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A B S T R A C T

Polyaniline (PANi)-graphene composites and polyaniline-graphene/TiO2 composites were prepared by ex-situ
approach. Systematic investigation was carried out to explore photovoltaic (PV) properties of PANi-graphene
and PANi-graphene/TiO2 composite. The prepared composites were characterized using X-ray diffraction (XRD),
Scanning Electron Microscope (SEM), Raman Spectroscopy and Ultraviolet–Visible (UV–Vis) Spectroscopy. The
PV properties of dye-sensitized solar cells (DSSCs) prepared composites investigated by assembling materials in
ITO/PANi-graphene/Al and ITO/PANi-graphene/TiO2/Al architecture. Different PV parameters such as short
circuit current, open circuit voltage, fill factor and power conversion efficiency were determined from the
(Current-Voltage) IV characteristics of PV cell. The 15wt% PANi loaded graphene composite based PV cell
shows optimized power conversion efficiency of the order 6.47%. The main accomplishment of present work is
that efficiency associated with 15 wt% PANi loaded graphene composite, improved further by addition of TiO2

nanoparticles. The composite system between PANi-graphene/TiO2 for 1 wt% of TiO2 nanoparticles shows op-
timized power conversion efficiency of the order 8.63%.

1. Introduction

Global demand of energy rising gradually, due to heavy in-
dustrialization and urbanization. Developed countries have huge de-
mands of energy while demand is going on increasing in developing
countries. The International Energy Agency states that energy needs are
projected to expand by 55% till 2030 [1]. But unfortunately, the
complete demand of energy is satisfied through non-renewable energy
sources such as coal, petroleum, and natural gas. The exploitation of
non-renewable energy sources results in range of adverse effects like air
and water pollution, damage to public health, global warming and
unnecessary atmospheric changes. Key solution for this issue is to use
renewable energy sources such as hydropower, geothermal, wind and
solar energy instead of non-renewable energy sources. Among these
renewable energy sources, solar energy is best option due to out-
standing characteristics such as the most abundant, inexhaustible and
clean of all the renewable energy resources till date.

Across the globe researchers takes great interest in identification of
alternative materials to silicon. The downside associated with silicon-
based photovoltaic (PV) cell technology is their manufacturing requires
costly ultra-high-purity silicon. Also, this process of manufacturing of
PV cell results in significant carbon emission. Organic materials are

considered as close competitive and alternative to the standard silicon-
based PV cell technology. The main causes behind the development of
organic PV cell technology are less expensive, thinner, more flexible,
and amenable to a wide range of lighting conditions. Another inter-
esting reason is low material consumption results in a high absorption
coefficient [2]. Some other advantages of organic PV cells are low
specific weight, mechanical flexibility, tunable material properties and
high transparency [3].

During literature survey on organic PV materials, we come across
three efficient materials which exhibits outstanding PV properties.
These three materials are polyaniline, graphene and TiO2 nanoparticles.
Among the conducting polymers such as polyaniline (PANi), poly-
pyrrole (PPy) and polythiophene (PTh), PANi has been extensively
studied by researchers.

Conducting polymer is the class of materials, which is fit for pho-
tovoltaic application and device fabrication. This is because of out-
standing characteristics such as intrinsically stable photoexcitation with
visible light, high photon harvesting efficiency, tunable band gap en-
gineering on the entire visible spectral range and large charge genera-
tion when mixed with electron acceptor materials [4].

PANi display good electron conducting behaviors, interesting redox
behavior, high environmental stability and controllable electrical and
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optical properties [5–7]. All these outstanding features of PANi attrib-
uted to the delocalized π-electron structure. The optical absorption
coefficient of organic molecules specially in case of PANi is very high.
Therefore, large amount of light can be trap by an insignificant amount
of materials [8].

Graphene possesses a substantial number of wonderful optical and
electronic properties, such as zero band-gap, semi-conducting with a
high carrier mobility and high optical transparency, which generally
not observed in other materials [9]. It is well accepted principle for
organic PV cells that optimization of both charge transport and optical
properties are necessary for good performance.

Out of many semiconducting metal oxides, TiO2 has some attractive
features for PV cell application. TiO2 nanomaterial suitable for PV cell
application due to its high chemical and optical stability, non-toxicity,
low cost, corrosion resistance and ease of synthesis [10,11]. Many re-
ports show that graphene–TiO2 nanocomposites possess superior pho-
tovoltaic properties than pristine TiO2 [12].

The composite preparation using organic and inorganic constituent's
results in improved electronic properties. It is well known principle of
materials science that in synergetic state, physical and chemical prop-
erties of most of the composite improves. Therefore, in this section it is
analyzed using some reports on PV properties of PANi-Metal Oxide
composite. The addition of metal oxides impurity in PANi enhance the
PV properties and increase the efficiency of solar cells.

Ameen et al. fabricated TiO2/PANi and dye absorbed TiO2/PANi
electrodes by plasma polymerization for solar cells application. The
results of the study indicate that dye absorbed TiO2/PANi electrode
based DSSCs have high charge carrier transportation between the TiO2

and PANi layer. This rapid charge transportation in dye absorbed TiO2/
PANi electrode improves the performance of solar cell than the TiO2/
PANi electrode [13]. Shen et al. architecture PV cell with layers ITO/
nano-crystalline TiO2/PANi/Aluminum. This shows largest open vol-
tage of 0.397 V and short current density of 65.9 μA/cm2 under simu-
lated solar radiation. Using current-voltage characteristics, the forma-
tion of p-n junction between nano-crystalline TiO2 and PANi interface is
also verified [14]. Yang et al. synthesized grafted aniline on amino-
benzoate monolayer to adsorbed TiO2 nanocrystal to fabricate a uni-
form core/shell structured TiO2/PANi nanocomposite. The DSSC fab-
ricated with an electrode of TiO2/PANi film have considerably high
short circuit current density of 0.19mA/cm2 and an open circuit vol-
tage of 0.35 V [15]. Zhu et al. adopted the two-step process to prepared
PANi hybridized ZnO photoanode on FTO substrate. The results of the
study show that light-conversion efficiency of PANi hybridized ZnO
nanograss improves by 60% than pure ZnO nanograss photoanode [16].
Momeni et al. studied the dye-sensitized solar cell based on TiO2 na-
notube arrays. In this work, TiO2 nanotubes were prepared by two
different approaches namely one-step and two-step process. This work
concludes that TiO2 nanotubes prepared using two-step process shows
higher efficiency [17]. Bahramian et al. prepared in situ PANi-based
counter electrode and coral-likeTiO2 to assemble DSSC with transparent
PANi films as counter electrode. This bifacial DSSC have power con-
version efficiency of 8.22%, which is assigned to excellent light scat-
tering by the coral-like TiO2 and high specific surface area of PANi
nanofibers [18]. Duan et al. fabricated the DSSC with PANi in-
corporated TiO2 anodes, PANi counter electrodes, and iodide doped
PANi solid-state electrolytes. The results of the study show that DSSC
with proper assembly process and iodide dosage provides good PV
performances with power conversion efficiency of 3.1% [19].

The humankind has been gifted by many brilliant materials by
nature, one of those is Graphene. Graphene possess noticeable enig-
matic optical and electronic properties such as zero band gap, high
carrier mobility, high optical transparency. The synergetic phase of
graphene with PANi, also results in efficient PV materials. Some reports
on PANi-Graphene composite have been reviewed in this section.

Wang et al. prepared graphene/PANi nanocomposite by poly-
merization of aniline monomer in situ method. In DSSC, graphene/

PANi nanocomposite deposited on FTO, which gives power conversion
efficiency of 6.09% compared to 6.88% of efficiency for PV cell with
expensive Pt counter electrode under similar experimental conditions
[20]. Liu et al. designed DSSC by coating a nanocomposite thin film of
graphene/PANi on FTO glass by electro-polymerization method. In
comparison, graphene/PANi based electrode has power conversion ef-
ficiency of 7.17%, which is close to 7.24% of a DSSC with a Pt counter
electrode. This study shows that graphene/PANi electrode has potential
to replace conventional Pt counter electrode in DSSC [21]. Dinari et al.
designed the Pt free DSSC using PANi-Graphene quantum dots by in situ
electrochemical polymerization on FTO coated glass. The synergistic
effect between PANi and graphene quantum dots provides higher
electrochemical catalytic activity which resulted into improved PV
performance with power conversion efficiency of 1.6% [22].

Loryuenyong et al. fabricated DSSCs with counter electrode based
on PANi-graphene hybrid material. The counter electrode was prepared
by depositing material on FTO by drop casting method. The PANi/
graphene hybrid counter electrode exhibits superior PV performance
with open circuit voltage of 0.57 V, Short Circuit Current of
5.15mA cm−2, fill factor of 0.40 and power conversion efficiency of
1.16% which results in improved PV performance than DSSC based on
Pt electrode [23]. Yang et al. synthesized multilayer counter electrodes
from positively charged PANi-graphene complex and negatively
charged platinum nanoparticles with different number of layers and
different concentration of graphene in PANi-graphene complex. This
work concludes that the electron migration from graphene to PANi
helped in good charge transfer. This multilayer interface based DSSC
has power conversion efficiency of 7.45%. This work also pointed that
multi-interfacial counter electrodes are suitable for robust DSSC [24].

During literature survey, it is observed that PANi, TiO2 nano-
particles and Graphene have much potential to improve their PV
properties. The necessity of development of new kinds of PV materials
with improved power conversation efficiencies is being touched by
different research groups across the globe. Therefore, the problem is
identified on the basis of following remarks:

• During study, it is observed that concentration of impurity in com-
posite has play crucial role. Therefore, in this work it planned to
investigate optimized composition of PV material based on PANi
and graphene.

• In second step, after successful finding of optimized composition,
another impurity that is TiO2 used for further enhancement of PV
properties of PANi-graphene composite.

Therefore, the objectives of present work are to prepare and opti-
mized PV properties of PANi-graphene composite. Then prepare and
optimized TiO2 nanoparticles loaded PANi-graphene composite for PV
application.

2. Experimentation

2.1. Preparation of materials

2.1.1. Preparation of PANi

In the present work, PANi was synthesized by using chemical oxi-
dative method. In this method, ammonium persulfate was used as an
oxidizing agent. All chemicals required for the preparation of PANi
procured from SD fine, India of AR grade and used without further
purification. In the process of preparation of PANi, following steps were
executed,

• During the synthesis of PANi, one condition is imposed on molar
ratio between ammonium persulfate to aniline monomer should not
exceed the ratio ≤1.15. The reason behind this condition is to ob-
tain high conductivity and yield [25].

• With this condition, both aniline monomer and ammonium
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persulfate dissolve separately in aqueous (100ml) medium.

• Subsequent to this step, the solution of aniline monomer was added
in ammonium persulfate solution in dropwise manner under mag-
netic stirring.

• The greenish-black precipitate was observed in beaker with increase
in temperature.

• This precipitate was kept for overnight (24 h) for good quality
polymerization.

• On next day, precipitate was washed three times with distilled water
to remove un-reacted contents in product.

• The obtained product was dried at 50 °C and used for further pro-
cess.

2.1.2. Preparation of PANi/Graphene composites

The ex-situ approach was adopted for the preparation of PANi/
Graphene composite. The graphene required for the composite pre-
paration was prepared by previously reported method [26]. The weight
% (wt.%) stoichiometry was adopted for the preparation of composites.
The wt.% stoichiometry was calculated using relation (Eq. (3.1)),

=
+

×wt
A

A B
. %

( )
100

(3.1)

where A and B are constituents of composite.
In our case, the content of PANi in composite was varied for 5–20wt

% by an interval of 5 wt%. In this way, four samples were obtained.
During preparation of composite, both constituents of composite was
added in 25ml acetone under magnetic stirring at room temperature.

2.1.3. Preparation of PANi/graphene-TiO2 composites

PANi/Graphene-TiO2 composites was also prepared by ex-situ ap-
proach. In this process, TiO2 was directly procured from SD fine, India
of high purity. This TiO2 was probe sonicated using sonicator (PCi, 750-
F, PCI Analytics Pvt Ltd). This process of probe sonication, splits the
TiO2 particles up to the nano-dimensions. As-obtained TiO2 nano-
particles, was used for the preparation of composites. By adopting wt.%
stoichiometry, four samples of PANi/Graphene-TiO2 composites were
prepared by varying content of TiO2 nanoparticles in composite from
0.5 to 2 wt% by an interval of 0.5 wt%. The optimized stoichiometry
between PANi and graphene were used further for addition of TiO2

nanoparticles, to improve PV properties. Here also, acetone was used as
an organic media for the preparation of composites. For dye sensitiza-
tion process, Ru-based N719 dye was used by preparing media of
0.25mM ethanolic solution of dye N719.

2.2. Fabrication of photovoltaic cell

The doctor blade technique was used to fabricate the PV cells.
During this process, the composites was sandwiched between cleaned
ITO plate as transparent electrode and Aluminum electrode. The alu-
minum foil was used as metallic electrode for the PV cell. ITO plate
(Dimension: 25mm×25mm) used in this work was procured from
Techinstro (ITO-SE-011), India. With the help of temporary binder
(based on 3% ethyl cellulose and 97% butyl digol), composite was
deposited on ITO electrode and then Aluminum electrode was de-
posited. This fabricated cell allows to dry at 40 °C for 3 h for evapora-
tion of volatile organic compounds. The thickness of deposited layer
controlled by thickness of transparency used during doctor blade
technique. In this way, PV cells were fabricated for further study. The
side face of fabricated PV cell is depicted in Fig. 1.

2.3. Measurements of photovoltaic characteristics

The current-voltage (IV) characteristics of PV cell collected under
incandescent light bulb of power 0.2956 Watt/m2. The separation be-
tween incandescent light source and PV cell was about 15 cm. The
important diode parameters like open circuit voltage (VOC), short

circuit current (ISC), fill factor (FF), and power conversion efficiency (η)
were measured under these conditions, which reproduced without any
considerable deviation. The FF of PV cell computed using relation Eq.
[1] [27]:

= ×
×

FF
I V

I V
MAX MAX

SC OC (1)

Whereas, power conversion efficiency (%η) of PV cell estimated
using the relation Eq. [2]. [28],

⎜ ⎟= ⎛
⎝

× × ⎞
⎠
×η

I V FF

P
% 100SC OC

in (2)

The FF and %η are the crucial parameters for any PV cell. On the
basis of these parameters, it is possible to discriminate any PV cell and
its performance.

3. Results and discussion

3.1. Materials characterization and PV properties of PANi/Graphene

3.1.1. XRD analysis

Fig. 2 (a) shows the XRD pattern of pure PANi synthesized by
chemical oxidative method. The XRD pattern of pure PANi comprises
only one broad peak around 26°, which indicates the poor crystallinity
phase of PANi. This broad peak is also assigned to the scattering from
the PANi chains at inter planar spacing [29]. Fig. 2 (b) depicts XRD
pattern of graphene, which has well structural, and phase purity. The
XRD of graphene possesses two signature peaks at 26.3° (002) and 44.2°
(100). The peak at 2θ=26.3° indicates well organized structure of
graphene with an interlayer spacing of 0.339 nm. This layer spacing is

Fig. 1. Side face of fabricated PV cell.

Fig. 2. XRD pattern of pure (a) PANi, (b) graphene and (c) 5 wt%, (d) 10wt%,
(e) 15 wt%, (f) 20 wt% PANi loaded graphene composites.
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in agreement with spacing in graphite. The broad peak at 2θ=44.2° is
attributed to presence of some defects [30]. Fig. 2 (c, d, e and f) shows
the XRD pattern of 5 wt%, 10 wt%, 15 wt% and 20wt% PANi loaded
graphene composites, respectively. XRD pattern shows that with an
increase in PANi content in composites, noisy behavior of pattern in-
creases. This indicates that crystalline nature of composites decreases.
Sharp peaks appear between 20 and 26° is attributed to the presence of
smaller crystalline regimes in composites. The decrease in peak height
intensity of composites than graphene and PANi, justify the formation
of composites.

3.1.2. Morphology study

Fig. 3 shows the SEM images of (a) 5 wt%, (b) 10 wt%, (c) 15 wt%
and (d) 20 wt% PANi loaded graphene composites prepared by ex-situ
approach. In all cases, graphene sheets are homogeneously dispersed in
PANi. At fixed resolution, one thing is observed from SEM images that
agglomeration phenomenon increases with wt.% of PANi. All composite
samples have irregular shape.

3.1.3. Raman Spectroscopy

Fig. 4 depicts the Raman spectra of 15 wt% PANi loaded graphene
composite, which is optimized sample in PV study. The C−N stretching
vibration from benzenoid structure appears through band 1548 cm−1.
The semi-benzenoid polaronic band of C–N+ appears at 1318 cm−1 and
plane bending vibration of CH is appears at 1200 cm−1. The Raman
spectrum comprises clear band D (1325 cm−1) [31], G (1598 cm−1),

and 2D (2695 cm−1), which are signature band of graphene [32–34].
The shift in band position is observed, which is attributed to the
structural changes in resultant composite. The quinoid rings in the PANi
have a similar atomic structure with the C6 rings of graphene. This
situation in both constituents allow for a strong π -π stacking interac-
tion and beneficial for electronic transmission [35].

3.1.4. Optical properties

In PV technology, optical properties of PV materials play crucial
role. Therefore, in our case it is studied using UV-VIS spectroscopy. In
PV cell technology, both types of band gap materials that is low-band
gap and high-band gap materials have their own importance. Therefore,
by combining appropriate materials to obtain band gap which effi-
ciently used available solar radiations is necessary. This is necessary, if
the band gap is very small than incident photon energy, then con-
siderable photon energy converted in heat energy, which raise the
temperature of PV materials. On other hand, if the band gap is very
large, it restricts the transition between valance band to conduction
band [36].

Fig. 5 shows the UV-VIS spectrum of 5 wt%, 10 wt%, 15 wt% and
20wt% PANi loaded graphene composites. From plot, it is clearly

Fig. 3. SEM images of (a) 5 wt%, (b) 10 wt%, (c) 15wt% and (d) 20 wt% PANi loaded graphene composites.

Fig. 4. Raman spectrum of 15wt% PANi loaded graphene composite.
Fig. 5. UV-VIS spectrum of 5 wt%, 10 wt%, 15 wt% and 20wt% PANi loaded
graphene composites.
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observed that the samples 5 wt%, 10 wt% and 20wt% PANi loaded
graphene composites have absorption tail at lower wavelength than
15 wt% PANi loaded graphene composites. The band gap values for as-
prepared composite samples (estimated using frequency-wavelength
relation) ranges between 2.73 and 1.92 eV. The lowest value of band
gap is associated with 15wt% PANi loaded graphene composite.

3.1.5. PV performance

Fig. 6 shows the PV response of (a) 5 wt%, (b) 10 wt%, (c) 15 wt%
and (d) 15 wt% PANi loaded graphene composite based DSSCs. All
diode parameters like Imax, Vmax, ISC, VOC, FF and %η are provided in
Table 1. Among all PV cells, the response of 15 wt% PANi loaded gra-
phene composite has highest power conversion efficiency of order
6.479% (FF=0.285). The highest power conversion efficiency was
attributed to lower band gap value (1.92 eV) of 15 wt% PANi loaded
graphene composite. All samples have stable diode parameters and
reproducible results.

Fig. 7 shows the variation of FF and %η as a function wt.% of PANi
in composite. Plot shows that 15 wt% PANi loaded graphene composite
has highest power conversion efficiency. The possible reason for highest
power conversion efficiency may be

• the homogeneous presence of PANi and graphene in composite, can
reduce the interfacial resistance between the graphene and the
PANi. This homogeneity in composite results in better electron
transfer.

• The presence of high electrical conductive graphene in composite
and agglomerated nature of composite reduce inter-domain re-
sistance.

• Lower band gap (1.92 eV) value of 15 wt% PANi loaded graphene
composite.

3.2. Improvement in PV performance by addition of TiO2 nanoparticles

3.2.1. XRD analysis

Fig. 8 (a) shows the XRD pattern of anatase phase TiO2 nano-
particles. The strong signature peaks at 25° and 48° confirms the ana-
tase phase. All remaining peaks position and marginal intensity data are
in good agreement with standard spectrum (JCPDS card No. 84–1286)
[37]. The average crystallite size of TiO2 nanoparticles was estimated
using Scherrer equation [38], D=(Kλ/βcosθ), where D is average
crystallite size (nm), k is a shapes factor (K=0.89), λ is the wavelength
of X-ray source equals 1.540 Å, β is the full width at half maxima, and θ

is the diffraction peak angle. The average crystallite size of TiO2

Fig. 6. PV response of (a) 5 wt%, (b) 10 wt%, (c) 15 wt% and (d) 15 wt% PANi loaded graphene composite.

Table 1

PV parameters of TiO2 nanoparticles loaded PANi-graphene composites and
PANi loaded graphene composites.

TiO2 nanoparticles loaded PANi-graphene composite

Wt.% of TiO2

nanoparticles
Imax (mA) Vmax (V) ISC (mA) VOC (V) FF %η

0.5 wt% 95.17 0.2 95.23 0.8 0.2499 6.43
1wt% 127.71 0.2 127.79 0.8 0.2498 8.63
1.5 wt% 106.59 0.2 106.65 0.8 0.2498 7.21
2.0 wt% 105.73 0.2 105.8 0.8 0.2498 7.15

PANi loaded graphene composite

Wt.% of PANi Imax (mA) Vmax (V) ISC (mA) VOC (V) FF %η

5wt% 44.8 0.2 44.8 0.7 0.285 3.068
10wt% 55.36 0.2 55.68 0.7 0.284 3.741
15wt% 96 0.2 96 0.7 0.285 6.479
20wt% 71.36 0.2 72.64 0.7 0.280 4.816

Fig. 7. Variation of FF and %η as a function wt.% of PANi in composite.
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nanoparticles was found to be 51.27 nm. Fig. 8 (b, c, d and e) depicts
the XRD pattern of 0.5 wt%, 1 wt%, 1.5 wt% and 2wt% TiO2 nano-
particles loaded PANi-graphene composites, respectively. The addition
of TiO2 nanoparticles in PANi-graphene composites results in inter-
esting results. The XRD pattern clearly shows the composite exhibits the
crystalline phase with shape peaks. As discussed in section 4.1.1, the
PANi-graphene composites have amorphous phase, which was diminish
by addition of TiO2 nanoparticles.

3.2.2. Morphology study

Fig. 9 represents the SEM images of (a) 0.5 wt%, (b) 1 wt%, (c)
1.5 wt% and (d) 2 wt% TiO2 nanoparticles loaded PANi-graphene
composites. Here also, TiO2 nanoparticles nicely dispersed in PANi-

graphene composites. The addition of TiO2 in PANi-graphene results in
improvement of crystallinity. In all SEM images, well defined crystal-
line boundaries are observed. The crystallinity of all composite samples
reflects also from XRD analysis. The irregular particle size distribution
observed in all regions of SEM.

3.2.3. Raman Spectroscopy

Fig. 10 shows the Raman spectrum of 1 wt% TiO2 loaded PANi-
Graphene composite. This spectrum also comprises the C−N stretching
vibration from benzenoid, which appears around 1548 cm−1. Similarly,
semi-benzenoid polaronic band of C–N+ appears around 1318 cm−1

and plane bending vibration of C-H is appears around 1200 cm−1. No
significant peaks were associated with TiO2 nanoparticles in spectrum.

3.2.4. Optical properties

Fig. 11 shows the UV-VIS spectrum of 0.5 wt%, 1 wt%, 1.5 wt% and
2wt% TiO2 nanoparticles loaded PANi-graphene composites. From the
plot, it is clear that absorption tail of 1 wt% TiO2 nanoparticles loaded
PANi-graphene composite has higher value than other three samples.
The band gap values of 0.5 wt%, 1 wt%, 1.5 wt% and 2wt% TiO2 na-
noparticles loaded PANi-graphene composites ranges between 3.02 and
2.53 eV. The lowest value of band gap is associated with 1 wt% TiO2

nanoparticles loaded PANi-graphene composite.

Fig. 8. XRD pattern of pure (a) TiO2 nanoparticles and (b) 0.5 wt%, (c) 1 wt%,
(d) 1.5 wt% and (e) 2 wt% TiO2 nanoparticles loaded PANi-graphene compo-
sites.

Fig. 9. SEM images of (a) 0.5 wt%, (b) 1 wt%, (c) 1.5 wt% and (d) 2 wt% TiO2 nanoparticles loaded PANi-graphene composites.

Fig. 10. Raman spectrum of 1 wt% TiO2 nanoparticles loaded PANi-graphene
composite.
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3.2.5. PV performance

Fig. 12 shows the PV response of (a) 0.5 wt%, (b) 1 wt%, (c) 1.5 wt%
and (d) 2 wt% TiO2 nanoparticles loaded PANi-graphene composites
based DSSCs and all diode parameters listed in Table 1. In PANi-gra-
phene/TiO2 composite, stable diode parameters observed. From
Table 1, it is observed that 1 wt% TiO2 nanoparticles loaded PANi-
graphene composite has highest power conversion efficiency. The
highest power conversion efficiency was attributed to good optical
properties and lower band gap (2.53 eV) value.

Fig. 13 depicts the variation of FF and %η as a function wt.% of TiO2

nanoparticles in PANi-graphene composites. The highest power con-
version efficiency was associated with 1 wt% of TiO2 nanoparticles in
PANi-graphene composite. The possible reasons for the highest power
conversion are,

• The addition of TiO2 nanoparticles in PANi-graphene composite,
results in increase of both photocurrent density and open circuit
voltage.

• The presence of graphene sheets in composite reduces charge re-
combination and increasing open circuit voltage as a result of high
electron [39,40].

4. Conclusions

During the study, two material systems that is PANi-graphene
composite and PANi-graphene/TiO2 composites based DSSCs were
successfully prepared by ex-situ approach. The structural, morpholo-
gical and optical study of both systems were carried out to understand
physical properties of materials. To analyze the PV performance of
PANi-graphene composite and PANi-Graphene/TiO2 composites, PV
cells were fabricated using doctor blead technique in architecture ITO/
PV materials/Aluminum.

The PANi required for composite preparation was synthesized by
using chemical oxidative route successfully. During composite pre-
paration wt.% of PANi varied in graphene, to analyze effect of PANi on
PV properties of composite. In this study, 15 wt% PANi loaded gra-
phene composite shows optimized power conversion efficiency of order
6.47% with Isc=96mA. The highest power conversation efficiency of
this sample attributed to reduction in the interfacial resistance between
the graphene and the PANi, lower inter-domain resistance and lower
band gap of 15 wt% PANi loaded graphene composite than other
samples.

Fig. 11. UV-VIS spectrum of 0.5 wt%, 1 wt%, 1.5 wt% and 2 wt% TiO2 nano-
particles loaded PANi-graphene composites.

Fig. 12. PV response of (a) 0.5 wt%, (b) 1 wt%, (c) 1.5 wt% and (d) 2 wt% TiO2 nanoparticles loaded PANi-graphene composites.

Fig. 13. Variation of FF and %η as a function wt.% of TiO2 nanoparticles in
composites.
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In order to improve further the power conversion efficiency of 15 wt
% PANi loaded graphene composite, TiO2 nanoparticles were added in
this composite. To obtain again optimized sample with outstanding PV
properties, the content of TiO2 nanoparticles were varied with 0.5–2wt
% by an interval of 0.5 wt%. In this study, 1 wt% TiO2 nanoparticles
loaded PANi-graphene composite shows optimized PV properties. The
power conversion efficiency was successfully improved and its value
was found to be 8.63%. This is the main accomplishment of present
work. In this complete, it is also observed that diode parameters have
stable value.

In the concluding remark of this work, it is underlined that con-
centration of impurity in composite play very important role. Similarly,
band gap engineering is also necessary to fabricate more efficient PV
cells.
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