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Abstract
Developing an efficient material as a counter electrode (CE) with excellent catalytic activity, intrinsic stability, and low 
cost is essential for the commercial application of dye-sensitized solar cells (DSSCs). Photovoltaic properties of DSSCs 
fabricated with cost-effective, platinum-free CEs composed of various carbon allotrope mixtures—including graphite (GR), 
activated carbon (AC), and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) films—were systemati-
cally investigated. DSSCs assembled with PEDOT:PSS/GR/AC showed an impressive photovoltaic conversion efficiency of 
4.60%, compared to 4.06% for DSSCs with GR/AC CE or 1.66% for PEDOT:PSS alone or 6.56% for Pt under the illumination 
100 mW cm−2 (AM 1.5 G) due to the superior electrocatalytic activity and the conductivity of AC and PEDOT:PSS. The 
fabricated carbon counter electrodes were extensively characterized by using scanning electron microscopy (SEM), X-ray 
diffraction (XRD), Raman spectroscopy, cyclic voltammetry (CV), Tafel measurements, and electrochemical impedance 
spectroscopy (EIS). The CV, EIS, and Tafel measurements indicated that the PEDOT:PSS/GR/AC composite film has low 
charge-transfer resistance on the electrolyte/CE interface and high catalytic activity for the reduction of triiodide to iodide 
than the GR/AC CEs. It is potentially feasible that such a carbon configuration can be used as a counter electrode, replacing 
the more expensive Pt in DSSCs.
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Introduction

Among the third-generation photovoltaic devices, dye-sen-
sitized solar cells (DSSCs) are the most promising photovol-
taic devices due to their desired properties such as straight 
forward fabrication process, environmental friendliness, and 
adequate efficiency [1–4]. A typical sandwich-structured 
DSSC consists of three primary components: a dye-adsorbed 
TiO2 layer on a conductive glass substrate serving as the 

photoanode, an iodide/triiodide (I3 −/I −) redox couple as 
the electrolyte, and a platinized counter electrode (CE) [5]. 
The CE plays a crucial role in DSSCs by collecting elec-
trons from the external circuit and catalyzing the reduction 
of I3

− to I−. This process demands both excellent catalytic 
activity and high conductivity from the CE materials [5–7]. 
Platinum (Pt) and Pt-based materials are currently the stand-
ard catalysts for CEs in DSSCs due to their superior electron 
conductivity and electrocatalytic activity. However, their 
limited availability, high cost, and instability in iodine-based 
electrolytes pose significant challenges for large-scale com-
mercial applications of these DSSCs [6, 7]. Therefore, the 
development CEs of non-noble metal catalysts with competi-
tive electrochemical performance and exceptional stability is 
essential for advancing sustainable energy technologies and 
facilitating their broader commercialization [8–10]. In recent 
years, a variety of alternative materials have been investi-
gated for counter electrodes in DSSCs, aiming to achieve 
comparable or even superior performance to Pt at a lower 
cost [9, 10]. Among them, carbonaceous materials [7–14] 
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that have been successfully integrated into DSSCs include 
graphite [15–17], carbon black [18–24], graphene [25, 26], 
graphene with metals and alloys [27–31], carbon nanotube 
[32], carbon dots [33], and transition metal oxides [34, 35]. 
Apart from that, conducting polymers, including polyani-
line (PANI), polypyrrole (PPy), and poly(3,4-ethylenediox-
ythiophene) (PEDOT), exhibit good electrical conductiv-
ity and chemical stability, making them suitable for DSSC 
applications [36–39]. Among these carbonaceous materi-
als, graphite stands out due to its fascinating properties and 
frequent use as a catalyst and conducting layer in CEs of 
DSSCs, and its abundant availability and low cost. Natu-
ral graphite is available in three forms amorphous graphite, 
flake graphite, and crystalline vein graphite each possess-
ing unique properties that suit various applications. Crys-
talline vein graphite, also known as Sri Lankan graphite, 
is particularly notable for its naturally occurring rock-like 
veins and high purity (over 95% pure carbon), high crystal-
linity, and attractive commercial demand [40]. In 1996, Kay 
and Gratzel [41] have presented a new type of graphite plus 
carbon black as a counter electrode with the overall power 
conversion efficiency of 6.67% under 1 sun. However, large 
graphite particles with low surface area exhibit very poor 
catalytic activity when used as counter electrode materials 
in DSSCs [8]. Graphitic materials, including carbon nano-
tubes and graphite itself, have two distinct types of planes: 
basal and edge planes. Basal planes are characterized by 
slow electron transport, while edge planes enable fast elec-
tron transport. Large graphite particles contain fewer edge 
planes (or more basal planes), which slows down the rate of 
I3

− reduction due to high charge transfer resistance (RCT). 
This high RCT negatively impacts the fill factor (FF) and 
results in poor energy conversion efficiency (η) in DSSCs 
[8, 41, 42]. In this context, Veerappan et al. have showed 
that sub-micrometer size colloidal graphite can be used as an 
efficient counter electrode catalyst for triiodide reduction in 
DSSCs and obtained an energy conversion efficiency greater 
than 6.0%, comparable to the conversion efficiency of Pt 
[15]. Narudin et al. demonstrated a low-cost carbon black 
with graphite counter electrode in DSSCs by incorporating 
binders. They reported a good adherence to the substrates 
with high conductivity and electrochemical activity was 
achieved, resulting in an overall efficiency of 5.72% with 
the CE fabricated using titanium (IV) isopropoxide (TTIP) 
[19]. Chou and colleagues demonstrated that by increasing 
the thickness of the graphite/carbon black CE film to 10.4 
μm, the efficiency of DSSCs can be enhanced from 0.8 to 
1.5% [20]. Don et al. [22] demonstrated that incorporat-
ing acetylene carbon black (AB) into graphite catalytically 
enhances the triiodide ion reduction in DSSCs, significantly 
improving photo-conversion efficiency from 3.43 to 5.06%. 
In our recent study, we demonstrated that SnO2 nanoparti-
cles in graphite/SnO2 composite counter electrodes enhance 

the adhesion of vein graphite to conducting glass substrates 
and increase the effective surface area of the counter elec-
trode by creating a nanoporous structure [35]. Apart from 
the graphite, polystyrene sulfonate–doped poly-(3,4-ethyl-
enedioxythiophene) (PEDOT:PSS) has also been studied in 
recent years as an alternative to the Pt based CEs in DSSCs 
[43, 44,]. This is mainly due to its good electrical conduc-
tivity, electro catalytic activity, and good ability to form 
homogenous CEs. Kitamura and Shiratori demonstrated 
that layer-by-layer self-assembled mesoporous PEDOT:PSS 
and carbon black hybrid films can serve as effective plat-
inum-free counter electrodes for DSSCs, achieving 4.7% 
efficiency, just 8% lower than devices using conventional 
thermally deposited platinum on fluorine-doped tin oxide 
glass counter electrodes [42]. Muto et al. [38] reported print-
able mesoporous counter electrodes using pastes containing 
PEDOT–PSS solution, TiO2 nanoparticles, and indium–tin 
oxide nanoparticles, achieving an efficiency of 4.38%, which 
is approximately 20% less than the 5.41% efficiency yielded 
by Pt counter electrodes. Shunjian Xu et al. have developed 
a nanoporous composite film of TiO2/SnO2 and PEDOT:PSS 
as a counter electrode for DSSCs, achieving a 6.54% effi-
ciency, which is 36.5% higher than that of a cell using a 
pristine PEDOT:PSS film [26].

By considering above factors, in this study, we focused on 
developing a composite material that combines PEDOT:PSS, 
Sri Lankan natural vein graphite (GR), and activated carbon 
(AC). The primary goal of preparing a mixture counter elec-
trode (PEDOT:PSS/GR/AC) is indeed to find a cost-effective 
alternative to Pt used in DSSCs. These materials are chosen 
for their electrocatalytic properties and availability at a lower 
cost compared to Pt. PEDOT:PSS is relatively inexpensive 
conducting polymer and widely used in various electronic 
applications. Sri Lankan vein graphite having high purity, 
abundancy, the quantities required for DSSC applications are 
small, and cost-effective production methods are continually 
being developed. Activated carbon is also a low-cost mate-
rial with excellent surface area and conductivity, making it 
an ideal component for a composite electrode in DSSCs. By 
combining these materials, we aim to improve their indi-
vidual strengths to create a counter electrode that not only 
performs well but is also significantly cheaper than Pt. It was 
observed that, DSSCs fabricated with PEDOT:PSS/GR/AC 
counter electrodes with TiO2 binder gives superior photovol-
taic properties than the DSSCs fabricated with GR/AC CEs 
and comparative properties with the traditional expensive Pt 
CEs in DSSCs. Therefore, by considering the abundance of 
Sri Lankan graphite, and the incorporation of small amounts 
of activated carbon and PEDOT:PSS in the CE, coupled with 
a straightforward fabrication technique, this CE is expected 
to ultimately render a more cost-effective CE than traditional 
high-cost Pt based CEs used in DSSCs. Furthermore, incor-
porating Sri Lankan vein graphite into advanced applications 



Ionics	

will increase the value of this low-cost raw material, con-
tributing to value addition and promoting economic growth 
of the country.

Experimental details

Materials

Sri Lankan natural vein graphite collected from “Bogala” 
mines was used as the starting material for graphite 
(GR). To prepare the photoanodes, Ruthenium N719 dye 
(RuL2(NCS)2:2TBA, Solaronix), titanium dioxide P-90 pow-
der (Evonik), titanium dioxide P-25 powder (Degussa), poly-
ethylene glycol (PEG 2000, Merck), triton X-100 (Merck), 
hydrochloric acid (37%, Merck), and α-terpineol (Sigma-
Aldrich) and Titanium(IV) isopropoxide (TTIP) (Sigma-
Aldrich) were used as received without further purification. 
To prepare the electrolyte, iodine chips (I2), acetonitrile 
(anhydrous), ethylene carbonate, and propylene carbonate 
were purchased from Sigma-Aldrich. Fluorine-doped tin 
oxide (FTO)–conducting glasses (8 Ω/sq, Solaronix) were 
used as the substrates for both photoanode and counter 
electrodes.

Photo‑anode preparation

A photo-anodes with two layers of TiO2 on a FTO substrates 
were prepared by following a procedure reported previously 
[35]. In brief, for the first compact TiO2 layer of P90, 0.25 g 
of P90 TiO2 powder was ground with 1 ml of 0.1 M HNO3 
in an agate mortar for 20 min. The resulting paste was then 
spin-coated onto a pre-cleaned FTO glass substrate at 3000 
rpm for 60 seconds. The FTO substrate with P90 TiO2 was 
then sintered at 450°C for 45 min. After cooling to room 
temperature, the second layer of mesoporous TiO2 was pre-
pared by using P25 TiO2 powder. 0.25 g of TiO2 powder 
(P25) was mixed with 1 ml of 0.1 M HNO3 and ground 
in a mortar and pestle. Then, 0.02 g of Triton X-100 and 
0.05 g of PEG 2000 were added as binders and mixed thor-
oughly until the mixture formed a creamy paste. This paste 
was doctor-bladed onto the previously prepared P90 TiO2 
compact layer over a 0.25 cm2 cell area. Then, the substrate 
with two types of films was sintered at 450°C for 45 min to 
obtain a photoanode with porous TiO2 layer on topside of the 
FTO. Finally, these photoanodes were dipped independently 
in ethanolic dye solutions containing 0.3 mM of N719 dye 
at room temperature for 24 h.

Preparation of counter electrode

The counter electrodes were prepared using Sri Lankan 
natural vein graphite (GR) flakes sourced from the Bogala 

mines in Sri Lanka. The powdered graphite samples were 
obtained by following the method outlined by Kumara 
et al. [40]. Specifically, the graphite flakes were subjected 
to ball milling for 20 min, followed by sieving to achieve 
particles smaller than 63 μm. These particles were then 
dispersed in deionized water with continuous stirring and 
subsequently agitated for approximately 1 h. The result-
ing graphite layer that formed on the water surface was 
collected onto a glass slide and vacuum dried for approxi-
mately 12 h. The carbon content of the resulting buoyant 
graphite powder was analyzed using ASTM-561 methodol-
ogy and by measuring the residue’s weight. The analysis 
indicated a total carbon content of 99.94%, confirming the 
high purity of the graphite [40]. The counter electrodes 
with different amounts of graphite and activated carbon 
powder were fabricated and tested by varying the amount 
of activated carbon powder purchased from Aldrich. The 
best performances in the DSSCs were obtained with the 
following compositions and further studies were carried 
out with the same composition. The CEs with best compo-
sition were fabricated by using 0.875 g of aforementioned 
graphite powder and 0.0375 g of active carbon powder and 
mixed well with 1 ml α-terpineol, 100 µl, TTIP and 10 µl 
glacial acetic acid (GAA) in an agate mortar for 30 min 
until homogeneous mixture is formed. Then, creamy paste 
was doctor bladed on pre-cleaned FTO glass substrate and 
subjected to annealed at 400 °C for 25 min.

Fabrication of PEDOT:PSS in‑cooperated counter 
electrode

PEDOT:PSS (Baytron, Bayer AG, ϭ = 8 × 10-2 S/cm) 
was utilized as the starting material. Ethanoic solu-
tions were prepared by mixing absolute ethanol and the 
PEDOT:PSS solution in a 1:1 volume ratio. Different 
amounts of this solution was spin coated as follows. At 
first, this solutions were spin coated at 1500 rpm for 1 
min on pre-cleaned FTO glass and FTO/Graphite/AC and 
then annealed at 80 °C, for 30 min and then at 400 °C for 
20 min by following the procedures described by Wen 
Cai Ng et al. in preparation of PEDOT:PSS/CuO/MoS2 
photocathode [43].

Preparation of liquid electrolyte

The iodide/triiodide-based liquid electrolyte for this study 
was prepared by dissolving 0.738 g of tetrapropylammo-
nium iodide (Pr4NI), 0.06 g of iodine (I2), and 3.6 ml of 
molten ethylene carbonate (EC) in 1 ml of acetonitrile. 
The resulting solution was magnetically stirred for 24 h at 
ambient temperature.



	 Ionics

Fabrication of DSSCs and their characterization

DSSCs were fabricated by placing the liquid electrolyte 
between the TiO2 photoanodes and the counter electrodes. 
The active surface area of the device was 0.25 cm2. The 
current density–voltage (J-V) characteristics of the DSSCs 
were measured using a computer-controlled, calibrated 
solar simulator (Oriel Newport LCS-100) connected to a 
Potentiostat/Galvanostat (Metrohm Autolab PGSTAT 128 
N) under AM 1.5 illumination (100 mW cm−2). A Xenon 
100 W lamp with an AM 1.5 filter (400–1100 nm). Class 
A with spectral match of 0.75–1.25 was used to obtain 
the simulated sunlight with above intensity. In order to 
compare the performance of DSSCs with graphite-based 
and Pt-based counter electrodes, DSSCs with the identi-
cal TiO2 photoanode with the same electrolyte were also 
fabricated using Pt CEs.

Characterization of photoanode and the counter 
electrode

The surface morphology of the photoanodes and coun-
ter electrodes was characterized by scanning electron 
microscopy (SEM) using Zeiss EVO LS15 scanning 
electron microscope. The wide-angle X-ray spectros-
copy (WAXS) was performed using Rigaku X-ray dif-
fractometer with CuKα radiation (λ = 1.5406 Å). The 
diffuse reflection spectra were obtained in the wave-
length range from 240 to 800 nm using UV-Vis spectro-
photometer (Shimadzu 2450) with an integrating sphere 
attachment. Impedance measurements of DSSCs were 
taken under 100 mW cm−2 illumination using a Poten-
tiostat/Galvanostat (Metrohm Autolab PGSTAT 128 N) 
with Frequency Response Analyzer (Metrohm Autolab 
FRA 32) covering the frequency range from 0.01 Hz to 
1.0 MHz.

In order to study the electrocatalytic properties of the 
counter electrode, cyclic voltammetry (CV) experiments 
were done at a scan rate of 50 mV s -1 by using a three-
electrode setup having a Pt wire counter electrode, Ag/
AgCl reference electrode, and Pt- or FTO/GR/AC–based 
composite CEs with and without PEDOT:PSS as the work-
ing electrode. A solution of acetonitrile prepared with 10 
mM LiI, 0.1 M LiClO4, and 1 mM I2 was used as support-
ing electrolyte. The Tafel polarization and EIS measure-
ments of counter electrodes were carried out for symmetri-
cal dummy cells composed of the same CE materials (Pt, 
pristine graphite and PEDOT:PSSs/graphite/AC/compos-
ite) on both electrodes with active cell area of 1.0 cm2. 
The liquid electrolyte that used to fabricate DSSCs was 
sandwiched in between the identical counter electrodes for 
taking Tafel polarization and EIS measurements.

Results and discussion

In order to confirm the existence of the PEDOT;PSS after 
annealing at 400 °C, FTIR measurements were conducted on 
PEDOT:PSS films before and after the annealing. Figure 1 
shows the FTIR spectra of the spin-coated PEDOT:PSS 
films with and without sintering processes. The peaks 
observed at 1624 cm⁻1, 1523 cm⁻1, and 1388 cm⁻1 are asso-
ciated with the vibrational modes of C=C, C–C, and C-O-C 
bonds. Meanwhile, the peaks at 1197 cm⁻1 and 1085 cm⁻1 
correspond to the doped PEDOT, S–O, and S-phenyl groups 
respectively. The peaks at 972 cm⁻1, 921 cm⁻1, 831 cm⁻1, 
and 682 cm⁻1 represent the C–S stretching in the sample. 
[43, 44]. Therefore, as can be seen from Fig. 1, and also 
as observed by Wen Cai Ng and Men Nang Chong [43], 
the sintering at 400 °C for short time does not completely 
decompose the PEDOT:PSS. Although we cannot quantify 
the remaining undecomposed amount of PEDOT:PSS, our 
results confirm its presence even after annealing at 400°C 
for a significantly shorter duration. Therefore, most of the 
PEDOT:PSS likely remain intact, possibly contributing to 
the improved performance of the DSSC.

Figure 2 shows the SEM images of (a) the top view and 
(b) the cross-sectional view of the TiO2 photoanodes. The 
photoanode made with P25 nanoparticles has a fairly uni-
form distribution of TiO2 nanoparticles of average size 
around 20 nm as expected. The cross-sectional view of the 
photoanodes showed a uniform, thicker film with approxi-
mately ~ 11.28 μm thickness.

Figure 3(a) shows the surface morphology of the pris-
tine graphite, which lacks the porous structure necessary 
for effective electrolyte diffusion. This characteristic hinders 

Fig. 1   FTIR spectra of PEDOT:PSS films (a) before and (b) after 
annealing
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the efficiency of the iodide/triiodide redox reaction at the 
counter electrode. The SEM photograph showing surface 
morphology of the GR/CE counter electrode is shown in 
Fig. 2(b). The graphite and activated carbon, as well as the 
TiO2 crystallite, are fairly uniformly distributed without 
cracks in the surface. The size of the TiO2 particles formed 
by TTIP in GR/AC was found to be relatively smaller at a 
particle size of approximately ~ 30–40 nm.

Figure 3(c) shows the top view SEM of the composite 
counter electrode fabricated with PEDOT:PSSs with large 
number of cracks and voids. As it is observed by Veerappan 
et al. [15] on the surface morphologies of graphite-based 
materials in their counter electrodes, it can be concluded 
that in these PEDOT:PSS–treated CE has more edge planes, 
i.e., a higher number of catalytic sites than the other GR/
AC counter electrode [45]. Figure 4 shows cross-sectional 
SEM images of (a) GR/AC and (b) PEDOT:PSS/GR/AC. 
The optimal thickness of the GR/AC counter electrode was 
determined by testing DSSCs with counter electrodes of 

(a)

11.28 mmm

(b)

Fig. 2   Scanning electron micrographs of TiO2 photoanode (a) top 
view and (b) cross-sectional view

Fig. 3   The top-view SEM images of (a) GR, (b) GR/AC, and (c) /
PEDOT:PSS/GR/AC
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different thicknesses. As can be seen from Figure 4(a), the 
optimum thickness was approximately ~ 15.32 μm. Slight 
increase in the film thickness (~16.00 μm) was observed 
with the incorporation of PEDOT:PSS layer on the FTO 
with the optimized composition. The average crystallite 
size of the GR/AC crystallite is around 500–600 nm. In the 
production of GR/AC CEs, the GR/AC connectivity and 
compactness are critical for improving hole extraction and 
lowering contact resistance in solar cells (Fig. 3(b)). As 
shown in Fig. 4(a) and (b), large graphite flakes are bound 
to each other and well packed probably due to the forma-
tion of TiO2 binder and the presence of the activated carbon 
with large number of pores probably due to the stacking of 
different materials. Graphite flakes provide good electronic 
conductivity for the GR/AC CEs, while the activated carbon 
nanoparticles act as conductive fillers and bridge the gaps 
among the graphite flakes. Typically, high-porosity carbon 
films naturally exhibit unique properties, including a large 
surface area and excellent conductivity. These characteris-
tics are advantageous for electron collection, charge transfer, 
and ion diffusion [46]. Furthermore, the high porosity can 
create more active sites, enhancing I−/I3

− electro catalytic 
activity. Therefore, the porous structure shown in Fig. 4(b) 
with large pores is likely facilitate the diffusion of I3

− ions 
to the active sites for reduction. This structure improves 
the interconnected network on the carbon material surface, 
resulting in strong adhesion of the electrodes to the FTO 
substrate, which is beneficial for long-term stability. Similar 
phenomenon was observed by Don et al. [22] in their counter 
electrodes fabricated with carbon black/TiO2 CEs as well 
as the hydrophilic carbon/TiO2 colloid composite counter 
electrodes fabricated by Kouhnavard et al. respectively [47].

Raman spectroscopy is a valuable method for analyz-
ing the structure and quality of carbon materials. It is par-
ticularly effective in identifying defects and the ordered or 
disordered nature of carbon nanomaterials. Figure 5 shows 
the Raman spectra of the GR/AC and PEDOT:PSS/GR/AC 
counter electrodes. Two distinct peaks are evident at ~ 1353 
cm⁻1 and ~ 1596 cm⁻1, corresponding to the D and G bands 
of the carbon materials, respectively [48, 49]. The D band 
is commonly linked to amorphous carbon and partial dis-
ordering of the sp2 domain, while the G band corresponds 
to the E2g vibrational mode of the sp2 hexagonal network 
plane [47]. Therefore, analyzing the peak intensity ratio of 
the D to G bands allows for the assessment of the quality of 
the deposited carbon material. Interestingly, while defec-
tive carbon is undesirable for transparent conductive films 
and device applications, it is advantageous for DSSCs and 
supercapacitors, as it provides sites that enhance catalytic 
activity [50].

The calculated Raman peak ratio (ID/IG) values are tabu-
lated in Table 1. The larger ID/IG ratios obtained for GR/

AC with PEDOT:PSS indicates the significant amount of 
structural defects present in these materials resulting better 
electrocatalytic activity. As mentioned by Lee et al. defects 
are advantageous for producing an effective catalytic activ-
ity [50]. On the other hand, PEDOT:PSS is a conductive 
polymer composed of poly(3,4-ethylenedioxythiophene) 
(PEDOT) and polystyrene sulfonate (PSS). The PEDOT 
component has a conjugated backbone, which provides 
excellent electrical conductivity, while PSS serves as a dis-
persing agent, enhancing the processability and stability 
of the composite. When PEDOT:PSS is deposited on FTO 
substrate, it forms a thin film with a high surface area and 
it may contain numerous nanoscale grains and fibrils due to 
the self-assembly of PEDOT chains [51]. When applying 
the mixture of GR and AC by doctor blading technique on to 
the PEDOT:PSS layer, significant amount of Gr and AC will 
penetrate in to the nano scale domains of the PEDOT:PSS 
film due to the solvent nature of the mixture introducing 
additional structural defects and disorder into the overall 
composite material. These defects can be due to the interac-
tion between the PEDOT:PSS polymer chains and the GR 
or AC or both., which disrupts the sp2 hybridized carbon 
network, leading to an increase in the D band intensity [52]. 
Therefore, as a result of this, number of edge planes and 
functional groups might have increased. Edge planes are 
known to exhibit higher catalytic activity compared to basal 
planes because of the increased presence of reactive sites 
[50–52]. Furthermore, intercalation of PEDOT:PSS between 
graphite layers or adhere to the surface of activated carbon, 
introducing mechanical strain and causing wrinkling or 
deformation. This physical alteration of the GR/AC struc-
ture contributes to the generation of defects, reflected in the 
increased ID/IG ratio. The presence of PEDOT:PSS can also 
facilitate the formation of additional sp3 hybridized car-
bon atoms, further increasing the disorder. Therefore, the 
increase in the ID/IG ratio can be primarily due to the forma-
tion of structural defects, enhanced edge planes, intercala-
tion effects, and surface modifications of the GR. These fac-
tors collectively result in a material with a higher degree of 
disorder, which is beneficial for electrocatalytic activity as it 
provides more active sites for the redox reactions in DSSCs.

Figure 6(a) and (b) shows the XRD spectrum of GR/AC 
and PEDOT:PSS/GR/AC composites. Here, the presence 
of narrow and sharp diffraction peak which is centered at 
~ 26.6° corresponds to the oriented crystal plane (002) of 
hexagonal graphite. In addition, less intense peaks at 54.7° 
(004) suggest the presence of graphite in the material [53, 
54]. The XRD pattern shows both anatase and rutile peaks 
belongs to TiO2 which has formed due to the incorporation 
of TTIP as the binder in the fabrication of counter electrode. 
The low intensity peaks belong to anatase and rutile phases 
of TiO2 at 33.67° (101), 37.71° (004), 51.57° (200), 61.58° 
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(204), and 65.50° (002) which can be clearly seen in the 
figure. Similar peak positions were observed by Xiaoyan 
Pan in his study on TiO2/graphite photocatalytic composite 
[53, 54].

In order to see efficiency variation of the DSSCs with 
GR/AC counter electrode with different film thickness and 
the sintering temperature of the composite, DSSCs were 
fabricated with different thick CEs and also with the dif-
ferent sintering temperatures of them. Since it is not pos-
sible to fabricate uniform homogeneous films on the FTO 
substrate with good adhesive properties, film thickness was 
varied with two different thickness only. Figure 7 shows the 
efficiency variation of the DSSCs fabricated with different 
CE fabricated under different thickness and sintering tem-
peratures. Extracted photovoltaic parameters from the J-V 
characteristic curves for DSSCs with different CS sintered 
at various temperatures are tabulated in Table 2.

As can be seen from Figure 7 and Table 2, the efficiency 
increases with increasing sintering temperature up to 400 
°C and then decreases. DSSCs fabricated with CEs using 
two scotch tapes (3m) thickness showed better solar cells 
efficiencies than the three tapes thickness. As observed from 
SEM, the best CE film thickness found to be 15.32 μm as 
depicted in Figure 3(a). This is mainly attributed with the 
adhesive properties of the material to the FTO as well as 
the formation of non-uniform CE with higher film thick-
ness than this. It was observed that when DSCS were fab-
ricated with the liquid electrolyte, CEs with thicker films 
trend to peel off from the FTO substrate. Table 2 shows the 
photovoltaic parameters extracted from the current voltage 
characteristics of the DSSC with different CEs sintered at 
various temperatures. As can be seen from the table, GR/
AC counter electrode sintered at 400 °C showed the highest 
efficiency of 4.06% whereas the DSSCS with Pt CE showed 
6.56% efficiency.

The photovoltaic parameters of the DSSCs fabricated 
with different thickness and sintered at 400 °C are tabu-
lated in Table 3. The data indicates that DSSCs fabricated 
with CEs of a thickness corresponding to two layers of 3M 
tape exhibit superior photovoltaic performance compared 
to those with thicker films. It was observed that as the film 
thickness increases, adhesion to the substrate decreases, 
leading to film detachment in the presence of the electro-
lyte. Conversely, attempts to fabricate CEs with a thickness 

16

16.00 mm

(b)

15.32 mm

(a)

Fig. 4   Cross-sectional SEM images of (a) GR/AC and (b) 
PEDOT:PSS/GR/AC

Fig. 5   Raman spectroscopy of (a) Gr/AC composite CE, (b) 
PEDOT:PSS–coated Gr/AC composite CE

Table 1   Calculated Raman ratio (ID/IG) values for (a) Gr/AC compos-
ite CE, (b) PEDOT:PSS–coated Gr/AC composite CE

Counter electrode D-band (cm-1) G-band (cm-1) ID/IG

(a) GR/AC 1355 1596 0.92
(b) PEDOT:PSS/GR/

AC
1354 1596 0.95
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less than that of two tape layers resulted in non-uniform 
films, making it impractical to produce thinner CEs. Con-
sequently, the two-tape thickness was chosen for the CEs. 
To ensure reproducibility, eight DSSCs were tested for each 
composition, with the variations in photovoltaic properties 
documented in the accompanying tables.

Figure  8 shows the current-voltage characteristic 
of DSSCs fabricated with different CEs including the 
PEDOT:PSS composite. The photovoltaic parameters are 
summarized in Table 4. As it is evident from the table due 
to adhesive problems of the PEDOT:PSS to the FTO sub-
strate in the presence of the electrolyte, DSSCs fabricated 
with pristine PEDOT:PSS showed poor performances with 
1.66% efficiency. However, the DSSCs fabricated with GR/
AC incorporated in to PEDOT:PSS CEs showed slightly 
higher efficiency of 4.60% than the DSSCs with only GR/
AC counter electrode.

As illustrated in Table 4, the difference in the Jsc of 
DSSCs fabricated with Pt and PEDOT:PSS/GR/AC is mini-
mal. This minor variation could be attributed to the porous 
structure and surface roughness of the PEDOT:PSS/GR/AC 
CE as well as the electrocatalytic activity of it. It is well 
established that the diffusion of iodide ions near the elec-
trode surface can be hindered by a thick layers of CEs [55, 
56]. Consequently, increased roughness of the CE enhances 
the diffusion of triiodide and iodide ions, thereby accelerat-
ing the triiodide/iodide redox process. A similar effect was 
observed by Van-Duong Dao in DSSCs incorporating Pt 
nanoparticles (PtNPs), Pt-sputtered (PtSP), and Pt hollow 
counter electrodes [56–58].

Figure 9 shows the comparison of incident photon-to-
current conversion efficiency (IPCE) spectra of the DSSCs 

with (a) Pt and (b) PEDOT:PSS/GR/AC counter electrodes. 
Table 5 shows a comparison of Jsc values of the DSSCs 
fabricated with Pt and PEDOT:PSS/GR/AC estimated from 
J-V and IPCE measurements. The JSC value obtained from 
J-V characteristics strongly correlated with the estimated 
JSC value of the DSSC using the IPCE curves. The IPCE of 
DSSCs measures their spectral response to incident mon-
ochromatic light in terms of the generated current. Both 
DSSCs exhibit strong photoelectric responses within the 
300–370 nm range (UV region) and the 375–700 nm range 
(visible region). The IPCE values in the UV range were 
primarily due to the absorption of the TiO2 film, which 
exhibits an absorption peak around 330 nm corresponding 
to the direct band gap photoexcitation of electrons [1, 3]. 
As can be seen from figure, the DSSCs with PEDOT:PSS/
GR/AC CE show ~ 54.5% highest IPCE in 400–750 nm 
range (visible region) which is only ~2.68% lower than that 
of the DSSC fabricated with Pt CE electrode (54.5%). This 
suggests that the PEDOT:PSS/GR/AC electrode exhibits 
strong catalytic properties, making it a promising alterna-
tive to Pt as a CE material in DSSCs.

Even though large numbers of research investigations 
were carried out on the properties of DSSCs with novel 
carbon-based CEs, very few research investigations have 
been carried out on the basis of vein graphite. Moreover, 
in most of the cases, simple fabrication techniques were not 
in cooperated. Table 6 shows a summary of selected results 
from the literature on the performance of DSSCs utilizing 
graphite counter electrodes, alongside the findings from this 
study. The data in Table 6 indicate that comparable efficien-
cies in DSSCs can be achieved using the proposed combina-
tion of materials study in this study as the counter electrode 
material.

Fig. 6   XRD patterns of two different composites: Graphite/AC and 
PEDOT:PSS/GR/AC
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Fig. 7   Efficiency variation of DSCS with two different thick GR/AC 
counted electrode sintered at different temperatures
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EIS and equivalent circuit modeling are standard meth-
ods for estimating the internal resistance of DSSCs. Within 
DSSCs, charge carrier transport from the photoanode to the 
counter electrode encounters several resistive components. 
These include the series resistance (RS), which encom-
passes the sheet resistance of the FTO glass and the contact 

resistance of the cell; the resistance at the FTO/TiO2 interface 
(RFTO–TiO2); the electron transport resistance within the TiO2 
film (RTiO2); the charge-transfer resistance associated with 
electron recombination in the TiO2 film and I3

− ions in the 
electrolyte (RCT); the Warburg impedance representing the 
Nernstian diffusion of I3

− ions in the electrolyte (Zd); the 
charge-transfer resistance at the counter electrode/electrolyte 
interface (RCE–electrolyte); and the charge-transfer resistance at 
the exposed FTO/electrolyte interface (RFTO–electrolyte). In 
DSSCs, the charge-transfer resistance at the counter elec-
trode/electrolyte interface (RCE–electrolyte) is typically the most 
significant among these resistive elements. Consequently, 
RCT often refers specifically to RCE–electrolyte unless otherwise 
specified. Among these resistances, the series resistance 
(RS) and the charge-transfer resistance at the counter elec-
trode/electrolyte interface (RCT) are critically dependent on 
the counter electrode properties [11, 15, 63, 64]. Specially, 
the RCT value influences the number of electrons that get 
transferred from CE to the electrolyte to complete the DSSC 
circuit. To evaluate the catalytic behavior of the graphitic/
AC and PEDOT:PSS incorporated CEs, the charge transfer 
resistances and sheet resistances of the symmetric cells were 
measured using EIS. Figure 10 shows the Nyquist plot for 
both Pt and graphite/AC and PEDOT:PSSs/GR/AC symmet-
ric cells. The RCT and sheet resistance (RS) were determined 
through equivalent circuit fitting and calculated values are 
tabulated in Table 7. As it can be seen from the table, the 

Table 2   Photovoltaic 
parameters extracted from the 
current voltage characteristics 
of the DSSCs with different CEs 
sintered at various temperatures

Counter electrode Sintered tem-
perature (°C)

JSC (mA cm −2) VOC (mV) FF% Eff%

GR/AC Not sintered 5.24 ± 0.02 796.74 ± 0.65 53.51 ± 0.15 2.23 ± 0.05
100 7.10 ± 0.05 801.93 ± 0.05 52.78 ± 0.25 2.99 ± 0.15
200 7.79 ± 0.33 796.44 ± 0.45 53.79 ± 0.14 3.32 ± 0.28
300 8.28 ± 0.06 792.16 ± 0.55 56.66 ± 0.16 3.71 ± 0.14
400 11.60 ± 0.25 744.31± 0.75 57.59 ± 0.35 4.06 ± 0.03
500 7.31 ± 0.36 798.27 ± 0.12 58.96± 0.25 3.43 ± 0.15

Pt Not sintered 13.34 ± 0.15 770.90 ± 0.85 63.99± 0.05 6.56 ± 0.04

Table 3   Photovoltaic 
parameters of DSSCs fabricated 
with different thick counter 
electrodes sintered at 400 °C

Counter electrode Thickness JSC (mA cm−2) VOC (mV) FF% Eff%

GR/AC 3 tapes 7.64 ± 0.25 804.68 ± 0.16 56.85 ± 0.03 3.49 ± 0.25
GR/AC 2 tapes 11.60 ± 0.25 744.31 ± 0.75 57.59 ± 0.35 4.06 ± 0.05
Pt 13.34 ± 0.15 770.90 ± 0.85 63.99 ± 0.05 6.56 ± 0.04
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Fig. 8   The current-voltage characteristic of DSSCs fabricated with 
different CEs including the PEDOT:PSS composite

Table 4   Solar cell performance 
of DSSCs fabricated with 
different counter electrodes

Counter electrode JSC (mA cm−2) VOC (mV) FF% Eff%

Only PEDOT:PSS 10.20 ± 0.01 620.20 ± 0.02 25.82 ± 0.03 1.66 ± 0.02
GR/AC 11.60 ± 0.25 744.31 ± 0.75 57.59 ± 0.35 4.06 ± 0.05
PEDOT:PSS/GR/AC 13.23 ± 0.03 702.20 ± 0.01 59.64 ± 0.02 4.60 ± 0.12
Pt 13.34 ± 0.15 770.90 ± 0.85 63.99 ± 0.05 6.56 ± 0.04
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series resistance (RS) with PEDOT:PSS/GR/AC and GR/
AC electrodes are 33.72 Ω and 50.08 Ω respectively. Both 
values are higher than the RS value of the Pt electrode (10.9 
Ω) This may be due to the lower conductivities of the carbon-
based electrodes. On the other hand, as it was observed by 
Murakami et al. this could be possibly due to the larger thick-
ness and the rougher GR/AC film surfaces [11]. A lower RS 
corresponds to a higher conductivity of the counter electrode 
and a better filling factor of the DSSC which is consistent 

with our FF values depicted in Table 4 for the Pt CE [64]. 
Therefore, the DSSC with GR/AC CE showed lower val-
ues for the FF, JSC, and lower efficiency than the DSSCs 
with Pt CE [11, 15]. The charge transfer resistance R1CT or 
RCE–electrolyte is an important parameter associated with charge 
transfer across the electrolyte/CE interface. As expected, the 
lowest R1CT value of 6.55 Ω shown in Table 7 corresponds 
to the Pt/electrolyte interface. The GR/AC/electrolyte inter-
face shows much higher R1CT value of 118.4 Ω compared to 
the Pt/electrolyte interface. This is very likely caused by the 
higher resistivity of the nanoporous GR/AC composite com-
pared to Pt. The R1CT value of PEDOT:PSS-incorporated CE-
based DSSCs is 84.06 Ω and it is much lower than that of the 
DSSCs with GR/AC counter electrode but much higher than 
that of the DSSCs with Pt CE. Generally, a decreasing trend 
in R1CT value is associated with an increasing trend in JSC for 
most of the DSSC systems studied [54]. The higher efficiency 
in DSSCs with PEDOT:PSS composite mainly results from 
higher catalytic activity which is assigned to faster diffusion 
of redox couple in the electrolyte as observed by the Wu 
et al. [13]. Incorporation of PEDOT:PSS in GR/AC counter 
electrode results in higher performance which mainly arises 
from the higher JSC. The enhanced JSC is mainly results from 
higher electro catalytic activity owing to lower RCT and diffu-
sion resistance which is in line with the above morphological 
and electrochemical analysis [62–66].

CV measurements and analysis provide an important 
and efficient tool for analyzing ion diffusivity and the cata-
lytic mechanism undergoing in an electrochemical system 
[64–66]. The cyclic voltammetry analysis for electrodes was 
carried out by a three-electrode system. Figure 11 shows the 
cyclic voltammograms of Pt, GR /AC, and PEDOT:PSS/GR/
AC electrode, in which the potential ranged from −0.2 to 1.2 
V (vs. Ag/AgCl) at the scan rate of 50 mV s−1. Two pairs 
of redox peaks were observed in the cyclic voltammograms 
of all the CEs. The relative negative pair was assigned to 
the redox reaction as in Eq. (1) and the positive one was 
assigned to the redox reaction in Equation (2) [67]. 

Fig. 9   Comparison of incident photon-to-current conversion effi-
ciency (IPCE) spectra of the DSSCs with (a) Pt and (b) PEDOT:PSS/
GR/AC counter electrodes

Table 5   Comparison of Jsc values for DSSCs fabricated with Pt 
and PEDOT:PSS/GR/AC counter electrodes based on J-V and IPCE 
measurements

Counter electrode JSC (mA cm-2) data 
from J-V characteri-
zation

JSC (mA cm-2) data 
estimated from IPCE 
characterization

PEDOT:PSS/GR/AC 13.23 ± 0.03 13.18
Pt 13.34 ± 0.15 13.37

Table 6   Comparison of the performances of graphite-based CEs in literature with the present work

Materials Method of fabrication Efficiency (%) Electrolyte Reference

GR/AC/PEDOT:PSS Doctor blade 4.6 I−/I3
− This work

Sub-micrometer sized Graphite Screen printing 3.2 -6.2 I-/I3
− [7]

Activated carbon Coating/doctor blade 3.89 I−/I3
− [59]

Expanded graphite/pencil-lead Doctor blading 7.67 I−/I3
− (with ionic liquid) [17]

Flake graphite Doctor blading 1.57 I−/I3
− [60]

Graphite Doctor blading 1.33 I−/I3
− [60]

graphite/carbon black Spray method 1.5 I−/I3
− [61]

Graphite coating 0.99 I−/I3
− [62]

Vein graphite spraying 6.47 I−/I3
− (with ionic liquid) [16]

Graphite/carbon black Doctor blade 3.43 to 5.06%. I−/I3
− [22]
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In DSSCs, the reduction reaction of triiodide (I3
−) occurs 

at the counter electrode, which is crucial for completing the 
circuit and regenerating the dye molecules. Therefore, it 
is essential to study the redox behavior of the iodide/trii-
odide (I−/I3

−) couple at negative potentials [68]. It has been 
reported that the electrocatalytic performance of a counter 
electrode for the reduction of I3

− in DSSCs is related to the 
cathodic peak current observed at more negative potentials. 
A higher cathodic peak current density indicates better cata-
lytic activity of the counter electrode [68–72]. Apart from 
the as peak current density, counter electrode catalytic abil-
ity is estimated using peak-to-peak separation (ΔEpp) of the 
oxidative and reduction peaks [68]. The peak-to-peak sepa-
ration is calculated from Equation (3)

Table 8 shows the estimated electrochemical parameters 
including the |ΔEpp| and the diffusion coefficient values of 
different counter electrodes obtained from CV measure-
ments. The both lower |ΔEpp| and the VOC of the DSSCs with 
PEDOT:PSS/GR/AC clearly correlates and indicates the 
lower electron ejection efficiencies from the PEDOT:PSS/
GR/Ac CE than that of the Pt CE. Similar trend in the VOC 
and |ΔEpp| was observed by the Van-Duong Dao [72] con-
firming the positive shift in the I3

−/I− redox energy level 
resulting in the decrease of VOC in DSCs fabricated with 
hollow sphered and sputtered Pt CEs in DSSCs [71] .

(1)I−
3
+ 2e− ⇌ 3I−

(2)3I
2
+ 2e− → 2I−

3

(3)ΔEpp =
|
|
|
Ep(anodic) − Ep(cathodic)

|
|
|

The reduction current peaks (cathodic peak) of the 
PEDOT:PSS/GR/AC electrode were much higher than that 
of the both Pt and the GR/AC electrodes. On the other hand, 
the reduction peak current density of GR/AC–based elec-
trodes was also much greater than that of the Pt counter 
electrode. This could be attributed to the large active surface 
area of both the GR/AC and PEDOT:PSS/GR/AC electrodes. 
The higher the cathodic peak current density, the better the 
catalytic activity of the counter electrode [67–73]. Moreo-
ver, the |JOX1|/|JRED1| ratio is a parameter which is important 
in estimating the reversibility of the I− /I3 − redox reaction 
[64]. The value of |JOX1|/|JRED1| for the PEDOT:PSS/GR/
AC is much closer to 1.00 than the corresponding values for 
the GR/AC CE, or even for the Pt cathode, suggesting that 
the reversible redox reaction I− → I3

− is more stable on the 
PEDOT:PSS/GR/AC electrode than on the Pt electrode and 
the GR/AC electrode [64]. Based on the cyclic voltammetry 
results, the incorporation of PEDOT:PSS improves the cata-
lytic activity of the composite CE. Similar behavior of these 
parameters was also observed by Wu et al. in their studies 
on polyoxometalate-doped polypyrrole film electrodes [63] 
as well as by Duan et al. with metal selenide alloy CEs in 
DSSCs [64]. For a real DSSC device, a higher reversibility 
implies the rapid conversion of I3¯ into I ¯ species for dye 

Fig. 10   Nyquist plot for both Pt and graphite/Ac and PEDOT:PSSs/
GR/AC symmetric cells

Table 7   Series resistance (RS) and the charge transfer resistance R1CT 
(RCE–electrolyte) values of DSSCS with different Ces

Counter electrode Rs (Ω ) R1CT (Ω )

GR/AC 50.08 ± 0.25 118.24 ± 0.42
PEDOT:PSS/GR/AC 33.72 ± 0.18 84.06 ± 0.31
Pt 10.60 ± 0.32 9.11 ± 0.23

Fig. 11   Cyclic voltammograms of (a) Pt, (b) Gr/AC, and (c) 
PEDOT:PSS/GR/AC counter electrodes.
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recovery. Therefore, more N719 molecules can excite elec-
trons for electricity generation as observed with the highest 
JSC in DSSCs fabricated with PEDOT:PSS/GR/AC coun-
ter electrode. The correlation among peak current density 
(JRED1), diffusion coefficient (Dn), and scan rate (v) can be 
expressed by the Randles-Sevcik Equation 4.

where K is a constant (= 2.69 × 105), n is the number of 
electrodes contributing to charge transfer, A is the electrode 
area, and C represents the bulk concentration of redox spe-
cies [73–75]. Tafel polarization of all three counter elec-
trodes was performed to further analyze the charge transfer 
kinetics at the interface of CE/electrolyte using a symmetric 
cell configuration. The polarization curves display the loga-
rithmic current density as depicted in Fig. 12.

In the equilibrium state, the electron transfer rate can be 
determined from the intersection of the linear cathodic and 
anodic branches of the curves, which indicates the exchange 
current density (JO) [76]. The JO is an essential indicator of 
the catalytic activity of the counter electrode. This is used to 
assess its effectiveness in reducing iodide ions. A higher JO 
value denotes greater catalytic activity of the counter elec-
trode for iodide ion reduction [76]. JO is inversely propor-
tional to RCT with the following equation. JO =RT/nFRCT, 
where R is the gas constant, T is the absolute temperature, 
F is the Faraday’s constant, and RCT is the charge transfer 
resistance [76]. Furthermore, the limiting diffusion cur-
rent density (Jlim), corresponding to the intersection of the 
cathodic branch with the Y-axis, is a parameter directly pro-
portional to the diffusion coefficient (Dn) of the I⁻/I₃⁻ redox 
couple at the CE/electrolyte interface. This parameter can 
be used to estimate the diffusion performance of the redox 
couples. The highest Jlim demonstrates the faster diffusion 
rate of the I3

− reduction in the electrolyte. The trends of 
Jlim would consistent with the Jo for all CEs. The exchange 
current density (JO) can be calculated from the polarization 
region, while Jlim can be measured from the diffusion region. 
The Dn value is directly proportional to diffusion coefficient 
(Dn) of the I−/I3

− redox couple at the CE/Electrolyte inter-
face [76, 77] as shown in Equation 5.

(4)J
RED1

= KAC n
1.5

D
0.5

n
�
0.5

(5)Dn = L(Jlim)∕2nFC

where Dn is the diffusion coefficient of I3
¯, L is the thick-

ness of diffusion layer, and C is the concentration of I3
¯ 

[52]. Estimated JO values and Jlim values are tabulated in 
Table 9.

The JO value of the cells with GR/AC, PEDOT:PSS/
GR/AC, and Pt electrode is approximately 0.85 mA cm−2 
and 1.04 mA cm−2 and 1.84 mA cm−2 respectively. This 
indicates that the PEDOT:PSS/GR/AC CEs in the DSSCs 
can handle the back reaction more efficiently than the 
GR/AC counter electrode, and contribute toward improv-
ing the current in the device as observed in the JSC values 
depicted in Table 4. However, the low values of JO than 
the Pt CE indicate the lower conductivity in comparison 
with that of the Pt CEs. Essentially, Jlim is a measure of 
the overall catalytic activity and electron transfer rate, 
while Dn specifically reflects the ease with which ions 
diffuse through the material [76, 77]. The Tafel studies 
as shown in Fig. 12 and Table 8 indicate that Jlim for Pt 
is higher than that for PEDOT:PSS/GR/AC. This higher 
Jlim for Pt is expected due to its superior catalytic prop-
erties, which facilitate faster electron transfer reactions, 
resulting in higher current densities. The CV studies show 
that the diffusion coefficient, Dn for PEDOT:PSS/GR/
AC is higher than that for Pt. This might seem contradic-
tory at first glance, but there may be several factors could 
contribute to this observation such as different surface 
area and porosity, microstructure differences, creating 
additional conductive pathways. etc., that facilitate faster 
ion movement, thereby increasing the Dn. PEDOT:PSS/
GR/AC composites often have higher surface areas and 
porosities compared to Pt. This increased surface area 
provides more active sites and pathways for ion diffusion, 
effectively increasing the Dn. The microstructural differ-
ences between the materials can significantly impact the 
diffusion process. Therefore, while Pt exhibits a higher 
Jlim due to its excellent electrocatalytic activity, the Dn for 
PEDOT:PSS/GR/AC can still be higher if the composite 
structure provides more efficient ion transport. Similar 
results for the JO and Jlim values of the Pt electrodes were 
observed by several authors like Wei et al. [78] and Yue 
et al. [79].

Table 8   Electrochemical 
parameters of different counter 
electrodes obtained from CV 
measurements

Counter electrode |JOX1| (mA cm-2) |JRED1| (mA 
cm-2)

|JOX1|/|JRED1| |ΔEpp| (V) Dn (×10-

4)/cm2 
s-1

PEDOT:PSS/GR/AC 2.98 2.85 1.05 0.02 14.21
GR/AC 1.34 1.04 1.29 0.22 1.89
Pt 0.60 0.49 1.22 0.13 0.42
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Conclusions

In this study, we developed a novel three-component com-
posite carbon counter electrode (tri-carbon) utilizing Sri 
Lankan vain graphite, activated carbon, and PEDOT:PSS, 
which can be used to improve the electrochemical perfor-
mance of graphite. The combination of PEDOT:PSS with 
graphite (GR) and activated carbon (AC) in the composite 
counter electrode further amplifies the number of catalytic 
sites. Graphite provides additional edge planes and conduc-
tive pathways, while activated carbon contributes to the high 
surface area and porosity. This synergistic effect results in 
a composite material with a significantly higher number of 
active sites compared to individual components. The integra-
tion of activated carbon and PEDOT into the graphite matrix 
reduced charge transfer resistance, leading to an increase in 
JSC and consequently improved electrocatalytic activity and 
charge transport, as evidenced by EIS and Tafel measure-
ments. DSSCs assembled with the tri-carbon counter elec-
trode (PEDOT:PSS/GR/AC), GR/AC, and Pt counter elec-
trode with Ru N719 dye-sensitized photoanodes achieved 
efficiencies of 4.60%, 4.0%, and 6.05% respectively. Our 

results indicate that the composite materials incorporating 
PEDOT:PSS have significant potential for DSSC applica-
tions and warrant further investigation.
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