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Abstract
In this study, it was aimed to produce graphene/polyaniline nanocomposite thin films as counter electrode materials by 
PECVD system and to determine the photovoltaic performances of these counter electrodes in dye-sensitized solar cells 
(DSSCs). Graphene/polyaniline counter electrode (GPCE) material was produced in two different steps. Firstly, a single-
layer and multilayer graphene thin films were produced on the fluorine-doped tinoxide (FTO) substrates. Then, polyaniline 
(PANI) thin films were grown on each graphene thin films using plasma polymerization technique, and eventually the pro-
duction of the graphene/PANI nanocomposite was completed. The fabricated graphene/PANI nanocomposites were used in 
place of platinum (Pt)-counter electrode which is widely used in DSSCs and the photovoltaic performance of these counter 
electrodes was investigated. The DSSCs consisted of titanium dioxide  (TiO2) nanotube photoanode, N719 dye, iodolyte 
liquid electrolyte, and graphene/PANI nanocomposite counter electrode. I–V measurements were carried out in order to 
calculated photoconversion efficiency (PCE) and it was found that the these efficiency of GPCEs changed between 0.56 and 
1.36% according to the number of graphene layers. The photovoltaic performance of DSSC, consisting of  TiO2 nanotube 
photoanode and Pt-counter electrode was 1.1%.

1 Introduction

Recently, dye-sensitized solar cells (DSSCs) have attracted 
attention due to their low-costs [1] and relatively accept-
able efficiency compared to conventional solar cells [2–4]. 
DSSCs are composed of an electrically conductive oxide 
layer, a photoanode, an electrolyte, and a counter electrode 
that catalyzes the electrolyte. DSSCs have a lower cell effi-
ciency (about 10.4%) compared to other solar cells, but are 
also considered more favorable in terms of production cost 
[5]. In recent years, many studies have been conducted on 
photoanodes and counter electrodes, which are among the 
main components of DSSCs, and have an important role 
in solar cell efficiency [6–10]. In particular, the current 
costs of the Pt electrode, which are widely used as a counter 
electrode in DSSCs, necessitated the development of alter-
native electrode materials. The most important aim of the 
studies on alternative counter electrode production is not 
only to increase solar cell efficiency, but also to develop 
low-cost material compared to the conventional coun-
ter electrode. Nowadays, many new generation materials 
have been developed for the alternative counter electrode. 
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Polymers [11–16], metal and polymer nanocomposites [17], 
and recently carbon-based materials [6, 18–25] are used 
as alternative counter electrodes [26]. Hong et al. [6] pro-
duced graphene/PEDOT-PSS composites as an alternative to 
Pt counter electrodes using spin coating technique on indium 
tin oxide (ITO) substrates and reported the photoconversion 
efficiency of the device obtained by adapting these com-
posites to DSSC. The power conversion efficiency of this 
composite electrode material with optical transmittance 
of 80% was calculated to be 4.5%, and the power conver-
sion efficiency of DSSC device produced using platinum 
counter electrode under the same experimental conditions 
was measured as 6.3%. Zhang et al.[8] developed carbon-
based vertically oriented (3D) graphene nanosheet instead 
of the counter electrode material traditionally used for DSSC 
applications. They reported that the 3D graphene counter 
electrode provided a significant improvement in the photo-
voltaic performance of the DSSC device. The power conver-
sion efficiency of DSSC produced by using  TiO2 nanotube as 
photoanode material and 3D graphene as the counter elec-
trode has been determined as 6.81%. In particular, 3D gra-
phene, an allotrope of carbon, has been great interest due 
to its large surface area, great electrical conductivity and 
excellent electrocatalytic properties [27–31]. Therefore, it is 
guite natural that graphene is considered an alternative mate-
rial for the counter electrodes of DSSCs. Graphene and its 
nanocomposites, which are produced electrochemically, are 
still not at the desired performance as counter electrodes. 
The graphene-based counter electrode material has high 
electrical conductivity but has no high degree of electrocata-
lytic activity with the electrolyte. High catalytic activity can 
be achieved by functionalizing the graphene using polymer 
with some functional groups that are compatible with the 
electrolyte. Other studies in the literature have also reported 
the importance of the possible alternative counter electrode 
material of graphene/polymer nanocomposites [32, 33]. It 
is also understood from these studies that the polymer is in 
good agreement with the electrolyte due to its functional 
groups. In this study, it is aimed to produce nanocomposite 
counter electrodes by obtaining graphene nanosheet with 
high charge transfer rate, and PANI thin films with high 
electrocatalytic activity with iodide which is used as an 
electrolyte. Moreover, it is aimed to determine the effect of 
numbers of graphene layers on power efficiency of nanocom-
posite produced. Graphene nanosheet with various number 
of layers was produced on copper (Cu) metal catalyst using 
chemical vapor deposition (CVD) technique. On the other 
hand, PANI thin films were grown on top of the graphene 
nanosheet with the various number of layers by the help of 
the plasma polymerization technique.

2  Materials and method

2.1  Materials

Plasma-enhanced chemical vapor deposition (PECVD) sys-
tem, which is used in graphene growth process, was estab-
lished by Nanovak company. Gases such as  CH4,  H2, and Ar 
were used as precursor gases in the graphene growth pro-
cess. Acetone, propanol, and ethanol were used to remove 
both the impurities on the Cu foil surfaces and any poly-
meric residues in the graphene transfer process, and these 
alcohols were commercially purchased from Sigma-Aldrich. 
The copper foils used as the substrate were 25 micron thick-
ness and 99.8% purity, and were available from Alfa-Aesar 
company.

2.2  Graphene (Gr) growth mechanism

The PECVD system presented in Fig. 1 is a system that 
can be calibrated for both graphene synthesis and polymer 
production. In this system, polymerization can be done 
using plasma-enhanced CVD, and graphene production can 
be made only by activating the CVD part. In other words, 
two different methods can be applied with the same device. 
When plasma is active, polymerization process can be done 
using the PECVD, and graphene production can also be 
made only but activating the CVD part. In the other words, 
two different medhods can be applied by using this system. 
When the radio frequency (RF) power is active, polymeri-
sation processis carried out using the PECVD technique, 
and it is not active,graphene thin film can be chemically 
obtained by CVD technique. Graphene growth mechanism 
can be summarized as follows: First, the annealing process 
of the Cu foils used as metal catalysts was performed. These 
foils were placed in the sample holder compartment of the 
system and the system was vacuumed with the help of the 
vacuum pump station. For all experiments, the vacuum 
was set to  10− 1 mTorr. When the pressure of the vacuum 
chamber has reached this pressure,  H2 and Ar gases were 
precisely sent to the vacuum environment by using gas flow 

Fig. 1  Schematic diagram of PECVD system [34]
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control units, and the temperature of the vacuum environ-
ment was increased from room temperature to 1000 °C using 
the heater for about 30 min. The annealing of Cu foils pro-
cess was carried out at this temperature for about 30 min. 
After the annealing process, while the temperature value was 
maintained,  CH4,  H2, and Ar gases were sent to the vacuum 
chamber with the help of gas flow control units. The flow 
rates of  CH4,  H2 and Ar gases were 7 standart cubic cen-
timeters per minute (sccm), 20 sccm, and 10 sccm, respec-
tively, and the growth process was continued for 30 min. 
After growth process, gas flow of  CH4 were immediately 
terminated and the temperature of the vacuum environment 
was rapidly cooled down room temperature. Other samples 
were also produced similarly, provided that these parameters 
were the same, such as gas flow rates, growth temperature, 
and coating time. The number of graphene layers was deter-
mined using Raman analysis, and samples that have been 
confirmed to consist of a single-layer or multi (five) lay-
ers, were coded as Gr1 and Gr5, respectively. Others were 
excluded from this study. 

2.3  Transfer process of graphene nanosheets (GNs)

The transfer of GNs to FTO substrates was carried out in two 
steps, also as stated in our previous study [35]. Firstly, 0.1 
M  FeCl3 solution was prepared to remove Cu, then etching 
was carried out in this solution for about 12 h. After the etch-
ing, the graphene thin film was removed from these solution 
using metal backing material and immersed in distilled water 
for rinsing. The GNs that were kept in deionized (DI) water 
for about 10 min were placed on the FTO substrates.

2.4  Production of Graphene/Polyaniline (Gr/PANI) 
nanocomposites

The plasma polymerization technique was used to produce 
polymer thin films on FTO/graphene [36–40]. The aniline 
used as monomer was gradually leaked into the vacuum 

environment of the system by means of sensitive valves. After 
that, polymer deposition process was carried out at room tem-
perature, 15 min of coating time, 20 W RF power and totally 
500 mTorr growth pressure by these technique. Since the 
number of graphene layers was intended to influence the cell 
efficiency, polymer functionalisation (Gr/PANI nanocompos-
ite) was simultaneously performed both Gr1 and Gr5 films 
using the above-mentioned coating parameters. Thus, it was 
aimed to optimize the effect of the polymer on the photo-
conversion efficiency. As a result, Gr1/PANI and Gr5/PANI 
nanocomposite production were completed after plasma 
polymerization process.

2.5  Fabrication of  TiO2 nanotube arrays

TiO2 thin films with one-dimensional morphological struc-
ture were obtained by electrochemical method on Titanium 
foils (0.25 mm thickness, 99.7% purity from Sigma-Aldrich), 
as described in Ref. [41]. Titanium foils were cut to dimen-
sions of 1.5 × 2.5 cm and cleaned by wet cleaning process in 
acetone, isopropyl alcohol (IPA) and DI water with ultrasonic 
bath for 30 min, respectively, and then dried with nitrogen 
gas. Titanium foils and Pt mesh were respectively used as a 
custom-made electrochemical and cell was filled with an elec-
trolyte solution (ethylene glycol, 0.4% wt  NH4F and 5% wt DI 
water). For each  TiO2 thin film, an anodization voltage of 40 
V was applied for 2 h. After electrochemical growth, as-grown 
 TiO2 film was cleaned in methanol with an ultrasonic bath to 
remove the chemical residuals and then dried with nitrogen 
gas. Later, to convert from amorphous phase to anatase phase, 
as-grown  TiO2 nanotube arrays were annealed at 450 °C for 1 
h in air ambient. The mechanism of formation of  TiO2 nano-
tube arrays grown by anodic oxidation method is detailed in 
previous studies [41–43] (Fig. 2). 

The formation of  TiO2 nanotube arrays starts with the elec-
trolysis of water, which reaction can be expressed as:

Fig. 2  Formation mechanism of 
 TiO2 nanotube arrays [41]
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Then, electrochemical oxidation on the Titanium substrate 
forms an oxide film due to the external electric field, also 
referred to as the barrier layer, which is expressed as follow-
ing chemical Eqs. (2):

Even if the oxide film becomes thicker, pits form on the 
surface of the film as a result of chemical dissolution caused 
by  F− ions in the electrolyte:

After a while, the chemical etching process becomes more 
dominant than the chemical dissolution, and as a result, the 
pits on the oxide film deepen, leading to the formation of a 
uniformly and orderly structure.

Finally, an equilibrium state between the chemical dis-
solution and the electrochemical etching process occurs and 
does not continue to increase the length of the nanotubes.

2.6  Fabrication of DSSCs

To obtain the photoanodes,  TiO2 nanotube arrays on Tita-
nium foils were soaked in 0.5 mM ethanol solution of Ruthe-
nium (Ru) based N719 dye (Sigma-Aldrich) for a period 
of 12 h. Gr (untreated single-layer graphene), Gr1/PANI 
and Gr5/PANI nanostructures grown on the FTO substrates 
were used as alternative to Pt used as traditionally coun-
ter electrode material for DSSC applications. DSSCs were 
assembled by placing a Surlyn sealant (~ 60 µm, Solaronix, 
active cell area 0.196  cm2) between photoanode and coun-
ter electrode. Finally, a commercial  I3

−/I− liquid electrolyte 
(Solaronix, Hi-30) was injected between the electrodes [41]. 
A schematic diagram of DSSC cells are presented in Fig. 3. 
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3  Results and discussion

3.1  Structural properties of  TiO2 nanotube arrays

Structural properties and phase identification of  TiO2 
nanotube arrays obtained on Titanium foil by anodization 
method were investigated using XRD measurements. Fig-
ure 4a shows the X-ray diffraction of the annealed  TiO2 
nanotube arrays grown under anodization voltage of 40 V 
for 2 h. From Fig. 4, the diffraction peaks were determined 
at 2θ = 25.3°, 37.9°, 38.3°, 48.0°, 53.9°, 55.0°, 62.6°, and 
68.8°, corresponding to (101), (004), (112), (200), (105), 
(211), (204), and (116) crystal planes of polycrystalline 
anatase phase of  TiO2, respectively. These results are in 
good agreement with standard data (JCPDS No. 03-065-
5714) and from data literature [41, 44]. However, two very 
small peaks at 2θ = 27.4° and 36.2° belonging to rutile phase 
of  TiO2 were observed, corresponding to planes (110) and 
(101), respectively (JCPDS No. 01-086-0148). Normally, 
by annealing, the as-grown  TiO2 nanotube arrays are largely 
converted from amorphous to anatase phase [41, 45]. The 
Anatase phase exhibits better photocatalytic properties 
and more efficiency in photovoltaic devices than the rutile 
phase [46]. Also, the diffraction peaks observed at about 
35.1°, 38.4°, 40.1°, 53.0°, and 62.9° derived from the Ti 
substrate were indexed as (100), (002), (101), (102), and 
(110), respectively (JCPDS No. 03-065-3362). 

3.2  Morphological properties of  TiO2 nanotube 
arrays

Figure 4b–d show the SEM images of the top view and 
cross-section of  TiO2 nanotube arrays obtained under ano-
dization voltage of 40 V for 2 h. As can be seen in this 
figure (Fig. 4d),  TiO2 film showed highly ordered and uni-
form nanotubes with an average inner and outer diameter 
of 90.3 nm and 121.5 nm, respectively. Also, the average 
length of nanotubes was measured as around 3.6 µm from 
the cross-sectional SEM image (Fig. 4c). In this study, the 
morphological properties of the  TiO2 nanotube arrays grown 
by anodization method are in good agreement with the previ-
ous studies in the literature [42, 44, 47–51]

3.3  Raman analyses of GNs

Structural properties of GNs grown on Cu foils used as 
metal catalysts by CVD technique were determined by 
Raman spectroscopy. It is generally represented by 3 
basic peaks, D, G, and 2D peaks in the Raman spectrum 
of graphene. The Raman spectra of GNs are presented 
in Fig. 5. This spectrum shows that the above-mentioned 
peaks of the thin films produced are different from each 

Fig. 3  DSSC configuration
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other. This difference is due to the intensity and wave-
length of the peaks. It is known that the graphene being 
single-layer or multilayer is determined by the ratio of 
the intensity of these peaks to each other [52–54]. If the 

intensity ratio of 2D peak to G peak (I2D/IG is 2 or more, 
the structure is stated to be single-layer. The lack of the 
defect-related D peak and the –I2D/IG intensity ratio of 
~ 3 indicates that a high-quality and single-layer graphene 
(SLG) was obtained [55]. As this ratio decreases, the num-
ber of layers tends to increase. It was found that the  I2D/IG 
intensity ratio of the Gr1-coded sample was greater than 
2, and thus it was found that this sample was single-layer. 
Similarly, intensity ratios of Gr2-, Gr3-, Gr4-, and Gr5-
coded graphene samples were found to be 1.5, 1.2, 0.9, and 
0.6, respectively. Therefore, these thin films are believed 
to be 2 and more layered. 

3.4  UV–Vis analyses of GNs

The transmittance spectra of GNs obtained by UV–Visible 
analyses were given in Fig. 6. The transmittance of these 
GNs was compared for a wavelength of 550 nm. These 
values were found to be in the range of 97.6–86.6%. Opti-
cal transmittance of those having single-layer of graphene 
thin films is known as 97.6% in the literature [56]. As the 
number of layers increases, the optical transmittance of the 

Fig. 4  a XRD patterns of  TiO2 nanotube arrays derived at 40 V anodization voltage. b SEM image of  TiO2 nanotube arrays. c Cross-section 
image for determination of lengths of  TiO2 nanotube arrays. d SEM image for determination of radius of  TiO2 nanotube arrays
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films linearly decreases. Each layer increase corresponds to a 
decrease of 2.4% in the optical transmittance of these films. 
Thus, films having single-layer and multilayer were used 
and the effect of this number of layers on the cell efficiency 
of the obtained counter electrode material was investigated. 
The optical transmittance of the multilayer samsple, encoded 
as Gr5, was about 86.6%. 

3.5  Chemical and morphological analyses of PANI 
film

The chemical and morphological properties of the PANI 
thin films grown on FTO/graphene nanolayers using 
plasma polymerization technique were examined by FTIR 
and AFM. The FTIR spectrum is presented in Fig. 7. This 

spectrum presents both the aniline used as the monomer and 
the spectra of the PANI film derived from this monomer. The 
FTIR spectrum confirmed by the presence of N–H stretching 
at about 3540 cm − 1, C–H stretching at 2920  cm− 1, N–H 
bending at 1320  cm− 1, and C–C bending at 1275  cm− 1 of 
the PANI film. Apart from these functional groups, only 
functional groups detected in the fingerprint region of the 
monomer material could not be detected in the spectra of 
PANI films. This situation was attributed to the presence 
of RF power applied between the electrodes during the 
polymerization process. The surface morphological prop-
erties of the PANI film such as average roughness  (Ra) and 
maximum peak height  (Rmax), were determined by AFM 
and were given in Fig. 8 with UV–Vis spectra. These AFM 
analyses confirm that thin films have a homogeneous and 
non-porous structure.  Ra and  Rmax were 0.19 nm and 1.80 
nm, respectively. The very homogeneous and smooth surface 
of the produced polymer film facilitates electrolyte compat-
ibility with the counter electrode, but non-porous morphol-
ogy causes low surface area, which is not very desirable for 
DSSC applications. 

3.6  Photovoltaic parameters of graphene‑based 
counter electrodes

Production of DSSC was completed using  TiO2 nanotube 
photoanode, N719 dye, commercial  I-

3/I-  electrolyte solution 
and untreated Gr, Gr1/PANI, and Gr5/PANI, respectively, 
as electrode material. Pt-counter electrode was compared 
with Gr-based electrodes produced as alternative electrode 
materials in our study [41]. For DSSCs, the photovoltaic 
performance of untreated Gr, Gr1/PANI, and Gr5/PANI 
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counter electrodes is measured by determining the J–V char-
acteristic curve. In this study, illumination was carried out 
on the counter electrode side. The J–V curves determined 
for each electrode are presented in Fig. 9 and discussed in 
detail. The photovoltaic performance of the Gr-based elec-
trode was relatively poor compared to others graphene-based 
electrodes and the Pt electrode in this study. Although the 
open circuit voltage (Voc) values   of all electrode materials 
appear to be close to each other on the J–V graph, the pho-
tovoltaic performance of the Gr electrode is relatively poor 
due to the low electrocatalitic activity sites. Furthermore, 
the short-circuit current density (Jsc) value of the Gr-based 
electrode material is very low. But efficiencies of Gr/PANI 
composite electrodes varied considerably. The Gr1/PANI 
counter electrode have Jsc of 7.94 mA/cm2, Voc of 0.730 V, 
fill factor (FF) of 46% and the PCE of 1.36%. These values 
of Gr5/PANI electrode material were 2.77 mA/cm2, 0.720 
V, 28% and 0.56%, respectively. The PCE value (η) of the 
reference electrode, Pt, was determined as 1.1 in previous 
studies [41] (Table 1). 

The PCE values (η) of the Gr/PANI nanocomposite elec-
trodes were found to be significant increase in efficiency 
compared to the Pt electrode. However, the η value of the 

pure Gr electrode is too low to compare with the Pt elec-
trode. When its electrochemical catalytic activity is com-
pared to that of Gr-based composites, it is understood that 
the functionalization owing to polymerization process is a 
more important factor than the number of graphene layers. 
As shown in Fig. 9, the Voc and Jsc values   of the Gr1/PANI 
electrode correspond to η value, which is relatively similar 
to Pt electrode due to its low FF value, although much better 
than these values   of the reference electrode. Furthermore, 
the relatively low these value of the Gr electrode is attributed 
to the low surface area and charge transfer mechanism of   
this electrode. The functionalization of the Gr surface with 
PANI comparetively enhanced this low surface area problem 
and resulted in higher Jsc for the same Voc. Likewise, for 
Gr/PANI electrodes, some functional groups of PANI have 
better catalysis with the electrolyte. As a result, the electron 
transfer of the electrode improves. However, in the study 
for the reference electrode, similarly the nanotube radius 
for  TiO2 nanotube was determined to be approximately 
98 nm for an anodization voltage (40 V). In addition, the 
length of the nanotube is 4.6 µm. Although similar  TiO2 
nanotube photoanode was used for DSSC manufactured for 
the reference electrode, the diameter and length of these 
 TiO2 nanotubes also had a significant contribution to the η. 
Because the larger diameter and length of the nanotube, the 
active area of   the dye attached to or adhered to these nano-
tubes increases, and hence the number of injected electrons 
increases. The diameters and lengths of  TiO2 nanotubes 
used in our study were 90.3 nm and 3.2 µm, respectively. 
Precisely calibration of the diameters and lengths of these 
 TiO2 nanotubes is an important factor for comparing the 
η values   of the graphene/PANI nanocomposite electrode 
and the Pt electrode. Although the nanotube diameters 
and lengths of the  TiO2 nanotubes used in this study were 
smaller than those used for the Pt electrode, it still showed 
very good cell efficiency. When this nanotube optimization 
is achieved, we believe that the η value of our graphene-
based electrode will be even better. The better cell efficiency 
of the Gr1/PANI nanocomposite electrode compared to the 
Gr5/PANI can be explained as follows: The opaque  TiO2 
nanotubes produced by the anodization technique make it 
difficult for the sunlight on these photoanodes to stimulate 
the dye molecules. Thus, in this process, the light has to pen-
etrate the DSSC via the counter electrode. In this case, the 
optical transmittance of the counter electrode on which the 
light falls, plays an important role. The high optical trans-
mittance of the electrode makes it easier for the light fall-
ing on the FTO to pass through the counter electrode to 
stimulate the dye molecules. That is, it is natura for the Gr1/
PANI-coded counter electrode to provide better efficiency 
than Gr5/PANI-coded. However, the fact that the PCE of the 
untreated Gr counter electrode, which is still single-layer, is 
much lower than that of other composite electrodes, is not 
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Table 1  Photoconversion efficiency parameters of DSSCs based on 
counter electrodes derived from graphene-based composites

Sample Jsc (mA/cm2) Voc (V) FF (%) η (%)

Gr 0.45 0.59 27 0.03
Gr1/PANI 7.94 0.73 46 1.36
Gr5/PANI 2.77 0.72 28 0.56
Pt [41] 4.60 0.44 53 1.10
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attributable to the number of layers but to the functional 
groups of the polymer. Because the number of layers of the 
electrode with Gr code is set to 1. The number of layers of 
graphene is not only a sufficient factor, but it also needs to 
have a good catalytic activity with the electrolyte. Therefore, 
polymer-based counter electrodes offer better efficiency due 
to their functional groups compared to untreated Gr counter 
electrode. Electrochemical Impedance Spectroscopy (EIS) 
was used to compare the electrochemical catalytic activities 
of the alternative counter electrodes to the Pt electrode. EIS 
measurements were performed under sunlight illumination 
(100 mW/cm2) with AM 1.5 filter and 10 mV AC signal 
over the frequency range from 10 mHz to 100 kHz. Fig-
ure 10 shows Nyquist plots of untreated Gr, Gr1/PANI, and 
Gr5/PANI electrodes and an equivalent circuit model of the 
produced DSSCs (inset to Fig. 10). In these graphs, the first 
and second semicircles generally correspond to the charge 
transfer resistances at the counter electrode  (Rct1) and  TiO2/
dye/electrolyte  (Rct2), respectively.

As can be seen from the Fig. 10, charge transfer resist-
ance of the untreated  Gr (only  single-layer) is quite 
high. This situation is due to the fact that although the 
untreated Gr has a very high in-plane charge transfer, 
the basal plane substantially restricts the charge transfer 
between the electrolyte and itself. Furthermore, its sharp 
atomic edges and perfect crystal structure are insufficient 
for the number of electrocatalytic active sites required for 
the reduction reactions of  I3

−/I− [57–59]. However, the 
charge transfer resistances of the Gr5/PANI and Gr1/PANI 
counter electrodes are significantly reduced compared to 
untreated Gr counter electrode. Due to the synergistic 
effect resulting from the functionalization of CVD-grown 
graphene, charge transfer mobility and electrocatalytic 

activity have been enhanced for  I3
−/I− reduction [60]. The 

catalytic activity of the material can be improved due to 
generally oxygen-containing functional groups (–COOH, 
OH–, etc.), specific large surface area and more active 
defective sites for triiodide reduction [60]. However, the 
charge transfer resistance of the Gr1/PANI is higher than 
that of the Pt electrode. Although the Jsc and PCE of the 
Gr1/PANI are higher than those of the Pt electrode, its 
charge transfer resistance is higher than that of the Pt 
electrode. That is, the electron transfer frequency for the 
Pt electrode/electrolyte interface (high frequency band) 
is higher than that of the Gr1/PANI electrode (medium 
frequency band). However, the current density in total 
for the Gr1/PANI electrode may be higher than of the 
Pt electrode, since the dense and smooth morphology of 
the Pt film limits the penetration and diffusion of iodide 
and triode ions into the depths [61]. The functionalized 
graphene-based counter electrode has been found to 
have higher cell efficiency than the conventional Pt elec-
trode, and this is considered an important step for future 
research of graphene-based counter electrodes. It is pos-
sible to further increase the cell efficiency of the alterna-
tive counter electrode produced in this study. Namely, by 
synthesizing 3D graphene instead of 2D graphene, we can 
both increase the surface area and develop an alternative 
material with low charge transfer resistance. However, it 
should be noted that there is a negative effect regarding 
photoanode as well, in DSSC applications, photoanode 
material is generally used as a transparent window, but 
we used electrochemically produced  TiO2 nanotubes from 
titanium foil that we produced in this study. Therefore, this 
optically non-transparent photoanode material has signifi-
cantly restricted our study because it makes it imperative 

Fig. 10  Nyquist plots of 
untreated Gr, and Gr/PANI 
counter electrode-based DSSCs 
and equivalent circuit model 
(inset)
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that sunlight is dropped over the counter electrode mate-
rial. In future studies, it can be aimed to calculate the cell 
efficiency of graphene-based counter electrodes by produc-
ing optically transparent photoanode. We believe that if 
such a study is carried out, much higher cell efficiencies 
can be achieved as a result. Similarly, the improvement of 
the diameter and length of  TiO2 nanotubes electrochemi-
cally produced within the scope of this study can again 
contribute to cell efficiency by increasing the concentra-
tion of dye molecules.

4  Conclusion

In this study, untreated Gr and polymer functionalized Gr/
PANI nanocomposites materials were produced in DSSC 
as an alternative to Pt electrode. The PCE of 1.1% detected 
in the DSSC using conventional electrode material was 
compared to that of untreated Gr and polymer function-
alized-Gr electrodes. The PCE of polymer functionalized 
graphene electrode materials were found to be higher cell 
efficiency that of untreated Gr, and reasonably improves 
the charge transfer resintances. Additionally, photovoltaic 
performance of DSSC with Gr1/PANI counter electrode 
was better that of Gr5/PANI. Although the nanotube radii 
and lengths of the  TiO2 nanotubes used in this study were 
approximately smaller than those used for the Pt reference 
electrode, it indicated a better PCE value for that of Gr1/
PANI nanocomposite. The photoconversion efficiency for 
untreated Gr, Gr1/PANI, and Gr5/PANI was 0.03, 1.36, 
and 0.56, respectively. These results proved that the PANI 
functionalized Gr electrodes could be an alternative to Pt 
electrode. It was also understood that polymer functional-
ized process as well as the number of graphene layers had 
an important role on the photovoltaic performans of DSSC.

References

 1. B.-K. Koo et al., Seasoning effect of dye-sensitized solar cells 
with different counter electrodes. J. Electroceram. 17(1), 79–82 
(2006)

 2. P. Wang et al., Gelation of ionic liquid-based electrolytes with 
silica nanoparticles for quasi-solid-state dye-sensitized solar cells. 
J. Am. Chem. Soc. 125(5), 1166–1167 (2003)

 3. B. O’regan, M. Grätzel, A low-cost, high-efficiency solar cell 
based on dye-sensitized colloidal  TiO2 films. nature 353(6346), 
737 (1991)

 4. A. Hagfeldt, M. Grätzel, Molecular photovoltaics. Acc. Chem. 
Res. 33(5), 269–277 (2000)

 5. M.K. Nazeeruddin et al., Conversion of light to electricity by 
cis-X2bis (2, 2’-bipyridyl-4, 4’-dicarboxylate) ruthenium (II) 
charge-transfer sensitizers (X = Cl-, Br-, I-, CN-, and SCN-) on 
nanocrystalline titanium dioxide electrodes. J. Am. Chem. Soc. 
115(14), 6382–6390 (1993)

 6. W. Hong et al., Transparent graphene/PEDOT–PSS composite 
films as counter electrodes of dye-sensitized solar cells. Electro-
chem. Commun. 10(10), 1555–1558 (2008)

 7. Y. Xue et al., Nitrogen-doped graphene foams as metal‐free coun-
ter electrodes in high‐performance dye‐sensitized solar cells. 
Angew. Chem. Int. Ed. 51(48), 12124–12127 (2012)

 8. D. Zhang et al., Graphene-based counter electrode for dye-sensi-
tized solar cells. Carbon 49(15), 5382–5388 (2011)

 9. H. Choi et al., Graphene counter electrodes for dye-sensitized 
solar cells prepared by electrophoretic deposition. J. Mater. Chem. 
21(21), 7548–7551 (2011)

 10. K.S. Lee et al., Flexible and platinum-free dye‐sensitized solar 
cells with conducting‐polymer‐coated graphene counter elec-
trodes. ChemSusChem 5(2), 379–382 (2012)

 11. J.-Y. Lin, W.-Y. Wang, Y.-T. Lin, Characterization of polyani-
line counter electrodes for dye-sensitized solar cells. Surf. Coat. 
Technol. 231, 171–175 (2013)

 12. J. Zhang et al., Nanostructured polyaniline counter electrode 
for dye-sensitised solar cells: fabrication and investigation of 
its electrochemical formation mechanism. Electrochim. Acta 
55(11), 3664–3668 (2010)

 13. F. Guo et al., Facile preparation of nanofibrous polyaniline 
thin film as counter electrodes for dye sensitized solar cells. J. 
Renew. Sustain. Energy 4(2), 023109 (2012)

 14. Q. Qin, R. Zhang, A novel conical structure of polyaniline nano-
tubes synthesized on ITO-PET conducting substrate by electro-
chemical method. Electrochim. Acta 89, 726–731 (2013)

 15. Q. Tai et al., In situ prepared transparent polyaniline electrode 
and its application in bifacial dye-sensitized solar cells. Acs 
Nano 5(5), 3795–3799 (2011)

 16. J. Wu et al., Bifacial dye-sensitized solar cells: a strategy to 
enhance overall efficiency based on transparent polyaniline elec-
trode. Sci. Rep. 4, 4028 (2014)

 17. M.-H. Yeh et al., Conducting polymer-based counter electrode 
for a quantum-dot-sensitized solar cell (QDSSC) with a poly-
sulfide electrolyte. Electrochim. Acta 57, 277–284 (2011)

 18. B. Fan et al., Conducting polymer/carbon nanotube composite 
as counter electrode of dye-sensitized solar cells. Appl. Phys. 
Lett. 93(14), 143103 (2008)

 19. T.N. Murakami et al., Highly efficient dye-sensitized solar cells 
based on carbon black counter electrodes. J. Electrochem. Soc. 
153(12), A2255–A2261 (2006)

 20. K. Imoto et al., High-performance carbon counter electrode for 
dye-sensitized solar cells. Sol. Energy Mater. Sol. Cells 79(4), 
459–469 (2003)

 21. Z. Huang et al., Application of carbon materials as counter 
electrodes of dye-sensitized solar cells. Electrochem. Commun. 
9(4), 596–598 (2007)

 22. E. Ramasamy et al., Nanocarbon counterelectrode for dye sen-
sitized solar cells. Appl. Phys. Lett. 90(17), 173103 (2007)

 23. P. Joshi et al., Electrospun carbon nanofibers as low-cost coun-
ter electrode for dye-sensitized solar cells. ACS Appl. Mater. 
Interfaces 2(12), 3572–3577 (2010)

 24. X. Mei et al., High-performance dye-sensitized solar cells with 
gel-coated binder-free carbon nanotube films as counter elec-
trode. Nanotechnology 21(39), 395202 (2010)

 25. C.-T. Hsieh, B.-H. Yang, J.-Y. Lin, One-and two-dimensional 
carbon nanomaterials as counter electrodes for dye-sensitized 
solar cells. Carbon 49(9), 3092–3097 (2011)

 26. Y. Saito et al., I–/I3 – redox reaction behavior on poly (3, 4-eth-
ylenedioxythiophene) counter electrode in dye-sensitized solar 
cells. J. Photochem. Photobiol. A 164(1–3), 153–157 (2004)

 27. R.R. Nair et al., Fine structure constant defines visual transpar-
ency of graphene. Science 320(5881), 1308–1308 (2008)

 28. J.H. Seol et al., Two-dimensional phonon transport in supported 
graphene. Science 328(5975), 213–216 (2010)



10297Journal of Materials Science: Materials in Electronics (2020) 31:10288–10297 

1 3

 29. X. Wang, L. Zhi, K. Müllen, Transparent, conductive graphene 
electrodes for dye-sensitized solar cells. Nano Lett. 8(1), 323–
327 (2008)

 30. J. Wu et al., Organic solar cells with solution-processed gra-
phene transparent electrodes. Appl. Phys. Lett 92(26), 237 
(2008)

 31. F. Schedin et al., Detection of individual gas molecules adsorbed 
on graphene. Nat. Mater. 6(9), 652 (2007)

 32. A. Capasso et al., CVD-graphene/graphene flakes dual-films as 
advanced DSSC counter electrodes. 2D Materials 6(3), 035007 
(2019)

 33. M.U. Shahid et al., Few-layer graphene supported polyaniline 
(PANI) film as a transparent counter electrode for dye-sensitized 
solar cells. Diam. Relat. Mater. 94, 242–251 (2019)

 34. B. Ouyang, M.V. Jacob, R.S. Rawat, Free standing 3D graphene 
nano-mesh synthesis by RF plasma CVD using non-synthetic pre-
cursor. Mater. Res. Bull. 71, 61–66 (2015)

 35. O. Bayram, O. Simsek, Vertically oriented graphene nano-sheets 
grown by plasma enhanced chemical vapor deposition technique 
at low temperature. Ceram. Int. 45(11), 13664–13670 (2019)

 36. O. Bayram, O. Simsek, Investigation of the effect of RF energy 
on optical, morphological, chemical and antibacterial properties 
of PolyTerpenol thin films obtained by RF-PECVD technique. J. 
Mater. Sci. Mater. Electron. 29, 6586–6593 (2018)

 37. O. Bayram, Determination of the optical and chemical properties 
of aniline doped plasma polymerized cineole thin films synthe-
sized at various RF powers. J. Mater. Sci. Mater. Electron. 29(10), 
8564–8570 (2018)

 38. K. Cakmak et al., Plasma polymerized linalool (ppLin): an antimi-
crobial and biocompatible coating. Turk. J. Chem. 43(1), 323–334 
(2019)

 39. O. Bayram, Conjugated polythiophene/Ni doped ZnO hetero 
bilayer nanocomposite thin films: Its structural, optical and photo-
luminescence properties. Ceram. Int. 44(17), 20635–20640 (2018)

 40. O. Bayram, O. Simsek, A study on the optical, chemical and die-
lectric properties of PPCIN thin films derived from essential oil 
compounds using RF plasma polymerisation technique. Vacuum 
156, 198–204 (2018)

 41. B.B. Çırak et al., Synthesis, surface properties, crystal structure 
and dye sensitized solar cell performance of  TiO2 nanotube arrays 
anodized under different voltages. Vacuum 144, 183–189 (2017)

 42. Y. Li et al., Controllable preparation, growth mechanism and the 
properties research of  TiO2 nanotube arrays. Appl. Surf. Sci. 297, 
103–108 (2014)

 43. Q. Cai, L. Yang, Y. Yu, Investigations on the self-organized 
growth of  TiO2 nanotube arrays by anodic oxidization. Thin Solid 
Films 515(4), 1802–1806 (2006)

 44. M. Yilmaz et al., Facile electrochemical-assisted synthesis of  TiO2 
nanotubes and their role in Schottky barrier diode applications. 
Superlatt. Microstruct. 113, 310–318 (2018)

 45. F. Nasirpouri et al., Tuning surface morphology and crystallin-
ity of anodic  TiO2 nanotubes and their response to biomimetic 
bone growth for implant applications. Surf. Coat. Technol. 315, 
163–171 (2017)

 46. N.-G. Park et al., Comparison of dye-sensitized rutile-and anatase-
based  TiO2 solar cells. J. Phys. Chem. B 104(38), 8989–8994 
(2000)

 47. G.K. Mor et al., A review on highly ordered, vertically oriented 
 TiO2 nanotube arrays: Fabrication, material properties, and solar 
energy applications. Sol. Energy Mater. Sol. Cells 90(14), 2011–
2075 (2006)

 48. J. Zhao et al., Fabrication of titanium oxide nanotube arrays by 
anodic oxidation. Solid State Commun. 134(10), 705–710 (2005)

 49. H.E. Prakasam et al., A new benchmark for  TiO2 nanotube array 
growth by anodization. J. Phys. Chem. C 111(20), 7235–7241 
(2007)

 50. D.I. Petukhov et al., Formation mechanism and packing options in 
tubular anodic titania films. Micropor. Mesopor. Mater. 114(1–3), 
440–447 (2008)

 51. Y. Zhang et al., Simulation of anodizing current-time curves and 
morphology evolution of  TiO2 nanotubes anodized in electro-
lytes with different NH4F concentrations. Electrochim. Acta 176, 
1083–1091 (2015)

 52. A. Ansaldo et al., High-power graphene–carbon nanotube hybrid 
supercapacitors. ChemNanoMat 3(6), 436–446 (2017)

 53. A.D.R. Castillo et al., High-yield production of 2D crystals by 
wet-jet milling. Mater. Horiz. 5(5), 890–904 (2018)

 54. L. Najafi et al., Solution-processed hybrid graphene flake/2H-
MoS2 quantum dot heterostructures for efficient electrochemical 
hydrogen evolution. Chem. Mater. 29(14), 5782–5786 (2017)

 55. V. Miseikis et al., Rapid CVD growth of millimetre-sized single 
crystal graphene using a cold-wall reactor. 2D Materials 2(1), 
014006 (2015)

 56. O. Bayram, A study on 3D graphene synthesized directly on 
Glass/FTO substrates: its Raman mapping and optical properties. 
Ceram. Int. 45(14), 16829–16835 (2019)

 57. K.S. Novoselov et al., Electric field effect in atomically thin car-
bon films. Science 306(5696), 666–669 (2004)

 58. L. Kavan, J.H. Yum, M. Grätzel, Optically transparent cathode for 
dye-sensitized solar cells based on graphene nanoplatelets. ACS 
Nano 5(1), 165–172 (2010)

 59. K. Saranya, M. Rameez, A. Subramania, Developments in con-
ducting polymer based counter electrodes for dye-sensitized solar 
cells–an overview. Eur. Polymer J. 66, 207–227 (2015)

 60. J.D. Roy-Mayhew et al., Functionalized graphene as a catalytic 
counter electrode in dye-sensitized solar cells. ACS Nano 4(10), 
6203–6211 (2010)

 61. K.-H. Hung, Y.-S. Li, H.-W. Wang. Dye-sensitized solar cells 
using graphene-based counter electrode. In: 12th IEEE Inter-
national Conference on Nanotechnology (IEEE-NANO). IEEE 
(2012)

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Graphenepolyaniline nanocomposite as platinum-free counter electrode material for dye-sensitized solar cell: its fabrication and photovoltaic performance
	Abstract
	1 Introduction
	2 Materials and method
	2.1 Materials
	2.2 Graphene (Gr) growth mechanism
	2.3 Transfer process of graphene nanosheets (GNs)
	2.4 Production of GraphenePolyaniline (GrPANI) nanocomposites
	2.5 Fabrication of TiO2 nanotube arrays
	2.6 Fabrication of DSSCs

	3 Results and discussion
	3.1 Structural properties of TiO2 nanotube arrays
	3.2 Morphological properties of TiO2 nanotube arrays
	3.3 Raman analyses of GNs
	3.4 UV–Vis analyses of GNs
	3.5 Chemical and morphological analyses of PANI film
	3.6 Photovoltaic parameters of graphene-based counter electrodes

	4 Conclusion
	References




