 g ⋅ L−1, NaF 1.25 g ⋅ L−1,

MgSO
4
1.0 g/L, and tetra-n-butyl titanate (TBT) 0.08 g ⋅L−1. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and

Fourier transform infrared spectrum (FT-IR) were used to characterize the composition and structure of the obtained conversion
coating. The morphology of the conversion coating was obtained by atomic force microscopy (AFM) and scanning electron
microscopy (SEM). Results exhibit that the zirconium titanium salt conversion coating of Al-Mg alloy contains Ti, Zr, Al, F, O,
Mg, C, Na, and so on. The conversion coating with nm level thickness is smooth, uniform, and compact. Corrosion resistance
of conversion coating was evaluated in the 3.5 wt.% NaCl electrolyte through polarization curves and electrochemical impedance
spectrum (EIS). Self-corrosion current density on the nanostructured conversion coating of Al-Mg alloy is 9.7×10−8A ⋅cm−2, which
is only 2% of that on the untreated aluminum-magnesium alloy.This result indicates that the corrosion resistance of the conversion
coating is improved markedly after chemical conversion treatment.

1. Introduction

Due to the high strength/weight ratio, easy processing, ex-
cellent physical, and chemical properties, aluminum-magne-
sium-based alloys have been widely used for the materials
of automotive, mobile phone, and aircraft [1, 2]. However,
low hardness, poor wear resistance, and susceptibility to
intergranular corrosion of the aluminum-magnesium alloys
hinder their practical application [3]. Under natural condi-
tions, the thin oxide film formed on the surface of aluminum
alloy is easily damaged, especially in the acid (alkaline)
conditions. The dissolution of this film greatly reduces the
corrosion resistance of aluminum and its alloys. Therefore, it
is important to improve the corrosion resistance of aluminum
alloy through suitable methods. Surface treatment is one of
these methods.

Anode oxidation, microarc oxidation, chemical conver-
sion coating, plating, and so on have been widely performed

to protect aluminum and aluminum alloys from corrosion
[4–7]. Among them, chemical conversion treatment has been
attracting more attention due to its facile operation and
low cost. Chemical conversion film is formed to oxidize
the surface layer into the metal oxide layer [8]. Chro-
mate treatment, including phosphate-chromate method, acid
chromate method, and alkaline chromate method, is the
concernful treatment method for chemical conversion [9–
12]. Acid chromate treatment is more widely used in the
actual application [13]; due to that, the films formed via
alkaline chromate treatment are soft, loose, and vulnerable
to scratches. Although the passive films have the advantage
of simple process, low production cost, and good corrosion
resistance, hexavalent chromium is carcinogen which can
cause serious harm to humans and environment [14–18].
According to EU scrappage instruction announced on July 1,
2002, less than 2 g hexavalent chromium can be used for the
production of every car [19]. Simultaneously, the “Restriction
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Table 1: Composition of conversion solution.

Tannic acid
(g/L) K2ZrF6 (g/L) NaF (g/L) MgSO4 (g/L) TBT (g/L)

1.00 0.75 1.25 1.00 0.08

of Hazardous Substances” (ROHS) was announced on Jan-
uary 23, 2003 and carried out on July 1, 2006 in EU.According
to the instructions, the electrical and electronic products in
EU market cannot contain hexavalent chromium and other
harmful substances after July 1, 2006 [20].Therefore, chrome-
free treatment process has been one of the key technologies
for the surface treatment of the aluminum-magnesium alloys.
Passivations through molybdate, oxalate, silicate, rare earth
metal salt, cerium salt, titanium zirconium salt, phytate
system, and silane treatment are widely studied [21–31]. The
films formed in these processes are mainly composed of
titanium zirconium salts, aluminum oxide, and aluminum
fluoride [27]. The advantages of the films formed via these
processes are simple operation, good corrosion resistance,
and strong combination with the organic polymer [32, 33].

In this paper, zirconium and titanium salt were used
as the main salt to form zirconium titanium conversion
coating on the aluminum-magnesium alloy surface. XRD,
SEM, XPS, FT-IR and AFM were applied to characterize
the composition, morphology and structure of chemical
conversion film coated aluminum-magnesium alloy. Elec-
trochemical measurements were performed to evaluate the
corrosion resistance of the chemical conversion film.

2. Materials and Methods

Aluminum-magnesium alloys were chosen as the raw mate-
rials. A smooth and uniform surface was obtained after
pretreatment such as alkaline cleaning, pickling, and acti-
vating. For the comparison, all the sizes of samples are
40mm× 30mm× 2mm. The surface process is as follows:
sample → polishing → removing oil → alkaline cleaning
→ pickling → rinsing → chemical conversion treatment →
rinsing → drying.The composition of conversion solution is
shown in Table 1.

X-ray diffraction (XRD) was carried out to characterize
crystalline structure and composition of the conversion coat-
ing. X-ray photoelectron spectroscopy (XPS) was performed
to examine the surface composition and element valence
state of conversion coating. Meanwhile, Fourier transform
infrared absorption spectra (FT-IR) were picked to identify
compound structure of titanium salt conversion coating.
SEM and AFMwere selected to analyze the surface morphol-
ogy of zirconium titanium conversion coating.

CHI660A electrochemical workstation (CH Instrument
Corp., Shanghai, China) was used to conduct polarization
test.The corrosion test was carried out in 3.5 wt.% NaCl solu-
tion at 25∘C with standard three-electrode system. Sample,
saturated calomel electrode (SCE), and platinum sheet were
used as working electrode, reference electrode, and auxiliary
electrode, respectively.
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Figure 2: XPS of titanium zirconium salt conversion coating.

3. Results and Discussion

3.1. XRD Analysis. XRD is used to analyze the composition
of zirconium titanium salt conversion coating. As shown in
Figure 1, the film layer obviously contains large amounts of
aluminum due to that aluminum is the substrate. Diffraction
peaks attributed to ZrO

2
, TiO
2
, Al
2
O
3
and Na

3
AlF
6
phases

are also observed. These substances are generated from the
surface conversion of aluminum-magnesium alloy substrate.
Because the conversion coating is thinner, powder scraping
from aluminum-magnesium alloy contains less conversion
coating. As observed, diffraction peaks of the aluminum alloy
substrate are very strong, while the diffraction peaks of other
phases are very weak. Therefore, it is proposed that some
materials in the conversion coating have not been detected.

3.2. XPS Analysis. Figure 2 shows the XPS of zirconium
titanium salts conversion coatings on the Al-Mg alloy. Ti,
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Figure 3: XPS of narrow area scan spectra of the elements conversion coating of titanium zirconium salt: (a) Ti2p, (b) Zr3d, (c) F1s, (d) Al2p,
(e) O1s, and (f) C1s.

Zr, Al, F, O, C, Na, Mg, and other elements were contained
in zirconium titanium salt conversion coating. Most of the
elements in the solution are observed in the conversion
coating. This result indicates that the conversion coating is
derived from the cooperation of all the compositions of the
conversion solution. The H element cannot be detected by
XPS. Therefore, it cannot rule out the existence of H.

Figure 3 is the narrow area scan spectra of Ti2p, Zr3d,
Al2p, F1s, O1s, and C1s. Spectra peaks of each element were

fitted and analyzed according to XPS database, established
by the national standard technology association (NIST X-ray
Photoelectron SpectroscopyDatabase), throughXPS Peak 4.1
software.

Ti2p spectrum (Figure 3(a)) is composed of two fitted
peaks at 458.66 eV and 464.41 eV, corresponding to the
Ti2p3/2 and Ti2p1/2 of TiO

2
from XPS database, respec-

tively. These results indicate that Ti exists as the TiO
2

state.
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Figure 4: Fourier transform infrared spectrum of zirconium titanium salt conversion coating and tannic acid: (a) zirconium titanium salt
conversion coating, (b) the tannic acid.

(a) (b)

Figure 5: SEM morphology of aluminum zirconium titanium conversion coating: (a) ×500, (b) ×5.00 k.

Zr3d spectrum (Figure 3(b)) is composed of two fitted
peaks at 182.45 eV and 184.70 eV.The two peaks are attributed
to Zr2d5/2 and Zr3d3/2 of ZrO

2
, indicating that Zr exists as

combination state of ZrO
2
.

Figure 3(c) shows F elements in conversion coating sur-
face. It mainly exists in the form of AlF

3
⋅3H
2
O and Na

3
AlF
6

compounds. As seen in Figure 3(d), Al element in conversion
coating is mainly based on AlN, Al

2
O
3
/Al, Al

2
O
3
, AlO
𝑥
/Al,

AlF
3
⋅3H
2
O, and Na

3
AlF
6
compound form. The peaks of C

andO can be attributed to organic functional groups (Figures
3(e) and 3(f)), revealing that the C and O mainly exist as
complex compound.

To sum up, Zr and Ti elements in the conversion film
exist as Ti4+ and Zr4+, respectively. Al element mainly exists
as oxides and complexes, and C element may be in the form
of organic polymers.

3.3. FT-IR Analysis. Figure 4 is the Fourier transform
infrared spectrum of zirconium titanium salt conversion
coating and tannic acid, respectively. The peak located at
3445 cm−1 can be assigned to hydroxy benzoic acid. Com-
pared to the benzoic hydroxy of tannic acid (3375 cm−1),
the higher wave number shift (3445 cm−1) can be attributed
to the lower complexation extent of benzoic hydroxyl. The
peaks at 2920 cm−1 and 2851 cm−1 should be attributed to
the symmetric and asymmetric vibration of the methylene,
respectively, indicating the transformation reaction of tetra-
n-butyl titanate in the process of conversion coating. The
characteristic peak at 1715 cm−1 can be ascribed to the ketonic
group of tannic acid, which shifts to 1646 cm−1 after chemical
conversion.The shift is corresponding to the hydrolyzation of
tannic acid.The peaks at 1600∼1450 cm−1 and 1250∼700 cm−1
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Figure 6: AFM images of zirconium titanium salt conversion coating (10 𝜇m × 10 𝜇m).
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Figure 7: Aluminum-magnesium alloy polarization curves before
and after conversion treatment.

of conversion coating are attributed to the characteristic
adsorption of benzoic group, which are clearly different with
that of Tannic acid.The changes of benzoic groups aremainly
due to two reasons: the change of the benzoic groups’ number
and the reaction of benzoic group with other groups. In this
study, the change is ascribed to the complexation between
the metal ion and the trihydroxy-benzoic acid derived from
hydrolyzation of tannic acid.

From the previous analysis, we can conclude that themet-
als on the surface transform to metal compounds after con-
version treatment. Hydroxide, ketonic, and benzoic groups
are formed on the surface of the aluminum-magnesium

alloy. These groups will be propitious to improve the contact
between the substrate and the oil paint for the consequent
coating.

3.4. SEM Analysis. Figure 5 shows the SEM images of the
conversion coating at various magnifications.The conversion
coating film layer is uniform, smooth, dense, continuous, no
damage, and cracking behavior. Almost no defects in the
zirconium titanium salt conversion coating are observed.The
particles are homogeneous spherical grains.

3.5. AFM Analysis. The three-dimensional morphology of
the film was observed by atomic force microscope (AFM).
Figure 6 is the images with the scanning area of 5 𝜇m ×
5 𝜇m, respectively. As shown, the conversion coating surface
is smooth and uniform. The size of the surface particle is
narrowly distributed. The part of graph with bright color
represents the region with high level position, while the part
with dim color is the lower level position. For analysis, the
height difference is less than 50 nm, which indicates that the
thickness of the conversion film is nanoscale.

3.6. Polarization Curve Analysis. Tafel polarization curves of
aluminum-magnesium alloy before and after conversion pro-
cess, performed in 3.5%NaCl solution, are shown in Figure 7.
Electrochemical parameter calculated by polarization curve
can be seen in Table 2. The corrosion current density of the
blank sample and zirconium titanium conversion coating is
4.701× 10−6 A⋅cm−2 and 9.7× 10−8 A⋅cm−2, respectively. The
corrosion current density of conversion coating is reduced
by two orders of magnitude, about 2% of that on the blank
sample.

3.7. EIS Analysis. The Ac impedance spectroscopy of the
aluminum-magnesium alloy (Figure 8(a)) before and after
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Figure 8: Aluminum-magnesium alloy AC impedance curves before and after treatment: (a) Nyquist diagram; (b) impedance Bode diagram;
(c) the phase angle Bode diagram.

Table 2: Electrochemical parameters.

The sample 𝐸corr 𝐸pit Δ𝐸 𝑖corr

V V V A/cm2

Blank sample −0.697 −0.697 0 4.701 × 10−6

Conversion coating −0.815 −0.730 0.085 9.7 × 10−8

conversion process is very different. The Ac impedance
spectroscopy of untreated aluminum-magnesium alloy is
composed of high frequency capacitive impedance arc and
low frequency inductive impedance arc. However, the low
frequency inductive impedance arc is not observed in the
Ac impedance spectroscopy of the aluminum-magnesium

alloy after being treated. The resistance and capacitive
impedance of the film can be investigated through comparing
the diameter of the high frequency capacitive reactance
arc. As shown, the resistance and capacitive impedance of
aluminum-magnesiumalloy specimen after chemical conver-
sion processing is greater than that of aluminum-magnesium
alloy specimen without the conversion process. It indicates
that polarization resistance is increasing when the corrosion
reaction occurred. Conversion coating can effectively slow
down the electron transfer within the coating layer and
protect aluminum-magnesium alloy matrix from erosion
caused by the corrosive medium. These effects will improve
the corrosion resistance of aluminum-magnesium alloy.
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Inductive impedance arc in the low frequency, corre-
sponding to the dissolution of conversion coating on the
surface of aluminum-magnesium alloy (mainly alumina) in
corrosive Cl− medium, is observed in the EIS spectroscopy
of aluminum magnesium alloy without conversion process.
The rate of dissolution increases continuously, leading to
conversion film being thinner, and then causes holey cor-
rosion. On the contrary, inductive reactance arc in the low
frequency is absent in the EIS spectroscopy of aluminum-
magnesium alloy through transformation processing. This
is due to the fact that conversion coating on the surface of
the aluminum-magnesium alloy effectively inhibits dissolv-
ing penetration of corrosive medium into conversion coat-
ing. Aluminum-magnesium alloy conversion coating greatly
improves the corrosion resistance of aluminum-magnesium
alloy and effectively protects the alloy matrix.

Figures 8(b) and 8(c) are the Bode diagram and phase
angle Bode diagram of the AC impedance spectroscopy of
aluminum-magnesium alloy before and after the conver-
sion process. The impedance of the aluminum-magnesium
alloy after conversion is an order of magnitude greater
than that without the conversion process. It implies that
aluminum-magnesium alloy after conversion treatment has
better corrosion resistance. The phase angle Bode dia-
gram of untreated aluminum-magnesium alloy has a time
constant at the phase angle of 70 degree. Meanwhile,
aluminum-magnesium alloy after conversion treatment dis-
plays a time-constant value around 85 degrees at the fre-
quency of 1–10Hz. These results imply that the conversion
coating is uniform.

4. Conclusions

Uniform, continuous Ti-Zr conversion coating can be suc-
cessfully prepared using NaF, TBT, K

2
ZrF
6
, Tannic acid, and

MgSO
4
as film-forming substances under the condition of

25∘C.
Electrochemical tests show that corrosion current density

of conversion coating on titanium zirconium conversion
coating is 9.7× 10−8 A⋅cm−2, which is only about 2% of that of
the aluminum-magnesium alloy substrate. Impedance value
of the conversion coating is about an order of magnitude
larger than that of the untreated aluminum-magnesium alloy.
Therefore, the corrosion resistance of aluminum-magnesium
alloy is significantly enhanced after surface conversion coat-
ing.

AFM and SEM results exhibited that the dense and
uniform Ti-Zr conversion coating is made of small spherical
particles with uniform size and contains Ti, Zr, Al, Mg, OH,
and so on.
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The gelation behaviors of binary organogels composed of N-(4-aminobenzoyl)-L-glutamic acid diethyl ester with sebacic acid and
citric acid in various organic solvents were designed and investigated. Their gelation behaviors in 20 solvents were tested as new
binary organic gelators. It showed that the molecular structures and organic solvents have played a crucial role in the gelation
behavior of all gelatormixtures.More carboxyl groups inmolecular skeletons in the presentmixture gelators are unfavorable for the
gelation of organic solvents.Themixture containing sebacic acid can form 5 kinds of organogels, while another mixture containing
citric acid can only form 3 kinds of organogels in different solvents. Morphological studies revealed that the gelator molecules
self-assemble into different aggregates from wrinkle and belt to fiber with change of solvents. Spectral studies indicated that there
existed different H-bond formations and hydrophobic forces, depending on solvents and molecular structures. The as-prepared
nanomaterials have wide perspectives in nanoscience and functional textile materials with special microstructures.

1. Introduction

In recent years, organized organogels have become one of
the hot areas in soft matter research due to their scientific
values and many potential applications in biomedical field,
including tissue engineering, controlled drug release, and
medical implants [1–8]. The gels are usually considered as
supramolecular gels, in which the gelator molecules self-
assemble into three-dimensional networks in which the
solvent is trapped via various noncovalent interactions, such
as hydrogen bonding, 𝜋-𝜋 stacking, van der Waals inter-
action, dipole-dipole interaction, coordination, solvophobic
interaction, and host-guest interaction [9–12].

In addition, L-glutamic acid is one of the essential amino
acids in human bodies and hasmany hydrogen-bonding sites,
which is usually necessary to regulate the assembling modes
[13, 14]. In some reported work, the gelation properties of
some cholesterol imide derivatives consisting of cholesteryl
units and photoresponsive azobenzene substituent groups
have been investigated [15]. They found that a subtle change
in the head group of azobenzene segment can produce a
dramatic change in the gelation behavior of both compounds.
In addition, the gelation properties of bolaform and trigonal

cholesteryl derivatives with different aromatic spacers have
been characterized [16].

As an interesting work, herein, we have designed
and prepared new binary organogels composed of N-(4-
aminobenzoyl)-L-glutamic acid diethyl ester with sebacic
acid and citric acid, respectively. For present diacid/triacid,
the number of carboxyl group in molecular skeletons shifted
from 2 to 3, respectively. We have found that both present
mixtures could form different organogels in various organic
solvents. Morphological and spectral characterization of the
organogels revealed different structures of the aggregates
in the gels. We have investigated the structure effect of
diacid/triacid and solvents on the nanostructures of these
organogels.

2. Experiments

2.1. Materials. The starting materials, N-(4-aminobenzoyl)-
L-glutamic acid diethyl ester, sebacic acid, and citric acid,
were purchased from Alfa Aesar Tianjin Chemicals, Aldrich
Chemicals, and TCI Shanghai Chemicals, respectively. Other
used reagents were all for analysis purity from Beijing
Chemicals and were distilled before use.
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Figure 1: Photographs of the as-prepared organogels of Glu-SA (a) and Glu-CA (b) in different solvents, respectively.

2.2. Gelation Test. All mixed organogels were prepared
according to a simple procedure. Firstly, both acid and N-
(4-aminobenzoyl)-L-glutamic acid diethyl ester were mixed
with molecular molar ratios of 1 : 2 or 1 : 3 according to
the number matching intermolecular carboxylic acid and
amine group, respectively.Then, a weighted amount of binary
mixtures and a measured volume of selected pure organic
solvent were placed into a sealed glass bottle, and the solution
was heated in a water bath until the solid was dissolved.
Then, the solutionwas cooled to room temperature in air, and
the test bottle was inversed to see if a gel was formed [17].
When the binary mixtures formed a gel by immobilizing the
solvent at this stage, it was denoted by “G.” For the systems in
which only solution remained until the end of the tests, they
were referred to as solution (S). When the binary mixtures
were formed into a few precipitate in some solvent, they was
denoted as a “PS.”

2.3. Measurements. Firstly, the xerogel was prepared by a
vacuum pump for more than 24 h. The dried sample thus
obtained was attached to copper foil, glass, and CaF

2
slice for

morphological and spectral investigation, respectively. Before
SEM measurement, the samples were coated on copper foil
fixed by conductive adhesive tape and shielded by gold. SEM
pictures of the xerogel were taken on a Hitachi S-4800 field
emission scanning electron microscopy with the accelerating
voltage of 5–15 kV. Transmission FT-IR spectra of the xerogel
were obtained by Nicolet iS/10 FT-IR spectrophotometer
fromThermo Fisher Scientific Inc. by averaging 32 scans and
at a resolution of 4 cm−1. The XRD measurement was con-
ducted using a RigakuD/max 2550PCdiffractometer (Rigaku
Inc., Tokyo, Japan). The XRD pattern was obtained using
CuK𝛼 radiation with an incident wavelength of 0.1542 nm
under a voltage of 40 kV and a current of 200mA. The scan
rate was 0.5∘/min.

3. Results and Discussions

3.1. Gelation Behaviors. Firstly, the gelation performances
of both binary mixtures in 20 solvents are tested. The
experimental data showed that both binary mixtures could
form organogels in special organic solvents, as listed in

Table 1: Gelation behaviors of these binary organogels.

Solvents Glu-SA Glu-CA
Acetone PS PS
Aniline S S
n-Hexane PS PS
Toluene S S
Pyridine S S
Isopropanol G G
Cyclopentanone S S
Cyclohexanone S S
Nitrobenzene G S
n-Butanol G G
Ethanolamine S S
n-Butyl acrylate G PS
1,4-Dioxane S S
Petroleum ether PS PS
Ethyl acetate PS PS
Dichloromethane PS PS
THF S S
DMF S S
DMSO S S
Benzene G G
S: solution; PS: partially soluble; G: gel.

Table 1. The binary mixtures of N-(4-aminobenzoyl)-L-
glutamic acid diethyl ester with sebacic acid and citric acid
are denoted by Glu-SA and Glu-CA, respectively. For the
case of Glu-SA, the mixture can form 5 kinds of organogels
in present solvents, including isopropanol, nitrobenzene,
n-butanol, n-butyl acrylate, and benzene, respectively. In
addition, as for Glu-CA, 3 kinds of organogels were pre-
pared in isopropanol, n-butanol, and benzene, respectively.
The photographs of the as-prepared organogels in differ-
ent solvents were shown in Figure 1. The present data
indicated that structure change of diacid/triacid in gela-
tor mixtures can has a profound effect upon the gelation
abilities of these studied mixtures. It seemed that more
carboxyl groups in molecular skeletons in present mix-
ture gelators are unfavorable for the gelation of organic
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Figure 2: SEM images of xerogels of Glu-SA ((a)–(e): isopropanol, nitrobenzene, n-butanol, n-butyl acrylate, and benzene, resp.) andGlu-CA
((f)–(h): isopropanol, n-butanol, and benzene, resp.).

solvents. In addition, the effect of alkyl chains in Glu-SA
for intermolecular stacking in the gel formation process
seemed also obvious for all cases.The reason for the variation
on the gelation behaviors can be assigned to the change of
spatial stacking and self-assembly mode of the gelators due
to intermolecular hydrogen bonding of the gelators [18, 19],
which may shift the ability of the gelator molecules to self-
assemble into ordered structures, a necessity for forming
organized assembly structures.

3.2. Morphological Investigation. It has been reported
that some organized nanoscale superstructures, such as
nanofibers, nanoribbons, and nanosheets, could be formed
in a supramolecular gel [20]. To obtain a visual insight into
nanostructures of present organogels, the typical structures
of these gels were studied by SEM technique, as shown in
Figure 2. From the present diverse images, it can be obviously
investigated that the nanostructures of the xerogels of both
mixtures in different solvents are different from each other,
and the morphologies of the aggregates change from belt,

wrinkle to fiber with change of solvents. In addition, from the
images, it is interesting to note that these big belt aggregates
were composed of many little fiber-like nanostructures by
stacking of the present gelator mixtures. The morphologies
of the aggregates shown in SEM images may be rationalized
by considering a commonly accepted idea that highly
directional intermolecular interactions, such as hydrogen
bonding or 𝜋-𝜋 interactions, favor formation of organized
belt or fiber micro-/nanostructures [21]. The difference of
morphologies between different gelator mixtures can be
mainly due to the different assembly modes originated
from various intermolecular forces, which have played an
important role in regulating the intermolecular orderly
staking and formation of special aggregates.

3.3. Spectral Investigation. In addition, in order to further
investigate the orderly stacking of xerogels nanostructures,
XRD of all xerogel from gels was measured, as shown in
Figure 3. The curve of Glu-SA xerogel from isopropanol
shows main peaks in the angle region (2𝜃 values, 4.84, 9.60,
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Figure 3: X-ray diffraction patterns of xerogels: (a) Glu-SA ((a)–(e): isopropanol, nitrobenzene, n-butanol, n-butyl acrylate, and benzene,
resp.); (b) Glu-CA ((a)–(c): isopropanol, n-butanol, and benzene, resp.).
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Figure 4: FT-IR spectra of xerogels: (a) Glu-SA ((a)–(e): isopropanol, nitrobenzene, n-butanol, n-butyl acrylate, and benzene, resp.); (b)
Glu-CA ((a)–(c): isopropanol, n-butanol, and benzene, resp.).

15.02, 20.12, and 25.30∘) corresponding to 𝑑 values of 1.83,
0.92, 0.59, 0.44, and 0.35 nm, respectively.The corresponding
𝑑 values almost follow a ratio of 1 : 1/2 : 1/3 : 1/4 : 1/5, suggesting
a lamellar structure within the gel with an interlayer distance
of 1.83 nm [22]. The similar curves of Glu-SA xerogels from
n-butanol and benzene showed minimum peaks at 2𝜃 values
of 4.54 and 4.38∘, respectively, suggesting a little change
compared with that from isopropanol mentioned above.
However, for the curves of Glu-SA xerogels from nitroben-
zene and n-butyl acrylate, the same minimum peaks shifted
to 2𝜃 values of 5.68∘, corresponding to 𝑑 value of 1.56 nm.
In addition, for the cases of Glu-CA xerogels from iso-
propanol, n-butanol, and benzene, the minimum peaks were
obtained at 2𝜃 values of 4.78, 4.18, and 4.10∘, corresponding
to 𝑑 values of 1.85, 2.12, and 2.16 nm. The present results
described above demonstrated that the many factors had

great effect on the self-assembly modes of these gelator
mixtures.

It has beenwidely reported that hydrogen bonding played
an important role in the self-assembly process of organogels
[23, 24]. At present, in order to further clarify this and
investigate the effect of various factors on self-assembly,
the FT-IR spectra of all xerogels of both gelator mixtures
were measured, as shown in Figure 4. As far as the spectra
of Glu-SA xerogels from different solvents, typical peaks
were observed at 3444, 3313, 2922, 2851, 1726, 1624, and
1466 cm−1, respectively, which can be assigned to the N–H
stretching, methylene stretching, carbonyl stretching, amide
I band, and methylene scissoring, respectively [25, 26].These
bands indicate H-bond formation between intermolecular
amide and carboxylic acid groups in the gel state. In addi-
tion, similar spectra were obtained from Glu-CA xerogels
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(a) Glu-SA (b) Glu-CA

Figure 5: Possible self-assembly modes of Glu-SA (a) and Glu-CA (b) in organogels.

from isopropanol, n-butanol, and benzene, respectively. This
implied that there were differences in the strength of the
intermolecular hydrogen bond interactions in these xerogels.

Considering the XRD results described above and the
hydrogen-bonding nature of the organized packing of both
binary mixtures by FT-IR measurements, the possible self-
assembly modes of Glu-SA and Glu-CA in organogels were
proposed and schematically shown in Figure 5.The calculated
repeating unit of about 1.8 nm was obtained, which was
in well accordance with the obtained experimental values.
The present data demonstrated that the structure change of
diacid/triacid in gelatormixtures had a great effect on the self-
assembly modes and stacking units of the binary gelators.

4. Conclusion

The gelation behaviors of binary mixtures of N-(4-amino-
benzoyl)-L-glutamic acid diethyl ester with sebacic acid and
citric acid in various organic solvents were investigated. The
experimental results indicated that the gelation behaviors in
different solvents can be regulated by changing molecular
structures and organic solvents. The mixture of Glu-SA can
form 5 kinds of organogels, while Glu-CA can only form
3 kinds of organogels in different solvents. Morphological
studies revealed that the gelator molecules self-assemble
into different aggregates from wrinkle and belt to fiber
with change of solvents. Spectral studies indicated that
there existed different H-bond formations and hydrophobic
forces, depending on solvents and molecular structures.
The as-prepared nanomaterials have wide perspectives in
nanoscience and material fields. The present research work
may also give some insight into design and character of new
organogelators and functional textile materials with special
microstructures.
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The need of barrier layer such as SiO
2
for carbon nanotubes (CNTs) growth limits their performance in electronic applications.

In this study, conductive carbon/metal (carbon/cobalt—C:Co) composite films with the same metal content, but different sp2/sp3
ratios, were deposited using dual-source filtered cathodic vacuum arc (FCVA) technique. Three different C:Co composite films
were deposited at different temperatures; visible Raman spectroscopy indicates that the sp2-rich C:Co composite film forms at
high temperature (500∘C), and high-resolution transmission electron microscopy (HRTEM) shows the formation of conducting
graphitic-like sp2 clusters and with Co nanoclusters embedded within them. Electrical measurement shows a significant decrease
in film resistivity as sp2/sp3 ratio increases. CNTs were successfully grown on the composite films by plasma-enhanced vapor
deposition (PECVD) approach. Scanning electron microscopy (SEM) shows minor effect on the density of CNTs by varying the
sp2/sp3 ratio. The dependence of defect level of the as-grown CNTs is found to reduce as sp2/sp3 ratio increases.

1. Introduction

Carbon nanotubes (CNTs) have attracted a lot of attention
in the fields of nanoscience and nanotechnology because
of their superior physical, electrical, and thermal properties
[1, 2]. A substantial amount of work has been done to
promote them in the industry, and one of the requirements
is growth of CNTs on conductive metal or substrates [3,
4]. The conventional way of growing CNTs is a multistep
process, the first of which is to deposit a barrier layer,
which can be an insulating material such as silicon oxide
(SiO
2
) or conductive material such as titanium nitride [5].

Secondly it requires the deposition of a catalyst layer such as
nickel (Ni), cobalt (Co), or iron (Fe). However, the effective
electrical conductivity of the CNTs is higher when CNTs are
grown directly on a conductive substrate [6]. An alternative
approach to eliminate the use of barrier layer during growth

is to deposit amorphous carbon a-C metal (C:Me) composite
film, such as C:Ni, C:Fe, and C:Co, as the catalyst layer.

Previous studies had shown that composite film serving
as catalyst layer results in better density control of CNTs
[7, 8] and also better performance in CNTs field emitter array
(FEA) applications [9, 10]. Other than serving as the catalyst
layer of CNTs growth, another advantage of incorporation
of metal within C film is to increase the conductivity of the
film. Takeno et al. found that the electrical conductivity is
proportional to the amount of metal incorporated into the
C:Me composite film [11–13]. However the focus was only on
tuning themetal content of the film.The relationship between
the CNTs growth and the intrinsic properties of C:Me com-
posite film, such as the sp2/sp3 ratio, is not well understood
yet. Recent work has shown that by in-situ thermal annealing
and ex situ laser annealing, sp2-rich high electrical conducing
nanostructured C film can be synthesized [14–17], which can
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Figure 1: (a) Raman spectra of C:Co composite film grown using different growth temperatures and (b) Raman features as a function of
growth temperature.

then be adopted in future electronic applications. Hence the
electrical properties of C:Me composite film can be varied by
only changing the sp2/sp3 ratio of the amorphous carbon.

In this work, C:Co composite film has been adopted as
the catalyst layer of CNTs growth. We reported the feasibility
of CNTs growth on conducting C:Co composite film, by only
varying the sp2/sp3 ratio of the film. It adequately shows that
CNTs can be grown on a conducting catalyst layer without
the use of a barrier layer.

2. Materials and Methods

C:Co composite films were deposited on n-doped (100)
silicon wafer, which was firstly cleaned using acetone, fol-
lowed by ultrasonic isopropanol (IPA) to remove the surface
particles. The films were deposited using dual-source FCVA
which consists of two off-plane double bend (OPDB) filtering
bends, each of them is connected to individual cathode source
as described in our past work [18]. In this work, 99.999% pure
graphite rod and 99.9% pure nickel rod were used to form
the C and Co ions. The composition was controlled by the
arc current of the cathode source which was fixed at 70A for
C and 120A for Co. Film depositions were carried out in the
vacuum (∼10−5 Torr), andno biaswas applied to the substrate.
The substrate heating temperature was varied from room
temperature to 500∘C to obtain the various sp2/sp3 ratios.The
thickness of different C:Co composite films was measured
to be 50 nm using the Tencor P-10 surface profilometer. The
resistance of different C:Co composite films was measured
using a cascade of 200 nm probe station with a Hewlett
Packard 4156A precision semiconductor parameter analyzer,
with a voltage step of 0.01 V.

The three C:Co composite films were then cut into a
dimension of 1 cmby 1 cmandplaced into a plasma-enhanced
chemical vapor deposition (PECVD) chamber where the
CNT growth would be carried out. The CNT growth was

performed at 600∘C with a plasma power of 85W for 30min.
The ramp rate was set at maximum.The heater stage reached
600∘C in less than 10 sec, and the carbon feedstock gas (C

2
H
2
)

was immediately introduced to reduce the influence of
annealing on the samples.Thepressure in the chamber during
CNTgrowthwasmaintained at 4.5 Torrwith aC

2
H
2
/NH
3
gas

ratio of 1 : 5.
The atomic fraction of Co within the films was estimated

using energy dispersive X-ray spectroscopy (EDX). In this
work, Co is detected to be ∼5% in atomic ratio for all three
films. Before CNT growth, the microstructure of different
C:Co composite films was characterized using WITec visible
Raman spectroscopy with a 532 nm diode-pumped solid
state laser. The obtained Raman spectra were fitted using a
Breit-Wigner-Fano (BWF) line shape for the G band and a
Lorentzian line shape for D band if the spectra cannot be
fitted by only the BWF line shape [19, 20]. To confirm the
formation of graphitic-like sp2 clusters, JEOL JEM 2100 high-
resolution transmission electron microscopy (HRTEM) was
used. The images of the grown CNTs were acquired using
scanning electron microscopy (SEM), and the CNT quality
was also characterized using visible Raman spectroscopy.

3. Results and Discussions

Figure 1(a) shows the Raman spectra of C:Co composite
films deposited using different substrate temperatures. The
main changes of the Raman spectra are the shift of G peak
position and the increase in D peak density. The G band
relates to both breathing and stretching modes of sp2 bonds,
and the D band only reflects the existence of the breathing
mode of sp2 bonds, which are normally in the form of
nanometer-size graphitic-like clusters [19, 20]. The spectra
of the C:Co composite film at room temperature show that
only one peak and a neighbor peak at around 1350 cm−1
started to emerge with increasing substrate temperature.
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Co

C

Figure 2: Cross section view of HRTEM image of C:Co composite
film deposited at 500∘C.

The microstructure subjected to different growth tempera-
tures is shown in Figure 1(b)—the rightward shift of G peak
position is due to the conversion of sp3 bonding to sp2
bonding [14, 20, 21]. Based on the three-stage model [20], the
film grown under RT is estimated to be 30% in sp2 content,
and as the growth temperature increases, the sp2 content
in the film rises to more than 80%. Besides the rise in sp2
content, the six-ring graphitic-like sp2 bonds also become
dominant, which is shown by the increase in 𝐼(D)/𝐼(G) ratio
[20], in Figure 1(b).

To confirm the formation of the graphitic-like sp2 clus-
ters, HRTEM analysis has been performed on the C:Co
composite film deposited at 500∘C. Figure 2 shows the
HRTEM image of the film; due to higher density of Co
atoms (8.9 g/cm3) compared to the C atoms (3.515 g/cm3
for diamond, 2.267 g/cm3 for graphite, and 1.8∼2.1 g/cm3 for
amorphous carbon), fewer electrons are able to transmit
from Co region; hence the dark contrast on Co nanoclusters
is presented in the HRTEM image. It clearly shows that
the Co nanoclusters are embedded within the graphitic-
like clusters. The graphitic-like clusters form the electron-
conducting paths, and the free electrons contributed by the
Co also enhance the electrical conductivity of the film [22].

The changes in themicrostructure of C:Co composite film
influence the electrical properties of the filmas represented by
the 𝐼-𝑉 curve of these three films in Figure 3.The film grown
under RT has high resistance of ∼109 ohm, and the resistance
reduces with the growth temperature. The film grown under
500∘C has a much lower resistance of about 101 ohm. The
reduction of resistance is attributed to the increase in sp2
content, the formation of more graphitic-like sp2 clusters,
which has been reported in a previous study [14–16], and also
the incorporation of Co nanoclusters.

Figures 4(a), 4(b), and 4(c) show the CNTs grown on
different C:Co composite films. CNTs of the same length
(∼1 𝜇m) can be synthesized on all these three types of C:Co
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Figure 3: 𝐼-𝑉 characteristic of C:Co composite films grown using
different growth temperatures.

composite film. However, the density of CNTs does not
have a significant change among these three kinds of C:Co
composite film. Zhang et al. have reported that the density
of CNTs grown on C:Me film has a strong relation with the
content of metal [7]. In this work, it was demonstrated that
the initial sp2/sp3 ratio does not affect the density of CNTs
grown on the C:Co composite film.The quality of the CNTs is
characterized and shown in Figure 5.The two peaks detected
in the spectra areD peak andGpeakwhich fall in the range of
1370∼1400 cm−1 and 1580∼1600 cm−1. Unlike C film, D peak
for CNTs represents defects and G peak is an indication of
crystalline graphite [23].The inserted table lists the 𝐼(D)/𝐼(G)
ratios of these CNTs. CNTs 3 has the lowest ratio which
indicates the lowest defect level. Although the defect level is
desired to be zero, it is difficult to be eliminated in the PECVD
process [24].

4. Conclusions

C:Co composite films with the same Co content but different
initial sp2/sp3 ratios were deposited using dual-source FCVA
technique, with varying growth temperatures. The change in
microstructure of the film leads to the formation of the sp2-
rich C:Co composite film, with the presence of conducting
graphitic-like sp2 cluster. The electrical resistance is reduced
to approximately 101 ohm. CNTs can be successfully synthe-
sized on C:Co composite film regardless of the change of
initial sp2/sp3 ratio of the film. There is no clear evidence to
show the influence of initial sp2/sp3 ratio on the density of
CNTs grown on C:Co composite film; however the quality,
such as defect level, is shown to be dependent on the initial
sp2/sp3 ratio of the C:Co composite film, which can be
reduced by using film with higher initial sp2/sp3 ratio.
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Figure 4: SEM images of CNTs grown on different C:Co composite films: (a) RT, (b) 250∘C, and (c) 500∘C.
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Figure 5: Raman spectra of CNTs grown on different C:Co compos-
ite films (inserted table shows the 𝐼(D)/𝐼(G) ratios).
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Two near-infrared fluorescence N-p-carboxybenzyl indocyanines with the maxima fluorescence emission wavelengths of 565 nm
and 641 nm in water, respectively, were synthesized by the ultrasonic method. Compared with those in water, the fluorescence
intensity of the dyes became weaker in the solution of an alkali, alkaline-earth, or transitionmetal ion, except in Ag+ or Zn2+; in the
solution of 𝛼-cyclodextrin or 𝛽-cyclodextrin, the fluorescence intensity of them was increased, even under strong acidic condition.
The indocyanines were converted into their succinimidyl active ester for conjugating with NH

2
groups of lysine or BSA. Porous

nano-TiO
2
film with 68∼75 nm thickness was prepared on ITO conductive glass from tetrabutyl titanate by sol-gel. FESEM showed

that the diameter of the nano-TiO
2
particle was 30∼50 nm and the pore size was 200∼300 nm. The indocyanines with or without

the presence of the alkali, alkaline-earth, transition metal ion, or cyclodextrin could make the nano-TiO
2
films sensitized, and the

products could be used as anodes for dye-sensitized solar cells.

1. Introduction

Cyanines have attracted a lot of attention as functional
molecules in various high-tech fields [1–3], especially as
photosensitizers in solar cell [4–6], and fluorescence probes
in biosensor [7–9] or ions detection [10, 11]. Many cyanines
have been developed, and the development of stable near-
infrared cyanines was the key to avoid the influence of base
ground of biomass on detective sensitivity in bioanalysis [12].
We had designed and synthesized series of novel fluorescence
indocyanines containing N-p-carboxybenzyl groups on the
N atoms in the heterocyclic rings from 2,3,3-trimethyl-3H-
indoleninium-5-sulfonate before the papers in [13, 14]. This
paper synthesized symmetric N-p-carboxybenzyl trimethine
sulfoindocyanine (dye 1) and N-p-carboxybenzyl squaraine
(dye 2) by ultrasonic method, and it also investigated
their spectral properties, especially in presence of an alkali,
alkaline-earth, or transition metalion, 𝛼-cyclodextrin, or 𝛽-
cyclodextrin. The dyes could combine with NH

2
groups

of lysine or bovine serum albumin (BSA), and they were

expected to be used as fluorescence probes in bioanalysis.
Nano-TiO

2
film was prepared from tetrabutyl titanate by sol-

gel and sensitized by the dyes and the dye composites. They
could be used as photoanodes in dye-sensitized solar cell.
Structures of dye 1 and dye 2 were shown in Scheme 1.

2. Experimental

Mass spectral determinations were recorded on HP1100API-
ES mass spectrometry. 1H NMR spectra were made in D

2
O

on a VARIAN 400MHz spectrometer. The detection of
microstructure of products was performed by S-4800 field-
emission scanning electron microscopy and D-max-2500 X-
ray diffraction, and the thickness was performed by XP-2 step
profiler measurement. Fluorescencemeasurements were per-
formed was by a PTI-C-700 Felix (USA), and UV-Vis spectra
were measured on an HP-8453 spectrophotometer. Squaric
acid was purchased from ACROS ORGANICS (USA), and
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Scheme 1: Structures of the indocyanines.

ITO conductive glass was purchased from Qinhuangdao
Yaohua Glass Factory (China).

Intermediate N-p-carboxybenzyl-2,3,3-trimethyl-3H-in-
doleninium-5-potassium sulfonate was prepared by quat-
ernization of 2,3,3-trimethylindoleninium-5-potassium sul-
fonate with p-chloromethyl benzoic acid; refer to our previ-
ous works in [13, 14].

The intermediate was dissolved in pyridine, then a solu-
tion of triethyl orthoformate in pyridine was added slowly.
After the mixture was kept at 85–90∘C for 1.5 h under the
ultrasonic method, dye 1 was formed.The crude product was
separated and purified by C18 reverse-phase chromatograph
using water-methanol (0–4 : 1) as the eluent.

The intermediatein pyridine reacted with squaric acid in
butanol/toluene (1 : 1) for 5 h at 85–90∘C under the ultrasonic
method.The formed crude product dye 2was purified by C18
reverse-phase chromatograph using water-methanol (0–4 : 1)
as the eluent.

Dye 1 (or Dye 2) reacted with N-hydroxysuccinimide and
DCC inDMF for 24 h at room temperature.The succinimidyl
active ester solid of the dye was filtered and triturated, and
it reacted with lysine or BSA in biocarbonate buffer (pH
9.5) at room temperature, respectively, and the conjugate was
formed.

Tetrabutyl titanate reacted with absolute ethyl alcohol at
room temperature for 20min. Diethanolamine was added
slowly. Twenty minutes later, ethyl alcohol with little water
was trickled slowly into the mixture, then saturated PEG
solution was added. Two hours later, stir was quit, and the
mixture was laid in stillness for three hours. A conductive
glass was stood in the sol-formed gel, and it was pulled out
at speed 3 cm/min by TL0.01 vertical membrane machine.
After repeating the operation 4 times, a 4-layer TiO

2
film

was obtained. The film was heated for 30min at 100∘C first,

then the temperature was elevated to 550∘C at the speed of
5∘C/min, keeping it at the temperature for 1 h. The nano-
TiO
2
film on the conductive glass obtained was impregnated

into solution of the dye, the dye in the solution of the alkali,
alkaline-earth, transition metal ion, or cyclodextrin for 4 h,
and then the dye-sensitized nano-TiO

2
film was obtained.

3. Results and Discussion

Ultrasonic method as a modern synthetic technology has
been widely used in organic synthesis due to its conve-
nience and efficiency [15, 16]. Various organic reactions
have been carried out under the ultrasonic method with
high yields within a short reaction time. This paper syn-
thesized the two dyes by condensation of the intermedi-
ate N-p-carboxybenzyl-2,3,3-trimethyl-3H-indoleninium-5-
potassium sulfonate with triethyl orthoformate or squaric
acid under ultrasonic irradiation, respectively. Compared
with traditional method, ultrasonic technique had the advan-
tages of high yields, short reaction time, and mild reaction
conditions. The product mixture was easy to separate to get
purified dye products due to less by-products especially coke
material formed at low reaction temperature. The structures
of the dye products were confirmed by 1HNMR andMS. Dye
1: ESI-MS: [M-K]− (m/z = 755.7), [M-K-2H+Na]2− (m/z =
388.0), [M-K-H]2− (m/z = 377.0), [M-K-2H]3− (m/z = 251.4);
1HNMR (400MHz, D

2
O, 𝛿ppm): 𝛿8.34 (m, 1H, 𝛽-proton of

the bridge), 7.93 (s, 2H, 4,4-H), 7.79–7.77 (d, 2H, J = 8.0Hz,
6,6-H), 7.69–7.67 (d, 4H, J = 7.2Hz, 𝛾

1
,𝛾
1
-H), 7.26–7.24 (d,

2H, J = 8.0Hz, 7,7-H), 7.11–7.09 (d, 4H, J = 7.2Hz, 𝛽
1
,𝛽
1
-

H), 6.18–6.15 (d, 2H, J = 13.5Hz, 𝛼,𝛼-protons of the bridge),
5.30 (s, 4H, 𝛼

1
,𝛼
1
-H), 1.62 (s, 12H, C(CH

3
)
2
). Dye 2: ESI-

MS: [M+Na-H]− (m/z = 922.5), [M-K]− (m/z = 861.0), [M-
2K+Na]− (m/z = 846.2), [M-2K]2− (m/z = 411.3), [M-2K-
H]3− (m/z = 273.9), [M-2K-2H]4− (m/z = 205.1); 1H NMR
(400MHz, D

2
O, 𝛿ppm): 7.88 (s, 2H, 4,4-H), 7.84–7.82 (d, 4H,

J = 8.0Hz, 𝛾
1
,𝛾
2
-H), 7.76–7.74 (d, 2H, J = 8.0Hz, 6,6-H), 7.33–

7.31 (d, 4H, J = 8.0Hz, 𝛽
1
,𝛽
2
-H), 7.25–7.23 (d, 2H, J = 8.0Hz,

7,7- H), 5.87 (s, 2H, 𝛼,𝛼-protons of the bridge), 5.39 (s, 4H,
𝛼
1
,𝛼
2
-H), 1.69 (s, 12H, C(CH

3
)
2
).

Dye 2 had the maxima UV-Vis absorption and fluores-
cence emission wavelengths of 631 nm and 641 nm in water,
respectively. Figures 1 and 2 showed the UV-Vis absorption
spectra and fluorescence emission spectra of dye 1 in water
and anaqueous solution of 𝛼-cyclodextrin. The maxima
UV-Vis absorption and fluorescence emission wavelengths
of dye 1 were 551 nm and 565 nm in water, respectively.
Cyclodextrins (CDs) are water soluble and have remarkable
ability to form inclusion complexes with a wide variety of
guest molecules to let them have special properties [17].
Compared with those in water, the maxima absorption and
fluorescence emission wavelengths of the dye in the solution
of 𝛼- or 𝛽-cyclodextrin were hardly changed, but the weaker
absorption intensity at the maxima absorption wavelength
and the fluorescence intensity became stronger due to the
increase of rigidity of the dye molecules and the viscosity
of the dyes solution, the decrease of rotating energy of the
dye molecules, and the formation of the dye-cyclodextrin
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Figure 1: UV-Vis absorption spectra of dye 1.

inclusion. The changes of those in 𝛽-CD solution were the
same as those in 𝛼-CD, even in the strong acidic aqueous
solution of 𝛼- or 𝛽-CD. These indicated that the CDs could
not increase quantity of the conjugated 8 electrons of the
dye excited by photon, but they could let the excited 8
electrons be easy to emit fluorescence so that the fluorescence
intensity of the dye was increased. The intensity of UV-
Vis absorption at 235 nm of the dye in 𝛽-CD was smaller
than that in 𝛼-CD. But the intensity of fluorescence emission
at 636 nm of the dye in 𝛽-cyclodextrin was nearly 2 folds
larger than that in 𝛼-CD. It demonstrated that the size of
inner cavity of 𝛼-CD was suitable for combining with N-p-
carboxybenzyl group in the molecule of the dye, while 𝛽-
CD was suitable for the 8-conjugated system of the dye. In
the presence of Na+, K+, Ca2+, Mg2+, Ni2+, Ag+, Zn2+, Cu2+,
or Cr2+, the changes in the maxima absorption wavelengths
and fluorescence emission wavelengths were similar to those
in CDs, but the fluorescence intensity was reduced except in
the presence of Ag+ or Zn2+. Figure 3 showed the maxima
UV-Vis absorption spectra of dye 2 in buffer, the solution of
lysine, or BSA in buffer. It indicated that comparedwith those
absorption spectra of dye 2 in buffer, the UV-Vis absorption
intensity of dye 2 in the solution of lysine or BSA in buffer
was reduced, and the absorption wavelength in lysine was not
changed, but in BSA itwas slightly redshift and the absorption
peak got wider.

The dyes could be converted to their succinimidyl active
ester and conjugated with free NH

2
groups in lysine, or BSA

in biocarbonate buffer (pH 9.5) at room temperature, respec-
tively. SDS-PAGE is the preferred electrophoretic system,
and it is commonly used to separate different proteins [18].
This paper applied SDS-PAGE to investigate the dye-protein
conjugates. Figure 4 showed the SDS-PAGE of BSA (lanes a,
a) and dye 2-BSA conjugates (lanes b, b) unstained (lanes
a, b) or stained (lanes a, b) by Coomassie Brilliant Blue. It
indicated that the carboxyl groups in the molecule of dye 2
had reacted with BSA and that the color of the conjugates
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Figure 2: Fluorescence emission spectra of dye 1.
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Figure 4: SDS-PAGE of BSA and dye 2-BSA conjugates.



4 Journal of Nanomaterials

Figure 5: Optimized molecular structure of dye 1.

Figure 6: Crystal shape of dye 1-𝛽-CD.

was blue due to the color of dye 2. They were also detected
by HPLC and ESI-MS.

Optimized molecular structure, polarizability, dipole
moment, and electrostatic potential of the dyes were obtained
at level of B3LYP/6-31G∗ by DFTmethod of Gaussian 03, and
theywere analyzed by visual software, Gaussive, HyperChem,
and Chem3D. The optimized molecular structure of dye 1
was shown in Figure 5. The data would be the foundation
for further research for the structures of the dyes synthesized
and other cyanines. Figure 6 showed the crystal shape of the
dye 1-𝛽-cyclodextrin inclusion undermicroscope.The crystal
shapes of the dyes included in cyclodextrin were polygon.

Semiconductive metal oxides are sensitized by dyes to
form the anodes of DSSC [19, 20]. Porous nano-TiO

2
filmwas

prepared on ITO conductive glass from tetrabutyl titanate
by sol-gel technique. The microstructure of the film was
investigated by XRD and FESEM, as shown in Figures 7 and
9. In Figure 7, diffraction peaks 1, 2, and 3 (30.4∘, 35.4∘, and
50.8∘) belong to ITO conductive glass, and diffraction peaks
4, 5, and 6 (25.2∘, 37.5∘, and 60.5∘) belong to TiO

2
crystallite.

The results indicated that crystalline phase of the nano-TiO
2

was anatase, but the characteristic peaks of anatase TiO
2

were partly covered by those of ITO conductive glass due
to the nano-TiO

2
film being thinner on the glass substrate.

As shown in Figures 8 and 9, the porous TiO
2
film was

68∼75 nm thickness, 200∼300 nm pore dimension, and 30∼
50 nm diameter of the nano-TiO

2
particle.The dyes and their

alkali, alkaline-earth, transition metal ion, or CD composites
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Figure 7: XRD pattern of the nano-TiO
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film.
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film.

could sensitize the porous nano-TiO
2
film by impregnation

method, and they made the photo current and voltage of the
nano-TiO

2
film improved.

4. Conclusions

Two near-infrared fluorescence dyes were synthesized by
the ultrasonic method. Generally, alkali, alkaline-earth, tran-
sition metal ion, 𝛼-cyclodextrin, or 𝛽-cyclodextrin could
influence the UV-Vis absorption and fluorescence emission
spectra of the dyes; some made the fluorescence emission
intensity weaker, and some made them stronger, but there
were little changes in absorption and fluorescence emission
wavelengths. They could be converted to their succinimidyl
active ester to conjugate with NH

2
groups of biomass, and

they could sensitize porous nano-TiO
2
film to improve the

photo current and voltage of the film. They were expected
to be used as fluorescence probes in bioanalysis and as
photosensitizers for dye-sensitized solar cell.
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Figure 9: FESEM photographs of the nano-TiO
2
film.
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Removal of phosphate from solution using nanosized FeOOH-modified anion resin was studied in fixed bed column. Effect of
bed height and flow rate on the breakthrough curves were investigated. Longer breakthrough time was obtained by increasing the
bed height and decreasing the flow rate. Bed service depth time (BDST) model was applied to recount the relationship between
bed service time and bed height. The value of 𝑁

0
was calculated to be 21.4 g/L. Yoon-Nelson model, which fitted well with the

experimental data, is allowable to estimate the breakthrough curves and characteristic parameters for phosphate adsorption in the
column filled with nanosized FeOOH-modified anion resin.

1. Introduction

Phosphorus is an essential nutrient element to agricultural
and industrial development. However, the disposal of dis-
solved phosphate contained in wastewater is a major induce-
ment of water eutrophication all over the world [1]. Several
treatment techniques are used in the wastewater treatment
industry in large-scale treatment facilities or only in the ex-
perimental project. Biological phosphorus removal (BPR)
[2], chemical precipitation, and adsorption by functionalized
materials [3] are commonly used for phosphorus removal.
BPR has been proved to be an economic and efficient tech-
nique which is widely applied in wastewater treatment plant
[4–6]. Nevertheless, the functional microorganism, which is
called phosphorus-accumulating organisms (PAOs), is sen-
sitive to the variation of environmental and operating condi-
tions.Though chemical precipitation is an effectivemethod to
remove phosphorus, high cost and generation ofmetal sludge
are major hindrances for its widely application [3]. Adsorp-
tion is used widely for phosphorus removal and recovery [7].
The bottleneck for application of adsorption in wastewater
treatment is the development of low-cost and efficient adsor-
bent.

In the previous study, it has been proved that nanosized
ferric oxides showed high adsorption performance towards
pollutants like chromium, arsenic, plumbum, and phosphate
[8–12] due to their large specific surface area [13]. The hybrid
adsorbent by loading nanosized ferric oxyhydroxide on anion
resin has indicated efficient adsorption performance for
phosphorus removal [14–17]. However, little knowledge
is obtained about continuous flow fixed bed experiment
adsorption which is necessary to investigate the performance
of practical operation [18].

The main objective of the present study is to investigate
the adsorption of phosphate in fixed bed column filled with
nanosized FeOOH-modified anion resin. Effect of several
important design parameters such as bed height, flow rate,
and initial concentration of phosphate in solutionwas investi-
gated. In addition, bed depth service time (BDST) and Yoon-
Nelson model were applied to fit with the data obtained from
fixed bed study.

2. Materials and Methods

2.1. Preparation of Nanosized FeOOH-Modified Anion Resin
and Phosphate Solution. The nanosized FeOOH-modified
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anion resin adsorbent was prepared by loading nanosized
ferric oxyhydroxide onto anion resin according to themethod
reported in previous study in our lab [17].

All chemicals usedwere analytical grade. Phosphate stock
solution (50mg/L) was prepared by dissolving KH

2
PO
4
into

distilled water. The stock solution was diluted to obtain
phosphate solution of different concentrations.

2.2. Fixed Bed Column Experiments. Bulk removal of phos-
phate onto nanosized FeOOH-modified anion resin was
investigated in a fixed bed column (10mm in diameter and
300mm in length). To maintain a constant flow of the fixed
bed column, a constant flow variable speed peristaltic pump
(Longer-BT100) was equipped. The upflow of solution was
introduced at the bottom of the column. Liquid samples were
collected at regular time intervals at the exit of the fixed bed
column for phosphate concentration analysis.

2.3. Analyses and Calculation. The concentrations of phos-
phate in the fixed bed adsorption experiments were deter-
mined according to standard methods for the examination
of water and wastewater [19]. Nanosized FeOOH-modified
anion resin samples were analysed by a scanning electron
microscope (SEM, Nanosem 430, FEI Inc., USA).

2.4. BDST Model. The BDST model which is based on
Bohart-Adams equation was commonly applied to depict the
relationship between bed depth and service time at fixed bed
adsorption.

The linear form of BDST model can be expressed as
follows [20]:

𝑡 =
𝑁
0
𝑍

𝐶
0
V
−
1

𝐾
𝑎
𝐶
0

ln (
𝐶
0

𝐶
𝑡

− 1) , (1)

where 𝑁
0
is the adsorption capacity of fixed bed column

(mg/L), 𝑍 is the bed height of column (cm), 𝐶
0
represents

the initial phosphate concentration (mg/L), 𝐶
𝑡
represents the

phosphate concentration at time 𝑡 (mg/L), V is the linear
flow rate of solution through the bed (cm/min), 𝑡 is the
service time of column (min), and 𝐾

𝑎
is the rate constant

(L/mg⋅min).

2.5. Yoon-NelsonModel. Yoon-Nelsonmodel is a less compli-
cated model which can be used to investigate the adsorption
and breakthrough curves in fixed bed column [21]. This
model is based on the hypothesis that the probability of
adsorption decrease rate of each adsorbate molecule is line-
arly related to the probability of amount of adsorbate adsorp-
tion and breakthrough on the adsorbent [21].

The linear form of Yoon-Nelson model is represented as
follows [22]:

ln (
𝐶
𝑡

𝐶
0
− 𝐶
𝑡

) = 𝑘YN𝑡 − 𝜏𝑘YN, (2)

where 𝑘YN is the Yoon-Nelson rate constant (min−1), 𝜏 is the
breakthrough time required for 50% adsorbate breakthrough
(min). The values of 𝑘YN and 𝜏 can be determined by the
linear plot of ln (𝐶

𝑡
/(𝐶
0
− 𝐶
𝑡
)) against 𝑡.

3. Results and Discussion

3.1. Characterization of Nanosized FeOOH-Modified Anion
Resin. The nanosized FeOOH-modified anion resin was
deep brown spherical adsorbent bead, which was quite dif-
ferent from the white spherical bead of anion resin.The SEM
images have clearly indicated that after preparation of nano-
sized FeOOH-modified anion resin, nanosized Fe had been
successfully loaded on anion resin (Figure 1). After FeOOH
loading, the adsorption capacity of anion resin increased
from 38.70 to 51.52mg/g. by the formation of inner-sphere
surface complexes between phosphate and FeOOH [23, 24].

The adsorption performance of nanosized FeOOH-
modified anion resin was much better than some other kinds
of anion resin (with adsorption capacity of 12.09 [25], 20.9
[26], and 26.5mg/g [27], resp.).

3.2. Effect of Bed Height. Effect of bed height on the fixed bed
adsorption was investigated at a constant initial concentra-
tion of 20mg/L phosphate in solution. The flow rate of influ-
ent was set at 10mL/min. Breakthrough concentration (𝐶

𝑏
) is

fixed at 10% of the initial concentration (𝐶
0
). The break-

through curves were obtained by varying bed heights from
5 cm to 15 cm (Figure 2.) It was observed that the break-
through time increased from 300 to 1140min with the
increase of bed height. Besides, the exhaustion time increased
from 720 to 2100min.The increase of breakthrough time and
exhaustion time was due to more nanosized FeOOH-
modified anion resin filling in columnwith higher bed height,
which provide greater functional sites and broadened mass
transfer zone for phosphate adsorption.

The BDST model was applied to predict the phos-
phate adsorption in column filled with nanosized FeOOH-
modified anion resin. According to (1), 𝐶

0
and V are assumed

to be reasonably constant for fixed bed adsorption. The
values of 𝑁

0
and 𝐾

𝑎
are calculated to be 21.4 g/L and 5.43 ×

10−3 L/mg⋅min, respectively.

3.3. Effect of Flow Rate. Fixed bed adsorption experiments
were operated at different flow rate in columns filled with
nanosized FeOOH-modified anion resin. The breakthrough
curves for fixed bed column adsorption at different flow rates
were given in Figure 3.The breakthrough of fixed bed column
for flow rates 5, 10, and 15mL/min occurred at 1320, 720, and
420min, respectively. The breakthrough time decreased with
the increase of flow rate, because ofmore phosphate exchang-
ing with functional group sites in shorter time. The flow rate
also influences the shape of breakthrough curve. The steeper
breakthrough curve was observed at higher flow rate, indi-
cating a more prominent effect of intraparticle diffusion and
shorter service time of fixed bed column.

3.4. Yoon-Nelson Model. The Yoon-Nelson model was
applied to predict the adsorption process and breakthrough
curves. Calculated according to linearized Yoon-Nelson
equation, 𝑘YN decreased and 𝜏 increased with increase of bed
height (Figure 4(a) and Table 1). In contrast, when the flow
rate increased from 5 to 15mL/min, the value of 𝑘YN
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Figure 1: SEM micrograph of nanosized FeOOH-modified anion resin.
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Figure 2: Effect of bed height on phosphate adsorption in column
filled with nanosized FeOOH-modified anion resin. (Conditions:
initial phosphate concentration 20mg/L; flow rate 10mL/min.)
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Figure 3: Effect of flow rate on phosphate adsorption in column
filled with nanosized FeOOH-modified anion resin. (Conditions:
initial phosphate concentration 20mg/L; beh height 10 cm.)

Table 1: Yoon-Nelsonmodel parameters for fixed bed adsorption of
phosphate in column filled with nanosized FeOOH-modified anion
resin.

𝑄

(mL/min)
𝑍

(Cm)
𝐶
0

(mg/L)
𝑘YN

(min−1)
𝜏theo
(min)

𝜏exp
(min) 𝑅

2

5 10 20 0.0028 2030.4 1980 0.9883
10 10 20 0.0053 1109.8 1140 0.9899
15 10 20 0.0084 659.7 660 0.9972
10 5 20 0.0105 498.0 540 0.9976
10 10 20 0.0054 1069.8 1080 0.9873
10 15 20 0.0031 1745.8 1680 0.9752

increased from 0.028 to 0.0084min−1 (Figure 4(b) and
Table 1). Accordingly, the value of 𝜏 decreased from 2030.4 to
659.7min. The theoretical breakthrough time 𝜏theo required
for 50% adsorbate breakthrough was very close to the 𝜏exp ,
which proved that the Yoon-Nelsonmodel fittedwell with the
experimental data for phosphate adsorption in column filled
with nanosized FeOOH-modified anion resin.

4. Conclusion

Continuous adsorption of phosphate from aqueous solution
was experimentally and theoretically studied in fixed bed
columns filled with nanosized FeOOH-modified anion resin.
Both breakthrough time and exhaustion time increased with
increase of bed height. In contrast, the breakthrough time
decreased from 1320 to 420min with increase of the flow
rate from 5 to 15mL/min. According to BDST model, the
adsorption capacity𝑁

0
was calculated to be 21.4 g/L. Steeper

breakthrough curves were observed at lower bed height. It
has been observed that Yoon-Nelson model fitted well with
experimental data with high correlation coefficient, which
proved that Yoon-Nelson model is allows to estimating the
breakthrough curves and characteristic parameters of the
column.
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Figure 4: Yoon-Nelson model for phosphate adsorption in column filled with nanosized FeOOH-modified anion resin at (a) different bed
height, and (b) different flow rate.
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We reported here the gelation behaviors of two-component organogel system based on different acids and aminobenzothiazole
derivatives in various organic solvents. Their gelation behaviors in 20 solvents were tested as new organic gelators. It was shown
that the molecular skeletons and substituted groups in these compounds played a crucial role in the gelation behavior of the
mixtures. Only the binary mixture of 2-aminobenzothiazole and trigonal 1,3,5-benzenetricarboxylic acid with aromatic core could
form organogels in ethanol and acetone. Morphological observations reveal that the microstructures of both xerogels showed
similar wrinkle-shaped domains composed of sheet-like aggregates with many holes. Spectral studies reveal the hydrogen bonding
interaction between the amide of the gelator and lamellar-like structure of the aggregates in both gels.The present investigation is a
perspective to provide new clues for the design of new nanomaterials and functional textile materials with special microstructures.

1. Introduction

The self-assembly of small functional molecules into supra-
molecular structures is a powerful approach to the devel-
opment of new materials and nanoscale devices [1–4]. The
properties of these materials depend not only on the nature
of their molecular constituents but also on the precise spatial
positioning of the functional groups [5, 6]. As a novel class
of self-assembled materials, low-molecular-mass organic gels
(LMOGs) have become one of the most active frontiers in
recent years because they can organize into regular nanoar-
chitectures through specific noncovalent interactions includ-
ing hydrogen bonds, 𝜋-𝜋 interactions, hydrophobic interac-
tions, and other forces [7–10]. Nowadays, physical gelation of
organic solvents by LMOGs has become one of the hot areas
in softmatter research due to their scientific values andmany
potential applications in biomedical field, including mul-
tifunctional textile materials, drug release, and implants
[11–13]. The noncovalent nature of the three-dimensional
networks within the supramolecular gels promises accessi-
bility for designing and constructing new textile materials
and other molecular devices [14–17]. In addition, most of

the gelators reported so far are either serendipitous or deriva-
tives from a well-known gelator, and in most cases, a detailed
description of the supramolecular aggregates responsible for
gel formation is not investigated due to the intrinsic difficulty
of analyzing the superstructure within a gel. Recently, Tang
and coworkers reported the utilization of the complementary
carboxyl and pyridyl groups in preparing a new kind of
gelators [18–20]. For example, they described the preliminary
result of the hydrogel based on the complex formed from
para-hydroxy pyridinium salt of 1,2,4,5-benzene tetracar-
boxylic acid [18] and investigated the structure-property
relation of hydrogels based on pyridinyl amino butanoic acid
isomeric compounds [19].

In this study, we reported the gelation behaviors of two-
component organogel system based on different acids and
aminobenzothiazole derivatives in various organic solvents.
Their gelation behaviors in 20 solvents were tested as new
organic gelators. We found that the self-assembly of these
two-component mixtures can be controlled and directed
to form sheet-like supramolecular structures. The detailed
morphologies and assembly modes of gels were investigated
by scanning electron microscopy (SEM), Fourier transform
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Table 1: Gelation behaviors at room temperaturea.

Solvents SC2 SC3 SN3 NC2 NC3 NN3
Cyclopentanone PS PS PS PS PS PS
DMF S S S S PS PS
1,4-Dioxane PS I PS PS PS S
Petroleum ether I PS I I I I
Pyridine S S PS PS PS S
Ethyl acetate I PS PS I PS PS
n-Butanol I I PS PS PS PS
Chloroform PS PS S S S PS
n-Hexane I PS PS I PS PS
Aniline PS S S PS S S
Nitrobenzene PS PS PS PS PS S
n-Butyl acrylate I PS PS PS PS PS
Toluene I PS I I I I
Benzene I PS PS PS PS PS
THF PS PS PS PS PS S
Acetone PS G(2.5) S PS S S
Ethanol PS G(2.5) PS PS PS PS
Ethanolamine PD S S I S PS
Cyclohexanone PS PS S I S PS
DMSO PS S S PS S S
aS: solution; PS: partially soluble; G: gel; I: insoluble; for gels, the critical
gelation concentrations at room temperature are shown in parentheses
(%w/v).

infrared spectrometer (FT-IR), and X-ray diffraction (XRD)
methods.This reportmay afford a specific approach to under-
standing the softmatter and design of new nanomaterials and
functional textile materials.

2. Experimental Section

2.1. Reagents and Materials. The starting materials, 2-
aminobenzothiazole (98%), 2-aminobenzimidazole (97+%),
1,3,5-benzenetricarboxylic acid (98%), nitrilotriacetic acid
(99%), and terephthalic acid (98+%) were purchased from
Alfa Aesar China Chemicals, TCI Shanghai Chemicals, and
Sigma-Aldrich (Shanghai) Chemicals without further purifi-
cation. All used 20 kinds of solvents were obtained from
Beijing Chemicals in purity analysis with names shown in
Table 1.

2.2. Gelation Test. All two-component organogels were pre-
pared according to a simple procedure. Firstly, these acids
and amino compounds were mixed according to the num-
ber matching of intramolecular carboxylic acid and amino
groups, respectively. For example, 1,3,5-benzenetricarboxylic
acid was mixed with both amino compounds with the molar
ratio of 1 : 3, respectively. Then, a weighted amount of binary
mixtures and a measured volume of selected pure organic
solvent were placed into a sealed glass bottle, and the solution
was heated in a water bath with 75∘C for 20 minutes until the
solid was dissolved. Then, the solution was cooled to room
temperature in air, and the test bottle was inversed to see if

a gel was formed. When the binary mixtures formed a gel by
immobilizing the solvent at this stage, it was denoted as “G”.
For the systems inwhich only solution remained until the end
of the tests, they were referred to as solution (S). When the
binarymixtures formed into a fewprecipitate in some solvent,
it was denoted as “PS”. The system in which the potential
gelator of binary mixtures could not be dissolved even at the
boiling point of the solvent was designated as an insoluble
system (I). Critical gelation concentration (CGC) refers to the
minimum concentration of the gelator for gel formation.

2.3. Characterization Technology. Firstly, these xerogels were
prepared by a vacuum pump for 12–24 h from the as-formed
gels under the critical gelation concentration.Then, the dried
samples were attached to different substrates, such as copper
foil, glass, KBr, or CaF

2
slice, for morphological and spectral

investigation, respectively. Before SEM measurement, the
samples were fixed by conductive adhesive tape and shielded
by gold. SEM pictures of the xerogels were taken on a Hitachi
S-4800 field emission scanning electron microscopy with the
accelerating voltage of 2.0 kV. Transmission FT-IR spectra
of the xerogels were obtained by a JASCO FT/IR-660 plus
spectrophotometer (JASCO Corp., Tokyo, Japan). The mea-
surement results of FT-IR spectra were obtained by average
64 scans and at a resolution of 4 cm−1.TheXRDmeasurement
was conducted using a Rigaku D/max 2550PC diffractometer
(Rigaku Inc., Tokyo, Japan). The XRD pattern was obtained
using CuK𝛼 radiation with an incident wavelength of
0.1542 nm under a voltage of 40 kV and a current of 200mA.

3. Results and Discussion

3.1. Gelation Behaviors. The gelation performances of all
binary mixtures in 20 solvents are tested. The binary
mixtures of 2-aminobenzothiazole with terephthalic acid,
1,3,5-benzenetricarboxylic acid, and nitrilotriacetic acid are
denoted as SC2, SC3, and SN3, respectively. For the binary
mixtures of 2-aminobenzimidazole with these acids, NC2,
NC3, and NN3 are similarly denoted, respectively.The exper-
imental data showed that only the case of SC3, the binarymix-
ture of 2-aminobenzothiazole and 1,3,5-benzenetricarboxylic
acid could form white opaque organogels in ethanol and
acetone, as shown in Figure 1. At the same time, other mix-
tures were inefficient gelators with the detailed data shown
in Table 1. The present experimental results indicated that
the change of aromatic/alkyl cores and molecular skeletons
in acids and substituted groups in amino derivatives could
regulate the gelling abilities of these binary mixtures. It is
reported that C3-symmetrical molecules are highly suitable
building blocks for the formation of mesophases as well as
cylindrically shaped fiber [21, 22]. In the present case, the
C3-symmetric molecular structures and aromatic cores in
acids seemed to be more favorable for the gelation of organic
solvents than the case with other molecular structures. In
addition, the substituted group of benzothiazole showed bet-
ter gelation properties than benzimidazole part. The reason
for the influence of molecular structures on the gelation
behaviors could be proposed to the change of the spatial
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(a) (b)

Figure 1: Photographs of SC3 organogels from ethanol (a) and
acetone (b), respectively.

conformation and assembly mode of the gelators, which
decreased the ability of the gelator molecules to self-assemble
into ordered structures, a necessity for forming organized
network structures. Furthermore, it should be noted that
the organogels of SC3 only form in ethanol and acetone
rather than in present other solvents due to the complexed
conditions, such as different hydrogen bonding and 𝜋-𝜋
interactions, as well as other intermolecular forces between
gelators and solvents molecules. So the formation of gels in
present system is a cooperative result of many factors.

3.2. Morphological Investigation. To obtain a visual insight
into the gel microstructures, the typical nanostructures
of these gels were studied by SEM technique, as shown
in Figure 2. Many researchers have reported that a gela-
tor molecule constructs nanoscale superstructures such as
nanofibers, nanoribbons, andnanosheets in a supramolecular
gel [23, 24]. From the present both images, it can be easily
investigated that the microstructures of the xerogels of SC3
gels from ethanol and acetone showed similar wrinkle-
shaped domains composed of sheet-like aggregates with
many holes. The similar morphologies suggested similar
microstructures and molecular assembly modes for SC3 gels
in solvents of ethanol and acetone. The morphologies of the
aggregates shown in the SEM imagesmay be also rationalized
by considering a commonly accepted idea that highly direc-
tional intermolecular interactions, such as hydrogen bonding
and/or 𝜋-𝜋 interactions, favor formation of belt or fiber
structures. It should be noted that the addition of aromatic
core in 1,3,5-benzenetricarboxylic acid of SC3 provides the
gelators more opportunities in adopting conformations of
lower energies, which must weaken the hydrogen-bonding

interactions between gelator molecules and result in loss of
flexible fine fibrous structure [25].

3.3. Hydrogen Bond Investigation. It is well-known that
hydrogen bonding plays an important role in the formation
of organogels. At present, in order to further clarify both
organogels, we have measured the FT-IR spectra of these
binary mixtures in chloroform solution, KBr pellet, and
xerogel forms, as shown in Figure 3. As for the spectrum
of SC3 in chloroform solution, as shown in Figure 3(a),
two main peaks are observed at 3498, 1727, and 1615 cm−1.
These bands can be assigned to the N–H stretching, C=O
stretching of ester, and amide I band, respectively [26].
The spectrum in KBr pellet is similar to the one above,
indicating the obvious characters of functional groups in
molecular skeletons. As far as the SC3 xerogels from ethanol
or acetone were concerned, these bands shifted to 3396,
1730, and 1628 cm−1, respectively. The shifts of these bands
indicated the formation of different hydrogen bonding in the
gel state. Compared with the spectra of xerogels from both
different solvents, we found that the spectrumof xerogel from
ethanol is similar to that from acetone. This implied that
there were similar hydrogen bonding interactions in both
xerogels, even though they are from very different solvent
systems.

3.4. XRD Investigation. Furthermore, theXRDof both binary
xerogels from ethanol and acetone is measured, as shown
in Figure 4. The curve for SC3 xerogel from ethanol shows
main peaks in the angle region (2 values, 5.20∘, 11.45∘, 16.04∘,
and 18.41∘) corresponding to 𝑑 values of 1.70 nm, 0.77 nm,
0.55 nm, and 0.48 nm, respectively. In addition, the curve for
xerogel in acetone sample shows main peaks in the angle
region (2 values, 5.25∘, 11.34∘, 16.10∘, and 18.49∘) correspond-
ing to 𝑑 values of 1.68 nm, 0.78 nm, 0.55 nm, and 0.48 nm,
respectively. The corresponding d values in both cases
approximately followed a ratio of 1 : 1/2 : 1/3 : 1/4, suggesting
a lamellar-like structure of the aggregates in both gels [27].
This data is in well accordance with the results from mor-
phological investigation. In addition, it is noteworthy that the
spacing of the first peak in both curves is very close, which
demonstrates that themolecular structures have a great effect
on the packing mode of the binary mixtures. Considering
the XRD results described above and the hydrogen bonding
nature of the organized packing of these binary mixtures as
confirmed by FT-IR measurements, a possible packing mode
of SC3 organogel in ethanol and acetone was proposed and is
schematically shown in Figure 5.

4. Conclusions

The gelation behaviors of two-component organogel sys-
tem based on different acids and aminobenzothiazole
derivatives can be regulated by changing molecular skele-
tons and substituted groups. Only the binary mixture of
2-aminobenzothiazole and 1,3,5-benzenetricarboxylic acid
could form organogels in ethanol and acetone. This result
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Figure 2: SEM images of xerogels of SC3 gels from ethanol (a) and acetone (b), respectively.

3500 3000 1800 1600 1400 1200 1000

(d)

(c)

(b)

(a)

Wavenumber (cm−1)

Ab
so

rb
an

ce
 (a

.u
.)

Figure 3: FT-IR spectra of SC3 in chloroform solution (a), KBr
pellet (b), and xerogels from gels in ethanol (c) and acetone (d),
respectively.

indicated that the C3-symmetric molecular structures and
aromatic cores in acids seemed to be more favorable for
the gelation of organic solvents than the case with other
molecular structures. In addition, the substituted group
of benzothiazole showed better gelation properties than
benzimidazole part. The microstructures of the xerogels
showed similar wrinkle-shaped domains composed of sheet-
like aggregates with many holes. FT-IR and XRD studies
reveal the hydrogen bonding interaction between the amide
of the gelator and lamellar-like structure of the aggregates
in both gels. The present investigation is a perspective to
provide new clues for the design of new nanomaterials
and functional textile materials with special microstruc-
tures.
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Figure 5: A possible assembly mode of SC3 gels from ethanol.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (50943027) and the Foreign Trade and
EconomicDevelopment Funds of National Development and
Reform Commission of China (2150704).



Journal of Nanomaterials 5

References

[1] P. Deindörfer, T. Geiger, D. Schollmeyer, J. H. Ye, and R. Zentel,
“Semicarbazides as gel forming agents for common solvents and
liquid crystals,” Journal of Materials Chemistry, vol. 16, no. 4, pp.
351–358, 2006.

[2] P. Terech and R. G. Weiss, “Low molecular mass gelators of
organic liquids and the properties of their gels,” Chemical
Reviews, vol. 97, no. 8, pp. 3133–3160, 1997.

[3] S. van der Laan, B. L. Feringa, R. M. Kellogg, and J. Van Esch,
“Remarkable polymorphism in gels of new azobenzene bis-urea
gelators,” Langmuir, vol. 18, no. 19, pp. 7136–7140, 2002.

[4] L. A. Estroff and A. D. Hamilton, “Water gelation by small
organic molecules,” Chemical Reviews, vol. 104, no. 3, pp. 1201–
1218, 2004.

[5] A. R. Hirst and D. K. Smith, “Two-component gel-phase
materials—highly tunable self-assembling systems,” Chemistry,
vol. 11, no. 19, pp. 5496–5508, 2005.

[6] A. R. Hirst, D. K. Smith, and J. P. Harrington, “Unique nano-
scale morphologies underpinning organic gel-phase materials,”
Chemistry, vol. 11, no. 22, pp. 6552–6559, 2005.

[7] F. Xin, H. Zhang, B. Hao et al., “Controllable transformation
from sensitive and reversible heat-set organogel to stable gel
induced by sodium acetate,” Colloids and Surfaces A, vol. 410,
pp. 18–22, 2012.

[8] F. S. Schoonbeek, J. H. van Esch, R. Hulst, R. M. Kellogg, and B.
L. Feringa, “Geminal Bis-ureas as gelators for organic solvents:
gelation properties and structural studies in solution and in the
gel state,” Chemistry, vol. 6, no. 14, pp. 2633–2643, 2000.

[9] M. Moniruzzaman and P. R. Sundararajan, “Low molecular
weight organogels based on long-chain carbamates,” Langmuir,
vol. 21, no. 9, pp. 3802–3807, 2005.

[10] B. Escuder, S. Mart́ı, and J. F. Miravet, “Organogel formation
by coaggregation of adaptable amidocarbamates and their
tetraamide analogues,” Langmuir, vol. 21, no. 15, pp. 6776–6787,
2005.

[11] N.M. Sangeetha andU.Maitra, “Supramolecular gels: functions
and uses,” Chemical Society Reviews, vol. 34, no. 10, pp. 821–836,
2005.

[12] M. de Loos, B. L. Feringa, and J. H. van Esch, “Design and
application of self-assembled low molecular weight hydrogels,”
European Journal of Organic Chemistry, vol. 2005, no. 17, pp.
3615–3631, 2005.

[13] M. George and R. G. Weiss, “Molecular organogels. Soft matter
comprised of low-molecular-mass organic gelators and organic
liquids,” Accounts of Chemical Research, vol. 39, no. 8, pp. 489–
497, 2006.

[14] M. de Loos, J. H. van Esch, R.M.Kellogg, andB. L. Feringa, “C3-
symmetric, amino acid based organogelators and thickeners: a
systematic study of structure-property relations,” Tetrahedron,
vol. 63, no. 31, pp. 7285–7301, 2007.

[15] P. Dastidar, “Supramolecular gelling agents: can they be
designed?” Chemical Society Reviews, vol. 37, no. 12, pp. 2699–
2715, 2008.

[16] M. Suzuki and K. Hanabusa, “L-lysine-based low-molecular-
weight gelators,” Chemical Society Reviews, vol. 38, no. 4, pp.
967–975, 2009.

[17] P. Mukhopadhyay, Y. Iwashita, M. Shirakawa, S. Kawano, N.
Fujita, and S. Shinkai, “Spontaneous colorimetric sensing of the
positional isomers of dihydroxynaphthalene in a 1D organogel
matrix,” Angewandte Chemie, vol. 45, no. 10, pp. 1592–1595,
2006.

[18] Y. Wang, L. Tang, and Y. Wang, “New hydrogen-bonded supra-
molecular hydrogels and fibers derived from 1,2,4,5-benzenete-
tracarboxylic acid and 4-hydroxypyridine,” Chemistry Letters,
vol. 35, no. 5, pp. 548–549, 2006.

[19] J.Wu, L. Tang,K.Chen, L. Yan, F. Li, andY.Wang, “Formation of
supramolecular hydrogels with controlled microstructures and
stability via molecular assembling in a two-component system,”
Journal of Colloid and Interface Science, vol. 307, no. 1, pp. 280–
287, 2007.

[20] T. Jiao, F. Gao, Y. Wang, J. Zhou, F. Gao, and X. Luo, “Supra-
molecular gel and nanostructures of bolaform and trigonal
cholesteryl derivatives with different aromatic spacers,” Current
Nanoscience, vol. 8, no. 1, pp. 111–116, 2012.

[21] J. J. van Gorp, J. A. J. M. Vekemans, and E. W. Meijer, “C3-sym-
metrical supramolecular architectures: fibers and organic gels
from discotic trisamides and trisureas,” Journal of the American
Chemical Society, vol. 124, no. 49, pp. 14759–14769, 2002.

[22] V. Percec, M. Glodde, G. Johansson, V. S. K. Balagurusamy,
and P. A. Heinev, “Transformation of a spherical supramolec-
ular dendrimer into a pyramidal columnar supramolecular
dendrimer mediated by the fluorophobic effect,” Angewandte
Chemie, vol. 42, no. 36, pp. 4338–4342, 2003.

[23] Y. Wang, L. Tang, and J. Yu, “Investigation on the assem-
bled structure-property correlation of supramolecular hydrogel
formed from low-molecular-weight gelator,” Journal of Colloid
and Interface Science, vol. 319, no. 1, pp. 357–364, 2008.
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The pure polyester polyurethane (TPU) film and the modified TPU (M-TPU) film containing 2.0 wt.% inorganic UV absorbers
mixture (nano-ZnO/CeO

2
with weight ratio of 3 : 2) and 0.5 wt.% organic UV absorbers mixture (UV-531/UV-327 with weight

ratio of 1 : 1) were prepared by spin-coating technique. The accelerated aging tests of the films exposed to constant UV radiation of
400 ± 20 𝜇W/cm2 (313 nm) with an ozone atmosphere of 100 ± 2 ppm were carried out by using a self-designed aging equipment at
ambient temperature and relative humidity of 20%. The aging resistance properties of the films were evaluated by UV-Vis spectra,
Fourier transform infrared spectra (FT-IR), photooxidation index, and carbonyl index analysis.The results show that the composite
UV absorber has better protection for TPU system, which reduces distinctly the degradation of TPU film. O

3
/UV aging of the films

increases with incremental exposure time. PI and CI of TPU andM-TPU films increase with increasing exposure time, respectively.
PI and CI of M-TPU films are much lower than that of TPU film after the same time of exposure, respectively. Distinct synergistic
aging effect exists between ozone aging and UV aging when PI and CI are used as evaluation index, respectively. Of course, the
formula of these additives needs further improvement for industrial application.

1. Introduction

It is well known that exposure of polymer materials to an ag-
gressive environments (i.e., UV radiation, thermal exposure,
and oxidative atmosphere) causes changes in their physical
and chemical characteristics [1]. The thermoplastic polyur-e-
thanematerial is an important polymer possessing a variety of
useful properties, including high impact strength, high elas-
ticity, and good adhesion. At present, it is now being increas-
ingly used for the surface protection of materials like plastics,
glass fibers, wood, the aircraft industry, stratospheric airship,
and so forth, [2–4]. However, TPU material is susceptible to
degradation, which would lead to discoloration and even to-
tal destruction. Therefore, its use in outdoor applications is
limited. It is very important to impart light stability to the
TPU films by adding additives into matrix [5]. UV absorbers
(UVAs) work by absorbing ultraviolet light that could other-
wise initiate photooxidation. However, the main drawback of
organicUVAs is their relative high loss rate due to continuous

conversion to radicals. Moreover, organic UVAs have certain
absorption peaks in narrow UV ranges; while inorganic
UVAs have relatively wide absorption regions. Recently inor-
ganic nanoparticles such as zinc oxide [6] and cerium Oxide
[7]were used as efficientUVAs.Moreover, the combination of
different additives and/or theirmixtures could have a positive
synergistic effect on the photostabilization of polymers.

Since the protection films of high-attitude airship are con-
tinuously exposed to stratospheric environment throughout
their service life, the airship films material must also be de-
signed to resist the harsh stratospheric environment such as
high ozone concentration and intense UV. Well aging resis-
tance is necessary for the application of TPU material to air-
ship film. It is important to understand the ultraviolet and
ozone-aging-induced degradation processes of TPUfilm.The
purpose of this study was to investigate the aging behavior of
TPU material with and without composite additives exposed
to UV with O

3
environment. The composite UV absorber is

composed of a mixture of ZnO and CeO
2
and a mixture of
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UV-327 and UV-531.The investigation has not been reported
up till now.

2. Materials and Methods

2.1.Materials.ThepureTPUmaterial (B85A)was of commer-
cial grade from BASF Company.The zinc oxide and the ceria
nanoparticles used in this work were supplied by Nanjing
High Technology of Nano Co., Ltd., China. The nano-zinc
oxidewas surface treatedwith an organosilane coupling agent
of 𝛾-methacryloxypropyltrimethoxysilane (KH-570) in the
supplied form. Organic UV absorbers of UV-327 (namely,
2-(2-hydroxy-3,5-di-tert-butylphenyl)-5-chlorobenzotria-
zole) and UV-531 (namely, 2-hydroxy-4-octyloxybenzophe-
none) used in this work were supplied by Nanjing Hua Lim
Chemical Co., Ltd., China.

2.2. SurfaceModification of the CeriaNanoparticles. Theceria
nanoparticles were modified with an organosilane coupling
agent of KH-570. The main procedure was as follows: 5 g of
the predried ceria nanoparticles and 100mL of the solvent
mixture (ethanol/water with volume ratio of 3 : 1) was poured
into a three-neck flask of 250mL and dispersed by ultrasonic
irradiating for 30min at room temperature; then, the sus-
pension was heated to 85∘C; this step was followed by the
slow addition of KH-570 (CeO

2
/KH-570 with weight ratio

of 6 : 100); the mixture was refluxed for 4 h under magnetic
stirring at 85∘C; modified nanoparticles were then filtered
under suction, and physically adsorbed KH-570 compounds
were soxhlet extracted with ethanol for 24 h, and were finally
dried at 80∘C in a vacuum oven for 12 h.

2.3. Preparation of Films. Calcium fluoride (CaF
2
) discs with

a diameter of 25mm and a thickness of 2mm were selected
as the substrate for the exposure study because they have ex-
cellent moisture and heat resistance properties and is trans-
parent to both UV and infrared radiation [8, 9], allowing
for periodic characterization of spectral UV-visible and in-
frared radiation.The polyester polyurethane (TPU) film (rep-
resented as TPU hereafter) and the modified TPU film (rep-
resented as M-TPU hereafter) containing 2.0 wt.% inorganic
UV absorbers mixture (nano-ZnO/CeO

2
with weight ratio

of 3 : 2) and 0.5 wt.% organic UV absorbers mixture (UV-
531/UV-327 with weight ratio of 1 : 1) were prepared by spin-
coating technique. For the first step, nano-zinc oxide and
nano-ceria modified with an organosilane coupling agent
were heated at 80∘C in a vacuum oven for 12 h to remove
adsorbed moisture; the required UV absorbers were directly
added to the solvent mixture (DMF/butanone with volume
ratio of 7 : 2) and dispersed by ultrasonic irradiating for
30min. This step was followed by the slow addition of the
stochiometric amount TPU to the mixture; the mixture was
slowly heated to 60∘C and then stirred vigorously for 2 h at a
constant rate of 2000 rpm. The dispersion of TPU material
had a solid content of 15%±2%. Subsequently, the composite
was degassed, flooded onto the substrates, and spun at
2000 rpm for 10 sec. The films were then cured at 60∘C for
12 h.

2.4. Accelerated Aging Tests. Accelerated aging tests for TPU
and M-TPU films were carried out by using a self-designed
equipment, in which the intensity of UV and concentration
of ozone can be well controlled, respectively. The source of
UV radiation was fluorescent ultraviolet tube (UVB-313EL
type). According to test procedure, the films were continu-
ously exposed to constant UV radiation of 400 ± 20 𝜇W/cm2
(313 nm) with an ozone atmosphere of 100 ± 2 ppm (rep-
resented as O

3
/UV hereafter) at ambient temperature and

relative humidity of 20% for different time spans with max-
imum exposure time of 200 h, respectively. Each filmwas tak-
en out after 20 h, 60 h, 120 h, 160 h, and 200 h of exposure for
monitoring the degradation of the composite films by UV-
visible spectra, FT-IR spectra, the photooxidation index, and
the carbonyl index of the films.

2.5. Characterization and Measurements. UV-visible spectra
of TPU and M-TPU films and its changes during exposure
were measured by using UV-2550 (Shimadzu Co., Japan)
spectrophotometer in the range of 200–800 nm at 0.5 nm
increments. FT-IR spectra were recorded by using Nicolet
iS10 (Thermo Fisher Scientific Co., USA) spectrometer, and
the spectra were recorded in the range of 400–4000 cm−1
with 4 cm−1 resolution and averaging 16 scans. The surface
micrograph of the films was observed using S-4800 field-
emission scanning electron microscope.

According to FT-IR absorption spectra, the photo-
oxidation index (PI) and the carbonyl index (CI) were cal-
culated by (1) and (2), respectively, as follows:

PI = (
𝐴
−OH,−NH

𝐴
−CH
3

)

aged
− (

𝐴
−OH,−NH

𝐴
−CH
3

)

initial
, (1)

CI =
𝐴
−C=O
𝐴
−CH
3

, (2)

wherein 𝐴
−OH,−NH is the area of the absorption band asso-

ciated with –OH, –NH group and 𝐴
−CH
3

is the area of the
absorption band attributed to the C–H stretching band. The
reference band will not be considerably affected by photo-
oxidation.𝐴

−C=O is the area of the carbonyl absorption band.

3. Results and Discussion

3.1. Additives Characterization. Figure 1 shows the TEM
image of silanized nanoparticles. It can be observed that the
particles of ZnO and CeO

2
are in nanometer scale and are

mostly of elongated shape. In addition, some irregular shaped
ZnO particles can also be found.

The UV absorbance curves of the additives are shown in
Figure 2. It shows that an absorption peak at 259 nm for CeO

2

nanoparticles, and there is very high UV absorbance in 200–
250 nmand there are two absorption peaks in 270–370 nm for
ZnO nanoparticles. It also shows that UV light below approx-
imately 350 nm can be efficiently absorbed by UV absorbers
of UV-531, and UV light in 200–250 nm and in 280–380 nm
can be efficiently absorbed by UV absorbers of UV-327. It
can be deduced that there is very high UV absorbance for
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Figure 1: TEM image of silanized CeO
2
(a) and ZnO (b) nanoparticles.
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Figure 2: UV absorbance curves of the additives.

the composite UV absorber containing 2.0 wt.% inorganic
UV absorbers mixture (nano-ZnO/CeO

2
with weight ratio

of 3 : 2) and 0.5 wt.% organic UV absorbers mixture (UV-
531/UV-327 with weight ratio of 1 : 1).

3.2. SEMMicrograph of Film. Figure 3 shows the SEM surface
micrograph of TPU and M-TPU films before and after 200 h
of UV/O

3
exposure. Compared with Figures 3(a) and 3(c),

the nano-ZnO and nano-CeO
2
particles are well dispersed

in M-TPU film. While most of the particles are present as
single particle, a certain degree of nanoparticles aggregation
can also be found in the image. As can be seen from Figures
3(b) and 3(d), surface cracks are formed in TPU film, while
no crack could be seen in M-TPU film after 400 h of UV/O

3

exposure.The formation of these cracks could be an evidence
for the concentration of degradation-induced stresses in spe-
cific places of the film.As compositeUVabsorber absorbsUV
light, it reduces the UV intensity at the higher depth of the

film and therefore reduces the probability of stress generation
in the film bulk. In this way, composite UV absorber could
help the polymeric matrix of the films to remain intact for
a longer period of time, and the presence of composite UV
absorber in M-TPU film has caused a more uniform degra-
dation of polyurethane.

3.3. UV-Vis Spectra. Figure 4 presents UV-Vis absorption
spectra of TPU andM-TPUfilms exposed toO

3
/UV environ-

ment as function of exposure time. As shown in Figure 4(a),
before exposure, the absorbance curve of TPU film only
shows an absorption peak in the region of 200–290 nm. As
can be seen from Figure 4(b), there are an absorption peak
in the region of 200–290 nm and a broad absorption band
in the region of 299–390 nm for M-TPU film. According to
Figures 2(a) and 2(b), the absorption peak in the region of
200–290 nm probably originates from composite absorption
of ZnO and CeO

2
nanoparticles and UV absorbers of UV-

327 andUV-531, and the absorption band in the UV region of
299–390 nm probably originates from composite absorption
of ZnO nanoparticles and UV absorbers of UV-327 and UV-
531. Therefore, the UV-aging resistance performance of M-
TPU film is far superior to that of TPU film.

As can be seen, the absorptions in the region of 200–
500 nm (Figure 4(a) for TPU film) and in the region of 200–
550 nm (Figure 4(b) for M-TPU film) increase with incre-
mental exposure time. It is reported that incident radiation
in the range of 290–450 nm activates a urethane in an autox-
idation process [10]. All films absorb relatively substantially
more at 390–430 nm than at 565–750 nm and should bemore
yellow. Additionally, the absorption in the region of 270–
310 nm increases with incremental exposure time before 120 h
for TPU and M-TPU films, and the simultaneous growth in
absorption in the region of 270–310 nm is considered as ev-
idence of the formation of a quinoid structure.These spectral
changes suggest that the aromatic structures were oxidized
in the central methylene group, leading to highly conjugated
quinone products [10, 11]. In addition, visible absorption
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(a) (b)

(c) (d)

Figure 3: SEMmicrograph of the film surface: (a) unexposed TPU film; (b) TPU film after 400 h of UV/O
3
exposure; (c) unexposedM-TPU

film; (d) M-TPU film after 400 h of UV/O
3
exposure.
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Figure 4: UV-Vis spectra of TPU and M-TPU films as function of exposure time, (a) TPU; (b) M-TPU.

spectra of exposed films compared with the spectra of unex-
posed films show a bathochromic shift (Figures 4(a) and
4(b)). This could be explained by the formation and devel-
opment of new chromofors, for example, quinoid structures,

polyene sequences, and azo structures [12]. UV-Vis absorp-
tion spectra of the unexposed films mean that UV-aging re-
sistance characteristic of M-TPU film is distinctly superior to
that of TPU film. This should be attributed to the composite
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Figure 5: FT-IR spectra of TPU and M-TPU films as function of exposure time (a) TPU; (b) M-TPU.

protection effect of the inorganic UV absorbers and organic
UV absorbers in M-TPU film.

3.4. FT-IR Spectra. FT-IR spectra of TPU and M-TPU films
exposed to O

3
/UV environment as function of exposure time

are shown in Figure 5. As can been seen, the absorption
peaks between 3700 and 3000 cm−1 characterizeN–HandO–
H stretch vibrations. The peak at ca. 1735 cm−1 characterizes
C=O stretching vibration in ester structure, while the peak at
ca. 1705 cm−1 corresponds to C=O stretching vibration in the
urethane bond (amide I band), 1533 cm−1 N–H deformation
(amide II band), and 1413 cm−1 C–N stretching.The region of
1300–1100 cm−1 is characteristic to C–O stretching vibration
in urethane structure. The absorption peak at ca. 1597 cm−1
could be attributed toC=C skeletal vibration in aromatic ring.
The absorption band between 3000 and 2800 cm−1 can be
attributed to the C–H stretching.

As shown in Figure 5, After exposure to O
3
/UV environ-

ment, the N–H and O–H bands broaden remarkably with
increasing exposure time, which may reflect hydroperoxide
formation [13], and the C=O bands broaden gradually with
incremental exposure time. This suggests the generation of
new carbonyl species, which could include the formation of
quinine-imides structure (yellow) [14]; the decline of bands
at ca. 1533 and ca. 1079 cm−1 could be associated with the
scission of the urethane group [15]. The substantial decline
of the C–H bands of TPU film indicates significant loss in the
methylene group content of the film, whichmay be attributed
to hydroperoxidation, whereas the C–H band of M-TPU film
almost remains unchanged, this means that M-TPU film has
better aging resistance characteristic than that of TPU film.

3.5. Photooxidation Index and Synergistic Aging Effect. In or-
der to express the aging extent of the films after exposure,

Figure 6 shows PI of TPU film exposed to O
3
, UV and O

3
/

UV, environment and of M-TPU film exposure to O
3
/UV

environment, wherein “O
3
+ UV” represents the arithmetic

sum obtained as a result of PI of TPU film after the same
time of exposure to O

3
environment and to UV radiation

in a separate case. As shown in Figure 6(a), PI of TPU
film increases slightly with increasing exposure time after
exposure to O

3
environment or to UV radiation in separate

case, respectively, for example, the maximum PI of TPU film
is 3.34 during 200 h of exposure to O

3
environment, 3.28 after

200 h of exposure to UV radiation, while the arithmetic sum
of PI of TPU film after 200 h of exposure to O

3
environment

and to UV radiation in separate case is 4.80. However, it in-
creases remarkably with increasing exposure time after expo-
sure toO

3
/UV environment; for example, themaximumPI of

TPUfilm is 26.05,which ismuchbigger than 4.80 of the above
arithmetic sum; namely, the curve of “UV/O

3
” ismuch higher

than that of “O
3
+ UV” at the same time of exposure, which

suggests that synergistic aging effect between ozone aging and
UV-aging is more and more remarkable for TPU film during
200 h of exposure when PI is used as evaluation index. This
can be attributed to the following reasons. UV light provided
enough energy for TPU aging, and ozone may work as an
oxidant for TPU degradation, whichmay accelerate the aging
process of TPU. O

3
/UV aging changes physical and chemical

characteristics of the films surface resulted in rapid color
change and degradation, which may involve photo-oxidation
of the aromatic functional groups and direct photolytic cleav-
age of the urethane group producing a diquinone imide [6].

As shown in Figure 6(b), it can be seen that PI of TPU
and M-TPU films increases with increasing exposure time;
furthermore, PI of M-TPU film is much lower than that of
TPU film after the same time of exposure, which means the
aging resistance characteristic of the composite UV absorber
is distinct.
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Figure 6: PI of TPU film exposed to different environments (a) and of TPU and M-TPU films exposure to O
3
/UV environment (b).
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Figure 7: CI of TPU film exposed to different environments (a) and of TPU and M-TPU films exposure to O
3
/UV environment (b).

3.6. Carbonyl Index and Synergistic Aging Effect. For a more
quantitative expression of the aging extent, Figure 7 presents
CI of TPU film exposed to O

3
, UV, and O

3
/UV environ-

ment and of M-TPU film exposure to O
3
/UV environment,

wherein “O
3
+ UV” represents the arithmetic sum obtained

as a result of CI of the films after the same time of exposure
to O
3
environment and to UV radiation in separate case. As

shown in Figure 7(a), CI of TPU film almost maintains 2.59∼
3.67 during 200 h of exposure to O

3
environment or to UV

radiation in separate case, for example, CI of TPU film chan-
ges from 2.59 to 3.29 during 200 h of exposure to O

3
environ-

ment, and 2.59 to 3.67 after 200 h of exposure toUV radiation,
while the arithmetic sum of CI of TPU film after 200 h of ex-
posure to O

3
environment and to UV radiation in separate

case is 6.92. However, CI of TPU film almost increases lin-
early with incremental exposure time after exposure to O

3
/

UV environment; for example, the maximum CI of TPU
film is 11.20, which is much bigger than 6.92 of the above
arithmetic sum. The curve of “O

3
/UV” is more and more

higher than that of “O
3
+ UV” after 100 h of exposure, which

suggests that the synergistic aging effect exists in O
3
/UV

aging of TPU film after 100 h of exposure when CI is used as
evaluation index. It is regretful that synergistic aging mech-
anism between ozone aging and UV aging has not been
clarified till now.

As shown in Figure 7(b), CI of TPU andM-TPU films in-
creaseswith increasing exposure time; however, CI ofM-TPU
film is much lower than that of TPU film after the same time
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of exposure, which may be related to the protection effect of
the composite UV absorber in M-TPU film. The composite
UV absorber imparts better photo-oxidation resistance as
they absorb UV light and reduce the rate of TPU degradation
at the preliminary stage of aging. Unfortunately, we could
not research the synergistic aging mechanism till now. More
detailed work needs to be done.

4. Conclusion

The composite UV absorber containing ZnO and CeO
2
na-

noparticles and UV-531 and UV-327 has better protection for
TPU system,which reduces distinctly the degradation of TPU
film. Of course, the formula of the composite UV absorber
needs further improvement for industrial application.

PI of TPU and M-TPU films increases with increasing
exposure time. PI of M-TPU film is much lower than that of
TPU film after the same time of exposure. Synergistic aging
effect exists between ozone aging and UV aging when PI is
used as evaluation index.

CI of TPU and M-TPU films increases with increasing
exposure time. CI of M-TPU film is much lower than that
of TPU film after the same time of exposure. The synergistic
aging effect exists in O

3
/UV aging of TPU film after 100 h of

exposure when CI is used as an evaluation index.
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Supervalent cation doping and metal oxide coating are the most efficacious and popular methods to optimize the property of
LiFePO

4
lithium battery material. Mg-doped and MgO-coated LiFePO

4
/C were synthesized to analyze their individual influence

on the electrochemical performance of active material. The specific capacity and rate capability of LiFePO
4
/C are improved by

both MgO coating and Mg doping, especially the Mg-doped sample—Li
0.985

Mg
0.015

FePO
4
/C, whose discharge capacity is up to

163mAh g−1, 145.5mAh g−1, 128.3mAh g−1, and 103.7mAh g−1 at 1 C, 2 C, 5 C, and 10C, respectively. The cyclic life of electrode is
obviously increased by MgO surface modification, and the discharge capacity retention rate of sample LiFePO

4
/C-MgO

2.5
is up

to 104.2% after 100 cycles. Comparing samples modified by these two methods, Mg doping is more prominent on prompting the
capacity and rate capability of LiFePO

4
, while MgO coating is superior in terms of improving cyclic performance.

1. Introduction

As a cathode material for lithium-ion batteries, olivine-type
lithium iron phosphate (LiFePO

4
) proposed by Padhi et al.

[1] has attracted extensive attention. And its nontoxicity, flat
voltage profile, high theory capacity, high safety, and abun-
dance of raw materials have promoted LiFePO

4
to become

one of the most outstanding lithium cathode materials. But
the low electrical (electronic and ionic) conductivity limits its
electrochemical properties according to the charge/discharge
rate capability and operating temperature [2]. Decreasing
particle size [3, 4], doping supervalence metal ion [5–7],
and surface modification [8–17] are normal and efficient
ways to overcome the weakness as well as enhance the
electrochemical performance of LiFePO

4
.

Lots of work were carried out on supervalent cation
doping since Chung et al. [7] claimed that they raised the
electronic conductivity of bulk LiFePO

4
by 8 orders of mag-

nitude to 10−2 S cm−1 through low-level doping with some
super-valent cations (Nb5+, Ti4+, and W6+). Although the
origin of the increased conductivity by doping is still under

controversy, many groups have prepared LiFePO
4
positive

material with excellent property through super-valencemetal
ion doping. Surface modification is also extensively applied
to improve the electronic conductivity of LiFePO

4
, especially

carbon coating. But the tap density of active material dramat-
ically decreases after only a little amount of carbon coating
[10, 11]. Hence, researchers expect to find an appropriate
coating to wholly or partly substitute for carbon, such as
metal oxide. CeO

2
[7], V

2
O
3
[12], MgO [13], SiO

2
[14], TiO

2

[15], CuO [16] and so forth have been employed to modify
LiFePO

4
, and predominant performance was gained.

In conclusion, super-valent cation doping and metal
oxide surface modification are two efficient ways to improve
the electrochemical property of lithium cathode electrode.
The mechanism of enhancing electrode performance is dis-
similar for doping and coating as well as their promoted
aspects. Up to now, the different influence on LiFePO

4

material by these two methods using the same metal element
was not reported.

Therefore, we takemagnesiummodification, for example,
to discuss the different effects of metal ion doping and metal
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oxide coating on electrode material. Mg doping or MgO
coating has been carried out to ameliorate the electrochemi-
cal performance of LiCoO

2
[17], LiNiO

2
[18], LiNi

0.8
Co
0.2
O
2

[19], Li
3
V
2
(PO
4
)
3
[20], and LiFePO

4
[13], and excellent rate

capability or cyclic performance has been gained. It indicates
that magnesium modification is an efficient and popular
method to improve the property of lithium positive material.
Mg-doped and MgO-coated LiFePO

4
/C were prepared in

our paper, and their individual effect on electrode material
performance was, respectively, discussed to analyze how
Mg doping and MgO coating enhance the electrochemical
property of LiFePO

4
and where their protrudent part is.

2. Experiment

2.1. Synthesis of Material. Iron oxide (Fe
2
O
3
) and lithium

dihydrogen phosphate (LiH
2
PO
4
) with Li : Fe : P molar ratios

of 1 : 1 : 1 were mixed with citric acid through a balling process
for 5 h, followed by calcining at 700∘C for 12 h under pure
nitrogen to obtain LiFePO

4
powders. Different amounts

of magnesia (with LiFePO
4
:MgO molar ratios of 1 : 0.025,

1 : 0.05) were dissolved in 20mL citric acid solution to prepare
magnesium citrate complex and mixed with LiFePO

4
pow-

ders through balling for 5 h after drying at 150∘C. Finally, all of
them were calcined at 700∘C for 4 h under inert atmosphere
to obtain MgO-coated LiFePO

4
/C, referred to as LFP/C-M

𝑥

(𝑥 = 2.5, 5).
Mg-doped samples are prepared by the same steps except

the order of adding MgO. Iron oxide (Fe
2
O
3
), lithium dihy-

drogen phosphate (LiH
2
PO
4
), and magnesia (MgO) were

mixed with Li :Mg : Fe : P molar ratios of 1 − 𝑦 :𝑦 : 1 : 1 (𝑦 =
0.015, 0.03), and they were prepared through the above
procedures to gain Mg-doped LiFePO

4
/C, referred to as

L
(1−𝑦)

M
𝑦
FP/C.

2.2. Characterization of the Samples. The crystallographic
structural characterization of samples was analyzed by X-ray
diffraction (XRD, Rigaku D/max-2500/pc, CuK radiation).
The particle morphology and surface texture of samples were
observed with field-emission scanning electron microscope
(FE-SEM, S-4800) and transmission electron microscope
(TEM, JEOL, JEM-2010).

2.3. Electrochemical Measurements. The electrochemical per-
formance of magnesium modified LiFePO

4
/C and pristine

cathode materials was evaluated by using columnar cells.
Active material powder (80wt%) was mixed with acetylene
black (10wt%) and poly(vinylidene fluoride) binder (10 wt%)
in N-methy1-2-pyrrolidone (NMP) to obtain slurry. The
slurrywas coated onto an aluminum foil and dried under vac-
uum at 120∘C for 12 h. Finally, the laminate was cut into round
dics (1.0 cm in diameter) to be used as working electrode.
The electrolyte was 1mol L−1 LiPF

6
dissolved in the mixture

of ethylene carbonate (EC) and diethyl carbonate (DMC)
with volume ratio of 1 : 1. Histogram cells were assembled
in the glove box filled with argon gas. Charge-discharge
tests were conducted on a battery test system (CT2001A,
LAND, China) with cutoff voltages of 2.4V and 4.2V (versus
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Figure 1: XRD patterns of pristine and modified LiFePO
4
/C.

Table 1: Lattice parameters of pristine and Mg-doped LiFePO4/C.

Sample a (Å) b (Å) c (Å) V (Å3)
LFP/C 10.349 6.015 4.697 292.36

Li0.985Mg0.015FP/C 10.379 6.031 4.713 295.06

Li0.95Mg0.05FP/C 10.387 6.033 4.723 295.94

Li/Li+) at different current rates at room temperature. Cyclic
voltammetry (CV) measurements were performed on an
electrochemical working station (LK2005, LANLIKE, China)
at a slow scanning rate of 0.1mV s−1 within a voltage range
of 2.4–4.2 V. And electrochemical impedance spectroscopy
(EIS) was employed to characterize the interfacial resistance
of cathode using a Chenhua CHI660A electrochemical work-
station over the frequency range from 1MHz to 0.01Hz with
amplitude of 10mVms−1 at room temperature.

3. Results and Discussion

3.1. Structural Analyses. XRD patterns of selected samples
are shown in Figure 1. Obviously, the crystal phases of all
the samples are to be an ordered olivine structure indexed
orthorhombic Pnmb, and no extra reflection peak from
impurity is observed, indicating that a small amount of
magnesia or magnesium does not destruct the lattice struc-
ture of LiFePO

4
. Table 1 shows the corresponding lattice

parameters of the pristine and Mg-doped LiFePO
4
/C. The

lattice parameters and unit cell volume slightly increase after
dopingMg.This result is attributed to the larger ionic radii of
Mg2+ compared with those of Li+.

SEM images of LiFePO
4
/C and modified LiFePO

4
/C are

shown in Figure 2. The LiFePO
4
/C particles are spherical or

elliptical, and the size ranges from nanometer to micrometer,
which is beneficial to high tap density. Low level magnesium
doping and coating do not make apparent changes on the
morphology, as shown in Figures 2(b) and 2(d). But the
morphology changes a lot when the magnesium content rises
up to a high level (Figures 2(c) and 2(e)). Small particles
aggregate with each other to decrease surface energy in
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(e)

Figure 2: SEM images of LFP/C (a), LFP/C-M
2.5
(b), LFP/C-M

5
(c), L
0.985

M
0.015

FP/C (d), and L
0.97

M
0.03

FP/C (e).

sample LFP/C-M
5
, which prevents electrolyte from penetrat-

ing through electrode and encumbers the Li-ion diffusion.
And it is shown that high level magnesium doping destroys
the spherical structure, and the shape of particles becomes
irregular in Figure 2(e). Mg steps into LiFePO

4
lattice and

substitutes Li site, which is expected to change itsmorphology
more or less.

Figure 3 shows TEM images of sample LFP/C-M
2.5

and
L
0.985

M
0.015

FP/C, both presenting a typical core-shell struc-
ture with an amorphous carbon wrapping and connecting
out of particles. As shown in Figure 3(b), several dark grains
with well-crystallized structure are observed around the
LiFePO

4
particles, and the gap between every two parallel

fringes is measured to be 0.242 nm, which corresponds to the
interplanar spacing distance of (111) planes of MgO crystals.
MgO comes from the decomposition of magnesium citrate
complex, distributing on the surface of LiFePO

4
particles

in magnesium-coated samples. As shown in Figure 3(d), the
thickness of the carbon layer is about 2–3 nm in sample
L
0.985

M
0.015

FP/C, which is favorable to enhance the conduc-
tivity but does not affect intercalation/deintercalation of Li+
because Li+ can readily penetrate through the thin carbon
layer.

3.2. Electrochemical Performances. The first discharge curves
of LiFePO

4
/C and magnesium modified LiFePO

4
/C elec-

trodes at 1 C-rate are shown in Figure 4. According to results,
propermagnesiummodification efficiently enhances the spe-
cific capacity. Among all samples, sample L

0.985
M
0.015

FP/C
shows the best discharge property, whose first special capacity
is up to 163mAh g−1 much higher than the pristine one,
only 126.5mAh g−1. And the superfluous electrons, supplied
by Mg ion, increase the amount of electrons in electrode
material and advance the electronic conductivity in a further
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Figure 4: The first discharge curves of LiFePO
4
/C and magnesium

modified LiFePO
4
/C electrodes at 1 C.

step. Hence the electrochemical performance of LiFePO
4
/C

is improved by Mg substituting Li-site. But the negative
influence is gained when the doping level is high. The first

discharge capacity of L
0.97

M
0.03

FP/C is only 120.3mAh g−1. It
possibly owns to the replacement ofMg ion, which handicaps
Li+ diffusion when superabundant Mg2+ occupied lithium
channels [21].

The discharge capacity is also enhanced by a certain
amount of MgO coating, and it reaches 152.1mAh g−1 at 1 C
when MgO content is 2.5mol%. At the same time, MgO,
distributing on the surface of LiFePO

4
particles, prevents

electrolyte from corrupting active material and suppresses
electrolyte-induced thermal decomposition [18] to improve
the cyclic life of electrode, as shown in Figure 5.The discharge
capacity of sample LFP/C-M

2.5
does not fade after 100 cycles

at 1 C, whose retention ratio is up to 104.2%, while the
retention ratios of pristine and sample L

0.985
M
0.015

FP/C are
only 96.8% and 96.7%, respectively. But overmuchMgO coat-
ing also shows disadvantageous effect on electrochemistry
performance. The first discharge capacity is 122.7mAh g−1
when MgO content reaches 5mol%. It is conjectured that
redundant MgO should decrease Li+ diffusion rate because
Li+ has to get across the magnesia coating layer when it drills
through the interface of electrode and electrolyte.
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Figure 5: Cyclic performance of LiFePO
4
/C and magnesium mod-

ified LiFePO
4
/C electrode at 1 C.
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Figure 6: Rate capacity of LiFePO
4
/C and magnesium modified

LiFePO
4
/C at 1 C, 2 C, 5 C, and 10C.

Transport of electrons from the particle surface to current
collector is the critical step, particularly at high current
rate [22]. Therefore, the promotion effect by magnesium
modification is obvious at high current. As Figure 6 shows,
the average discharge capacity of pristine sample at 2 C,
5 C, and 10C is only 115.5mAh g−1, 82.5mAh g−1, and 32.4
mAh g−1, respectively. Both Mg doping and MgO coating
improve the rate capability of the electrode material. The
discharge capacity of sample LFP/C-M

2.5
is 145.2mAh g−1,

124.6mAh g−1, and 96.8mAh g−1 at 2 C, 5 C, and 10C,
respectively, while L

0.985
M
0.015

FP/C is 145.5mAh g−1, 128.3
mAh g−1, and 103.7mAh g−1. It indicates that Mg doping has

Table 2: Impedance parameters of samples.

Sample 𝑅ct (Ω) 𝐼
0
(mAh ⋅ g−1)

LFP/C 927.8 27.7

LFP/C-M2.5 352.3 72.9

L0.985M0.015FP/C 289.3 88.8

advantages over MgO coating in terms of improving rate
capability.

Constant current charge/discharge tests demonstrate that
the electrochemical performance of LiFePO

4
is efficiently

improved by both proper magnesium doping and magnesia
coating. Moreover, Mg doping is more prominent at prompt-
ing the capacity and rate capability of LiFePO

4
, while MgO

coating is good at improving cyclic performance.
Cycle voltammetry profiles reflect not only the electro-

chemical properties of active material, but also the activity
of the entire electrode. CV curves of samples LFP/C, LFP/C-
M
2.5
, and L

0.985
M
0.015

FP/C at a scan rate from 0.25 to 1mV s−1
are shown in Figures 7(a), 7(b), and 7(c), respectively. The
intensity and area of reduced and oxide peak increase with
the scan rate. The linear relationship of the peak current
as a function of square root of scan rate is illustrated in
Figure 7(d). Thus, the apparent diffusion coefficient can be
derived according to the following equation:

𝑖
𝑝
= (2.6 × 10

5
) 𝑛
2/3
𝐴𝐷
1/2

𝐿𝑖
𝐶
𝐿𝑖
V1/2, (1)

where 𝑖
𝑝
is the peak current (𝐴), 𝑛 is the charge transfer num-

ber which is one for the electrode reaction, 𝐴 is the contact
area between active material and electrolyte (approximate to
the surface area of electrode, 0.785 cm2), and V is the scan rate
(V s−1).

According to the relationship of 𝑖
𝑝
and V1/2 based on

(1), biases are painted in Figure 7(d). Apparent diffusion
coefficients of LFP/C, LFP/C-M

2.5
, and L

0.985
M
0.015

FP/C
are 2.99 × 10−11 cm2 s−1, 3.06 × 10−10 cm2 s−1, and 4.23 ×
10
−10 cm2 s−1, respectively. Sample L

0.985
M
0.015

FP/C gains the
highest value, consistent with the electrochemical perfor-
mance measurements.

Figure 8 shows the electrochemical impedance spectra
(EIS) of the LiFePO

4
/C andmagnesiummodified LiFePO

4
/C

electrode material after the 5th cycle. The EIS curves are
composed of a depressed semicircle in high-frequency region
and a straight line in low-frequency region. An intercept at
the 𝑍re axis in the high-frequency region corresponds to the
ohmic resistance of the electrolyte, followed by a semicircle
in the middle-frequency range, indicating the charge transfer
resistance, and a straight line in the low-frequency region,
related to the Warburg impedance due to the diffusion of
the lithium ion in the bulk of the electrode material. The
impedance spectra can be described by the equivalent circuit
presented in the inset picture, where 𝑅

𝑠
represents ohmic

resistance, 𝑅ct represents the charge transfer resistance,
𝑍
𝑤

represents the Warburg impedance, and the constant
phase element CPE is placed to represent the double-layer
capacitance and passivation film capacitance [23]. Fitting
results were analyzed by Zview-Impedance 2.80 software,
and 𝑅ct values are listed in Table 2. The charge transfer
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Figure 7: Cyclic voltammetry of LiFePO
4
/C (a) and magnesium modified LiFePO

4
/C (b), (c) in the voltage range of 2.4–4.2 V at scan rates

of 0.25, 0.5, 0.75, and 1mV s−1; (d) the relationship of peak current (𝑖
𝑝
) and the square root of scan rate (V1/2).

resistance is related to complex reaction of charge transfer
process between the electrolyte and the active materials
[24]. Compared with the pristine, 𝑅ct is obviously decreased
by MgO coating and Mg doping. The smaller the charge
transfer resistance is, the more feasible it is for lithium-ion
and electron transformation. It indicates that magnesium
modification is beneficial for active material to overcome the
restriction of kinetics in the charge/discharge process and
improve electrochemical activity. In addition, the promotion
effect fromMg doping is more effectual than MgO coating.

The exchange current density (𝐼
0
) is an important param-

eter of kinetics for an electrochemical reaction and can

measure the catalytic activity of electrodes. It is calculated
using the following formula:

𝐼
0
=
𝑅 ⋅ 𝑇

𝑛 ⋅ 𝑚 ⋅ 𝑅ct ⋅ 𝐹
, (2)

where 𝑅 is the gas constant (8.314 Jmol−1 K−1), 𝑇 is the
temperature (298K), 𝑛 is the charge transfer number per
molecule during the intercalationwhich is 1 for LiFePO

4
,𝑚 is

themass of activematerial on electrode, and𝐹 is the Faraday’s
constant (96,500Cmol−1). The calculated results are listed in
Table 2, and it can be clearly concluded that the magnesium
modified LiFePO

4
/C electrodes exhibit smaller 𝑅ct, 289.3,
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and equivalent circuit (inset).

352.3 versus 927.8Ω, than pure LiFePO
4
/C.What is more, the

L
0.985

M
0.015

FP/C sample gives the highest value of exchange
current density (𝐼

0
), which is in prefect agreement with

its excellent electrochemical performance. The EIS results
indicate that surface modifying with an appropriate amount
of magnesium can improve the electrochemical activity of
LiFePO

4
/C composite.

4. Conclusion

Mg-doped and MgO-coated LiFePO
4
/C compounds were

synthesized through a simple solid-state method, and
the differences between super-valent cation doping and
metal oxide coating on enhancing the electrochemical of
LiFePO

4
/C material were analyzed. MgO particles, dis-

tributing on the surface of LiFePO
4
, improve the cyclic

performance of electrode, and the discharge capacity of
sample LFP/C-M

2.5
does not fade after 100 cycles. The

specific capacity and rate capability of LiFePO
4
are dramat-

ically increased by Mg doping, and the discharge capacity
of sample L

0.985
M
0.015

FP/C is 163mAh g−1, 145.2mAh g−1,
124.6mAh g−1, and 96.8mAh g−1 at 1 C, 2 C, 5 C, and 10C,
respectively. Thus, Mg doping is more prominent at prompt-
ing the capacity and rate capability of LiFePO

4
, while MgO

coating has an advantage at improving cyclic performance.
CV and EIS results demonstrate that apparent diffusion
coefficients, catalytic activity, and the reversibility of LiFePO

4

are improved by both Mg doping and MgO coating.
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New benzimidazole/benzothiazole imide derivatives with different alkyl substituent chains were designed and synthesized. Their
gelation behaviors in 22 solvents were tested as novel low-molecular-mass organic gelators.The test showed that the alkyl substituent
chains and headgroups of benzimidazole/benzothiazole residues in gelators played a crucial role in the gelation behavior of all
compounds in various organic solvents. More alkyl chains in molecular skeletons in present gelators are favorable for the gelation
of organic solvents. SEM and AFM observations revealed that the gelator molecules self-assemble into different aggregates from
wrinkle, lamella and belt to dot with change of solvents. Spectral studies indicated that there existed different H-bond formation
between imide groups and hydrophobic force of alkyl substituent chains in molecular skeletons. The present work may give some
insights into design and character of new organogelators and soft materials with special molecular structures.

1. Introduction
In recent years, self-assembly and gelation properties of
low-molecular-mass organic gelators have become one of
the hot areas in soft matter research due to their scien-
tific values and many potential applications in biomedical
field, including tissue engineering, controlled drug release,
and medical implants [1–10]. These organogels are usually
considered as supramolecular gels, in which the gelator
molecules self-assemble into three-dimensional networks in
which the solvent is trapped via various noncovalent inter-
actions, such as hydrogen bonding, 𝜋-𝜋 stacking, van der
Waals interaction, dipole-dipole interaction, coordination,
solvophobic interaction, and host-guest interaction [11–15].
In order to form appropriate organogels, there are two
important points. One is the design of the gelator molecules.
The other is the adjustment of the external conditions.

For the former, the control of self-assembling mode at the
molecular level and the balance between precipitation and
dissolution in a given solvent are critical to the design
of new gelators. This is because the gelation of a solvent
by a gelator is the result of gelator-gelator and gelator-
solvent interactions, which involve specific and nonspecific
intermolecular forces. Therefore, the aggregation behavior
of a gelator in solvents can be adjusted by varying its
structure.

In addition, as versatile units, the covalently bound
benzimidazole/benzothiazole groups, of which one type
of rings is benzene rings and the other type is a five-
member ring with N or S elements, have been widely chosen
for designing new amphiphiles because of their unique
directional self-association through 𝜋-𝜋 stacking and van
der Waals interactions in the process of supramolecular
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assembly [16–18]. For example, some benzimidazole and
benzothiazole derivatives formed chiral assembly films
through a cooperative stereoregular 𝜋-𝜋 stacking of the
functional groups together with the long alkyl chains in
a helical sense [18]. Therein the relationship between the
chirality of assembly films and the molecular structures
of amphiphiles as well as their H-bond or coordination
behaviors was discussed. In our reported work, the gelation
properties of some cholesterol imide derivatives consisting
of cholesteryl units and photoresponsive azobenzene sub-
stituent groups have been investigated [19]. We found that
a subtle change in the headgroup of azobenzene segment
can produce a dramatic change in the gelation behavior
of both compounds. In addition, the gelation properties of
bolaform and trigonal cholesteryl derivatives with different
aromatic spacers have been characterized [20]. Therein, we
have investigated the spacer effect on the microstructures of
such organogels and found that various kinds of hydrogen
bond interactions among the molecules play an important
role in the formation of gels.

In this paper, as a continuous work, we have designed
and synthesized new benzimidazole/benzothiazole imide
derivatives with different alkyl substituent chains. We have
found that all compounds could form different organogels in
various organic solvents. Characterization of the organogels
by SEM and AFM revealed different structures of the agg-
regates in the gels. We have investigated the effect of alkyl
substituent chains and headgroups residues in gelators on
the microstructures of such organogels in detail and found
different kinds of hydrogen bond interactions between inter-
molecular imide groups.

2. Experimental

2.1.Materials. The startingmaterials, 2-aminobenzimidazole
and 2-aminobenzothiazole, were purchased from Alfa Aesar
Tianjin Chemicals. Other used reagents were all for analysis
purity from TCI Shanghai Chemicals or Aldrich Chem-
icals, respectively. The solvents were obtained from Bei-
jing Chemicals and were distilled before use. Deionized
water was used in all cases. 4-Hexadecyloxybenzoic acid
and 3,4,5-tris(hexadecyloxy)benzoic acid were synthesized
in our laboratory according to previous report [21] and
confirmed by 1H NMR. Then, these imide objectives were
prepared by simple methods. Simply speaking, different
benzoic acid chlorides were synthesized by heating acid
compounds solution in sulfoxide chloride and a bit of
DMF for about 10 h at 70∘C. Then, the prepared benzoic
acid chlorides reacted with corresponding amines in dried
dichloromethane at the presence of pyridine for 2 days at
room temperature. After that, the mixtures were washed with
dilute hydrochloric acid and pure water. The organic layer
was evaporated to dryness. The residues were purified by
recrystallization in ethanol solution as pale or yellow solids.
The final products and their abbreviations are shown in
Figure 1, which were confirmed by 1H NMR and elemental
analysis.

O
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H
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S
N

OC16H33

OC16H33

OC16H33

R1

R1

R2

R2R2

NH

NH

NH

SC16-S

TC16-S

SC16-N

TC16-N

Figure 1: Structures and abbreviations of these imide derivatives
with different substituent groups.

2.2. Gelation Test. A weighted amount of gelator and a
measured volume of selected pure organic solvent were
placed into a sealed glass bottle and the solutionwas heated in
a water bath until the solid was dissolved. Then, the solution
was cooled to room temperature in air, and the test bottle was
inversed to see if a gel was formed. When the gelator formed
a gel by immobilizing the solvent at this stage, it was denoted
as “G.” For the systems in which only solution remained until
the end of the tests, they were referred to as solution (S). The
system in which the potential gelator could not be dissolved
even at the boiling point of the solvent was designated as an
insoluble system (I). Critical gelation concentration (CGC)
refers to the minimum concentration of the gelator for gel
formation.

2.3. Measurements. Firstly, the xerogel was prepared by a
vacuum pump for 12–24 h. The dried sample thus obtained
was attached to mica, copper foil, glass, and CaF

2
slice

for morphological and spectral investigation, respectively.
Before SEM measurement, the samples were coated on
copper foil fixed by conductive adhesive tape and shielded
by gold. SEM pictures of the xerogel were taken on a
Hitachi S-4800 field emission scanning electron microscopy
with the accelerating voltage of 5–15 kV. AFM images were
recorded using Nanoscope VIII Multimode Scanning Probe
Microscope (Veeco Instrument, USA) with silicon cantilever
probes. All AFM images were shown in the height mode
without any image processing except flattening. Transmission
FT-IR spectra of the xerogel were obtained by Nicolet is/10
FT-IR spectrophotometer fromThermo Fisher Scientific Inc.
by average 32 scans and at a resolution of 4 cm−1. The
XRD measurement was conducted using a Rigaku D/max
2550PC diffractometer (Rigaku Inc., Tokyo, Japan).The XRD
pattern was obtained using CuK𝛼 radiation with an incident
wavelength of 0.1542 nm under a voltage of 40 kV and a
current of 200mA. The scan rate was 0.5∘/min. 1H NMR
spectra was obtained on a Bruker ARX-400 (Bruker, Inc.,
Switzerland) NMR spectrometer in CDCl

3
with TMS as an

internal standard.The elemental analysis was carried out with
the Flash EA Carlo-Erba-1106Thermo-Quest.
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Figure 2: Photographs of organogels in different solvents: (a) SC16-S; (b) TC16-S; (c) SC16-N; (d) TC16-N.

Table 1: Gelation behaviors of all compounds at room temperature.a

Solvents SC16-S TC16-S SC16-N TC16-N
Acetonitrile I I I I
1,4-Dioxane S I I G
Isopentanol I G I G
n-Butyl acrylate I I G S
Benzene S S S S
Formaldehyde I I I I
n-Butanol G G I G
Petroleum ether I S G I
Nitrobenzene S G G G
Tetrachloromethane S S S S
Acetone S I G I
Cyclohexanone S I G S
Cyclopentanone I I G I
n-Propanol G G I G
Pyridine S S I S
THF S S S S
DMF I G I G
Ethyl acetate I G I G
Ethanolamine G I G I
Isopropanol I G I G
n-Hexane I S I S
Aniline I G I G
aS: solution; G: gel; I: insoluble.

3. Results and Discussion

3.1. Gelation Behaviors of These Imide Derivatives. The gela-
tion performances of all compounds in 22 solvents are

listed in Table 1. Examination of the table reveals that all
compounds are efficient gelators. Firstly, SC16-S with ben-
zothiazole segment and single alkyl substituent chain in
molecular skeleton can gel in 3 solvents, including n-butanol,
n-propanol, and ethanolamine, respectively. As for TC16-S
with three alkyl substituent chains in molecular skeletons,
8 kinds of organogels were formed, such as isopentanol,
n-butanol, nitrobenzene, n-propanol, DMF, ethyl acetate,
isopropanol, and aniline, respectively. Secondly, as for SC16-
N and TC16-N with benzimidazole segment in molecular
skeleton, the numbers of formed organogels changed to 7
and 9, respectively. The photographs of all organogels in
different solvents were shown in Figure 2. The data shown
in Table 1 indicate that the change of functional headgroups
and alkyl substituent groups can have a profound effect upon
the gelation abilities of these studied compounds. It seemed
that more alkyl chains in molecular skeletons in present
gelators are more favorable for the present benzothiazole
imide derivatives in gelation of organic solvents than those of
benzimidazole compounds. In addition, the headgroup effect
of benzimidazole/benzothiazole for intermolecular stacking
in the gel formation process is also obvious for all cases. It
obviously indicated that SC16-N, benzimidazole derivative
with single alkyl substituent chain in molecular skeleton, can
form more gels than SC16-S. The reasons for the strengthen
on the gelation behaviors can be assigned to the change of
intermolecular hydrogen bonding and spatial conformation
of the gelators due to benzimidazole/benzothiazole andmore
alkyl substituent chains inmolecular skeletons [22, 23] which
may increase the ability of the gelator molecules to self-
assemble into ordered structures, a necessity for forming
organized assembly structures.

3.2.Morphological Investigation of Organogels. In addition, in
order to obtain a visual insight into the gel microstructures,
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Figure 3: SEM images of xerogels from SC16-S gels ((a) n-butanol; (b) n-propanol; (c) ethanolamine, resp.) and TC16-S gels ((d) isopentanol;
(e) n-butanol; (f) nitrobenzene; (g) n-propanol; (h) DMF; (i) ethyl acetate; (j) isopropanol; (k) aniline, resp.).

the typical nanostructures of the xerogels were studied
by SEM technique, as shown in Figures 3 and 4. From
the present diverse images, it can be easily investigated
that the microstructures of the xerogels of all compounds
in different solvents are significantly different from each
other, and the morphologies of the aggregates change from
wrinkle, lamella and belt to dot with change of solvents.
In addition, more regular belt-like or fiber-like aggregates
with different aspect ratios were prepared in gels of TC16-S
and TC16-N with three alkyl substituent chains in molecular
skeletons. As for two other compounds with single alkyl
substituent chains, most of the aggregates tended to be
wrinkled or deformed films. Furthermore, the xerogels of
SC16-S and TC16-S in n-butanol, with SC16-N and TC16-
N in nitrobenzene, were characterized by AFM, as shown
in Figure 5. From the images, it is interesting to note that
these big belt or lamella aggregates were composed of many
little rod-like or needle-like nanodomains by stacking of the
present imide derivatives.Themorphologies of the aggregates
shown in the SEM and AFM images may be rational-
ized by considering a commonly accepted idea that highly
directional intermolecular interactions, such as hydrogen
bonding or 𝜋-𝜋 interactions, favor formation of belt or fiber
micro/nanostructures [24–26]. The difference of morpholo-
gies between molecules with single/multialkyl substituent
chains can be mainly due to the different strengths of the
intermolecular hydrophobic force between alkyl substituent
chains, which have played an important role in regulating

the intermolecular orderly staking and formation of special
aggregates.

3.3. Spectral Investigation of Organogels. In addition, in
order to further investigate the orderly stacking of xerogels
nanostructures, XRD of all compounds xerogels from gels
were measured. Firstly, the data of TC16-S was taken as an
example, as shown in Figure 6(a). The curve for TC16-S
xerogel from DMF shows main peaks in the angle region (2𝜃
values, 4.85∘, 6.45∘, 9.72∘, 11.36∘, 19.65∘, 21.66∘, and 23.56∘)
corresponding to 𝑑 values of 1.82 nm, 1.37 nm, 0.91 nm,
0.78 nm, 0.45 nm, 0.41 nm, and 0.38 nm, respectively. The
corresponding 𝑑values of 1.82 nm, 0.91 nm, 0.45 nm, and
0.38 nm follow a ratio of 1 : 1/2 : 1/4 : 1/5, suggesting a lamellar-
like structure of the aggregates in the gel [27]. In addition,
the XRD data of xerogels of SC16-S and TC16-S in n-butanol,
with SC16-N andTC16-N in nitrobenzene, were compared, as
shown in Figure 6(b). As for the curve of SC16-S in n-butanol,
strong peaks appeared in the angle region (2𝜃 values, 4.10∘,
6.12∘, 8.22∘, 12.30∘, 16.35∘, 18.90∘, and 20.46∘) corresponding
to 𝑑 values of 2.16 nm, 1.45 nm, 1.08 nm, 0.72 nm, 0.54 nm,
0.47 nm, and 0.43 nm, respectively. The corresponding 𝑑 val-
ues of 2.16 nm, 1.08 nm, 0.72 nm, 0.54 nm, and 0.43 nm follow
a ratio of 1 : 1/2 : 1/3 : 1/4 : 1/5, suggesting a good lamellar-like
structure of the aggregates in the gel. For three other curves,
little relative weak peaks were obtained, suggesting poly-
crystalline or amorphous nanostructures. The XRD results
described above demonstrated again that the alkyl substituent
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Figure 4: SEM images of xerogels from SC16-N gels ((a) n-butyl acrylate; (b) petroleum ether; (c) nitrobenzene; (d) acetone; (e)
cyclohexanone; (f) cyclopentanone; (g) ethanolamine, resp.) andTC16-Ngels ((h) 1,4-dioxane; (i) isopentanol; (j) n-butanol; (k) nitrobenzene;
(l) n-propanol; (m) DMF; (n) ethyl acetate; (o) Isopropanol; (p) aniline, resp.).

chains had a great effect on the assemblymodes of these imide
compounds.

It is well-known that hydrogen bonding plays an impor-
tant role in the formation of organogels [28, 29]. At present,
in order to further clarify this and investigate the effect
of substituent groups on assembly, we have measured the
FT-IR spectra of xerogels of all compounds. Firstly, TC16-
S was taken as an example, as shown in Figure 7(a). As far
as spectra of these xerogels, some main peaks were observed
at 3242, 2918, 2848, 1678, and 1468 cm−1, respectively, which
can be assigned to the N-H stretching, methylene stretching,
amide I band, and methylene scissoring, respectively [30, 31].
These bands indicateH-bond formation between intermolec-
ular imide groups in the gel state. In addition, the spectra
of xerogels of all compounds in n-butanol and nitrobenzene
were compared, as shown in Figure 7(b). One obvious
change is the decrement of methylene stretching for SC16-
S and SC16-N in comparison with other two compounds,
which can be attributed to the number difference of alkyl

substituent chains in molecular skeletons. Another change
is that the peaks assigned to N-H stretching for SC16-N
and TC16-N shifted to 3305 and 3212 cm−1, respectively.
This implied that there were differences in the strength
of the intermolecular hydrogen-bond interactions in these
xerogels, even though theywere from the same solvent system
[32–34].

4. Conclusions

In summary, some benzimidazole/benzothiazole imide der-
ivatives with different alkyl substituent chains have been
synthesized. Their gelation behaviors in various organic
solvents can be regulated by changing alkyl substituent chains
and headgroups of benzimidazole/benzothiazole segment.
The experimental data demonstrated that the numbers of
alkyl substituent chains linked to benzene ring in these imide
derivatives can have a profound effect upon the gelation
abilities of these studied compounds. More alkyl chains in
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Figure 5: AFM images of xerogels: SC16-S (a) and TC16-S (b) gels in n-butanol, respectively; SC16-N (c) and TC16-N (d) gels in nitrobenzene,
respectively.
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Figure 6: X-ray diffraction patterns of xerogels: (a) TC16-S (a: isopentanol; b: n-butanol; c: nitrobenzene; d: n-propanol; e: DMF; f: ethyl
acetate; g: isopropanol; h: aniline, resp.); (b) SC16-S (a) and TC16-S (b) gels in n-butanol, respectively; SC16-N (c) and TC16-N (d) gels in
nitrobenzene, respectively.
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Figure 7: FT-IR spectra of xerogels: (a) TC16-S (a: isopentanol; b: n-butanol; c: nitrobenzene; d: n-propanol; e: DMF; f: ethyl acetate;
g: isopropanol; h: aniline, resp.); (b) SC16-S (a) andTC16-S (b) gels in n-butanol, respectively; SC16-N (c) andTC16-N (d) gels in nitrobenzene,
respectively.

molecular skeletons in present gelators are favorable for the
gelation of organic solvents. Morphological studies revealed
that the gelator molecules self-assemble into different aggre-
gates from wrinkle, lamella and belt to dot with change of
solvents. Spectral studies indicated that there existed different
H-bond formation and hydrophobic force, depending on
benzimidazole/benzothiazole segment and alkyl substituent
chains in molecular skeletons. The present research work
affords new useful exploration for the design and develop-
ment of new versatile low-molecular-mass organogelators
and soft matter.
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A special naphthyl-containing Schiff base derivative, 𝑁,𝑁-bis(2-hydroxy-1-naphthylidene)-1,2-phenylenediamine, was synthe-
sized, and its coordination with various metal ions in situ at the air/water interface has been investigated. Although the ligand con-
tains no alkyl chain, it can be spread on water surface. When metal ions existed in the subphase, an interfacial coordination bet-
ween the ligand and different metal ions occurred in the spreading film, while different Nanostructures were fabricated in the
monolayers. Interestingly to note that among variousmetal ions, only the in situ coordination-inducedCu(II)-complex film showed
supramolecular chirality, although themultilayer films from the ligand or preformed complex are achiral.The chirality of the in situ
Cu(II)-coordinated Langmuir film was developed due to the special distorted coordination reaction and the spatial limitation at
the air/water interface. A possible organization mechanism at the air/water interface was suggested.

1. Introduction

Supramolecular assemblies of metal complexes are attracting
considerable interests owing to their fascinating chemical,
thermal, and electrooptical properties [1–6]. The Langmuir
and Langmuir-Blodgett (LB) technique provided a sophis-
ticated way to the bottom-up fabrication of the molecular
assemblies of metal complex in a controlled way [7, 8].
Generally, there are two approaches to fabricate the interfacial
assemblies of metal complexes. One is to use the preformed
metal complexes themselves [9–11], and the other is to utilize
the in situ coordination reaction between the ligand and the
metal ions dissolved in the subphase.While the former is gen-
erally used to assembly the ultrathin functional films of metal
complexes, the latter method has also proved to be effective
[12–20]. In some particular cases, the in situ coordination
reaction can induce new interesting properties that pre-
formed metal complex do not have. For example, we have
found that some benzimidazole derivatives without alkyl

chains or with shorter alkyl chains could be fabricated into
organized molecular films through the in situ coordination
with Ag(I), and some new properties were observed [21].

In this paper, we have designed a special Schiff base ligand
with the structure shown in Figure 1 based on the following
considerations. Firstly, in order to expand the research work
to those of special molecules without alkyl chains, we synthe-
size this ligand and investigate its organizedmolecular assem-
blies at the air/water interface. Secondly, aimed at the effect of
the spatial hindrance, larger naphthyl group was introduced,
and it was placed in different substituted positions around
the benzene ring. We found that the ligand could coordinate
with various metal ions in situ in the spreading films at the
air/water interface and fabricate different nanoarchitectures.
Through the in situ coordination, this achiral ligand could
form chiral supramolecular assemblies of Cu(II)-coordinated
complex. However, if we spread the preformed Cu(II)-com-
plex on water surface, no chiral molecular assemblies was
formed. The chiral monolayers or LB films have been
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Figure 1: Molecular structures and abbreviations of the Schiff base ligand and its Cu(II)-complex.

reported [22], andwe have also reported the chiral assemblies
fromachiralmolecules through the interfacial organization at
the air/water interface [23, 24]. The interfacial coordination
and the chirality of the LB films were systematically investi-
gated through a series of characterization methods such as
the surface pressure-area (𝜋-A) isotherms, UV-Vis spectra,
the Fourier transform infrared (FT-IR) spectra, circular
dichroism (CD) spectra, and atomic forcemicroscopy (AFM)
measurements.

2. Experimental

2.1. Materials. 2-hydroxy-1-naphthaldehyde and 1,2-phenyl-
enediamine were obtained commercially from TCI or
Aldrich Chemicals and used as received. Various metal salts
were obtained from Beijing Chemicals and recrystallized
before use. The solvents were obtained from Beijing Chem-
icals and distilled before use. DMSO-𝑑

6
was of analytical

grade and obtained from Beijing Chemicals. Pure water
(18M⋅cm) was obtained from the Milli-Q, Millipore system
in all cases. The ligand was synthesized by the condensa-
tion of 2-hydroxy-1-naphthaldehyde with the correspond-
ing 0.5 equivalent moles diamines [25, 26]. Then, the
Schiff base ligand,𝑁,𝑁-bis(2-hydroxy-1-naphthylidene)-1,2-
phenylenediamine (abbreviated as o-NpSB) was obtained
after recrystallization twice from the anhydrous ethanol. The
complex Cu(o-NpSB) was prepared according the following
procedure: the ligand was dissolved in ethanol, and then the
copper acetate solution was added dropwise to the ligand
solution, and the solvent was kept in reflux state. Usually,
after a few hours, the product separate from the solution and
recrystallize twice from the ethanol/chloroform solution and
confirmed by 1H NMR and elemental analysis.

2.2. Procedures. Monolayers and the Langmuir-Blodgett films
were performed using a KSV minitrough (KSV instruments,
Helsinki, Finland). The subphase was prepared by dissolving
different metal salts at a concentration of 1.0mM.Themono-
layer was fabricated by spreading the chloroform solution of
amphiphiles onto the air/water interface. After 30minutes for
the completion of coordination reaction and evaporation of
solvent, surface pressure-area (𝜋-A) isotherms were recorded
with a compression speed of 5.0mm/min at 20.0 ± 0.2∘C.
The Langmuir-Blodgett films were prepared by the vertical
dipping method at a constant speed of 2.0mm/min on the

minitrough. The monolayers were transferred onto freshly
cleaved mica plates as a sample for AFMmeasurement by the
vertical dipping method. For the FT-IR, CD, and UV spectra
measurements, CaF

2
plates and quartz plates were used,

respectively.
The monolayer formation and LB film deposition were

performed using a KSVminitrough apparatus. FT-IR spectra
of the transferred LB filmsweremeasured by a JASCOFT/IR-
660 plus spectrophotometer. UV and CD spectra of the films
were obtained by a JASCO UV-530 and a JASCO J-810 CD
spectrophotometer, respectively. In the process of measuring
CD spectra, the LB film was placed perpendicular to the light
path and rotated within the film plane to avoid the polariza-
tion-dependent reflections and eliminate the possible angle
dependence of the CD signals [27]. AFM images were
recorded using tapping mode (Nanoscope IIIa Multimode
system, Digital Instruments, Santa Barbara, CA) with silicon
nitride cantilever probes. All AFM images were shown in the
height mode without any image processing except flattening.
MALDI-TOF mass spectra were determined with BIFLEX
III. The elemental analysis was carried out with the Flash
EA Carlo-Erba-1106 Thermo-Quest. 1H-NMR spectra was
obtained on an ARX400 (Bruker) NMR spectrometer in
DMSO-𝑑

6
with TMS as an internal standard. The molecular

simulation and limiting area calculation was realized by PC
Model Version 6.0.

3. Results and Discussion

3.1. Complex Film Formation at Air/Aqueous Interface.
Figure 2 shows the 𝜋-A isotherms of o-NpSB on the surfaces
of pure water and the solutions containing various metal ions
at 20∘C. The isotherm on pure water shows a condensed
region with the extrapolated molecular areas of 0.24 nm2/
molecule. Based on the space-filling molecular (CPK)model,
o-NpSB can be regarded as a triangle molecule. No matter
what side of the triangle attached to thewater surface, the esti-
mated limiting molecular areas are between 0.5 ∼ 0.7 nm2/
molecule. So, a multilayer film or three-dimensional (3D)
structure was suggested to form at the air/water interface.
When metal ions existed in the subphase, significant changes
were observed. The 𝜋-A isotherms of o-NpSB on surfaces of
the solutions of Co2+ and Ni2+ ions retained the condensed
regions, and the shapes of the curves were similar to the case
on the water surface. This suggested that most of the o-NpSB
may not form a complex with either of these two metal ions.
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As for the other metal ions such as Pb2+ and Zn2+, mono-
layers with enlarged molecular areas and decreased collapse
pressurewere obtained. It indicated that the Schiff base ligand
and the metal ions might form different coordination com-
plexes in the monolayer. On the subphase containing Cu2+
ions, the isotherm with obvious LE/LC phase transition was
obtained. It has a much expanded molecular areas of about
0.31 nm2/molecule, indicating the formation of a special
coordinated film. These differences clearly indicated that the
metal ions in the subphase can greatly affect the surface
behavior of o-NpSB spreading film.

3.2. Spectral andMorphological Investigation of Transferred LB
Films. Our previous works have shown that the coordina-
tion between the Schiff base ligands and metal ions in the
subphase could occur in situ at the air/water interface, which
could be monitored by various methods such as UV-Vis and
FT-IR spectra. It is clearly observed from Figure 3 that the
UV-Vis spectra of o-NpSB LB films fabricated from water
surface show the absorption peaks at 232, 324, 381, 465, and
495 nm, respectively. While the former three peaks could be
designated as the 𝜋-𝜋∗ and 𝑛-𝜋∗ transitions for the electrons
localized on the azomethine group of the ligand, the latter
peaks could be regard as charge transfer transitions [28].
When Co2+ or Ni2+ ions were present in the subphase, only a
slight changewas observed, indicating the inadequate coordi-
nation between the ligand and metal ions. In addition, when
Pb2+ or Cu2+ ions were added into the subphase, the obvious
spectral change was found, respectively. In comparison with
that on water surface, the spectra of Cu(II)-coordinated films
showed peaks at 244, 330, 398, 475, and 507 nm, respectively.
This change indicated the complete coordination of the Schiff
base ligand with copper(II) ion. Moreover, it was interesting
to note that there appeared a strong new absorption peak at
418 nm for the Zn(II)-coordinated films, which was induced
mainly by the different coordination modes between Zn(II)
and other metal ions.

The process of in situ coordination in the LB films can be
further verified by the FT-IR spectral measurement. Figure 4
shows the FT-IR spectra in the regions of 1700–1000 cm−1 of
40-layer multilayer films for the Schiff base compound on
different subphases.The spectra for o-NpSB films from water
surface shows characteristic vibration bands centered at 1619
and 1324 cm−1, which can be assigned to C=N and phenolic
C–O stretching vibration, respectively [29]. It is well known
that coordination of the Schiff base ligand to the metal ions
through the nitrogen atom can reduce the electron density in
the azomethine and lower its absorption frequency. On the
other hand, phenolic C–O stretching band shifted to a higher
frequency, indicating coordination through the phenolic
oxygen.When on the subphase of Co2+ orNi2+, there was not
obvious change, indicating the slight coordination reaction
between ligand with metal ions. This may be attributed to
the unsuitable coordination direction caused by themarching
modes of different metal ions. In addition, as for the Zn(II)-
coordinated films, the characteristic bands shifted to 1610
and 1362 cm−1, respectively. Another obvious change was the
strong increment for the peak at 1535 cm−1 due to the change
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Figure 5: AFM pictures of LB films of o-NpSB deposited from water surface (a) and 1.0mMmetal salts solution transferred at 20mN/m: (b)
Cu2+ ions; (c) Co2+ ions; (d) Ni2+ ions; (e) Pb2+ ions; (f) Zn2+ ions.

of aromatic moiety. It indicated the complete coordination
occur at the air/water interface. Similar spectral change
with a little shift was observed for the Cu(II)-coordi-
nated films, suggesting the different coordination mode for
Cu(II) in comparison with Zn(II) ions.

To get further insight into the assembly mode of the
Schiff base amphiphile at air/water interface, one layer of the
spreading films was transferred onto a newly cleaved mica
surface, and their surface morphologies were measured with
AFM, as shown in Figure 5. For o-NpSB on the pure water
surface, larger irregular domains composed of dotted aggre-
gates could be clearly observed in Figure 5(a). Through the
section analysis, it was obtained that the domains have an
average height of about 4.3 ± 0.2 nm. When Cu(II) ions were
present in the subphase, blocks-like domains with the aver-
aged height of 4.6 nm were observed. Based on the CPK
model, these values corresponded to 3 or 2 layers of the
molecular thickness, which confirmed that the smaller

molecular areas in the 𝜋-A isotherms were due to the mul-
tilayer formation at the air/water interface. Furthermore, we
observed the different morphologies such as slices, collapsed
film, dense packing dots, and porous film appeared on other
metal ions subphases, which may be due to the different
coordinationmodes between the Schiff base ligand andmetal
ions. So, it indicated that metal ions indeed play an important
role in regulating andmodulating the interfacial morphology
and assembly mode. Now, the study for coordination com-
pounds or coordination polymers nanomaterials is a rising
field in materials research [30, 31]. The present work may
give some new clue to design and prepare coordination com-
pounds with special nanostructures.

3.3. Characterization of Chiral Supramolecular Assembly in
LB Films. Figure 6(a) shows the UV-Vis spectra of the trans-
ferred films both from water and the subphase containing
Cu(II) ions. A clear spectral change was observed for both
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subphase (b and b represent the spectra

for the film fabricated in different batches).

the cases, indicating the coordination of the Schiff base ligand
with Cu(II) ion. It is interesting to note that the in situ Cu(II)-
coordinated o-NpSB film showed strong cotton effect in the
CD spectra, as shown in Figure 6(b). The cotton effect con-
sisted of an intense excitation couplet at 248, 420, and 499 nm,
with a crossover at 219 nm. Since the cotton effect appeared
almost in the same position as those in the absorption spec-
trum, it can be suggested that CD signal originated from the
interaction between the Cu(II)-complex themselves. Interest-
ingly, if we spread the preformed complex Cu(o-NpSB) on
water surface, no CD signal could be detected for the trans-
ferred film, although these two kinds of films showed the
same UV-Vis spectra. In addition, for the in situ Cu(II)-
coordinated film, the CD signals could be opposite in differ-
ent fabrication batches, although the sign of CD signal is the
same everywhere in one batch. This phenomenon is essen-
tially the same as those reported by our group, indicating that
the macroscopic chirality might be formed by a stereoregular
stacking of themolecules [24].The in situ Cu(II)-coordinated
ligand film was different from the preformed complex film,
which suggested that there existed a subtle packing differ-
ences.

In our present work, it is found that the chiral supra-
molecular assembly could be fabricated when the ligand o-
NpSB was spread onto aqueous Cu(II) ions subphase. Since
Cu(II) ions can penetrate into the LB film, the ex situ coordi-
nating process between the o-NpSB film from water surface
and Cu(II) ions in solution was tried to verify if similar chiral
film could be constructed, which could be monitored by the
UV and FT-IR spectra. Of course this may be another way to
fabricate the coordination LB films.

Figure 7 shows theUV spectral changes of the o-NpSB LB
films fabricated from the pure water surface after immersion
in an aqueous solution of 10.0mM Cu(Ac)

2
at time intervals

of 10, 20, 60, 110, 130, 190, and 240 minutes, respectively. The
significant changes in the spectra are the absorption peak at
211, 232, 324, 381, 465, and 495 nm shifted to 217, 244, 330, 398,
475, and 507 nm, respectively. Simultaneously, the new peaks
appeared at 270 and 357 nm. In addition, in the UV spectra of
in situ Cu(II)-coordinated o-NpSB LB films and Cu(o-NpSB)
LB films fabricated from pure water, the peaks at 324 and
381 nm even shifted to 334 and 402 nm, respectively. In
general, the final UV spectrum is very similar to that of the
LB films deposited from the Cu(II) ions subphase or the cor-
responding complex Cu(o-NpSB) LB films fabricated from
pure water interface. This result indicated that the coordina-
tion can also progress between the o-NpSBLBfilm andCu(II)
ions by immersing it into the aqueous solution of Cu(Ac)

2
.

Using this technique, we could control the incorporation of
Cu(II) ions into the LB film. However, the final ex situ Cu(II)-
coordinated films show no chiral signal, which suggested
this type of complex film was different from the in situ
coordinated films in the view of assembly mode.

The progress of ex situ coordination in the LB film can be
further verified by the FT-IR spectral measurement. Figure 8
shows the FT-IR spectra of a 40-layer o-NpSB LB films
before and after immersion in aqueous solutions of 10.0mM
Cu(Ac)

2
. In the region of 1700–1000 cm−1, the spectrumprior

to immersion shows characteristic vibration bands at 1211,
1248, 1324, 1541, 1568, and 1619 cm−1. After immersing the film
into Cu(Ac)

2
solution, the bands at 1211 and 1248 cm−1 dis-

appeared, while the bands at 1324, 1541, 1568, and 1619 cm−1
shifted to 1366, 1534, 1576, and 1604 cm−1, respectively.
Further, the bands above increased their intensity with the
increasing immersion time. These changes of vibrational
band indicated the coordination between Cu(II) ions with
ligand o-NpSB. It is interesting to note that we have not seen
any change or appearance of a band around 1660 cm−1, which
can be assigned to the CH

3
COO− anion. This indicates that

only Cu(II) ions were incorporated into the LB film. In addi-
tion, we have measured the FT-IR spectra of the LB film
deposited from the o-NpSBmonolayer on aqueous subphases
containing Cu(Ac)

2
and the corresponding complex Cu(o-

NpSB) LBfilms fabricated frompurewater interface.Thefinal
spectrum is the same as the above two spectra, indicating that
a similar reaction occurred in the LB film and in the solution.
It should be noted that by dissolving the in situ Cu(II)-
coordinated films into chloroform and measured their TOF-
MS, a 1 : 1 (ligand : Cu) complex was confirmed. These results
indicated that the molecular structure of the in situ formed
Cu(II)-complex is essentially the same as the preformed one
in solution.

From the results of UV-Vis and FT-IR spectra, it is clear
that the in/ex situ complex films were similar except that the
in situ Cu(II)-coordinated films show chiral signal. To further
clarify this difference, AFM measurement was performed
for both cases, as shown in Figure 9. It is easily observed
from the pictures of o-NpSB LB film transferred from
Cu(II) ions subphase that regular block-shaped domains with
the averaged height of 4.6 nm could be obtained. When



6 Journal of Nanomaterials

200 300 400 500 600 700

b

a

Wavelength (nm)

0

0.8

0.4

Ab
so

rb
an

ce

1.6

1.2

370 min
190 min
130 min
110 min
60 min
20 min
10 min
0 min

Figure 7: UV-Vis spectra of a 40-layer o-NpSB LB films before
and after immersion in 10.0mM Cu(Ac)

2
solution at different time

intervals.The line (a) represents the spectrum of a 60-layer complex
Cu(o-NpSB) LB films fabricated from pure water interface. The line
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subphase.

the preformed Cu(II)-complex was spread on water surface,
morphologies of noodle-like fibers were obtained. The fibers
can be extended to nearly onemicrometer andwith awidth of
approximately 32±5 nm. However, an analysis on the section
profile revealed that the average height for the preformed
one was 3.1 nm. Based on the CPK model, it suggested that
these values correspond to three or two molecular thickness,
which confirmed that the smaller molecular areas in the 𝜋-
A isotherms were due to the multilayer formation at the air/
water interface, which was observed in several spread films
[32–34].

3.4. Discussion of Assembly Mode in LB Films. The above
interesting results of the supramolecular chirality and the dif-
ferences in the morphologies of the in situ Cu(II)-coordi-
nated ligand film and the preformed complex films can be
possibly explained as illustrated in Figure 10. The o-NpSB
molecule was regarded as a triangle molecule in which three
hydrophobic phenyl and naphthyl groups occupied the cor-
ners and sides of the triangle. The hydrophilic hydroxyl
groups and the imine groups localized in the two sides
of molecular skeleton, as shown in Figure 10(a). Once o-
NpSB was spread on water surface, these hydrophilic parts
will predominantly orient to the water surface. When
spreading on the subphase containing Cu(II) ion, an in
situ coordination occurred between Cu(II) ion and the
two hydrophilic groups. During this in situ coordination
process with Cu(II), the two hydrophilic parts together
with the hydrophobic naphthyl groups were forced to be
near the water surface, as shown in Figure 10(b). Due to
this coordination and spatial hindrance, the long side of
the triangle molecule would contact with the water sur-
face, and the adjacent molecules are suggested to align
cooperatively in a helical sense, as shown in Figure 10(c).
Although both the left- and right-handed helical sense will
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subphase.

occur due to the confinement of a two-dimensional platform,
one kind of the helical sense could possibly be predominant,
and thus we got a macroscopic chirality of the complex films.
In the case of preformed Cu(o-NpSB), the situation was dif-
ferent. The hydrophilic part of the complex was encapsulated
in the center, while each side of the triangle molecules is
hydrophobic, as expressed in Figure 10(d). When spreading
on water surface, each of hydrophobic side could be near the
water surface, as shown in Figure 10(e). This caused the ran-
dom stacking of the Cu(o-NpSB) molecules on water. In this
case, the triangular complexmolecule could not stack cooper-
atively, and no macroscopic chirality could be obtained. This
is partially verified in the AFM. In the case of in situ Cu(II)-
coordinated ligand film, a flat block was formed. In contrast,
the spreading preformed complex film showed larger surface
roughness.

It should be noted that the preformed Cu(o-NpSB) mole-
cule itself was achiral. We obtained the single crystal of the
preformed Cu(o-NpSB) and confirmed that complex mole-
cule was achiral through the X-ray diffraction. In addition, it
should be further noted that although the ligand of o-NpSB
could form complexes with other metal ions such as Zn(II),
Ni(II), and Co(II), no chirality was detected in those complex
films. This might be related to the different stereo packing
structures of the metal complexes. In addition, these results
will expand the research areas for the special amphiphiles
without alkyl chain and give some clues to prepare new nano-
materials and nanocomposites [35–38].

4. Conclusions

In this paper, a special nonchain Schiff base ligand was found
to be spreadable on water surface and the aqueous subphase
containing metal ions. The in situ coordination between
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Figure 10: A possible schematic illustration on the formation of the
chiral assemblies: (a) ligandmolecule; (b) in situ Cu(II)-coordinated
complex; (c) stacked in a helical sense to form chiral assembly: the
stacking direction of the molecules are from the top of the paper
to inside; (d) preformed Cu(o-NpSB); (e) stacked in a random way.
For the sake of clarity, only one layer was shown in the Scheme. A
multilayer film formationwas supposed in the spreading film, which
could be regarded as the superposition of the illustratedmonolayers.

the ligand and different metal ions can fabricate various
nanoarchitectures at the air/water interface due to the dif-
ferent matching modes. In addition, only the in situ Cu(II)-
coordinated ligand film showed a supramolecular chirality,
although the ligand was achiral. However, no supramolecular
chirality was obtained for the spreading film from pre-
formed Cu(II)-complex. A possible mechanism related to the
hydrophilicity, hydrophobicity, and the stereo-cooperative
stacking of the ligand and its Cu(II)-complex was proposed
to explain the formation of the supramolecular chirality.

Those results will expand the research areas for the special
amphiphiles without alkyl chain and open an important way
to the design and fabrication of chiral molecular assemblies
from achiral molecules.
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Flexible, transparent, and conductive films based on randomnetworks ofAgnanowireswere prepared by vacuum-filtratingmethod.
The size of Ag nanowires prepared by hydrothermal method is uniform, with a relatively smaller diameter and a longer length,
thereby achieving a high aspect ratio (>1000). The films fabricated by Ag nanowires exhibit the excellent transparency with a 92%
optical transmittance and a low surface resistivity of 11Ωsq−1. Importantly, both the transmittance and sheet resistance decrease
with the increasing of the Ag nanowires contents. When the contents of Ag nanowires are up to 200mg/m2 especially, the surface
resistivity quickly falls below 5Ωsq−1. Also, these films are robust, which have almost no change in sheet resistance after the repeating
bends over 200 cycles. These encouraging results may have a potential application in flexible and transparent electronics and other
heating systems.

1. Introduction

Two-dimensional electrothermal heating elements (films),
especially transparent and flexible film heaters, have attracted
growing interest for a wide range of applications including
outdoor displays, vehicle window defrosters, heating retain-
ingwindows, and other heating systems [1]. Typically, indium
tin oxide (ITO) has been used as transparent conductive
films due to its excellent transparency throughout the visible
spectrum, low sheet resistance, and the compatibility of its
work function with the injection and collection of charge
carriers in organic semiconductors.However, ITOhas certain
limitations in application for next-generation devices: (i)
the increasing price due to indium scarcity and processing
requirements, which renders it difficult to use in low-cost,
large-area electronics; (ii) ITO is brittle and can easily wear
out or crack when used in applications where bending is
involved [2–4]. To address these issues, recent works have
devised strategies based on materials that have potential for
large-area coverage and some degree of mechanical compli-
ance.Thesematerials include conducting polymers [5, 6], car-
bon nanotubes (CNTs) [7, 8], graphenes [9–11], metal grids
[12], and metallic nanowires [13–16]. The performance of
these materials for applications as transparent films is largely

governed by two critical parameters: the surface resistivity
and the optical transmittance. However, achieving low sur-
face resistivity and high optical transmittance is still a chal-
lenge because these two values follow unfavorably opposing
trends, and this often results in optoelectronic performances
far inferior to those of ITOs. Promisingly, Ag nanowires
(AgNWs) with high electrical conductivity (∼6.3× 107 S/m)
are considered as candidates for using in flexible electronics
[17]. Transparent electrodes composed of random AgNWs
networks can be readily achieved by simple and scalable
solution processing such as spin coating [18], rod coating [19],
drop casting [20, 21], and air spraying [22] from an AgNWs
dispersion. Such application of AgNWs has been reported by
many groups, including the possibilities for its use as trans-
parent electrodes in optoelectronic applications [10–17]. De et
al. demonstrated amethod of producingAgNWfilmswith an
optical transmittance (𝑇) of ≈85% and surface resistivity (𝑅

𝑠
)

of 13Ωsq−1[23]. Lee et al. reported solution-processedAgNW
films with 𝑇 = 80% and 𝑅

𝑠
= 20Ωsq−1 [21]. Scardaci et al.

demonstrated that AgNWs can be spray deposited over large
areas to formnetworkswith𝑇 = 90%and𝑅

𝑠
= 50Ωsq−1 [22].

In this work, we present a method to prepare highly
transparent, conductive, and flexible AgNWs-based films.
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The solution-based synthetic method was used to prepare
AgNWs, and then vacuum filtrating of AgNWs aqueous
dispersions was employed to prepare transparent electrode,
through which the nanowire networks are efficiently inter-
connected, with optical transmittance and sheet resistance of
92% and 11Ωsq−1, respectively. Furthermore, we explore the
use of uniform AgNWs networks as a transparent electrode
for film heaters, which show a better performance than ITO
films in terms of mechanical flexibility and rapid thermal
responses. There are, however, several technical issues asso-
ciated with their practical application, including the scalable
processes for fabricating large-scale film heaters and the low
operation voltage required for automobile window defrosters
[24–26]. Here, we demonstrate that optimally engineered
AgNWs-based films outperform other transparent conduct-
ing materials in that they show outstanding optical and
electrical properties and enable rapid heating at low input
voltages.

2. Experimental

In this paper, Ag nanowires were synthesized by a solvother-
mal method [27] with a modification. Typically, 0.544 g
AgNO

3
was dissolved in 48mL of ethylene glycol (EG, 99%),

and 1.4128 g polyvinylpyrrolidone (PVP, MW= 1.3Mg/mol),
and 3.68mg NaCl was dissolved in 32mL EG at 120∘C
with continuous stirring at 600 rpm. Subsequently, the
PVP/NaCl/EG solutionwas added to theAgNO

3
/EG solution

drop by drop under vigorous stirring.The combined solution
was allowed to mix for 5min and was then transferred into a
100mL autoclave.The autoclaves were heated at 160∘C for 7 h
and then cooled to room temperature. The final dispersion
was diluted with methanol and centrifuged at 4000 rpm
for 30min. After centrifugation, the supernatant dissolved
residual EG was removed by syringe. Then, methanol was
added into the centrifuge tube to disperse the products and
to dissolve the residual PVP. After centrifugation, the super-
natant was also removed by syringe, and the process was
repeated twice more.The resulting silver nanowires were dis-
persed into ethanol to 1mg/mL.

A dilute AgNWs suspension was vacuum filtrated using a
Millipore filter (50mm in diameter and 0.45𝜇m in pore size).
The membranes with captured film were then cut into size
of choice, wetted with deionized water, and transferred on
to poly(ethylene terephthalate) (PET) or quartz glass using
isopropanol to remove trapped air between the films and
the substrate thus improving adhesion. The cellulose filter
membrane was dissolved using acetone (successively pure
baths) to leave a thin film on the substrate. The film was then
rinsed with a methanol wash and dried at room temperat-
ure.

The morphology and microstructure of the as-prepared
AgNWs and films were investigated using a field emission
scanning electronmicroscope (FESEM, JSM6701F).The opti-
cal transmission spectra of the AgNW films were recorded
using a UV-vis spectrometer (Varian Cary 5000). In all cases,
a quartz glass slide was used as the reference.The sheet resist-
ance measurements were made using the four-probe tech-
nique (MCP-T610).

An AgNWs-based film heater on quartz glass (25mm
× 25mm) was made in a two-terminal side contact config-
uration. The DC voltage was supplied by a power supply
(Su Zhou Varied Electronics Co., LTD) to the film heaters
through a copper or silver contact at the film edge; a
digital multimeter was used to measure the average surface
temperature of the films in real time by a thermal couple.

3. Results and Discussion

Figure 1(a) shows the field emission scanning electronmicro-
scope (FESEM) images of Ag nanowires (AgNWs).Themod-
ified solvothermal synthetic method makes the AgNWs with
a relatively smaller diameter and a longer length, thereby
achieving a high aspect ratio (>1000). The diameter of as-
synthesized AgNWs is 40–90 nm and of lengths up to 40–
90 𝜇m. The inset of Figure 1(a) is the photograph of AgNWs
aqueous dispersions, and the solution is stable and homo-
geneous.

The highly transparent, conductive, and flexible AgNWs-
based electrodes were prepared by depositing AgNWs onto
a cellulose membrane by vacuum filtration. Then, the film
was attached to the PET substrate or quartz glass using iso-
propanol and pressure and the cellulose dissolved in acetone.
The density of the AgNWs networks can be easily controlled
by adjusting the concentration of aqueous dispersions. Figure
1(b) presents FESEM image of AgNWs-based film. The
AgNWs constitute an efficient electrical conduction path
across the film without a significant loss of optical transmit-
tance. It is clearly seen from Figures 1(c) and 1(d) that the
AgNWs-based film which transferred on to quartz glass (the
left is a black quartz glass as the reference) or PET appears to
be of very high optical transparence.

As shown in Figures 2(a) and 2(b), the optical transmit-
tance and surface resistivity of the AgNWs-based film on
the quartz glass substrates are measured as a function of the
AgNWs contents.With the increase ofAgNWs contents, both
the surface resistivity and optical transmittance decrease. At
a wavelength of 550 nm, the optical transmittance values
of the AgNWs-based electrodes with AgNWs contents of
40mg/m2, 80mg/m2, 200mg/m2, and 400mg/m2 are 96.1,
91.7, 44.3, and 34.8%, respectively. All of the AgNWs-based
electrodes are transparent so that our university logo is clearly
visible through the electrodes (Figure 1(c)).The surface resis-
tivity of the AgNWs-based electrodes with AgNWs contents
of 40mg/m2, 80mg/m2, 200mg/m2, and 400mg/m2 is 31, 10,
5, and 2Ωsq−1. As shown in Figure 2(b), the AgNWs-based
electrodes with AgNWs contents of 40mg/m2 and 80mg/m2
appear to be with very high optical quality and low surface
resistivity, which could be fully capable as transparent con-
ductive film heaters.

Figure 3(a) shows the time-dependent temperature pro-
files of the AgNWs-based film heater with respect to the
surface resistivity of the AgNWs film. Under the application
of the same input voltage (5V), the maximum temperature at
a steady state increases with the decrease of surface resistivity
of the film, which suggests that the 𝑅

𝑠
value of the AgNWs

film should be less than 10Ωsq−1 to afford the maximum
temperature above 90∘C at an input voltage of 5V. Figure 3(b)
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(a) (b)

(c) (d)

Figure 1: FESEM images of AgNWs (a) and film (b), optical images after Ag nanowires deposition onto quartz glass (c), and PET substrate
(d).
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Figure 2: (a) Total and specular optical transmission of the Ag nanowires film over the wavelength of 300–900 nm and (b) plot of
transmittance (at 𝜆 = 550 nm) and sheet resistance versus Ag nanowires content for the films of AgNWs.

shows the temperature profiles of the film heater assembled
with an AgNWs film (AgNWs content 80mg/m2), which is
plotted with respect to the input voltages (modulated from
3 to 7V). When the input voltage increases to 7V, the film

heater reaches a temperature above 138∘C, which confirms
its operability at low input voltages. A high power at a low
input voltage implies the efficient transduction of electrical
energy into Joule heating, which attributed to the improved
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Figure 3: (a) Time-dependent temperature profiles of AgNWs-based film heaters with respect to the surface resistivity of the AgNWs films
and (b) temperature profiles of the AgNWs film heater (80mg/m2) operated at different input voltages.
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Figure 4: Defrosting test results of a random network of AgNWs film heater: (a) optical photo before and (b) after frost formation and (c)
after operation of the film heater at 10V.



Journal of Nanomaterials 5

0 100 150 200

0

1

2

3

4

5

50
Bending cycle

Δ
𝑅
/𝑅

0

Figure 5: Resistance change of AgNWs film under bending testing;
the inset photo shows the bending process.

conductivity of the AgNWs film. The response time, which
is defined as the time required to reach the steady-state
temperature, is one of the key factors for evaluating the
performance of film heaters. Regardless of the input voltages,
the steady-state temperature of the film heater is reached
within 150 s, demonstrating the fast response of the device.
Considering that a filmheater based onAg nanowires reaches
70∘C under an input voltage of 5V [25], our AgNWs-based
device outperforms other nanostructured material-based
film heaters too and thus will be useful for applications that
require fast temperature switching with low input voltages.

To further demonstrate its potential as an efficient
defroster, a defrost test was performed with the AgNWs-
based film heater (Figure 4). For this test, an AgNWs filmwas
attached to a glass substrate (Figure 4(a)) and put in a refrige-
rator for 30min to allow frost to form on the entire AgNWs
film (Figure 4(b)). With the film heater operating at 10V,
the frost on the surface was completely removed within 40 s,
making the symbol marks in the background clearly visible
(Figure 4(c)). Therefore, these solution-processed AgNWs-
based films may enable new application such as defrost for
highly transparent large-scale film heaters.

Another advantage of our AgNWs-based film heater is
the mechanical robustness against adhesion and bending,
since the AgNWs are firmly anchored on PET films. For this
purpose, we investigated the effect of bending on the ele-
ctrical resistance of the AgNWs film with 𝑅

𝑠
≈ 10Ωsq−1

and 𝑇 ≈ 92%. The bending test was performed in which the
films were repeatedly bent at a radius of curvature of 10mm.
Figure 5 inset shows a photograph of theAgNWs film on PET
substrate, demonstrating its flexibility and transparency. The
resistance variations obtained during the repetitive bending
are represented by the 𝑅−𝑅

0
= Δ𝑅/𝑅

0
, where 𝑅

0
is the initial

sheet resistance and 𝑅 is the sheet resistance measured when
flattened after a certain number of bending cycles. As shown
in Figure 5, no obvious increase in Δ𝑅/𝑅

0
was observed even

after 200 bending cycles. Unlike an ITO-based film heater

[28], the absence of cracking or tearing suggests high levels
of mechanical flexibility of the AgNWs-based film heaters.

4. Conclusions

AgNWs-based electrodeswith excellent heating performance
and flexibility are fabricated through vacuum filtrating an
AgNWs solution and subsequently transferred onto quartz
and PET. Moreover, their electrothermal performances were
studied in terms of heating rate and applied voltage. Heating
films deposited on quartz show high transparencies and good
heating effects. Defrosting experiment of the films was car-
ried out, and remarkable efficiencies were observed. Flexible
AgNWs-based films formed on PET showed exciting electri-
cal property and robust endurance against repeated bending.
As a consequence of their mechanical flexibility, high trans-
parency and conductivity, and scalable production through
easy solution processing, AgNWs-based films are excellent
potential candidates for applications in electrical devices.
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