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The ways we used to generate and utilize energy have been
threatening our living environment. For example, the crude
oil spills in Gulf of Mexico in 2010 left devastating effects
to the Gulf ecosystem, Fukushima nuclear plant leaks in
Japan in 2012 threatened the lives of thousands of people,
and the Haze in the cities of China at present affects the
health of millions of people. All of them remind us of the
global energy and environment crisis that we have to face in
the near future. Alternative solutions in energy generation
and utilization have to be explored towards a sustainable
earth.

Many breakthroughs in the area of nanomaterials and
nanosciences have been reported recently [1–12], which
open up tremendous opportunities to tackle the challenges
in energy and environment. With shrinking the size of
the materials into nanoscale, fewer materials are required,
which translates to higher utility efficiency of the resources.
Moreover, with the dimensions of the materials decreasing to
a scale comparable to the characteristic length of the phys-
ical properties, behaviors of photon emission [1], electron
transport [2], surface train [3], and phonon scattering [4]
change drastically compared to their bulk counterpart. The
resulting properties have very important implications to their
applications in high brightness light-emitting diodes [5–7],
low power nanoelectronics [2], high efficiency solar cells [8],
thermoelectric power generator [4], and so forth. In addition,

the large surface-to-volume ratio in nanomaterials facilitates
more efficient chemical reactions, which is highly desirable
in many applications such as high performance batteries and
catalysts [9, 10]. Therefore, the research activities of nanoma-
terials on energy-related applications have surged over the
past decade, which is manifested by the exponential growth
of the corresponding research publications and citations as
shown in Figure 1. It is very clear that the research on energy-
related nanoscience and nanotechnology has been becoming
extremely active since 2010.

However, the success of nanomaterials in energy-efficient
applications relies on our ability to synthesize nanomaterials
at will and to understand and tailor the properties of the
nanomaterials [11, 12] and to integrate the nanomaterials
into devices [1, 2, 7, 9]. This special issue solicits some of
these topics to foster the applications of nanomaterials in
the emerging energy research. Moreover, the research trend
of nanomaterials towards high performance energy-efficient
applications could be summarized from the articles published
in this special issue, for example, chemical doping, interface
engineering, and hybridizing.

We hope that the readers will find in this special issue
not only the interesting results but also important questions
to be resolved and finally incorporate the findings into their
own research. We hope this special issue can inspire more
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Figure 1: The numbers of (a) publications and (b) citations retrieved from Web of Science by listing both “nano” and “energy” as the key
words in the search engine. The search was conducted on November 21, 2014; thus any update after that was not reflected in this figure.

research efforts on nanomaterials towards energy-efficient
and environmentally friendly applications.

Xiaohu Huang
Guozhong Xing

Yongfeng Li
Ekaterina Nannen
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Quantum dots have emerged as a material platform for low-cost high-performance sensitized solar cells. And doping is an effective
method to improve the performance of quantum dot sensitized solar cells (QDSSCs). Since Kwak et al. from South Korea proved
the incorporation of Mg in the CdSe quantum dots (QDs) in 2007, the Mg-doped CdSe QDs have been thoroughly studied. Here
we report a new attempt on CdS/Mg-doped CdSe quantum dot cosensitized solar cells (QDCSSC). We analyzed the performance
of CdS/Mg-doped CdSe quantum dot cosensitized solar cells via discussing the different doping concentration of Mg and the
different SILAR cycles of CdS. And we studied the mechanism of CdS/Mg-doped CdSe QDs in detail for the reason why the
energy conversion efficiency had been promoted. It is a significant instruction on the development of Mg-doped CdSe quantum
dot sensitized solar cells (QDSSCs).

1. Introduction

Recently, doping of semiconductor quantum dot has been
largely developed. It provides a broad way to achieve low-
cost high-performance optoelectronic devices. Lee and his
colleagues reported on a PbS:Hg QDSSC with high power
conversion of 5.6% for the extremely high 𝐽sc (30mA/cm2)
last year [1]. It has shown the great potential of QDSSCs.
CdSe is a kind of sensitizer system and has gotten lots of
research. Mg-doped CdSe is one kind of doping scheme. In
2007, Kwak et al. proved that Mg was doped into CdSe with
X-ray energy dispersive spectroscopy (EDS) and inductively
coupled plasma mass spectrometry (ICPMS) [2]. And they
adjusted the band-gap of CdSe nanocrystalline by doping
CdSe with Mg which was blue shifted and the intensity of PL
spectra of doped CdSe nanocrystalline was similar with that
of undoped CdSe nanocrystalline, or even higher. Then they
enhanced the ripening kinetics ofMg-doped CdSe nanocrys-
tals because of the low activation energy for the volume dif-
fusion [3]. In 2008, Wonjoo et al. prepared CdSe/Mg-doped

CdSe QDSSCs with chemical bath deposition (CBD)method
[4]. It had a more broad range of spectral response in visible
region. Thus, the short-circuit current was enhanced by
47%, but the fill factor (FF) and the open circuit voltage
did not change significantly compared with undoped CdSe
QDSSCs. In 2010, Wang et al. from Qufu Normal University
announced the first-principles on the electron structure
and optical properties of Mg-doped CdSe system [5]. They
calculated the electron structure and optical properties of
wurtzite structure Cd

1−𝑥
Mg
𝑥
Se (𝑥 = 0, 0.125, 0.250, 0.375)

by using first-principles ultrasoft pseudopotential plane wave
method based on the density functional theory (DFT). The
result showed that Se4p electrons fundamentally determined
the top of valence band which was essentially the same,
while both Se4s electrons and Cd5s electrons determined the
bottom of conduction band which was moved to a higher
energy region with the increasing Mg concentration, and the
band-gap was also broadened. As a result, the peaks in the
imaginary part of the dielectric function and the peak in the
real part of the refractive index were blue shifted with the
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increasingMg concentration.The CdS/CdSe system is one of
the most studied systems. Lee et al. achieved an energy con-
version efficiency of 4.22% by using a TiO

2
/CdS/CdSe/ZnS

electrode structure in 2009 [6]. Because of the Fermi level
alignment, a stepwise structure of band-edge levels was
yielded in the cascade structure of TiO

2
/CdS/CdSe electrode.

And it profited the electron injection and hole recovery.
As we were enlightened by the previous research on

doping [7–9] of our research group and the research on Mg-
doped CdSe and CdS/CdSe photoanode structure of others,
we report a quantum dot cosensitized solar cell prepared by
using successive ionic layer absorption and reaction (SILAR)
method based on cosensitized CdS/Mg-doped CdSe QDs.
(Mg-CdSe stands for Mg-doped CdSe.)

2. Methods

2.1. Device Fabrication. Firstly, with regard to TiO
2
films

fabrication, TiO
2
films were printed on the cleaned FTO

glass which was treated by a 0.4M TiCl
4
solution and then

annealed at 450∘C for 30min with screen printing method
and then annealed at 450∘C for 30min. The thickness of
TiO
2
films was about 8.5 𝜇m and the working area was

0.5 × 0.5 cm2. Secondly, in photoanode fabrication,the TiO
2

films were dipped into a Cd(NO
3
)
2
ethanol solution (0.1M)

for 5min and then rinsed with ethanol. After being dried
with nitrogen they were dipped into a Na

2
S methanol

solution (0.1M) for 5min and then rinsed with methanol.
The two steps were termed as one SILAR cycle. It was similar
to the deposition of Mg-CdSe QDs; the cation solution
was prepared by adding the MgCl

2
⋅6H
2
O into preceding

Cd2+ solution with a settled molar concentration ratio. The
anion solution (Na

2
SeSO
3
) was prepared by refluxing Se

(0.06M) into a Na
2
SO
3
aqueous solution (0.12M) at 70∘C

for 7 h. But there were longer time (ca. 30min) and higher
temperature (50∘C) for dipping them into anion solution.
Thirdly, in counter electrode fabrication, Pt counter electrode
was prepared by thermal decomposition of chloroplatinic
acid; the method is as follows: 0.053 g chloroplatinic acid
was dissolved in 10mL isopropanol to fabricate platinum
paste. Then, the Pt counter electrode could be obtained by
annealing the FTO glass which was coated with the platinum
paste in Muffle furnace at 450∘C for 30min. Fourthly in
electrolyte preparation,polysulfide electrolyte was prepared
by dissolving 1M Na

2
S and 1M S in deionized water. Finally,

with regard to cells packaging, the prepared photoanode was
put on laboratory bench (the coated side facing up). Next
a hollow rectangle spacer with the thickness of 60 𝜇m was
placed around the photoanode.Then the prepared Pt counter
electrode (the conductive side facing down) was put on the
photoanode. Then the electrolyte was injected into the cell
from the gap between photoanode and counter electrode
followed by griping the cell with clips. (Finished cell should
be placed under dark for 40min before testing.)

2.2. Material Characterization. Scanning electron micros-
copy (SEM) was used to observe the surface of the films. SEM
was performedwith a S-4300 of Technical Institute of Physics
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Figure 1:The J-V curves of the cellsmade by sample solution ofM-0,
M-10, M-100, M-200, and M-500.

and Chemistry, CAS. Energy dispersive X-ray spectroscopy
(EDS) was employed with S-4300 equipped with a high-
performance energy dispersive X-ray spectroscopy (EDS).
Transmission electron microscopy (TEM) was measured
with Tecnai G2 F20 S-TWIN at 200KV. X-ray diffraction
(XRD) was performed with Bruker D8 focus. Absorption
spectra were measured with a Varian Cary 5000 UV-Vis
spectrophotometer. Inductively coupled plasma optical emis-
sion spectroscopy (ICP-IOS) analysis was performed with a
Thermo Fisher IRIS Intrepid II XSP.

2.3. Device Characterization. J-V curves were obtained by
using J-V test system which consisted of solar simulator
(100mW/cm2 AM 1.5), irradiance meter, electrochemical
workstation (Linear Scan Voltammetry mode), test software,
and so on (Figure 2). IPCEmeasurements were obtainedwith
a IPCE measurement tool (0.3–0.8mW/cm2, 350–800 nm)
developed by Institute of Physics, CAS, through DCmethod.
EIS was measured with Princeton Applied Research, V3-400
electrochemical workstation equipped with electrochemical
impedance test system. The bias was −0.5 V, the scanning
frequency was from 0.1Hz to 500KHz, and the amplitude
modulation was 20mV.

3. Results and Discussions

3.1. Effect of Different Doping Concentration of Mg on the
Performance of CdS/Mg-CdSe Quantum Dots Cosensitized
Solar Cells. Because of the different doping concentration of
Mg, some doped cells performed better than undoped cells,
while some did not (Figure 1). The short-circuit current, fill
factor, and efficiency of the cells increased first and then
reduced (Table 1) with the decrease of doping concentration
(from 1 : 10 to 1 : 500). Mg exited in CdSe QDS as dopant,
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Figure 2: The J-V curves of samples of S-2, S-4, S-6, S-8, and S-10.

Table 1: The performance parameters of cells made by sample
solution of M-0, M-10, M-100, M-200, and M-500.

Samples 𝐽sc (mA/cm2) 𝑉OC (V) FF 𝜂 (%)
M-0 4.17 0.42 0.35 0.61
M-10 4.82 0.44 0.32 0.68
M-100 5.24 0.43 0.34 0.77
M-200 5.66 0.44 0.34 0.85
M-500 4.40 0.41 0.32 0.57
M-0 stands for that the doping concentration of Mg is 0; similarly, M-10, M-
100, M-200, and M-500, respectively, stand for the doping concentration of
Mg (Mg : Cd) of 1 : 10, 1 : 100, 1 : 200, and 1 : 500. Each sample was deposited
with 4 SILAR cycles of CdS followed by 4 SILAR cycles of Mg-CdSe.

which not only enhanced the short-circuit current density,
but also decreased the short-circuit current density as it
became the recombination center of electrons and holes.
When the concentration of Mg was 1 : 200, we got the
optimal result between the two factors. And because of the
recombination centers introduced by dopant Mg, the open-
circuit voltage did not change significantly.

3.2. Effect of Different SILAR Cycles of CdS on the Performance
of CdS/Mg-CdSe Quantum Dot Cosensitized Solar Cells. We
studied the effect of different SILAR cycles on the perfor-
mance of CdS/Mg-CdSe quantum dot cosensitized solar cells
after we got the best doping ratio (Mg : Cd = 1 : 200). The
short-circuit current and open-circuit voltage (Table 2) keep
increasing until the SILAR cycles of CdS are 8 and get to
the maximum value of 7.87mA/cm2 and 0.41 V, respectively.
However, the maximum efficiency of 0.84% was not further
improved than previous experimental data.Theremight have
been some problems in the preparation of TiO

2
films or Pt

counter electrode. But the optimization of SILAR cycles of
CdS has been shown in this experiment.

Table 2: The performance parameters of samples of S-2, S-4, S-6,
S-8, and S-10.

Samples 𝐽sc (mA/cm2) 𝑉OC (V) FF 𝜂 (%)
S-2 1.79 0.31 0.22 0.12
S-4 4.31 0.36 0.22 0.34
S-6 6.06 0.39 0.26 0.61
S-8 7.87 0.41 0.26 0.84
S-10 7.55 0.40 0.22 0.65
S-2 means that the deposition cycles of CdS were 2. Similarly, S-4, S-6, S-8,
and S-10 mean the deposition cycles of CdS were 4, 6, 8, and 10, respectively.
All the deposition cycles of Mg-CdSe were 4.
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Figure 3: (a) The SEM image and (b) the EDS spectra of photoan-
ode.

3.3. Analysis of Mg-CdSe Effecting the Performance of
CdS/CdSe Quantum Dot Cosensitized Solar Cells. We found
that Mg-doped CdSe had a great enhancement on the
performance of CdS/CdSe quantum dot cosensitized solar
cells (Figure 1). Here we analyze the mechanism of Mg-
CdSe effecting the performance of CdS/CdSe quantum dot
cosensitized solar cells specifically.

3.3.1. The Material Characterization of CdS/Mg-CdSe Photo-
anode. As we can see from the scanning electronmicroscopy
(SEM) image of photoanode (Figure 3(a)), the size of TiO

2
is

about 20 nm. However, it is hard to find the quantum dots in
the SEM image. Sowe used transmission electronmicroscopy
(TEM) to characterize the quantum dots.

Furthermore, we could not find element Mg in the
energy dispersive spectroscopy (EDS) spectra (Figure 3(b))
of photoanode because the weight of MgCl

2
⋅6H
2
O was

too little for just 0.0051 g to detect characteristic X-rays of
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Figure 4: TEM images of (a) low magnification and (b) high magnification.
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Figure 5: XRD pattern of CdS/Mg-doped CdSe photoanode.

element Mg. So as to analyze element Mg qualitatively and
quantitatively, we used inductively coupled plasma optical
emission spectroscopy.

The size of nanoparticles is about 5–20 nm (Figure 4(a)).
Furthermore, the smaller particles of Mg-doped QDs that
were found, which are the size of 5 nm, are on the surface of
bigger particles of TiO

2
(Figure 4(b)).

XRD results (Figure 5) show that the CdS/Mg-CdSe
photoanode has a diffraction peak from impurity atoms of
Mg except for diffraction peaks of FTO, TiO

2
, CdS, andCdSe.

Two peaks corresponding to lattice plane (002) and (112) of
CdMg have been identified at 33.8∘ and 48.1∘, respectively.
Particularly, the peak of CdSe at 48.1∘ has been a little left
shifted by 0.01∘ (from 48.10739∘ to 48.09740∘) through lattice
distortion caused by doping with Mg and it is very likely that
the peak of TiO

2
at 46.8∘ has disappeared after being covered

Table 3: Quantitative analysis of ICP-OES.

Sample Cd (𝜇g) Mg (𝜇g) Molar ratio (Mg : Cd)
Mg-CdSe 25.51 0.0299 0.54%
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Figure 6: UV-Vis absorption spectroscopy of CdS(4)/Mg-CdSe(4)
and CdS(4)/CdSe(4).

with quantum dots. So the elementMg dose has doped inside
photoanode.

In order to further determine if the elementMghas doped
into CdSe QDs, we analyzed quantitatively with ICP-OES
(Table 3).

The experimental doping concentration of Mg was 0.5%
(Mg : Cd = 1 : 200). However, the molar ratio of Mg : Cd was
0.54% actually. That was higher than the experimental data.
It might be because the Mg ions reacted with Se ions more
easily.
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toanode of different SILAR cycles.
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The comparison between absorption spectroscopy of
CdS(4)/Mg-CdSe(4) and that of CdS(4)/CdSe(4) in UV-Vis
(Figure 6) shows that the absorption of Mg-doped photoan-
ode has performed a little better than undoped photoanode
in the wavelength ranging from 350 nm to 525 nm according
to the enhancement of current concentration.

As the deposition cycles of CdS were not optimal, we
measured the absorption spectroscopy of CdS/Mg-CdSe
photoanode with different SILAR cycles (Figure 7). The
absorption of photoanode has been improved with the
increasing of SILAR cycles from4 to 8 in the samewavelength
rangewhen the deposition cycles ofMg-CdSe are 4, especially
in the wavelength of 350–500 nm.

According to the UV-Vis absorption spectroscopy, the
band-gap of CdSe has been narrowed by doping with Mg.
Then we made a possible diagram (Figure 8) of the adjust-
ment of Mg-CdSe energy level [6, 9]. The conduction band
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Figure 9: IPCE curves of cells made by the photoanode of
CdS(8)/Mg-CdSe(4) and CdS(8)/CdSe(4), respectively.
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is the series resistance of TCO electrodes,

CPE1 is chemical capacitor of photoanode, and (𝑅rec = 𝑟rec𝐿) is
electron recombination resistance.

and the valence band of CdSe both have become higher
after doping with Mg. The stepwise structure yielded by level
adjustment has enhanced the electron injection and the hole-
recovery and reduced the recombination between electrons
and holes, that is, agreement with the improved photocurrent
(Table 1). As a result, the conversion efficiency has been
enhanced by doping CdSe with Mg.

3.3.2. The Performance of Cells. Themaximum value of IPCE
has been improved after doping CdSe with Mg (Figure 9). In
particular, the max value of IPCE has been improved from
37% to 42% in the wavelength of 350–475 nm. This has been



6 Journal of Nanomaterials

Table 4: Parameters of EIS before and after doping.

Sample number 𝑅
𝑠
(Ω) 𝑅rec (Ω) CPE1 (𝜇F)

CdS(8)/CdSe(4) 7.17 137.2 10.65
CdS(8)/Mg-CdSe(4) 7.92 267.4 14.54

consistent with the improvement of preceding absorption
spectrum and current density.

The electrochemical impedance spectroscopy (EIS) and
the impedance fitting circuit diagram of photoanode and
electrolyte are shown in Figure 10. The larger the 𝑅rec, the
smaller the electron concentration of photoanode and the
recombination rate, and the greater the radius of the curves.
So the recombination resistance has been increased by doping
with Mg (Table 4).

Furthermore, the relationship of lifetime of electrons (𝜏)
between chemical capacitor (CPE1) and electron recombina-
tion resistance (𝑅rec) is summarized as

𝜏 = CPE1 ⋅ 𝑅rec. (1)

The lifetime of electrons of CdS/Mg-CdSe system has been
extended by doping CdSe with Mg compared with that of
CdS/CdSe system.

As the performance of cells is decided by several kinds
of factors, although this new attempt did not produce a high
energy conversion efficiency (0.84%), we believe that we will
get a high performance cell after overall optimization of cells.

4. Conclusions

Because of the doping with Mg, the stepwise structure which
has improved the electron injection and the hole-recovery
has been yielded. And the absorbance has been enhanced.
The lifetime of electrons has also been extended. Thus the
performance of cells has been improved by doping CdSe with
Mg effectively.
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Trace amount Ca-doped TiO
2
films were synthesized by the hydrothermal method and applied as photoanodes of dye-sensitized

solar cells (DSSCs). To prepare Ca-doped TiO
2
film electrodes, several milliliters of Ca(NO

3
)
2
solution was added in TiO

2
solution

during the hydrolysis process. The improvements of DSSCs were confirmed by photocurrent density-voltage (J-V) characteristics,
electrochemical impedance spectroscopy (EIS)measurements. Owing to the doping effect of Ca, theCa-dopedTiO

2
thin film shows

power conversion efficiency of 7.45% for 50 ppm Ca-doped TiO
2
electrode, which is higher than that of the undoped TiO

2
film

(6.78%) and the short-circuit photocurrent density (𝐽sc) increases from 13.68 to 15.42mA⋅cm−2. The energy conversion efficiency
and short-circuit current density (𝐽sc) of DSSCs were increased due to the faster electron transport in the Ca-doped TiO

2
film.

When Ca was incorporated into TiO
2
films, the electrons transport faster and the charge collection efficiency 𝜂cc is higher than that

in the undoped TiO
2
films.

1. Introduction

Dye-sensitized solar cells (DSSCs) based on mesoporous
nanocrystalline TiO

2
film have achieved photoelectric con-

version efficiency (𝜂) up to 13%. In order to develop high
performance of DSSCs and commercialize successfully, many
nanocrystalline semiconductors such as TiO

2
[1], ZnO [2],

and SnO
2
[3] have been used as photoanode materials.

Among them, TiO
2
has been proven to be the best semicon-

ductor electrode material due to its high chemical stability
[4], excellent charge transport capability, and ideal position of
the conduction band edge. It is known to be one of the main
components of DSSCs and plays a key role in determining the
performance of DSSCs.

In recent years, Doping has been considered as a promis-
ing way to improve the properties of TiO

2
photoanode. TiO

2

films doped with metal and nonmetal have been extensively
researched, such as Mg-doping [5], La-doping [6], Nb-
doping [7], Ta-doping [8], and N-doping [9], which may
increase the photoelectric conversion efficiency. In all the
applications mentioned above, the TiO

2
films were doped at

very high levels (from 0.1% to 10%). However, few studies
have been reported about TiO

2
doped at parts per million

(ppm) level applied as photoanode of DSSCs. Xie et al.
[10] have found that trace amount of Cr-doping TiO

2
films

could improve the efficiency of DSSCs. The improvement
was ascribed to Cr additions offers more electrons for TiO

2

and increases the property of electron transport for DSSCs.
As we all know, doping semiconductors at parts per million
(ppm) level is the most common approach for enhancing the
Fermi energy level of semiconductors and then increasing
their conductivity (for instance, Si).

In this paper, a series of Ca-doped TiO
2
films were

synthesized by hydrothermal method and were successfully
applied as the photoanodematerials in DSSCs, and the short-
circuit current densities (𝐽sc) and photoelectric conversion
efficiencies of DSSCs were found to be increased by trace
amount doping in TiO

2
. The change in performance of

DSSCs employing Ca-doped TiO
2
films with different con-

centrations was obvious. We can conclude that the intrinsic
increases in the photocurrent and photoelectric conversion
efficiency are primarily related to faster electron transport in
the Ca-doped TiO

2
film. The effects caused by Ca doping on

electron collection, transfer, and recombination of the DSSCs
are discussed below.
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2. Experimental Section

2.1. Preparation of Undoped TiO
2
and Ca-Doped TiO

2
Pastes.

Titanium isopropoxide (TTIP) was used as Ti precursors
and calcium nitrate (Ca(NO

3
)
2
⋅4H
2
O) was the Ca sources.

Pure TiO
2
and Ca-doped TiO

2
pastes were synthesized

by a hydrothermal treatment method. The hydrothermal
solutions were synthesized as follows [11].

(i) 2.1 g acetic acid was added dropwise into 10mL of
TTIP. Subsequently, the mixture was added to 50mL
of deionized water mixed with different amounts
of Ca(NO

3
)
2
⋅4H
2
O (Ca/TiO

2
molar ratio: undoped,

20 ppm, 50 ppm, 70 ppm, and 100 ppm) with rapid
stirring for 1 h.Then, 0.68mL of nitric acid was added
to the obtained mixture solution. After continuous
stirring at 80∘C for 2∼3 h, a transparent mixture
solution was obtained.

(ii) The transparent mixture solution was filtered to
remove insoluble impurities and transferred into an
autoclave at 220∘C for 12 h. After cooling to room
temperature, 0.4mL of nitric acid was added into the
colloid, using ultrasonicator to disperse.

(iii) The colloid was concentrated to 20mL by rotary
evaporator. Finally, PEG andTritonX-100were added
to formTiO

2
paste.The obtained pastes were denoted

as undoped TiO
2
, Ca-1: 20 ppm Ca-doped TiO

2
, Ca-

2: 50 ppm Ca-doped TiO
2
, Ca-3: 70 ppm Ca-doped

TiO
2
, and Ca-4: 100 ppm Ca-doped TiO

2
.

Following the procedure described, a total of five pastes
with different concentrations of Ca were prepared.

2.2. Fabrication of Photoelectrodes and DSSCs. The FTO
glass was used as substrate after careful cleaning. The pure
TiO
2
and Ca-doped TiO

2
pastes were coated onto FTO

substrates using a doctor-blade method, respectively. Next,
the photoelectrodes were sintered at 500∘C for 30min to
obtain themesoporous TiO

2
film photoelectrodes.The thick-

nesses of these films were around 8𝜇m measured with a
TalyForm S4C-3D profilometer. They were dipped into a
0.5mM N719 dye solution for 24 h at room temperature, and
the excessive dye was washed away by using ethanol, followed
by drying at 60∘C.The platinum-coated FTO was used as the
counter. A drop of electrolyte solution was injected into the
photoelectrode and then the counter was clamped onto the
photoelectrode; the electrolyte solution consisted of 0.05mM
LiI, 0.03M I

2
, 0.1M PMII (1-methyl-3-propyl imidazolium

iodide), 0.1M GNCS, and 0.5M TBP in mixed solvent of
acetonitrile and PC (volume ratio: 1/1). A sandwich-type
DSSC configuration was fabricated.

2.3. Measurements. Photovoltaic measurements were per-
formed by a CHI660C electrochemical workstation (CH
Instruments, Shanghai, China) at room temperature. The
irradiated area of each cell was kept at 0.25 cm2 by using
a light-tight metal mask. Electrochemical impedance spec-
troscopy (EIS) technique [12] was employed to investigate the
electron transport in DSSCs.
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Figure 1: 𝐽-𝑉 characteristics of DSSCs based on the undoped and
Ca-doped TiO

2
photoanodes.

3. Results and Discussion

3.1. J-V Characteristics. The photocurrent density-voltage
(𝐽-𝑉) characteristics of the DSSCs based on the pure TiO

2

film photoelectrodes and Ca-doped TiO
2
film photoelec-

trodes are shown in Figure 1. The average performance char-
acteristics obtained frommultiple cells with the sameCa con-
tent were summarized in Table 1, which shows the correlation
between the photovoltaic performance parameters and the
Ca content in the TiO

2
. The best photovoltaic performance

was obtained from 50 ppm Ca-doped TiO
2
. Obviously, as

can be seen from the graph, the energy conversion efficiency
(𝜂) went up with the increase of Ca content, which was
attributed to the enhancement of the short-circuit current
density (𝐽sc). The 𝐽sc of DSSCs based on 50 ppm Ca-doped
TiO
2
was 15.42mA⋅cm−2, whichwas 12.7%higher than that of

undoped cells. The energy conversion efficiency of 7.58% was
achieved for cells based on 50 ppmCa-doped TiO

2
electrode,

which accounts for 9.88% higher than that of undoped cells.
The effect on open-circuit voltage (𝑉oc) and fill factor as a
result of such a little amount of Ca-doping was negligible.
The energy conversion efficiency (𝜂) increases gradually with
the increase of Ca content and reaches an optimum value
coinciding with Ca quantity of 50 ppm. However, the higher
Ca amounts (>50 ppm) cause electron scattering and trap
electrons which increase dark current. As a result, the energy
conversion efficiency of DSSCs begin to fall.

3.2. Electrochemical Impedance Spectroscopy Analysis of
DSSCs. To investigate the difference of the charge transport
properties between pure DSSCs and Ca-doped DSSCs, we
performed electrochemical impedance spectroscopy (EIS)
analysis. EIS has been widely employed to investigate the
electron transport in DSSCs, for example, measuring the
respective time constants for charge combination and for the
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Table 1: Performance of DSSCs based on undoped and Ca-doped TiO2 photoanodes.

DSSCs Doping/ppm 𝑉oc/mV 𝐽sc/mAcm2 FF 𝜂/% 𝑅ct/Ω 𝜂cc

Undoped 0 695 13.68 0.71 6.78 7.34 0.75
Ca-1 20 686 14.78 0.69 7.00 7.32 0.73
Ca-2 50 691 15.42 0.70 7.45 5.24 0.80
Ca-3 70 684 14.82 0.70 7.00 8.09 0.72
Ca-4 100 686 14.32 0.69 6.84 7.30 0.73
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Figure 2: EIS of DSSCs based on the undoped and Ca-doped TiO
2
photoanodes measured in the illumination at the applied bias of 𝑉oc (a)

Nyquist plots and (b) Bode phase plots.

combined processes of charge collection. From the measured
spectra of EIS, we can get reliable value of the parameter.
Figure 2 shows the EIS spectra of pure DSSCs and Ca-
doped DSSCs, the impedance spectra of DSSCs based on
the pure TiO

2
and Ca-doped TiO

2
were measured from 0.1

to 105Hz in the illumination at the applied bias of 𝑉oc. The
spectra are composed of two semicircles: the small semicircle
in the high frequency range of 103 to 105Hz fitted to a
charge transfer resistance (𝑅ct) at the interfaces of the redox
electrolyte/Pt counter electrode and FTO/TiO

2
and the large

semicircle in the frequency range of 1 to 103Hz fitted to
a transport resistance (𝑅

𝑤
), which is related to the charge

transport resistance of the accumulation/transport [13] of the
injected electrons within TiO

2
film and the charge transport

resistance at the TiO
2
/redox electrolyte interfaces. This large

semicircle is the major concern here. As shown in Figure 2,
the large semicircle got smaller with the increase of Ca in
TiO
2
films. This change reflected the acceleration of electron

transport process in TiO
2
photoanode.Themodeled internal

resistances of the DSSCs based on five different electrodes
are exhibited in Table 2, in which 𝑡

𝑟
is the electron transport

time, 𝑡
𝑐
is the electron lifetime, 𝑅

𝑤
is charge transport

resistance, and 𝜂cc is the charge collection efficiency ofDSSCs.

The apparent value of 𝜂cc can be estimated on the basis of the
𝑡
𝑟
and 𝑡
𝑐
data from the following [14]:

𝜂cc = 1 −
𝑡
𝑟

𝑡
𝑐

. (1)

The electron transport time constants for Ca-doped TiO
2

films decrease, which indicates the electrons transport faster
in the Ca-doped TiO

2
films than the undoped TiO

2
films.

This enhanced the charge collection efficiency 𝜂cc and led
to higher current density (𝐽sc) of DSSCs. The electron life
time constants for the Ca-doped TiO

2
films also slightly

decrease. The electron lifetime in DSSCs is determined by
the characteristic frequency peak in the low frequency (𝑓max)
according to the following equation [15]:

𝜏
𝑒
=
1

2𝜋𝑓max
. (2)

The shorter electron life time indicates the faster recom-
bination rate in the Ca-doped TiO

2
films, and that could

be attributed to impurities of Ca-doping, which acts as a
charge trapping site for the electron-hole recombination.
The electron lifetime decreases slightly, so we concluded
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Table 2: The mean electron life time (𝑡
𝑟
), the mean electron transit time (𝑡

𝑐
), and the charge collection efficiency (𝜂cc) of DSSCs based on

undoped and Ca-doped TiO2 photoanodes.

DSSCs Doping/ppm 𝑅
𝑤
/Ω 𝑡

𝑟
/ms 𝑡

𝑐
/ms 𝜂cc

Undoped 0 7.36 0.0350 0.0088 0.75
Ca-1 20 7.32 0.0290 0.0077 0.73
Ca-2 50 5.24 0.0294 0.0059 0.80
Ca-3 70 7.27 0.0290 0.0076 0.72
Ca-4 100 8.09 0.0290 0.0080 0.73

that less photogenerated electrons are captured by empty
trap states in the Ca-doped TiO

2
films [16], and this result

favors the electron transport. The improvement of electron
transport ability was helpful to increase the short-circuit
current density (𝐽sc), resulting in higher conversion efficiency.

4. Conclusion

In summary, the Ca-doping TiO
2
nanoparticles were suc-

cessfully applied as the photoanode material in DSSCs.
By comparing the Ca-doping TiO

2
with undoping TiO

2
, a

faster electron transport and shorter lifetime existed for the
Ca-doping DSSCs. Moreover, the higher electron transport
rates of Ca-doped TiO

2
photoanode can improve the charge

collection efficiency and thus lead to higher short-circuit
photocurrent density of DSSCs. The best photovoltaic per-
formance was obtained from 50 ppm Ca-doping with the
conversion efficiency of 7.45%. This value was 9.88% higher
than that of the undoped device. The short-circuit current
density (𝐽sc) was increased due to the faster electron transport
in the Ca-doped TiO

2
film. We can conclude that Ca-doped

TiO
2
is a better photoanode material and a more promising

alternative for high efficient DSSCs than pure TiO
2
.
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Multiwalled carbon nanotube- (MWCNT-) TiO
2
nanocomposite was synthesized via hydrothermal process and characterized by

X-ray diffraction,UV-vis diffuse reflectance spectroscopy, field emission scanning electronmicroscope, thermogravimetry analysis,
andN

2
adsorption-desorption isotherms. Appropriate pretreatment onMWCNTs could generate oxygen-containing groups, which

is beneficial for forming intimate contact between MWCNTs and TiO
2
and leads to a higher thermal stability of MWCNT-TiO

2

nanocomposite. Modification with MWCNTs can extend the visible-light absorption of TiO
2
. 5 wt% MWCNT-TiO

2
derived from

hydrothermal treatment at 140∘C exhibiting the highest hydrogen generation rate of 15.1𝜇mol⋅h−1 under visible-light irradiation
and a wide photoresponse range from 350 to 475 nm with moderate quantum efficiency (4.4% at 420 nm and 3.7% at 475 nm).The
above experimental results indicate that the MWCNT-TiO

2
nanocomposite is a promising photocatalyst with good stability and

visible-light-induced photoactivity.

1. Introduction

Hydrogen resource obtained directly from water splitting
using photocatalyst and solar light is under scrutiny as a
clean energy resource; however it has been facing technical
challenge to find a stable and efficient photocatalyst that can
maximally utilize solar light [1]. In addition to oxide semicon-
ductors, a great variety of novel photoactive semiconductors
have been developed in the last few years. Among these,
mixed oxides of transition metal like Nb, V, or Ta or with
main group elements such as Ga, In, Sb, or Bi have been
extensively investigated as attractive candidates for visible-
light-induced photocatalysis [2]. Also, sulfides and nitrides
of different metals have been frequently selected to obtain
materials with visible-light-driven photoactivity [3]. Titania
(TiO
2
) is a widely used photocatalyst due to its high chemical

stability, low cost, and nontoxic nature [4], but it can only
absorb UV light with low quantum efficiency due to its wide
bandgap (ca. 3.2 eV), which limits its application in visible-
light-driven photocatalysis. The above problems have been
partly resolved by many methods, such as surface modifica-
tion via organic materials [5], semiconductor coupling [6],

bandgap modification by nonmetals [7, 8], and plasmonic
metal (Ag and Au) doping [9–14], creating oxygen vacancies
and disorder or dye sensitization [15–17].

Due to the special structures and extraordinary mechan-
ical and unique electronic properties, carbon nanotubes
(CNTs) have the potential to extend the photoresponse range
of TiO

2
to visible-light region by modification of bandgap

and/or sensitization and increase the photoactivity of TiO
2
by

contribution to high surface area and inhibition of electron-
hole recombination [18]. Single-walled carbon nanotubes
(SWCNTs) have shown a synergy effect on enhancing pho-
toactivity for H

2
evolution over a mixture of SWCNTs and

TiO
2
[19]. Ou et al. [20] have also demonstrated that mul-

tiwalled carbon nanotubes (MWCNTs) could enhance the
visible-light-driven photoactivity of TiO

2
by acting as a pho-

tosensitizer in the MWCNT-TiO
2
: Ni composite. MWCNT-

TiO
2
nanocomposite with visible-light-driven photoactiv-

ity was successfully synthesized via direct growth of TiO
2

nanoparticles on the surface of the functionalized MWCNTs
by the hydrothermal treatment in our group [21]. However,
the effects of MWCNT pretreatment, MWCNT content, and
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Figure 1: Schematical formation model for MWCNT-TiO
2
nanocomposite.

synthetic conditions of MWCNT-TiO
2
nanocomposite on its

photocatalytic hydrogen evolution efficiency and quantum
efficiency under monochromatic light irradiation are still
beyond our knowledge.

Herein, MWCNT-TiO
2
nanocomposite was synthesized,

characterized, and employed for photocatalytic H
2
produc-

tion from triethanolamine (TEOA) solution. The effects of
pretreatment methods, content of MWCNTs, and hydrother-
mal temperature on the photocatalytic H

2
evolution effi-

ciency over the Pt-loaded photocatalysts were studied. More-
over, the apparent quantum efficiency (AQE) of 5 wt%
MWCNT-TiO

2
upon incident monochromatic light is also

investigated.

2. Experiment

2.1. Pretreatment Methods for MWCNTs. MWCNTs (diam-
eter < 8 nm; length 10–30 𝜇m; purity > 95wt%) were pur-
chased fromChengduOrganicChemicals (ChineseAcademy
Science, China), and were functionalized by different meth-
ods: the as-received MWCNTs were chemically oxidized
in a mixture of sulfuric acid and nitric acid (3/1, v/v)
while being ultrasonicated for 2 h (Method A [22]); the as-
received MWCNTs were treated in boiled nitrate solution
(20wt%) for 1 h for surface functionalization (MethodB [21]);
the as-received MWCNTs were dispersed in 5.0M HNO

3

solution and refluxed for 48 h at 140∘C (Method C). These
functionalized MWCNTs were washed with water to neutral,
dried under vacuum, and denoted asMWCNT (A),MWCNT
(B), and MWCNT (C), respectively.

2.2. Preparation and Characterization of MWCNT-TiO
2

Nanocomposites. All other chemical reagents used in the
study were of analytical grade and used without further
purification, unless stated otherwise. The preparation proce-
dure for MWCNT-TiO

2
nanocomposites is demonstrated in

Figure 1. In a typical experiment, pretreated MWCNTs were
ultrasonically dispersed in deionized water, and then tita-
nium sulfate (Ti(SO

4
)
2
) was added into the dispersion under

stirring.The obtained mixture was added into cetyltrimethy-
lammonium bromide (CTAB) solution under the molar ratio

of Ti(SO
4
)
2
: CTAB :H

2
O is 1 : 0.12 : 100. After stirring, the

resulting mixture (pH 0.2) was aged at room temperature
for 12 h and then transferred into an autoclave for 72 h
hydrothermal treatment at 100∘C. The resulting materials
were collected using the centrifugation technique and mixed
with a water and ethanol (molar ratio 1 : 1) solution of sodium
chloride under stirring at 40∘C for 5 h. Resultant sample was
washed with water and ethanol, dried at 80∘C overnight, and
calcined at 400∘C for 5 h.

X-ray diffraction (XRD) patterns were obtained on a
XRD-6000 diffractometer using Cu K𝛼 as radiation (𝜆 =
0.15418 nm). Scanning electron microscope (SEM) obser-
vation was conducted on a JEOL-6700F electron micro-
scope. Diffuse reflectance spectra (DRS) were recorded on a
Cary 5000UV-Vis-NIR spectrophotometer equipped with an
integrating sphere (Varian, USA). Thermogravimetry (TG)
curves were recorded on a STA 449C thermal analyzer (Net-
zsch, Germany). The Brunauer-Emmett-Teller (BET) surface
areas were analyzed by nitrogen adsorption-desorption mea-
surement using a Micromeritics ASAP 2020 apparatus after
the samples were degassed at 180∘C.

2.3. Photocatalytic Activity Measurement. The obtained
MWCNT-TiO

2
nanocomposite was loaded with Pt and

tested for its photocatalytic activity through a photocatalytic
hydrogen evolution system as described in our previous
publication [21, 23]. A 300W Xe-lamp (PLS-SXE300C,
Beijing Trusttech Co., Ltd., China) was applied as the light
source, which was collimated and focalized into 5 cm2
parallel faculae. A cut-off filter (Kenko, L-42; 𝜆 > 420 nm)
was employed to obtain the visible-light irradiation (𝜆 >
420 nm). The reaction was performed in a water suspension
which contains 85mL water, 15mL triethanolamine (TEOA),
and 40mg photocatalyst. The suspension was irradiated
from top of the system after thoroughly removing air. H

2

production rate was analyzed with a gas chromatograph
(GC, SP-6800A, TCD detector, 5 Å molecular sieve columns,
and Ar carrier).

The apparent quantum efficiency (AQE) was measured
under the same photocatalytic reaction condition except for
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Table 1: Summary of the physicochemical properties of MWNT and MWNT-TiO2 nanocomposite.

Sample Crystal sizea (nm) 𝐶TG
b (wt%) 𝑆BET (m

2/g) Mean pore sizec (nm) Total volumed (cm3/g)
1.25 wt% MWNT-TiO2 12.8 1.5 110.8 10.9 0.35
2.5 wt% MWNT-TiO2 12.1 3.2 97.5 12.4 0.36
5wt% MWNT-TiO2 12.9 5.7 79.8 12.1 0.28
10wt% MWNT-TiO2 12.6 9.9 110.1 11.8 0.37
20wt% MWNT-TiO2 11.8 18.5 166.7 9.1 0.42
MWNT — — 392.5 7.6 0.74
aCalculated by the Scherrer equation.
bCarbon content determined by TGA-DSC analyses.
cAverage pore diameter calculated from BJH desorption average pore width (4V/A).
dSingle point total pore volume at the relative pressure of ca. 0.995.

the incident monochromatic light wavelength. The hydrogen
yields of 1 h photocatalytic reaction under visible-light with
different wavelengths of 350, 365, 380, 420, 435, 450, 475,
500, 520, and 550 nm were measured. Each run was carried
out three times and the average value was taken (the relative
errors are under 10%).The band-pass and cut-off filters and a
calibrated Si photodiode (SRC-1000-TC-QZ-N, Oriel, USA)
were used in measurement. Apparent quantum efficiencies
at different wavelengths were calculated by the following
equation:
AQE (%)

=
The number of reacted electrons
The number of incident photons

× 100

=
2 ×The number of evolved H

2
molecules

The number of incident photons
× 100.

(1)

3. Results and Discussion

Figure 2 shows the XRD patterns of MWCNT, TiO
2
, and

variousMWCNT-TiO
2
nanocomposites. As can be seen from

Figure 2(a), the main diffraction peaks of various products
can be ascribed to anatase TiO

2
, whereas a decrease in the

crystallinity of anatase can be found after the introduction of
MWCNTs, indicating the decrease in the grain size of TiO

2
.

The characteristic peaks for CNTs at 2𝜃= 26.0∘ and 43.4∘ were
not observed for 1.25–10wt% MWCNT-TiO

2
, which is dif-

ferent from the previous observation [24]. This phenomenon
could be attributed to the good dispersion of MWCNTs in
the nanocomposite after surface functionalization in nitrate
solution [21]. Average crystal sizes calculated using Scherrer
equation [25] from the broadening of the (101) peaks of the
anatase are 18.1, 12.8, 12.1, 12.9, 12.6, and 11.8 nm for TiO

2

and 1.25∼20wt% MWCNT-TiO
2
, respectively (see Table 1).

The small grain of TiO
2
nanoparticles inMWCNT-TiO

2
may

be attributed to restricted direct contact of grains due to the
presence of MWCNTs.

As can be observed from Figure 2(b), even for MWCNT-
TiO
2
calcined at 800∘C for 5 h, the XRD pattern shows that all

of the crystal phases are still anatase; no peak of rutile appears.
Average crystal sizes calculated from the broadening of the
(101) peaks of the anatase are 11.6, 12.9, 13.6, 17.8, and 32.9 nm
for the 5wt% MWCNT-TiO

2
as-synthesized and calcined at

400, 500, 600, and 800∘C, respectively. These results suggest
that MWCNTs in the nanocomposite probably inhibit the
phase transformation of TiO

2
from amorphous phase to

anatase phase and lead to a higher thermal stability.
To estimate the real content of MWCNTs in compos-

ites, 1.25–10wt% MWCNT-TiO
2
were analyzed by TGA

technique. The results shown in Table 1 suggest that the
MWCNT/TiO

2
ratios estimated before the synthesis of the

MWCNT-TiO
2
were consistent with the results obtained

from TGA analysis. Therefore, negligible losses of MWCNTs
occurred during the nanocomposite preparation procedure,
which is in accordance with the results of Raman analysis
on 5wt%MWCNT-TiO

2
[21]. The BET specific surface areas

and pore volumes of the samples are summarized in Table 1.
Compared with mesoporous TiO

2
nanoparticles prepared

via hydrothermal processes [26], there is a rapid decrease
in both BET surface area (from 318 to 111m2/g) and total
volume (from 0.61 to 0.35 cm3/g) of TiO

2
nanoparticles after

modification with 1.25 wt% MWCNT, which could be due
to the close-packed structure between TiO

2
nanoparticles

and MWCNTs. With increasing MWCNT content, the BET
surface area of MWCNT-TiO

2
decreased firstly and then

increased, which can be attributed to the destruction of close-
packing due to the self-agglomeration of MWCNTs or TiO

2

nanoparticles at high content.
The UV-vis spectra of MWCNT-TiO

2
display a similar

absorption edge to TiO
2
(Figure 3), but an apparent enhance-

ment of absorption throughout the visible-light region can
be observed even for the nanocomposite containing 1.25 wt%
MWCNTs. A correlation between theMWCNTs amount and
absorption changes in the UV-vis spectra obviously features
the enhancement of visible-light absorption upon increasing
the MWCNT content; that is, the adsorption intensity of the
present MWCNT-TiO

2
continuously increased with enhanc-

ing MWCNT content owing to its good dispersion.
Control experiments showed no appreciableH

2
evolution

in the absence of either photocatalyst or irradiation under
visible-light or full spectra irradiation. H

2
generation rates

over 5 wt% MWCNT + TiO
2
(a simple mixture of MWCNTs

and TiO
2
nanoparticles), 5 wt% MWCNT-TiO

2
, TiO
2
, and

MWCNTs under the visible-light and full spectra irradiation
are shown in Figure 4. The pristine TiO

2
and MWCNTs as

well as the MWCNT + TiO
2
demonstrate no appreciable H

2

evolution under the visible-light irradiation, whereas
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Figure 2: XRD patterns of MWCNT, TiO
2
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2
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5 wt%; (e) 10 wt%; (f) 20wt%; (g) MWCNT.

MWCNT-TiO
2
(A, B, and C) exhibits various H

2
generation

rates, suggesting the importance of chemical linking
between MWCNTs and TiO

2
for their visible-light-driven

photoactivity [27]. The pretreatment of MWCNTs has a
strong effect on the photocatalytic H

2
evolution efficiency

over MWCNT-TiO
2
. MWCNT-TiO

2
(B) demonstrates the

highest H
2
evolution rate under both visible-light and full

spectra irradiation.
Different oxidizing reagents possess different degrees of

oxidation power, whichwould purify and decorateMWCNTs
with oxygen-containing groups or even destroy their nan-
otube structure [28]. It is reported that MWCNT bundles
appear exfoliated and curled after treatment with strong
oxidative environment such as refluxing in nitric acid or
stirring in piranha (mixture of sulphuric acid 96wt% and
hydrogen peroxide 30wt% in ratio 70 : 30) [29]. Comparing

0
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Figure 4: H
2
evolution efficiency over MWCNT, TiO

2
, and various

photocatalysts containing MWCNT and TiO
2
under visible-light

(𝜆 > 420 nm) and full spectra irradiation. Conditions: 1 wt% Pt-
loading; 15 vol % TEOA solution (100mL); light source, 300W Xe-
lamp. MWCNTs + TiO

2
: MWCNTs and TiO

2
nanoparticles were

simply mixed together.

the method of refluxing in nitric acid with that of sonicating
in a mixture of sulfuric acid and nitric acid, the method of
refluxing in nitrate solution provides a moderate oxidation
that would generate oxygen-containing groups but would not
destroy the MWCNTs structure. Therefore, MWCNT-TiO

2

(B) exhibited the highest photoactivity.
As demonstrated in Figure 5, MWCNT-TiO

2
exhibits no

photocatalytic activity until the MWCNT content enhanced
to 3.5 wt% under visible-light irradiation. After that, its
photocatalytic H

2
evolution efficiency increases firstly
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and then decreases slightly with further enhancement of
the MWCNT content. The maximum efficiency is achieved
at 5 wt% MWCNT-TiO

2
under visible-light irradiation.

It is believed that TiO
2
nanoparticles could directly grow

on the surface of the functionalized MWCNTs through the
hydrothermal treatment [21]. As shown in Figure 6, no
MWCNTs were found in the SEM micrograph of 2.5 wt%
MWCNT-TiO

2
, which can be attributed to the fact that

MWCNTs are embedded inside the nanocomposite by TiO
2

nanoparticles, resulting from the direct growth of TiO
2
on the

surface of MWCNTs. For 5wt% MWCNT-TiO
2
, MWCNTs

can be observed on the surface of nanocomposite owing to
the increase of MWCNT content. These observations can
fairly explain the effect of MWCNT content on the visible-
light-induced photoactivity. For the MWCNT-TiO

2
with

MWCNT content less than 3.5 wt%, MWCNTs embedded
inside the nanocomposite cannot be irradiated and excited by
visible-light, and thus no visible-light-induced photoactivity
was observed [30]. As the visible-light absorbent and sensi-
tizer, higher MWCNT content means more efficient visible-
light absorption, and more photogenerated electrons can be
transferred to TiO

2
; TiO
2
also plays an important role in the

separation of photogenerated carriers: the electrons can be
transferred from TiO

2
to the loaded Pt. It is reported [31] that

the electrical conductivity in the interfacial contact between
graphene and photocatalyst components is vital to the overall
photocatalytic H

2
production. In addition, unintentional

doping of TiO
2
may happen under annealing at 400∘C [32,

33], which can increase the visible-light absorbance of TiO
2

and MWCNT-TiO
2
. Therefore, there exists an optimal ratio

ofMWCNT toTiO
2
for achieving excellent electrical conduc-

tivity in the nanocomposites and significant photoactivity for
H
2
evolution [30].
Under full spectra irradiation, MWCNT-TiO

2
with small

MWCNT contents (1.25 wt% and 2.5 wt%) exhibits lower

photoactivity than the pure titania, whereas 5wt% and
3.5 wt% MWCNT-TiO

2
demonstrate the better and the

best photoactivity, respectively. Carbon materials such as
graphene, C

60
, and CNT can act as electron traps due to their

high electron affinities [31, 34, 35], which would be function-
alized as charge separators and enhance the photoactivity [30,
36]. However, as discussed above, for theMWCNT-TiO

2
with

MWCNT content less than 3.5 wt%, MWCNTs embedded
inside the nanocomposite could act as recombination center
of electron and holes, resulting in a reduced photoactivity
under full spectra irradiation.

It is well understood that the hydrothermal temperature
plays an important role in the morphology, crystallinity,
and particle size of TiO

2
[37], which are related to the

photoactivity. The effect of hydrothermal temperature on
the H

2
generation rate was evaluated under visible-light

irradiation. As demonstrated in Figure 7, the H
2
generation

rate over 5 wt% MWCNT-TiO
2
increases with the enhanced

hydrothermal temperature before 140∘C and decreases after-
wards under both visible-light and full spectra irradiation.
The highest H

2
generation rate of 15.1𝜇mol⋅h−1 under visible-

light irradiation was obtained with 140∘C hydrothermal
treatment, whereas that of 323.7 𝜇mol⋅h−1 under full spectra
irradiation was obtained with 100∘Chydrothermal treatment.

The above experimental results could be rationalized by
the following discussions. As can be seen from Figure 8,
the XRD patterns of 5 wt% MWCNT-TiO

2
derived from

different hydrothermal temperatures confirm the fact that
the crystallinity of MWCNT-TiO

2
increases with enhancing

hydrothermal temperature. It can be calculated using Scher-
rer equation [25] that average crystal sizes of the anatase
are 8.3, 12.9, 15.7, and 26.7 nm for the 5wt% MWCNT-TiO

2

with hydrothermal temperature of 80, 100, 140, and 180∘C,
respectively [38]. Under visible-light irradiation, MWCNTs,
as a photosensitizer, can absorb visible-light and the photo-
generated electrons (e−) can be excited from the VB to CB of
the MWCNT [39]. TiO

2
, as the “bridge” between MWCNTs

and loaded Pt, would transfer the photogenerated electrons
from MWCNT to Pt nanoparticles to generate H

2
from

water reduction [40]. As the electron acceptor and transfer
station, TiO

2
with high crystallinity and tight combination

with MWCNTs could benefit the electron injections and
suppress the electron-hole recombination. On the other
hand, high crystallinity of TiO

2
would inevitably lead to

large crystal size and particle size, which would lead to a
high electron-hole recombination rate owing to the long
distance for electron transfer. As a result, 5 wt% MWCNT-
TiO
2
derived from hydrothermal treatment at 140∘C has the

highest photoactivity under visible-light irradiation.
Under full spectra irradiation, photocatalytic H

2
genera-

tion over TiO
2
irradiated by UV light would make the best

part comparing to that over MWCNT-TiO
2
irradiated by

visible-light. 5 wt% MWCNT-TiO
2
derived from hydrother-

mal treatment at 100∘C possesses moderate crystal size of
anatase, resulting in the highest photoactivity due to the
large surface area of MWCNT-TiO

2
and low electron-hole

recombination rate.
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Figure 6: SEM micrographs of 2.5 wt% (a) and 5wt% (b) MWCNT-TiO
2
nanocomposite.
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The photocatalytic activities for H
2
production over

5wt% MWCNT-TiO
2
upon incident light with different

wavelength were investigated. MWCNT-TiO
2
shows a rel-

atively wide photoresponse under monochromatic light of
wavelength ranging from 350 to 475 nm (Figure 9), which
is consistent with the experimental results obtained with
visible-light irradiation (see Figure 4).The apparent quantum
efficiency (AQE) of MWCNT-TiO

2
as a function of the

wavelength of the incident light was calculated according
to the data in Figure 9. MWCNT-TiO

2
demonstrates high

quantum efficiency upon irradiation with wavelengths of
420 and 475 nm (4.4% and 3.7%, resp.). With respect to
the wide adsorption band in the entire visible-light region
(Figure 3), a panchromatic photocatalytic activity could be
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Figure 8: XRD patterns of 5 wt% MWCNT-TiO
2
derived from

different hydrothermal temperatures for 72 h.

expected for 5wt% MWCNT-TiO
2
. However, no appreciable

H
2
evolution is showed upon irradiation with wavelength

longer than 500 nm. As demonstrated in our earlier study,
not all MWCNTs in the nanocomposite are bound with TiO

2

nanoparticles, owing to the limited hydroxyl and carboxyl
groups generated on the MWCNTs after the functional-
ization [21]. Therefore, the absorption band between 400
and 800 nm of MWCNT-TiO

2
nanocomposite probably is a

combination of the absorption spectrum of both MWCNT-
TiO
2
and uncoupled MWCNT, which would absorb light

with wavelength longer than 500 nm but cannot be excited
to generate electron-hole pairs. On the other hand, the
energy of the incident light at longer wavelength dramatically
decreased, which would inevitably depress the photoactivity
over MWCNT-TiO

2
. Furthermore, the photoactivity of TiO

2

under UV light irradiation is enhanced after coupling with
MWCNT. The quantum efficiencies for H

2
production over
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Figure 9: The dependence of photocatalytic activities for H
2

production over 5wt% MWCNT-TiO
2
nanocomposite upon wave-

length (controlled via cut-off filters).

P25 TiO
2
, mesoporous TiO

2
, and MWCNT-TiO

2
at 350 nm

were measured to be 1.9, 2.5, and 3.8%, respectively. These
phenomenawere consistent with the previous discussion that
MWCNTs could increase the carrier separation efficiency
during photocatalytic process under full spectra irradiation.

4. Conclusions

A series of MWCNT-TiO
2
nanocomposites with different

types of functionalized MWCNTs were synthesized through
hydrothermal process and characterized by XRD, DRS, SEM,
TGA, and BET techniques. The effects of pretreatment
methods on MWCNT, MWCNT content, and hydrother-
mal temperature on the photocatalytic hydrogen evolution
efficiency over MWCNT-TiO

2
nanocomposite were investi-

gated. MWCNTs have a good dispersion in the nanocom-
posite, which inhibit grain growth of TiO

2
and improve

its thermal stability. Appropriate pretreatment on MWC-
NTs could generate oxygen-containing groups, which would
become the anchoring sites with TiO

2
nanoparticles in the

nanocomposite. However, chemical pretreatment with strong
oxidative agents would destroy the intrinsic structure of
MWCNTs, which is not beneficial for a high photocatalytic
activity. The best photocatalytic activity was observed for
the MWCNT-TiO

2
nanocomposite with a 5% weight ratio

under visible-light irradiation. The photocatalytic activity of
MWCNT-TiO

2
is related to the crystallinity of TiO

2
, link type

between MWCNT and TiO
2
, and MWCNT content. A wide

range of photoresponse from 350 to 475 nm is observed with
high quantum efficiency. Upon irradiation with wavelengths
of 420 and 475 nm, the quantum efficiency is 4.4% and 3.7%,
respectively. The above experimental results indicate that the
presentMWCNT-TiO

2
nanocomposite is a promising photo-

catalyst with good thermal stability, chemical stability under
UV light irradiation, and visible-light-induced photoactivity.
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A functional carbon nanotube/mesoporous carbon/MnO
2
hybrid network has been developed successfully through a facile

route. The resulting composites exhibited a high specific capacitance of 351 F/g at 1 A g−1, with intriguing charge/discharge rate
performance and cycling stability due to a synergistic combination of large surface area and excellent electron-transport capabilities
of MnO

2
with the good conductivity of the carbon nanotube/mesoporous carbon networks. Such composite shows great potential

to be used as electrodes for supercapacitors.

1. Introduction

Supercapacitors have attracted significant attention over the
past decades due to their great advantages such as high
power supply, long cycle life, and low cost and, therefore,
offer a promising approach to meet the increasing power
demands for portable devices and automotive applications
[1–3]. It is noteworthy that performances of supercapacitors
depend strongly on the properties of the electrode materials
they employ. As a type of good candidate, carbonaceous
materials, transition metal oxides, and conducing polymers
have always attracted great interest [4–6]. Among them,
manganese dioxide (MnO

2
) has been intensively studied as

electrodematerial due to its outstanding capacitive properties
and environmentally benignity, in addition to being cheap
and largely available [7–9]. However, the poor electronic
conductivity of MnO

2
has limited its application in high-

performance supercapacitors. To enhance the desired prop-
erties, the combination of MnO

2
and other conductive

electrode materials is reckoned to tackle this limitation.
On other hand, carbon materials, especially carbon nan-

otubes (CNTs), are promising materials as electrodes for
supercapacitors because of their high conductivity and short
diffusion path to ions and excitons.The supercapacitors based
on CNTs exhibit excellent power density as testified in recent
years. However, the specific capacitance and energy density

of CNTs are always lower than other carbon materials such
as activated carbon (typical in the range of 15–200 F g−1
for CNTs) due to the limited surface area (typically less
than 200m2 g−1), which restricts the usage of CNTs as elec-
trodes for supercapacitors [10–12]. In comparisonwith CNTs,
mesoporous carbon (MC) usually exhibits a better specific
capacitance up to 200 F g−1, because of their large surface
area and suitable pore size distribution [13–15]. And, in our
previously work [16], we reported the fabrication of uniform
CNT/MCnetworks via a facile organic sol-gel chemical route,
which exhibited greatly increased specific capacitance due
to the favorable balance between specific surface area and
pore size distribution, and a 3D, well-connected through-
pore structure.However, the specific capacitance of CNT/MC
networks is still poor relative to transition metal oxides such
asMnO

2
. Therefore, it has inspired attempts to develop novel

electrode materials via the coupling of CNT/MC networks
andMnO

2
as electrode for supercapacitor, whichmay exhibit

huge potentials to combine the advantages of both of them.
Herein, we report a convenient preparation of well-

designed uniform CNT/MC/MnO
2

hybrid networks by
growing MnO

2
along the backbone of the CNT/MC net-

works. The resulting CNT/MC/MnO
2
hybrid network elec-

trode, under preferred conditions, exhibits an outstanding
specific capacitance of 351 F g−1 at a scan rate of 10mV s−1
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and retains the high values of 195 F g−1 even at a high
scan rate of 500mV s−1. All the evidence indicates that
the rational combination of CNT/MC networks and MnO

2

will greatly improve the electrochemical performance, where
MnO
2
on the surface of CNT/MC networks is essential for

high energy storage and interconnected porous channels and
high electrical conductivity of networks can accelerate the
kinetic process of ion diffusion.

2. Experimental Section

2.1. Synthesis of CNT/MC/MnO
2
Hybrid Network. All the

reagents used in the experiments were of analytical grade
and used without further purification. Prior to use, puri-
fied MWCNTs (Alpha Nano Technology Co., Ltd., China)
were treated with concentrated acids (H

2
SO
4
/HNO

3
= 1/1

(v/v)) for 3 hours under 60∘C, washed with copious of
water, and dried at 60∘C. In a typical synthesis, the acid-
treated CNTs (0.05 g) were suspended in deionized water
and thoroughly dispersed using ultrasound (sonic power ∼
100W) for 2 hours. Once the CNTs were dispersed, P123
((PEO-PPO-PEO), 0.248 g, 22.4mmol), resorcinol (0.124 g,
11.2mmol), formaldehyde (0.176 g, 22.1mmol), and sodium
carbonate catalyst (0.6mg, 0.056mmol) were added to the
reaction solution. The P123 was chosen as the generation of
mesoporous structures. After stirring for half an hour, carbon
fiber papers (CFP) were put into the solution, and the sol-
gel mixture was cured at 85∘C for 72 hours. The CFP act as
an electron collector, and CNT/MC networks directly grow
on the CFP substrate to improve the contact between them.
The resulting gels were washed with tert-butanol for 72 h to
remove water from the pores of the gel network. The gels
were subsequently dried with lyophilization (freeze-drying)
and pyrolyzed at 950∘C under N

2
atmosphere for 3 hours,

and CNT/MC networks were obtained. Then, the obtained
CNT/MC network was again dispersed in deionized water,
and followed by addingKMnO

4
(CNT/MCandKMnO

4
mass

ratio of 1 : 1) the suspension was stirred at room temperature
for different times (10/20/30min, resp.), filtrated and washed
using deionized water, and dried in air at room tempera-
ture. CNT/MC/MnO

2
hybrid network was finally obtained

and named as CNT/MC/MnO
2
-10, CNT/MC/MnO

2
-20, and

CNT/MC/MnO
2
-30, respectively.

2.2. Characterization. The morphology of samples was
characterized with scanning electron microscopy (FESEM;
Hitachi S-4800) operated at 5 kV.The samples were also ana-
lyzed by a powder X-ray diffraction system (XRD, D/MAX
2550 VB/PC) equipped with CuKa radiation. N

2
adsorp-

tion/desorption was determined by Brunauer-Emmett-Teller
(BET) measurements using a Micromeritics ASAP 2100
surface area analyzer.

2.3. ElectrochemicalMeasurements. All electrochemicalmea-
surements were done on anAmetek PARSTAT 2273 potentio-
stat in a three-electrode setup: the as-prepared products as the
working electrode, a platinum foil as the counter electrode,
and a saturated calomel electrode (SCE) as the reference

electrode.The electrochemicalmeasurements included cyclic
voltammograms (CVs) and galvanostatic charge/discharge
(CD). All electrochemical measurements were carried out at
room temperature in 1M NaSO

4
aqueous electrolyte, under

the potential range from −0.2 to 0.8 V.

3. Results and Discussion

Figure 1(a) shows the low magnification SEM image of the
obtained CNT/MC networks. It can be seen that the CFP
collector is covered with a layer of foam-like CNT/MC
networks. We have reported that the network is comprised
of random CNTs or CNTs bundles which interconnected
by thin carbon sheets [5]. Figures 1(b) to 1(d) show the
SEM image of the as-synthesized CNT/MC/MnO

2
hybrid

networks with different reaction time. It can be obviously
seen that the MnO

2
nanoparticles assembled on the surface

of the CNT/MC networks, owning to the reaction of MnO
4

−

with less active carbons. And most of the nanosheets of
MC in the CNT/MC networks disappeared, due to the
reaction. The XRD patterns of CNT/MC networks, MnO

2
,

and CNT/MC/MnO
2
-10 sample are shown in Figure 2. It

is clear that most MnO
2
is in amorphous nature, since the

weak and broad peaks of MnO
2
in XRD analysis and the

peaks at 2𝜃 around 12∘ (0 0 1), 37∘ (1 1 1) and 66∘ (3 1 2)
are indexed to poor crystallized birnessite-type MnO

2
. It

has been reported that the amorphous parts are beneficial
to increase the specific capacitance for the supercapacitors
because the highly amorphous structure should favor the
electrolyte to insert into or to expel out from the oxide
matrix, which can enhance contact between the electrolyte
and the electrode material and then improve the utilization
ratio of the material. Comparing the samples with different
reaction times, it is clear that the uniform MnO

2
coating has

grown thicker with the increasing of reaction time. And for
CNT/MC/MnO

2
-30, there are toomanyMnO

2
nanoparticles

on the CNT/MC network so that parts of the channel in the
hybrid networks are blocked, which have influence on the
electrochemical performance of the sample.

To examine the electrochemical performance of our
present CNT/MC/MnO

2
hybrid network materials, the

samples were fabricated into the supercapacitor electrode,
and cyclic voltammogram (CV) and galvanostatic charge-
discharge (CD)measurements were carried out in 1MNaSO

4

aqueous electrolyte, under the potential range from −0.2 to
0.8 V to avoid the electrolysis of water. Figure 3 shows the
CV curves of CNT/MC/MnO

2
hybrid networks at different

scan rates (20, 50, 100, 200, and 1000mV/s, resp.). CV curves
of all CNT/MC/MnO

2
hybrid networks are relatively rectan-

gular in shape, proving the ideal pseudocapacitive nature at
small scan rate. And under large scan rate (1000mV/s), CV
curves of CNT/MC/MnO

2
-10 and sample CNT/MC/MnO

2
-

20 are still symmetrical, indicating excellent power capacitor
behaviours; however, with MnO

2
loading increasing, the

CV curves change into asymmetrical sharp. The low rate
capability of CNT/MC/MnO

2
-30 is caused by the poor

conductivity of MnO
2
nanoparticles.



Journal of Nanomaterials 3

1𝜇m

(a)

200nm

(b)

200nm

(c)

200nm

(d)
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Figure 2: XRD patterns of CNT/MC networks, MnO
2
, and

CNT/MC/MnO
2
-10.

Figure 4(a) shows the charge-discharge curves of all
CNT/MC/MnO

2
hybrid networks and CNT/MC network at

a current density of 1 A g−1. The linear voltage-time profile
and the highly symmetric charge-discharge characteristics
also show good capacitive behavior of all samples. The
discharge time for CNT/MC/MnO

2
hybrid networks is about

two times larger than that of CNT/MC network, exhibiting
an enhanced capacitance performance with the addition
of MnO

2
. The galvanostatic charge-discharge measurement

is assumed to be the most accurate technique to estimate
the supercapacitive performance. The specific capacitances
𝐶 in this paper are calculated from galvanostatic charge-
discharge curves according to 𝐼 𝑡/𝑚 Δ𝐸, where 𝐼 is the

charge-discharge current, 𝑡 is the discharge time, and Δ𝐸 is
the voltage difference. The specific capacitance of CNT/MC
network is only 159 F g−1 at a current density of 1 A g−1,
while, for CNT/MC/MnO

2
-10, its specific capacitance is

316 F g−1. And CNT/MC/MnO
2
-20 exhibits larger specific

capacitance (351 F g−1) compared to CNT/MC/MnO
2
-10, due

to the increasing loading of MnO
2
. However, it is interesting

to note that the specific capacitance of CNT/MC/MnO
2
-

30 is 339 F g−1, which is smaller than CNT/MC/MnO
2
-20.

The enhanced specific capacitance of the CNT/MC/MnO
2
-

20 networks is mainly attributed to the effective utilization
of active materials. CNT/MC/MnO

2
-20 exhibits favorable

balance between MnO
2
loading amount and unique inter-

connected network structures. The interconnected networks
create hierarchical porous channels, which enable effective
electrolyte transport and active site accessibility. And the
poor conductivity of MnO

2
in the CNT/MC/MnO

2
-30 sam-

ple decreased its electrochemical performance, due to the
overloading of MnO

2
nanoparticles.

Figure 4(b) shows the relationships between specific
capacitance and charge/discharge current density.
CNT/MC/MnO

2
-10 shows the best rate performance and the

specific capacitance is still 183 F g−1 (about 58% retention) at
a current density of 20A g−1; as compared, CNT/MC/MnO

2
-

30 retained about 50% (171 F g−1), while the specific
capacitance of CNT/MC/MnO

2
-20 is still 195 F g−1 (about

55.6% retention).The superior power capability performance
of CNT/MC/MnO

2
hybrid networks indicated that the

high conductivity of CNTs skeleton provides quick electron
transport channel, and, more importantly, the unique 3D-
network configuration with short transportation pathway
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Figure 3: CV curves of CNT/MC/MnO
2
hybrid networks at different scan rates: (a) CNT/MC/MnO

2
-10; (b) CNT/MC/MnO

2
-20; (c)

CNT/MC/MnO
2
-30.

allows for easy accessibility of ions to the electrode/electrolyte
interface and charging the capacitors. The energy density of
CNT/MC/MnO

2
-20 can be estimated to be 25.5Wh kg−1 at

a power density of 1.1 kWkg−1 (Figure 4(c)) which is much
higher than not only the CNT/MC electrode (15.6Wh kg−1)
[6], but also most of carbonaceous and MnO

2
-based

electrodes, such as CNTs (<10Whkg−1), grapheme
(3.15Wh kg−1), and MnO

2
nanoparticles (<20Whkg−1)

[17–19]. More significantly, the energy density is still as
high as 16.3Wh kg−1 for CNT/MC/MnO

2
-20 even at a high

power density of 17 kWkg−1. The long-term cycle stability of
the CNT/MC/MnO

2
-20 was also investigated. Figure 4(d)

demonstrates the specific capacitance as a function of cycle
number at a current density of 5 A g−1, in galvanostatic
charge-discharge measurements for up to 1000 cycles.

After the cycling test, there are about 86% of its initial
capacities that are maintained, due to the loss of adhesion
of MnO

2
with the current collector or the dissolution of

MnO
2
nanoparticles into the solution [20]. This cycling

performance is also superior to most of other MnO
2

nanoparticles based supercapacitors. The present results
have shown that the as-designed CNT/MC/MnO

2
hybrid

network exhibits an excellent electrochemical performance,
even for high-rate charge/discharge operations.

Based on the above discussions, the specific capacitance
ofCNT/MC/MnO

2
hybrid network is not only better than the

reported carbonaceous electrodes, such as CNTs (180 F g−1),
graphene nanosheets (175 F g−1) [21, 22], and CNT/MC
networks (210 F g−1), but also superior to most of other
carbon/MnO

2
composites, such as MnO

2
/carbon aerogel
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Figure 4: (a) charge-discharge curves of CNT/MCandCNT/MC/MnO
2
hybrid networks at 1 A g−1; (b) relationship of the specific capacitance

with charge/discharge current density of CNT/MC/MnO
2
hybrid networks; (c) Ragone plots of CNT/MC/MnO

2
-20; (d) variation of specific

capacitance with cycle number at a current density of 1 A g−1 of CNT/MC/MnO
2
-20.

(219 F g−1) and grapheme/MnO
2
(310 F g−1) [23, 24]. Pure

MnO
2
always exhibits high specific capacitance; however, the

poor conductivity of MnO
2
results in low rate capability for

high power performance. Xu et al. reported the synthesis of
mesoporousMnO

2
nanowire array, which exhibited a specific

capacitance as high as 493 F g−1 [25]. However, at a high
current density of 12 A g−1, only 84 F g−1 was observed. The
sustainable specific capacitance of our materials is mainly
due to its ability to have short paths ion diffusion with the
CNT/MCnetworks and effective utilization of activematerial
due to its uniform structures.

4. Conclusions

In summary, functional carbon nanotube/mesoporous car-
bon/manganese dioxide (CNT/MC/MnO

2
) hybrid networks

have been designed and fabricated via a facile route for

electrochemical energy storage. The obtained structures
combined the advantages of large surface area and excel-
lent electron-transport capabilities of MnO

2
with the good

conductivity of carbon nanotube/mesoporous carbon net-
works and short transportation pathway of unique 3D-
network configuration. The CNT/MC/MnO

2
hybrid net-

works exhibit greatly increased specific capacitance (351 F g−1
at 1 A g−1) compared with CNT/MC networks as superca-
pacitor electrode in 1M NaSO

4
aqueous electrolyte. The

energy density of CNT/MC/MnO
2
-20 can be estimated

to be 25.5Wh kg−1 at a power density of 1.1 kWkg−1,
and the energy density is still as high as 16.3Wh kg−1
even at a high power density of 17 kWkg−1, indicating
excellent electrochemical performance. It is reckoned that
the present work also sheds light on the design of car-
bon and transition metal oxides 3D-networks for other
applications.
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The heterostructure thin films of yttria-stabilized zirconia (YSZ)/strontium titanate (STO)/YSZ with various thicknesses were
deposited on MgO single crystal substrate by pulsed laser deposition (PLD) method. The structural and electrical properties of
the YSZ/STO/YSZ heterostructure were studied through X-ray diffraction (XRD) and electrical conductivity measurements. The
in-plane conductivities of the thin films were measured and compared with that of the bulk sample. The highest conductivities
were reported for those samples with the thinnest YSZ (220) layers. The observed enhancement in the lateral ionic conductivity
was probably caused by the combination of the misfit dislocation density and elastic strain in the interfaces. The enhanced ionic
mobility was discussed in terms of the disorder introduced in the oxygen sublattice through the epitaxial strain at the interfaces.

1. Introduction

The search for new strategies to enhance the oxide ionic con-
ductivity of oxidematerials is very active field of research.The
portable application of microsolid state fuel cells (m-SOFCs)
requires a reduction in the operation temperatures, where the
ionic conductivity of the electrolytes, as crucial parts of the
solid oxide fuel cells (SOFCs), should be improved at lower
temperatures [1]. Yttria-stabilized zirconia (YSZ) is a well-
known oxygen ion conductor, where oxygen vacancies are
introduced through the aliovalent substitution of zirconium
(Zr) by yttrium (Y). The substitution of Zr by Y3+ in a 4+
oxidation state produces an oxygen vacancy for every two Y
atoms.The Y substitution stabilizes a cubic fluorite structure,
where oxygen occupies the tetrahedral sites of the cubic
unit cell. Technologically, YSZ is a very relevant material
as an electrolyte in SOFCs. However, it is limited to high
temperature applications (>800∘C), where an acceptable per-
formance can be realized. Much interest has been given in
acquiring this material as dense thin films to reduce the
ohmic resistance of devices and consequently allow lower
operating temperatures. The coherent growth of strained

interfaces in heterostructures, combined with materials with
different degrees of lattice mismatch, has been proposed to
possibly promote ion diffusivity [2]. Thus, these heterostruc-
tures may have an important role in the optimization of
materials for energy generation and storage. This coherent
growth of strained heterostructure interfaces is a character-
istic of YSZ/strontium titanate (STO) heterostructure, where
different structures (fluorite versus perovskite) are combined
with a large lattice mismatch of 7% [3].The interface between
the highly dissimilar structures stabilizes a disordered oxygen
sublattice with an increased number of oxygen vacancies,
which promotes oxygen diffusion. Decreasing the size of the
system to the nanometer length scale leads to a dominant
influence of the interfaces on the overall ionic conductivity
of the system. Novel phases can be stabilized with enhanced
carrier densities and, eventually, mobility. The nanosize ef-
fects in conventional ionic conductors are widely accepted in
providing novel routes for achieving higher ionic conductiv-
ities [4, 5]. These nanosize effects will be the main focus of
this paper, where the ionic conductivity of the YSZ/STO/YSZ
electrolyte film enhancement will be described.
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2. Experimental Procedures

The pulsed laser deposition (PLD) method has become an
increasingly important technique for depositing thin films
of various materials. The main advantage of PLD method is
its ability to deposit almost any material, while preserving
the stoichiometry of multicomponent materials [6]. Further-
more, the PLD technique can operate at a low processing
temperature (below 800∘C) without high postannealing tem-
perature. This experiment utilized PLD fabricated epitaxial
heterostructure films, with blocks made of alternate layers of
8YSZ (8mol%) and SrTiO

3
(99.999% purity).The laser beam

was focused on a high vacuum chamber onto a computer
controlled multitarget rotating system. Among the different
film deposition techniques, the PLD method is particularly
promising because of the ability of this method to reproduce
specific target compositions of the film. The films were
deposited on MgO substrates through PLD using a KrF
excimer laser (𝜆 = 248 nm) at a frequency of 5Hz and an
energy density of 5 J/cm2. During the deposition, each target
rotated around the perpendicular axis to the surface. The
laser beam was focused on the target rotated at 10 rpm and
on the dense targets in a 5 Pa atmosphere of pure O

2
. The

substrates were positioned parallel to and 5 cm away from the
target. This distance allows sufficient interaction between the
plasma plume and the background oxygen gas. The substrate
temperature was maintained at 700∘C during the deposition.
To enhance the sticking coefficient and improve the density
and crystalline degree of the film, the samples were annealed
in oxygen gas at 800∘C for 1 h after deposition. By control-
ling the sputtering time, the YSZ/STO/YSZ trilayers, with
different nominal thicknesses of the YSZ interlayer, were de-
posited through the PLD method on the MgO single crystal
substrates.

The YSZ/STO/YSZ trilayers were obtained with various
thicknesses of the individual YSZ layers ranging from 62 nm
to 203 nm, whereas the thicknesses of the STO were kept at
62 nm. The physical thicknesses were evaluated using a
growth rate of 1 Å/s.

Themicrostructures, crystallinity, and growth orientation
of the YSZ/STO/YSZ thin films were investigated by X-ray
diffraction (XRD) using Cu-Ka radiation. To analyze the con-
ductance of the films, the in-plane AC impedance was meas-
ured between two Ag parallel contacts deposited on the film
surface [7]; the measurement was performed at temperatures
ranging from 350∘C to 600∘C in air with a frequency range
from 40Hz to 10MHz.

3. Results and Discussion

3.1. Microstructure of YSZ/STO/YSZ Epitaxial Heterostructure
Films. Figure 1 illustrates the XRD features of the films with
various YSZ thicknesses, along with the strong MgO (110)
peaks of the substrate. The XRD analyses clearly indicated
that these films are composed of individual layers of STO and
YSZ.

TheXRDpattern exhibited a well-cubic fluorite structure,
and the sharp lines of the XRD peaks can be observed, in-
dicating that the heterostructure thin films were formed
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Figure 1: XRD patterns of YSZ/STO/YSZ heterostructure elec-
trolyte thin films with different thicknesses, where the thickness of
the STO remains at 62 nm, whereas those of the thickness of YSZ are
(a) 62 nm, (b) 117 nm, and (c) 203 nm.

after sintering at 800∘C for 1 h. Figure 1 shows that the (110)
diffraction peaks from the MgO substrate and STO buffer
layer were aligned with the reference data, and the intensities
of the YSZ/STO/YSZ films also increased when the film
thickness ranged from 62 nm to 203 nm. The preferred
orientation of the YSZ film changed from (111) to (220) when
the thickness of the YSZ decreased from 203 nm to 62 nm
(for the constant STO thickness). This change in orientation
indicated that the YSZ layers experienced larger lattice strain
across the layer to adapt an in-plane orientation with the STO
layers and the YSZ was fully strained to the lattice parameters
of the STO [4]. This growth mode results in comparatively
low interfacial and surface energies of (220) oriented grains
and expanded lattice spacing of the layers.

From the surface view, the YSZ/STO/YSZ film appeared
to be quite dense and homogeneous without any delamina-
tion at the interfaces, and the film adhered well to the MgO
substrate. No cracks or pores are present on the layer after the
annealing, which is probably a result of the residual stresses
in the annealed thin film. Based on the cross-sectional SEM
images, the thickness of each of the STO layers was about
62 nm.

3.2. Electrical Characterization. Electrochemical impedance
spectroscopy (EIS) analysis allows separation of the impe-
dance contribution of the electrolyte (at high frequencies)
from that of the electrode (at low frequencies). EIS measure-
ments can be performed using a two-electrode configuration
that does not require a reference electrode, which would be
difficult to place in a thin-film sample [8]. Electrical con-
ductivity measurements for the YSZ/STO/YSZ samples were
performed between 350∘C and 600∘C at 50∘C steps. High-
resistance substrates need to be used for the electrical mea-
surements of the in-plane conductivity of the thin film. The
measured conductance of theMgO substrate was about three
orders lower than that of the YSZ/STO/YSZ film. Hence,



Journal of Nanomaterials 3
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Figure 2: (a) Surface SEM images of the YSZ/STO/YSZ (YSZ = 62 nm) film onMgO (110) substrate after sintering at 800∘C for 1 h. (b) Cross-
sectional SEM images of the YSZ/STO/YSZ film.
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Figure 3: Impedance spectra (open symbols) and corresponding fit curves (lines)measured at 500∘C, 550∘C, and 600∘C for the YSZ/STO/YSZ
epitaxial films on MgO substrates in dry air; the inset shows an equivalent circuit.

the substrate resistance was negligible compared with that
of the YSZ/STO/YSZ film because of the small geometrical
factor.

Figure 3 displays the typical Nyquist plots for the an-
nealed YSZ/STO/YSZ samples at various temperatures under
open air and with the corresponding temperature dependent
on the total ohmic resistance. Together with the fit curves
of the presented equivalent circuit, the patterns consist of
only one semicircle attributed to the response of the samples,
which are slightly asymmetric in the low frequency range.
An equivalent (RQ) R circuit (inset) was used in the fitting
procedure to obtain the resistances R, withQ representing the
constant phase element.

The ionic conductivities of the films were analyzed by
AC impedance method. Figure 4 illustrates the Arrhenius
plots of the electrical conductivities measured in dry air, with
a temperature range from 350∘C to 600∘C, for the YSZ/STO/
YSZ heterostructures with different thicknesses. The electri-
cal conduction of the bulk YSZ is also shown in Figure 4

for comparison. The bulk YSZ sample shows the well-known
Arrhenius behaviorwith activation energy of 1.24 eV.All YSZ/
STO/YSZ heterostructures exhibited higher conductivities
and smaller activation energies than the bulk YSZ sample.
Figure 4 reveals that the reduction in layer thickness causes
a decreased active energy; this figure also shows an enhance-
ment in the exhibited ionic conductivity by roughly 3.3 or-
ders of magnitude for the YSZ/STO/YSZ (YSZ = 62 nm) tril-
ayer films deposited on the MgO compared with the conduc-
tivity values of the bulk YSZ. The ionic conductivity of the
YSZ/STO/YSZ (YSZ = 62 nm) film was 0.5 S/cm at 600∘C,
with a conduction activation energy of 0.95 eV. The biggest
relative conductivity enhancement was found in the lower
temperature region. The fact that our structures showed dif-
ferent relative orientations (Figure 2) indicates that the con-
ductivity enhancement may be associated with a particular
crystallographic arrangement at the interface.

Two regimes of the conductivity curves were identified
with a transition occurring at a temperature of 500∘C. These
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Figure 4: Arrhenius plots of the electrical conductivities for the
epitaxial YSZ/STO/YSZ thin films with different thicknesses in
the temperature range from 350∘C to 600∘C. The inset shows the
electrode configuration for the lateral conductivity measurements.

Table 1: Activation energy for the ionic transport measured on
different YSZ/STO/YSZ multilayer systems, as shown in Figure 4.

𝑑/nm 𝑑/nm 𝐸
𝑎
/eV 𝐸

𝑎
/eV

Thickness of the
YSZ layer

Thickness of the
STO layer (<500∘C) (>500∘C)

62 62 0.64 0.95
117 62 0.71 0.98
203 62 0.76 1.12

regimes have very distinct activation energies for oxygen ion
migration, which have been found by fitting the linear seg-
ments to an Arrhenius expression. These activation energies
are shown in Table 1. These observations indicate a super-
position of two parallel contributions: one is caused by the
bulk lattice, and the other one is attributed to the tensile strain
effects [2, 9]. At lower measuring temperatures (<500∘C), the
tensile strain contribution dominates the ionic conductivity.
Moreover, this tensile strain contribution increases as the
individual layer thickness decreases (as seen in Figure 2),
which explains the increase in lateral ionic conductivity as the
YSZ layer thickness decreased [10]. At higher temperatures,
O2− ions gain enough thermal energy to overcome the energy
barrier (1.24 eV) for ionic conduction through the vacancies
in the lattice; hence, a more “bulk-like” conductivity is ob-
tained. Although the conductivity is dominated by bulk lat-
tice diffusion at higher measuring temperatures, a tensile
strain contribution is still present [9].

There is much debate surrounding the emergence of co-
lossal ionic conductivity in highly strained films of YSZ/STO
heterostructures. Guo, in a comment [11] on the original
report [5], concluded that the measured conductivity of

the ZrO
2
:Y
2
O
3
/SrTiO

3
heterostructure is due to electron

holes in SrTiO
3
and not oxygen vacancies in YSZ. Cavallaro

et al. [12] grew STO/YSZ/STO heterostructures themselves
and attributed the enhanced conductivity to an interfacial
alloyed oxide resulting from zirconium/strontium intermix-
ing. From the considerations above, we also believe that
strain and interfacial effects related to the density of misfit
dislocations are at the origin of the enhanced conductivities
reported in the present paper.

As discussed earlier, the coherent interfaces formed be-
tween the alternating STO and YSZ layers, creating a few
dislocations comparable with “single crystals.” The contribu-
tion of the grain boundary conduction can be disregarded in
agreement with the semicircle in Figure 3. By tailoring the
thickness of the alternating layers and the lattice mismatch,
the interface structure can be manipulated to have very few
dislocations; the strain component is confined to the YSZ lay-
ers, which significantly improves the ionic conductivity. The
strained multilayer film (YSZ = 62 nm) displays a greatly en-
hanced ionic conductivity, with 3.3 orders of magnitude
increase, compared with the bulk YSZ at 600∘C

4. Summary

This study investigated the structural and electrical prop-
erties of the YSZ/STO/YSZ heterostructure and found that
preferential growth changes occur from the YSZ (111) to the
YSZ (220) when the thickness of the individual layers is
further decreased. These changes force YSZ into the lattice
parameters of the STO. The strain that is highly confined in
the YSZ layers greatly increased the ionic conductivity of the
multilayered heterostructure. Atomic reconstruction at the
interface was proposed among highly dissimilar structures
(such as fluorite and perovskite) to provide both large
numbers of carriers and high-mobility plane, yielding to
immense values of the ionic conductivity.Thus, the enhanced
ion conductancemore likely results from the extendeddefects
and lattice strain near the layer interfaces, whichmay increase
the density of the O vacancies. Defects and strain relaxation
may also increase the mobility of the vacancies.

Either new materials with optimized conductivity values
have to be sought or new device concepts have to be devel-
oped. The interface effects in the epitaxial ionic conducting
heterostructures are definitely promising pathways toward
novel artificial electrolytes for cooler fuel cells or other elec-
trochemical devices [2, 9]. However, combined experimental
and theoretical efforts will be necessary to understand the
ultimate origin of the enhanced conditions of the conductiv-
ity interface.
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Composite nanostructures of tungsten oxide and polyaniline (PANI) were fabricated on carbon electrode by electrocodeposition
using sodium dodecylbenzene sulfonate (SDBS) as the template. The morphology of the composite can be controlled by changing
SDBS surfactant and aniline monomer concentrations in solution. With increasing concentration of aniline in surfactant solution,
the morphological change from nanoparticles to nanofibers was observed. The nanostructured WO

3
/PANI composite exhibited

enhanced capacitive charge storage with the specific capacitance of 201 F g−1 at 1.28 mA cm−2 in large potential window of −0.5 ∼
0.65V versus SCE compared to the bulk composite film. The capacitance retained about 78% when the sweeping potential rate
increased from 10 to 150mV/s.

1. Introduction

Electrochemical capacitors (supercapacitors) have been con-
sidered as green energy storage devices which offer a number
of desirable features such as fast charging/discharging within
seconds and long cycle life. In supercapacitors, energy stor-
age is mainly based on underpotential deposition (namely,
double layer capacitors) or some redox process (namely,
pseudocapacitors). The limitation of electrochemical capac-
itors to widespread application is their relative low energy
density.Thus the challenge for the electrochemical capacitors
is to promote the energy storage capability, meanwhile main-
taining its high charging/discharging rate. Nanostructured
electrodematerials canmeet these demands due to their high
energy storage capacities and power output densities [1, 2].

Conducting polymers and metal oxides in nanosize scale
are expected to display enhanced capacitive performance
because of their large surface area, high conductivity, and
light weight.The very high surface area and low charge trans-
port resistance of nanomaterials favored faster transport of
charges and ions between electrode materials and electrolyte
in comparison to the bulk materials. Recently, much work

has focused on the development of nanomaterials for charge
storage. Zhou and coworkers demonstrated that the capaci-
tive performances of polyaniline (PANI) were enhanced with
increasing its real surface area [3]. The nanofibrous PANI
prepared by the pulse galvanostatic method displayed a high
specific capacitance. Nanostructured NiO electrodeposited
on stainless steel was reported to retain good supercapacitive
performance at high scan rate [4].

Since the size and morphologies of nanoscale materials
have significant influence on their properties, many efforts
have been devoted to fabricate nanostructured materials [5,
6]. Aswe know, surfactant is widely used as additive to control
the structure and morphologies of conducting polymers
and inorganic species [7]. The surfactant self-assembled into
organized templates in the bulk of solution or at interface
offers potential to produce materials that retain its molecular
imprint. It was reported that polymers with nanoparticle
and nonfibrillar morphologies can be obtained by using
anionic surfactant as the template, while those existing as
nanofibers or nanorods structures can be afforded by cationic
or nonionic surfactant-assisted chemical polymerizations
[8]. Conducting polymer with nanosphere structures was
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reported to be obtained through an electrochemical synthesis
from a surfactant containing solution [9]. Surfactant has
also been used in the preparation of inorganic species with
high surface area [10, 11]. For instance, Baeck and coworkers
described an electrochemical strategy for the formation
of thin nanostructured WO

3
films from dilute surfactant

solution [12]. Brezesinski utilized supermolecular assemblies
of surfactant molecules as the structure-directing template to
synthesize a nanocrystal-based porous TiO

2
film [13].

Compared to single component materials, conducting
polymer based nanocomposites exhibit superior properties
due to the synergistic effects. Recently, Hu and coworkers
embedded SnO

2
nanoparticles in the PANI networks by in

situ polymerization on surfaces of inorganic metal oxide
nanoparticles; these nanocomposites showed high rate capa-
bility and cyclic stability for supercapacitor [14]. Murugan et
al. demonstrated an in situ intercalation polymerization of
3,4-ethylenedioxythiophene to prepare a nanocomposite of
poly(3,4-ethylenedioxythiophene) (PEDOT) and MoO

3
, in

which the PEDOT was intercalated into layers of MoO
3
[15].

Composite films ofWO
3
and PANI exhibited electrochromic

properties with improved stability through immobilizing the
oxide in the polymer matrix [16–18]. Our previous studies
showed that the composites of PANI and WO

3
exhibited

superior electrochemical sensing and pseudocapacitive prop-
erties compared to the respective single component [19, 20]. A
model supercapacitor assembled by the obtainedWO

3
/PANI

composite as the negative electrode material displayed a
significantly promoted energy density and improved cyclic
stability. In this work, we present a simple and convenient
method to fabricate PANI and tungsten oxide nanostructured
composites on carbon electrode by electrocodeposition with
sodium dodecylbenzene sulfonate (SDBS) surfactant as the
template. Morphologies of the composites were investigated
by scanning electronmicroscopy (SEM), while cyclic voltam-
metry and chronopotentiometry (CP) were carried out to
study capacitive properties of the composites.

2. Experimental

2.1. Materials and Instrumentation. Aniline was purified by
distillation before use. All other chemicals were of analytical
grade and used as received. Electrochemical experiments
were conducted with a multichannel potentiostat (VMP3,
Bio-Logic-Science Instruments) in a three-electrode elec-
trolytic cell. The reference and counter electrodes were satu-
rated calomel electrode (SCE) and platinum plate (ca. 1 cm2),
respectively. Carbon cloth purchased from SGL (Germany)
with geometric area of 0.78 cm2 was used as the working
electrode. All potentials are relative to the SCE.

2.2. Composite Films Preparation. Composite films of
WO
3
/PANI were electrochemically deposited on carbon

substrates by cyclic voltammetry. A potential range between
−0.6 and 0.9V at 50mV/s was used. Prior to the deposition
of the film, the carbon substrates were cleaned by water and
acetone and then cleaned by potential dynamic scanned
from −1.0 to 1.0 V for 2 cycles in 1M H

2
SO
4
. All the films

were grown by 25 cyclic voltammetric scans and then rinsed
with distilled water.

The solution used for composite film deposition con-
tained tungsten acid (0.15M), H

2
O
2
(0.04M), and H

2
SO
4

(0.5M) with different amount of aniline and sodium dode-
cylbenzene sulfonate (SDBS). SDBS concentrations of 0, 1.3,
2.6, 5.2, 57.4, and 130mM were used and the films produced
were denoted as WPS0, WPS1.3, WPS2.6, WPS5.2, WPS57.4, and
WPS130.

The composite films prepared from solutions containing
57.4mM SDBS in the presence of 75 and 175mM aniline were
denoted as WPA75/S57.4 and WPA175/S57.4, while those from
solutions containing 130mM SDBS in the presence of 75 and
125mM aniline were denoted asWPA75/S130 andWPA125/S130,
respectively.

2.3. Composite Film Characterization. Pseudocapacitive
behaviors of the films were studied by cyclic voltammetry
and chronopotentiometry (CP) in 1M H

2
SO
4
electrolyte.

The morphologies of the samples were investigated by
scanning electron microscopy (SEM, LEO SUPRA 35). The
FT-IR spectra were recorded using Spectrum One FT-IR
spectrometer (Perkin-Elmer, USA) with KBr pellets of
powder samples scraped off from C substrate. The UV-vis
spectra were recorded on composite films deposited on ITO
using Lambda 35UV/vis spectrophotometer.

3. Results and Discussions

3.1. Influence of SDBS Surfactant Concentration on Morphol-
ogy of the Composite. Electrocodeposition ofWO

3
and PANI

was conducted through 25 cyclic voltammetric scans between
−0.6 and 0.9V at 50mV/s in solutions containing various
concentrations of SDBS surfactant. Surface morphologies of
the composite films WPS0, WPS1.3, WPS2.6, WPS5.2, WPS57.4,
and WPS130, obtained from 0, 1.3, 2.6, 5.2, 57.4, and 130mM
SDBS, were investigated by SEM (Figure 1). As can be seen
in Figure 1, the particle size decreases with increasing con-
centration of SDBS in solution at lower concentration range
(< 5.2mM). The WPS2.6 and WPS5.2 composites show the
smallest size of nanoparticles having average diameter of 10∼
50 nm. At the higher concentration of SDBS (e.g., 130mM),
particular large spherical particles assembled from 1D ori-
ented nanoribbon-like structure were observed (Figure 1(f)),
which indicate that the morphology of the composite is
controllable by SDBS surfactant.

As we know, the SDBS surfactant consists of hydrophilic
sulfonic acid and long hydrophobic alkyl chain.The spherical
micelles are formed at the critical micelle concentration
(cmc).The cmc for SDBS is about 1.5mM in aqueous solution
[21].With the increase of SDBS concentration in solution, the
spherical micelles self-assemble into larger spherical, cylin-
drical aggregates in solution, or flat bilayer micelles on the
surface [22]. The aggregated micelles are negatively charged
outside, so the anilinium cation can form complex structures
by electrostatic interaction. The incorporation of aniline
monomer with surfactant causes the aggregated micelle to
swell and enlarge [7].These complexes were assumed to serve
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Figure 1: SEM images of WO
3
/PANI films (a) WPS0; (b) WPS1.3; (c) WPS2.6; (d) WPS5.2; (e) WPS57.4; and (f) WPS130.

as structure template in the electrochemical polymerization
process. At the lower SDBS concentrations (about 2∼4 cmc),
the smaller spherical micelle may facilitate the smaller parti-
cle size of the composite formed on the electrode (Figures 1(c)
and 1(d)). With the increasing concentration of SDBS (e.g.,
130mM), the micelle becomes larger and more SDBS may
aggregate more aniline monomers inside/outside the micelle,
which more likely lead to the original 1D direction growth of
the polymers as shown in Figure 1(f).

3.2. Influence of Aniline Concentration on Morphology of the
Composite. It is interesting to note that aniline concentration
also significantly influences morphology of the composite.
Figure 2 presents the surface morphologies of WPA75/S57.4

andWPA175/S57.4 films afforded from 57.4mMSDBS solutions

with 75 and 175mM aniline and WPA75/S130 and WPA125/S130

films afforded from 130mM SDBS solutions with 75 and
125mM aniline, respectively. The composite particles tend to
be of one-dimensional arrangement when aniline concentra-
tion increases in solution. Cationic anilinium is considered
to be amphiphilic molecular because of its cationic head
group and hydrophobic phenyl ring [23]. As the aniline
concentration increases, more aniline monomer will be
involved in micelle formation, and the competition between
surfactant/monomer supermolecules and aniline monomer
itself micelles may take place. Thus the increase of aniline
concentration may exert influences on micelle compositions
and structures. During the electrodeposition process, the
preferentially 1D direction growth of polyaniline and the
elongation of the rigid micelle result in the formation of 1D
arrangement of the composite.
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(a) (b)

(c) (d)

Figure 2: SEM images of WO
3
/PANI films (a) WPA75/S57.4; (b) WPA175/S57.4; (c) WPA75/S130; and (d) WP𝐴125/𝑆130.

Similar trendswere observed on similarly prepared PANI.
Figure 3 shows the SEM images of PANI films of PANIA75,
PANIA125, and PANIA175 electrodeposited from solutions
containing 75, 125, and 175mM aniline, respectively. PANI
is prone to grow in 1D directions as the concentration of
aniline increased in solution. The short PANI nanorods
with average diameter of 150∼200 nm gradually changed to
long interconnected PANI nanofibers with diameter of 80∼
100 nm.

3.3. Influence of SDBS Concentration on Pseudocapacitive
Properties of the Composite. To investigate the pseudocapac-
itive properties of the composite films, cyclic voltammetric
scans were conducted on WPS0, WPS1.3, WPS2.6, WPS5.2,
WPS57.4, and WPS130 in 1M H

2
SO
4
(Figure 4(a)). The WO

3
-

related (A/A󸀠) and PANI-related (B/B󸀠 and C/C󸀠) redox pairs
can be seen in Figure 4(a), similar to our previously reported
WO
3
/PANI composite [19].The redox pair B/B󸀠 which corre-

sponds to the exchange between fully reduced (leucoemeral-
dine) and half-oxidized (emeraldine) PANI is a good indi-
cator for the electrochemical activity of PANI. The currents
of B/B󸀠 are higher for the composites made in the presence
of SDBS than that from free of SDBS. When SDBS was
added in the solution up to 2.6mM, the WO

3
-related (A/A󸀠)

peak currents on the cyclic voltammograms (CVs) of the
composites were increased. However, the currents decreased
with the further increase of SDBS concentration, indicating
the restriction of the tungsten oxide deposition probably

because of the strong electrostatic repulsive force between the
negative headgroup of the surfactant micelles and tungstate
anions (suggested by the micrograph of Figure 1(f)). The
composite WPS2.6 exhibited higher electroactivities of both
WO
3
and PANI in Figure 4(a). This should be related to the

nanostructure of the WPS2.6 film which may provide more
opportunity for the reactive centers on the film to contact
with electrolyte and so facilitate the charge transfer in the bulk
of the film.

The galvanostatic charge-discharge measurements were
carried out by CP on these composite films (Figure 4(b)).The
WO
3
/PANI composite films display pseudocapacitive behav-

iors in a comparatively larger potential range from −0.5 V to
0.65V versus SCE due to the combination of electrochemical
activities of WO

3
and PANI. The large potential range is

favored for the increase of energy density for supercapacitors.
The specific capacitances of the composite films increase with
the increase of SDBS concentration up to 2.6mM (inset of
Figure 4(b)). The CP results show that WPS2.6 composite
film exhibits the highest specific capacitance of 201 F/g. The
inefficient contribution ofWO

3
to the total capacitance of the

composite can be observed in the negative potential range of
the CP curves of WPS57.4 and WPS130, which is in agreement
with cyclic voltammetry results.

3.4. Characterization of the WP Nanocomposite. EDX and
FT-IR spectra were recorded to characterize the typical
nanocomposite of WPS2.6. The EDX spectrum displays the
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Figure 3: SEM images of (a) PANIA75; (b) PANIA125; and (c) PANIA175.
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Figure 4: (a) CVs of WO
3
/PANI films of WPS0, WPS1.3, WPS2.6, WPS5.2, WPS57.4, and WPS130 in 1M H

2
SO
4
. Scan rate: 10mV/s. (b) Constant

current charge-discharge curves of WO
3
/PANI films in 1M H

2
SO
4
at 1.28mA/cm2. Inset shows the specific capacitance of WO

3
/PANI

electrodes obtained from solutions containing SDBS in various concentrations.
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signals of W from WO
3
and N from PANI in Figure 5(a).

From FT-IR spectra in Figure 5(b), WPS2.6 exhibits charac-
teristic vibrations of both PANI and WO

3
. The peaks at 1575

and 1416 cm−1 are due to the stretching vibration of quinoid
(N=Q=N) and benzenoid (N–B–N) rings, respectively [23],
which appear at 1566 and 1473 cm−1 in the spectrum of PANI.
Bands at 1135 cm−1 in the spectrum of WPS2.6 and 1114 cm−1
in that of PANI are attributed to the characteristic band of
protonated PANI [24]. As can be observed in Figure 5(b), the
intensity of the peak at 1114 cm−1 in the spectrum of PANI is
rather higher than that of theWPS2.6.This ismainly attributed
to the consumption of H+ near or on the electrode surface by

WO
3
deposition process, which results in the decrease of the

protonated degree of PANI in the composite. The deposition
process ofWO

3
can be represented by the following equation

[25]:

2WO
4

2−

+ 4H
2
O
2
+ 2H+ 󳨀→W

2
O
11

2−

+ 5H
2
O (1)

W
2
O
11

2−

+ (2 + 𝑥)H+ + 𝑥e−

󳨀→ 2WO
3
+ (
1 + 𝑥

2
)H
2
O + (2 − 𝑥

4
)O
2
.

(2)

The absorption peak at 1636 cm−1 forWPS2.6, correspond-
ing to the peak at 1630 cm−1 for WO

3
, is attributed to the

in-plane bending mode 𝛿(H
2
O) of structure water [26]. The

O–W–O stretching mode appears as a broad band around
620 cm−1 which is similar to that of WO

3
at 618 cm−1 [27].

The broad peak at 1058 cm−1 in the WO
3
spectrum was

overlapped with the characteristic protonated PANI peak at
1135 cm−1 in the spectrum of WPS2.6.

TheUV-vis spectra of theWPS2.6 (deposited on ITO)were
shown in Figure 6, together with the spectra of WPS0. The
band at 320–360 nm corresponds to 𝜋-𝜋∗ electron transition
of benzenoid segments, which can be assigned to the interme-
diate state of PANI between leucoemeraldine and emeraldine
[8]. The bands at ca. 470 and ca. 800 nm are concerned with
the doping level and formation of polarons and bipolarons
(quinoid segments), respectively. From Figure 6, the band at
320–360 nm in the spectra ofWPS2.6moved to the long wave-
length (red shift) in comparison with WPS0, likely because of
the increasing delocalized degree of𝜋-𝜋∗ conjugate system in
WPS2.6. Furthermore, theWPS2.6 demonstrated the increased
intensity of the band at ca. 470 nm and the absorption band
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of nano-WPS2.6, bulk WPS0 films, and the value of recently reported composite films for comparison.

at around 800 nm with a long tail, which correspond to the
polaron bands related transitions, implying the emeraldine
salt form of PANI in WPS2.6 [5, 28].

3.5. Pseudocapacitive Properties of the WP Nanocomposite.
Figure 7(a) presents the cyclic voltammograms of the WPS2.6

composite film at scan rates of 10∼150mV/s with potential
range from –0.5 V to 0.65V. The mirror-like images of
CV curves reveal the typical pseudocapacitive behavior with
rapid current response on voltage reversal.TheCVcurves still
remain nearly mirror-like image without obvious distortion
even at scan rate of 150mV/s. This excellent rate capability
should be mainly attributed to the large accessible surface
areas and low charge transport resistance provided by the
nanostructures of the composite which facilitate electrolyte
ion and charge transport during charge-discharge process.
The area capacitance is calculated to be 0.284 F/cm2 at
thescan rate of 10mV/s and 0.222 F/cm2 at 150mV/s. The
capacitance retained about 78% when the scan rate increased
from 10 to 150mV/s, which is comparable to those of
previously reported nano-MnO

2
(retained about 46% from

10 to 150mV/s) [29], orderedmesoporousWO
3−𝑥

(about 45%
from 10 to 50mV/s) [30], and polyaniline stabilized WO

3

nanocomposite (about 36% from 5 to 100mV/s) [18].
Constant current charge-discharge experiments were

conducted on WPS2.6 and WPS0 by chronopotentiometry
at various current densities. Ragone plots were obtained
based on these experiments (Figure 7(b)). The WPS2.6 film
has much higher energy density than WPS0 film at the

same power density. The energy density of the WPS2.6
electrode is found to be 37Whkg−1 at the power density
of 650Wkg−1 and 25Whkg−1 at 5 kWkg−1, which is 46%
higher than that of WPS0 film at 650Wkg−1 and 56% higher
at 5 kWkg−1. Moreover, the nanocomposite WPS2.6 film also
shows higher energy density and power density than other
recently reported values of composite films (Figure 7(b)) [31–
34].

4. Conclusions

The electrocodeposition of tungsten oxide and polyaniline
composite nanostructures using SDBS surfactant as the
template showed that both the SDBS and aniline monomer
in the deposition solution could act as the structure direction
reagent in the formation of the nanostructured composite
film. The morphology of the composite is controllable by
SDBS and aniline monomers in solution. The resulting
composite film with spherical nanoparticles was formed
from 2.6∼5.2mM SDBS (about 2∼4 times of cmc). With the
concentration of aniline monomer increased in the solution,
one-dimensional growth trends were observed for both of
PANI and the composites. Nanostructured composite of
WPS2.6 obtained from the solution containing 2.6mM SDBS
displayed the best capacitive performance and rate capability.
The specific capacitance can be retained about 78% with the
increasing of sweeping potential rate for cyclic voltammetric
scans from 10 to 150mV/s, which make it useful for negative
electrode for supercapacitors.
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