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Abstract. A simple method has been developed for the preparation of photoanode paste from hydrothermally synthesized nanocomposite, using different nature of polymers viz., synthetic: poly(vinyl alcohol) and polystyrene (PS) and
natural: casein and sodium alginate (NaAlg) as binders. The titanium dioxide (TiO2)/multi-walled carbon nanotube
(MWCNT) nanocomposite powder and film were characterized for analysis of their structure, crystallinity and morphology by X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy and transmission
electron microscopy. Dye-sensitized solar cells (DSSCs) were fabricated using TiO2/MWCNT composite paste made with
different binders as photoanode, N719 dye, platinum as photocathode and Idolyte HI-30. The observed results of photocurrent density–voltage characteristics and electrochemical impedance spectroscopy suggested that the nature of the
binder used in making photoanode film showed significant influence on the overall characteristics of DSSCs. Among the
cells fabricated, the DSSC fabricated using TiO2/MWCNT-PS binder showed highest power conversion efficiency of
3.03%.
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Introduction

The constant growth in population and desire for change in
lifestyle of humankind make increasing energy requirements
and estimated to be 27 TW by 2050 [1]. The conventional
energy resources like natural gases, coal, petroleum, etc.
cannot meet these requirements. Hence, it is very important
to shift the focus on to the other energy sources, which are
renewable. The use of renewable energy resources not only
fulfills the energy needs but these are also environmentally
friendly. Among the various renewable energy resources
available on our earth planet, the potential one is solar
energy [2]. The amount of solar light striking the earth in 1 h
can meet 1-year energy requirements of humankind.
Therefore, it is extremely important to harvest this abundantly available solar energy and transform into electricity
by using photovoltaics. The development of photovoltaics
has been started in the last two decades and various types of
energy conversion devices have been developed.
Dye-sensitized solar cells (DSSCs) are quite promising
and a lot of developments have been made during last
decade in terms of design, substrates, materials like electrolytes, dyes, electrodes, etc., and also the method of

fabrication. At this point, the solar cell research is focused
on increasing the industrial applications [3]. The first DSSC
developed by Gratzel [4] with power conversion efficiency
(PCE) of 7% triggers the scientific world and lots of
developments have been witnessed in the following years.
The DSSC comprises 4 sections: (1) a photoanode thin film,
(2) a photosensitizer (dye), (3) a cell containing a redox
couple electrolyte and (4) a photocathode (platinum) [5].
Each has its own role and it is necessary to optimize the
properties of these components in order to achieve
enhanced PCE.
Among the various components, photoanode is an
important one and performs major functions: (i) acts as a
base for dye adsorption and (ii) transporting electron from
the dyes LUMO state towards the external circuit [6].
Among the various materials, titanium dioxide (TiO2) has
been studied extensively as photoanode owing to its high
charge transport capacity and chemical stability [7]. It has
been demonstrated that the efficiency of TiO2 strongly
depends on its phase or geometric structure. Anatase form
of TiO2 is the preferred structure for DSSC applications
because of the lower bandgap [8]. This energy bandgap
allows absorption of the UV region in addition to the visible
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region. Therefore, a large number of photons can be
generated and stimulate the photosensitizing dye. During
the past few years, one-dimensional TiO2 nanostructures
such as nanofibres (NFs) [9], nanorods [10], nanowires [11],
nanotubes [12], etc. have been studied as high-performance
photoanode substrate for DSSCs due to their uniform
structure, oriented electronic charge transport and strong
resistance to stress change. In addition to the pristine TiO2
structures, TiO2-based nanocomposite structures were also
studied.
Lämmermann et al [13] fabricated a DSSC based on biodye and TiO2 as photoanode and obtained the efficiency of
0.3%. Further, the stability of the bio-dye-based cell was
studied at least 7 days in continuous light. Sriharan et al
[14] fabricated TiO2 nanorod arrays (TNR) incorporated aalumina (ATNR) thin film and attained PCE of 6.5% for aAl2O3-added TNR device. The result of incorporating silver
nanowires (AgNWs) and TiO2 NFs into the tri-layer photoanode of DSSC was studied and obtained a PCE of 9.74%
[15]. Javed et al [16] incorporated SnO2 nanoparticles into
TiO2 nanohexagon arrays by using a one-step facile
immersion approach and observed PCE of 6.43%. Golubko
et al [17] used a titania-based polymer as organic ‘polylinker,’ which allows low temperature annealing and
obtained PCE up to 1%. Karthick et al [18] fabricated
DSSCs with TiO2 film prepared with 0.4 g of PVP exhibited
the highest PCE of 6.77%.
Among the various composites of TiO2, carbon nanotube
(CNT)-TiO2 has attracted much attention due to its unique
electrical and electronic properties, wide electrochemical
stability window, high surface area, adsorption, mechanical
and thermal properties [19]. Abdullah et al [20] succeeded
in producing multi-walled carbon nanotube (MWCNT)/
TiO2 nanocomposite photoanode film by sol–gel methods
for DSSCs. The device fabricated with 0.03 g of MWCNT
showed an efficiency of 2.80%. Another research group [21]
fabricated DSSC based on TiO2/MWCNT composite with
different concentrations of CNT (0, 0.03, 0.06, 0.09, 0.15
and 0.21 wt%) as photoanode. Among them, a photoanode
containing 0.03 wt% MWCNT showed better PCE of
0.85%. De Morais et al [22] fabricated a DSSC by adding
0.02 wt% MWCNT to commercial TiO2 paste and attained
PCE of 3.05%.
In order to improve the homogeneity and reduce the
brittleness of the photoanode films and agglomeration of
nanostructures, polymer binders are used, which holds the
entire chemical system together. Further, it is the only
continuous phase in the slip and breaks up during the sintering process. The presence of the binder strongly influences the rheological properties of the slip and the strength
and density of the film after sintering [23].
Several researchers used polymer binders in fabricating
photoanode for DSSCs and achieved better efficiencies.
Trang Pham and others [24] produced a sequence of
macroporous films with big cavities by incorporating
polystyrene (PS) spheres into screen printing paste and
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burning PS during the sintering process. Compared to other
devices, the device prepared with 10:1 (TiO2:PS) ratio
showed maximum conversion efficiency of 6.9%. Another
group studied the effect of molecular weight of synthetic
polyethylene glycol (PEG) on the efficiency of DSSC. PEG
with a molecular weight of 8000 showed better efficiency of
2.64% than the other two samples [23]. Jin and others [25]
manufactured the DSSC using a photoelectrode based on a
natural polymer chitosan sol (1.5–3.0 wt%). It was observed
that DSSC prepared with the D2 (2 wt%) sample showed
high PCE of 4.16% and has been attributed to the slower
electron recombination rate and fast electron transfer.
In this study, a simple method has been developed to
prepare nanocomposites of TiO2 nanotubes by incorporating MWCNT by hydrothermal process and used as photoanode in fabricating DSSCs. Different types of polymers
such as poly(vinyl alcohol) (PVA), PS, casein and NaAlg
were used as binders because these are known to be better
film-forming polymers. The results are discussed in terms of
nature of polymer binder used and their effect on the efficiency of DSSC.

2.
2.1

Experimental
Materials

Titanium dioxide (anatase), MWCNT (D 9 L 110 to 170
nm 9 5 to 9 lm based on [90% carbon), PS (MW =
35,000), PVA (MW 31,000–50,000) and NaAlg were purchased from Sigma Aldrich, UK. Casein was procured from
SD Fine Chemicals, Mumbai. N719 dye (Ruthenizer–535–
Bis TBA), liquid platinum (plastisol T) and electrolyte
(Idolyte HI-30) chemicals were purchased from Solaronix,
Switzerland. Sodium hydroxide, Tween-80, acetic acid
(99% pure), methanol and hydrochloric acid (HCl) were
purchased from Merck Specialty, India. Acetone and isopropanol were obtained from Fisher Scientific Private Ltd.,
Mumbai, India. Ethanol was purchased from the Chinese
company, Changshu Hongsheng. Double-distilled water
was collected in research lab and used throughout the work.

2.2

Synthesis of TiO2/MWCNT nanocomposite

Nanocomposite of nanotubes of TiO2/MWCNT was synthesized using bulk TiO2 powder and nano range MWCNT
using the procedure reported with some modifications [26].
In a typical procedure, 3.76 g of commercial TiO2 and 0.24
g of MWCNT were suspended in 200 ml of 10 M NaOH
solution and stirred magnetically for 1 h. The obtained
opaque white slurry was transferred into a 250 ml stainless
steel autoclave and closed, and hydrothermally treated at
130°C for 20 h. After completion of reaction, autoclave was
cooled naturally and the resulting precipitate was thoroughly washed with dilute HCl, distilled water, methanol,
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ethanol and then dried at 80°C for 12 h. The resulting
powder was calcined at a temperature of 350°C for 3 h to
obtain TiO2/MWCNT nanocomposite powder.

2.3

Preparation of TiO2/MWCNT photoanode film

In order to convert the nanocomposite powder into a paste
to make a photoanode film, different types of polymer
binders viz, PVA, PS, casein and NaAlg were used. The
paste was made by pulverizing the nanocomposite in a
mortar and mixing with acetic acid and polymer binder for
about 60 min. Finally, surfactant Tween-80 was added and
mixed thoroughly to obtain homogenous nanocomposite
paste. Composition details of the paste are given in table 1.

2.4

Fabrication of DSSC device

DSSC device was fabricated on FTO glass. A TiO2/
MWCNT nanocomposite working electrode was prepared
by spreading the paste on FTO glass using a doctor blade
method to obtain a thin film. The film was heated at 500°C
for 30 min at a controlled heating rate of 4°C min-1 and
then cooled to room temperature at the same rate to prevent
cracking of the film surface. A dye solution was prepared by
dissolving photosensitizer N719 dye in ethanol to obtain a
0.5 mM concentration. The nanocomposite film was
immersed in freshly prepared dye solution for 18 h at room
temperature. The anode film was removed and washed with
an ethanol solution to free from excess dye solution. The
counter electrode of platinum (Pt) was prepared on another
FTO glass by spin coating platinum paste (Plastisol T). It
was heated to 500°C for 30 min at a controlled heating rate
of 4°C min-1, and then cooled to room temperature at the
same rate. The dye-fixing photoanode and the photocathode
were combined using a binder clip, and the gap between the
two electrodes was filled with redox electrolyte (Idolyte HI30) to complete the production of the DSSC device.

2.5

210

CuKa (1.5406 Å) radiation in the 2h range of 10–90
using an X-ray diffractometer (Bruker D8-advance). The
Fourier transform infrared (FTIR) spectroscopy of anode
films was recorded with a Perkin Elmer Spectrum Two
spectrometer using KBr pellets ranging from 400 to 4000
cm-1 at room temperature. Surface and cross-sectional
images of the photoanode film were observed under
scanning electron microscope (Jeol-JSM-6390LV model)
at an accelerating voltage of 5–15 kV.
2.5b J–V characteristics of DSSC: Photocurrent
density–voltage (J–V) measurement was performed using
a PEC-L01 solar simulator (Peccell Inc., Japan) connected
to 150 W xenon lamp as a light source and KEITHLY 2401
(PV Measurement Company), and intensity of the light was
calibrated to 1 sun (AM 1.5 G) using a mono-Si solar cell.
The effective area of DSSC device was 0.4 cm2. Impedance
data were tested using an electrochemical impedance
analyzer (Zive SP1 Instrument) to evaluate interfacial
charge transfer resistance in DSSC in the frequency range
of 0.1 Hz to 100 kHz at room temperature. The applied bias
voltage was set to cell open circuit voltage, and the
alternating current amplitude voltage was 5 mV. The
electrochemical impedance spectroscopic (EIS) data were
tailored using Z-MAN software.

3.
3.1

Results and discussion
Structural analysis

XRD patterns of the sintered photoanode films of TiO2/
MWCNT nanocomposite prepared using various binder
polymers are shown in figure 1. During the sintering of the

Characterizations

2.5a Characterization of nanocomposite photoanode
film: The X-ray diffraction (XRD) pattern of the
sintered photoanode film was obtained by irradiating
Table 1.

Chemical composition of photoanode paste.

Materials
TiO2/MWCNT (g)
Polymer sample (PVA, PS,
casein, NaAlg) (g)
Acetic acid (ml)
Tween-80 (ml)

Function

Amount

Semiconductor powder
Binder

0.4
0.1

Acidification agent
Surfactant

0.18
3

Figure 1. XRD patterns of sintered photoanode films of TiO2/
MWCNT nanocomposite prepared using various binder polymers.
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films at 500°C, most of the binder polymer might have
dissipated, hence, peaks corresponding to polymers were
not observed in all samples. In all the samples, various
peaks at different 2h values were observed due to the
crystalline nature of both TiO2 and MWCNT. The peaks
observed at 25.3°, 37.80°, 48.05°, 54.05°, 55.27°, 62.12°,
68.76°, 70.31° and 75.03° corresponded to reflections of
(101), (004), (200), (105), (211), (204), (116), (220) and
(215) planes of TiO2, which suggest that the TiO2 was in
anatase phase having tetragonal structure. These data were
in good agreement with JCPDS 21-1272 data [27]. Peaks
observed at 26.34° and 42.90° correspond to reflections of
(002) and (100) planes of MWCNT (JCPDS 26-1079) [28].
These results confirmed the orientation and crystallinity of
photoanode films.

3.2

FTIR analysis

FTIR spectra of photoanode films of TiO2/MWCNT
nanocomposite prepared using various binder polymers are
displayed in figure 2. The presence of two peaks at 2920
and 2850 cm-1 may be due to symmetric and asymmetric
stretching vibrations of the methylene group (–CH2–) of the
CNTs. This shows that the methylene structure of CNTs
was not broken in the hydrothermal as well as in the sintering process. In addition to this, the appearance of two
additional absorption peaks at 1728 and 1160 cm-1
demonstrated formation of carboxyl and carbonyl groups
during the modification step [29]. In all the spectra, no
peaks regarding any of the polymer used as a binder were
observed, which further suggested that the polymers were
destroyed during the sintering process of the film (FTIR
spectra of individual binders polymer are given in supplementary file).

Figure 2. FTIR spectra of sintered photoanode films of TiO2/
MWCNT nanocomposite prepared using various binder polymers.
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3.3

Morphological properties of the photoanode films

Figure 3a, b and c are scanning electron microscopic (SEM)
surface and cross-section images of nanocrystalline TiO2/
MWCNT photoanode film prepared by using PS as a binder
by doctor blade method. From these images, it can be
observed that pores resulted due to the decomposition of the
polymers during sintering were visible and further, the
formed pores are uniformly distributed on the surface of the
film. This type of porous structure is essential for the penetration of the electrolyte [30]. Figure 3d and e displays the
cross-section SEM images of TiO2/MWCNT films prepared
using PVA and NaAlg binders, respectively (SEM images
of PS, PVA, NaAlg binder-based photoanode films are
given in supplementary file). Compared to PVA and NaAlgbased binder TiO2/MWCNT photoanode films, formation of
pores was more clear in the PS-based TiO2/MWCNT photoanode film. This might be due to the variation in shrinkage of the films during evaporation and degradation of
binder during sintering process [30]. Figure 3f shows a
TEM image of TiO2/MWCNT nanocomposite powder,
which indicates the good and uniform distribution of
MWCNT in nanostructured TiO2 matrix.

3.4

Photocurrent density–voltage (J–V) characteristics

Figure 4 displays the J–V characteristics of DSSC fabricated using TiO2/MWCNT nanocomposite as photoanode
prepared with various polymer binders. The open circuit
voltage (Voc), short-circuit current density (Jsc), fill factor
(FF) and efficiency (g) of these DSSCs are also given in
table 2. Compared to all, TiO2/MWCNT nanocomposite
photoanode prepared with PS as binder showed higher FF of
0.53 and current density of 9.77 mA cm-2 and PCE of
3.03% among the other devices.
Different nature of the polymer binders used in this study
has a significant influence on the photoanode film structure
and morphology. PVA, NaAlg and casein are soluble in
water, whereas PS is soluble in an organic solvent. Further,
the viscosity of the polymer solution and evaporation of the
solvent are important in attaining the film. When the
nanocomposite film was prepared using natural polymers,
NaAlg and casein, the free volume of the films is higher
compared to other polymers studied due to the huge size
and ring structures. Further, the hydrophilic nature of the
NaAlg, casein and PVA, and hydrophobic nature of composite material will also have an impact on the morphology
of film and agglomeration of the composite in film. When
the films were sintered at a higher temperature, these entire
polymer degrade and leaves pore/cavities in the films.
Because of the above-said reasons, bigger cavities might
have formed in the films prepared using NaAlg, casein and
PVA compared to PS. Due to the less free volume and
limited shrinkage, smaller and uniform cavities might have
been formed in the photoanode film prepared using PS as
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Figure 3. (a–c) SEM images of surface and cross-section of sintered photoanode films of TiO2/MWCNT
nanocomposite prepared using PS binder polymer, (d) and (e) cross-section images of PVA and NaAlg binder-based
films. (f) TEM image of the synthesized TiO2/MWCNT nanocomposite powder.

binder after sintering. Because of this, the number of grain
boundaries in the DSSC device might be less and leakage of
the dye and electrolyte is also limited. Hence, the DSSC
device fabricated using TiO2/MWCNT-PS binder showed
higher photocurrent and PCE than other devices [31,32].

3.5

EIS analysis

The charge transfer kinetics in DSSCs was measured by
electrochemical impedance spectroscopy (EIS). Figure 5
displays a Nyquist plot obtained under dark conditions for
DSSC fabricated with TiO2/MWCNT nanocomposite as
photoanode prepared using different binder polymers. The
DSSC’s internal impedance component usually contains
three semicircles: low, medium and high frequency. The
semicircle indicated as R1 (RS) is the charge transfer at the
cathode–electrolyte interface, the charge transfer at the
TiO2-MWCNT/dye/redox electrolyte interface in the intermediate frequency range is shown as R2 (RCT), and the

Nernstian diffusion process charge transfer in the low
frequency range is designated as R3, has not been detected
here. The component RS is the size of the origin to the
beginning of the first semicircle, i.e., the sheet resistance of
the cell. The high resistance in the intermediate frequency
range R2 accounts for the reduced charge recombination
process and the increase in the electron transport in the
DSSC devices. Compared to all the four devices, the DSSC
fabricated using PS polymer binder in making TiO2/
MWCNT nanocomposite photoanode film has shown higher
resistance at medium frequency R2 range. This suggests that
the charge recombination is less in this device, hence higher
PCE was observed than other devices [33].
The EIS parameters of prepared solar cells are shown in
table 3. Semicircles with higher RCT values were observed
for PVA and PS polymer-based cells, but lower RCT values
with small tail peaks at lower frequency range for devices
with casein and NaAlg-based cells were observed. The
resulting dye-supported TiO2/MWCNT on PVA and PSbased DSSCs results shows higher charge transfer
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Table 3. Charge transfer resistances of polymer binders based
DSSCs device.
Polymer

RS (X)

RCT (kX)

PVA
PS
Casein
NaAlg

2.77
11.84
14.16
14.77

4.1
2.8
1.7
1.1

resistance, which contributes to the electron transfer kinetics at the electrolyte/electrode interface.

4.

Figure 4. J–V characteristics of DSSC fabricated using sintered
photoanode films of TiO2/MWCNT nanocomposite with various
polymer binders.
Table 2.

Photovoltaic characteristics of DSSCs devices.

Binder used for making
working electrode
PVA
PS
Casein
NaAlg

Jsc (mA
cm-2)

Voc
(V)

FF

PCE
(%)

4.23
9.77
2.03
4.51

0.60
0.58
0.54
0.61

0.50
0.52
0.41
0.49

1.28
3.03
0.45
1.36

-2
Error limits: Jsc: ±0.20 mA cm , Voc: ±0.03 V, FF: ±0.03 V, g:
±0.10.

Conclusion

DSSC fabricated using TiO2/MWCNT photoanode made
with PS binder showed highest PCE of 3.03% under simulated sunlight, AM 1.5 global illumination with Voc of 0.58
V, Jsc of 9.77 mA cm-2 and FF of 0.52 compared to the
other devices fabricated using PVA, NaAlg and casein
binder materials. TiO2/MWCNT-PS photoanode film has
good morphology with uniform porous surface, which helps
in reduced electron recombination in the DSSC compared to
other films. From these results it is evident that the binder
materials used in making photoanode has significant influence on the overall characteristics of the DSSCs.
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