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Dye-Sensitized Solar Cells (DSSCs) have emerged as a promising alternative energy 
technology due to their minimal material requirements and straightforward production 
process, enabling efficient performance even under low-light conditions. Traditionally, 
high-performance DSSCs utilize platinum as the counter electrode. However, the high cost 
of platinum necessitates the development of more affordable counter electrodes that can 
match or surpass platinum-based counter electrodes (CEs) in conversion efficiency. This 
study investigates the synthesis and application of various cost-effective counter electrodes, 
including candle flame carbon soot, pencil lead graphite, and CS-coated PLG, in high-
efficiency DSSCs. For comparison, a platinum-based counter electrode is used as a 
benchmark. The working electrode comprises TiO2 on Fluorine-Doped Tin Oxide 
substrates. The DSSCs fabricated with counter electrodes such as PLG, CS, and CS-coated 
PLG exhibit efficiencies of approximately 6.2%, 3.5%, and 8.5%, respectively, compared 
to 10.8% for the Pt-based counter electrode. Reduced series resistance contributes to an 
improved Fill Factor and increased conversion efficiency. Furthermore, impedance 
spectroscopy reveals higher capacitance at the CE/electrolyte interface, enhancing charge 
collection efficiency and electron lifetime. Thus, the potential for significant improvement 
in conversion efficiency makes low-cost PLG and carbon-based electrodes a highly 
attractive alternative to Pt-based electrodes. 
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1. Introduction  
 
Development of green and renewable energy is one of the possible ways to solve the 

problem of global pollution and reduce the consumption of fossil fuels to ultimately decrease the 
greenhouse effect. A great deal of work has been devoted to the progressive development of various 
green and renewable energy. One of them is the photovoltaic (PV) system, which has gained 
significant development over the years. The worries of energy deprivation and environmental 
pollution have both paved the way for significant enthusiasm in solar cell research [1-2]. DSSCs 
have gained tremendous attention because they are cost-effective, easy to fabricate, and nontoxic, 
making them an attractive alternative to first-generation solar cells [3]. However, their solar 
efficiency is still low, so researchers are focusing on ways to enhance the performance of DSSCs in 
general by trying different materials for the working electrode (WE) and counter electrode (CE) [4]. 

The DSSCs have been fabricated by making use of different kinds of semiconductor 
materials like titanium dioxide (TiO2), zinc oxide (ZnO), and tin oxide (SnO2). Among these, TiO2 
is considered the most reliable semiconductor material, and hence it has shown 10.4% efficiency, 
achieved with the cells using black dye and TiO2 as the photo-anode [5]. Huang et al [6] have 
synthesized mesoporous TiO2 spheres through sol-gel and solvo-thermal. The DSSCs prepared had 
a maximum efficiency of 10.3% compared to those based on the commercial TiO2 nanoparticles and 
improved to 11.4% upon using TiCl4 post-treatment to enhance the mesoporous TiO2 spheres [6]. 
Platinum (Pt) has also been popular as a CE material in DSSC coatings. Although Pt is costly and 
less abundant, it remains to be used because of its outstanding catalytic and conduction performance 
[7]. Pt promotes fast electron transfer in DSSCs, and this is very important for enhancing the overall 
performance of DSSCs. However, its cost is also the biggest disadvantage of using Pt. Therefore, 
researchers and firms have considered other materials for CEs in DSSC applications. The counter 
electrode in DSSCs plays a significant role in catalyzing redox reactions, accepting electrons, and 
transferring them to the electrolyte for further synthesis. The CE and low internal resistance with 
high catalytic activity are significant for yielding tri-iodide to iodide, thus enhancing the fill factor 
(FF) [9]. Therefore, alternatives to Pt for CEs in DSSCs must be addressed from both economic and 
other aspects. Appropriate CE materials in DSSCs should have low charge-transfer resistance, 
optimal thickness, extensive surface area, considerable light reflectance, great electrochemical 
stability in the electrolyte, and large current density exchange [12-13]. 

Several alternatives to Pt have been investigated, including carbon soot, graphite, activated 
carbon, conductive carbon black, and graphene [14]. These materials have high catalytic activity, 
are easily available, iodine corrosion resistance, and cost-effective. Due to high conductivity, 
carbon-based materials and polymers have received significant research attention as CEs [6]. PLG 
CEs are one of the varieties investigated, due to their low price, environmentally friendly nature, 
and high potential to enhance efficiency. However, there are numerous problems in these materials, 
such as the processes used are inconsistent, due to which they cannot be used as CE materials. The 
most common problem with PEDOT-based CEs is their high price in comparison with Pt, while 
PPy-based CEs are cheaper but deliver slightly lower efficiency than PEDOT. PLG and carbon 
derived from candle flames show high surface area and good conductivity [16]. More interestingly, 
the coated carbon soot on PLG gives an even higher surface area and delivers high efficiency. In the 
present work, we have fabricated CEs using Pt by replacing materials like pencil lead graphite, 
carbon soot, and their composite to replace and achieved high efficiency. The present work 
demonstrates the potential of using a noble-metal-free and cost-effective strategy by using PLG and 
carbon soot and its combination toward the development of high-efficiency DSSCs. 

 
 
2. Materials and methods  
 
Herein, we have used a transparent titania paste with 22 nm particles, especially an opaque 

film colloidal paste from Sigma Aldrich. The material utilized was conductive glass coated with 
fluorine-doped tin oxide (FTO). The synthetic dye employed was di-tetrabutyl-ammonium cis-
(N719), sourced from Sigma Aldrich. For the electrodes, materials included Pt paste from Sigma 
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Aldrich, carbon derived from a candle flame, and graphite obtained from pencil lead. The redox 
iodide electrolyte required for the process was likewise procured from Sigma Aldrich. 

 
 
3. Counter electrode preparation 
 
First, the FTO substrates were thoroughly cleaned in an ultrasonic bath, undergoing 15-

minute cycles in deionized water, acetone, and 2-propanol. After the cleaning process, the substrates 
were treated in a UV-ozone system for 15-20 minutes to ensure proper surface cleanliness and 
activation. The fabrication of counter electrodes involved several methods, as detailed below. 

 
A. Pt-Coated CE  
• The Pt-coated CE was made with the doctor blade procedure.  
• Sigma Aldrich's industrial Pt paste was applied to the FTO substrate. 
• The coated substrate was then sintered at 450°C for 30 minutes in a furnace to form 

a crack-free layer. 
B. Carbon CE 
• The carbon CE was formed by putting an FTO substrate to a candle flame in a back-

and-forth motion.  
• This process deposited carbon soot onto the conductive glass, forming the carbon 

layer. 
 
C. Graphite CE 
• The graphite CE was formed by rubbing a pencil over the glass's conducting surface.  
• This simple procedure effectively coated the FTO substrate with graphite. 
 
 
4. Working electrode preparation  
 
The TiO2 commercial paste was deposited on pre-cleaned FTO substrates using the doctor-

blade method, forming a mesoporous TiO2 network over an area of approximately 0.25 cm². The 
deposited TiO2 layer was then annealed at 450°C for 30 minutes in a heating furnace. 

The TiO2 layer serves multiple functions: 
- Enhancing the adhesion of TiO2 nanoparticles to the FTO substrate. 
- Providing a high TiO2/FTO contact area, beneficial for electron transport. 
- Reducing electron recombination by minimizing contact between the electrolyte and the 

FTO substrate surface. 
After annealing, the coated FTO substrate was immersed in an ethanol solution containing 

0.5 mM N719 dye for 24 hours in the dark at room temperature. This step allowed the dye molecules 
to adsorb onto the TiO2 surface. Excess dye was removed with a cotton swab, and the substrate was 
air-dried for 5-10 minutes. 

 
 
5. Fabrication of DSSC 
 
The DSSC was assembled by creating a sandwich-like structure, where the dye-absorbed 

working electrode and the CE were placed together and held securely with a binder clip. The 
electrolyte solution was then introduced between the electrodes using a dropper, completing the 
DSSC device, as depicted in Figure 1 (a). 
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6. Operational principle 
 
The photo-anode of a DSSC absorbs incoming light energy, causing dye electrons to 

transition from their ground state to a higher energy level. Due to this energy difference, the 
energised electrons are injected into the conduction band of a semiconductor material, typically 
TiO2, thereby oxidizing the dye. These injected electrons move between TiO2 particles and diffuse 
through the conductive oxide layer to the CE via the external circuit. At the counter electrode, the 
electrons reduce tri-iodide ions (I3-) to iodide ions (I-), which in turn regenerate the dye by donating 
electrons back to it. The iodide ions are then oxidized to form tri-iodide ions, and this cycle repeats 
as the tri-iodide ions diffuse back to the counter electrode to be reduced again to iodide ions. 

The fundamental operation of a DSSC involves the following process: 
- When light hits the dye, an electron is excited from the ground state to the excited state. 
- This electron's energy is used to traverse the semiconducting oxide layers. 
- The expelled electron travels to the transparent conducting electrodes and through the load, 

completing the external circuit. 
- The dye is reduced by regaining an electron from the electrolyte, maintaining a closed 

loop. 
DSSCs function based on two major reactions that need to be minimized for maximum 

efficiency: 
- Recombination of the electrons in the conduction band with the oxidized dye. 
- Recombination of conduction band electrons with iodine within the electrolyte. 
 
 
7. Electron transfer in DSSC 
 
The process of electron transfer in DSSCs gives rise to many chemical processes in what is 

depicted in figure 2 (b). This picture, in a nutshell, represents the main steps of the electron transfer 
mechanism that takes place in the DSSC, namely, the path of electrons from the absorbed incident 
light energy of dye molecules to injection into the semiconductor material, passing through the 
conductive oxide layer, to finally get regenerated at the counter electrode. Such processes play a 
crucial role in producing electrical energy in DSSCs and explaining the operation of DSSCs. 

 
 

 
 

Fig. 1. (a) Schematic diagram and (b) electron transfer mechanism of DSSC. 
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8. Result and discussion  
 
8.1. Surface morphology analysis:  
Figure 2 depicts the surface morphology of CEs made of Pt, PLG, carbon shot, or a mixture 

of PLG and carbon shoot.  
(a) Pt-based CE: The morphology of the Pt-based CE (Fig. 2a) reveals uniformly distributed 

small non-spherical particles. This structure is typical of Pt coatings and is known for its efficient 
catalytic activity. 

(b) Candle flame carbon CE: The surface morphology of the candle flame carbon CE (Fig. 
2b) shows an uneven distribution of carbon on the FTO substrate, appearing slightly porous. This 
porous character may influence the catalytic activity of the electrode. 

(c) Pencil graphite (PLG) CE: In Fig. 2c, the pencil graphite particles appear elliptical and 
evenly distributed. However, the individual PLG particles are not sufficient to achieve optimal film 
quality. 

(d) Carbon shoot over PLG: In Fig. 2d, the carbon shoot is a network to which PLG adheres, 
forming a cluster-like structure. This arrangement increases the surface area of the film, thus 
catalytic activity. However, adding carbon shoots over PLG causes the PLG particles to agglomerate 
into a bulk structure where even the graphite particles can hardly be identified. 

These results highlight the effect of carbon shoot on PLG, stating that carbon shoot promotes 
contact among particles of graphite and hence enhances the quality of the film. In addition, the high 
carbon surface area of over PLG accounts for the catalytic activity of the counter electrodes. This 
research sheds light on the importance of morphology in optimizing the performance of DSSCs. 

 
 

 

 
 

Fig. 2. FESEM images of CEs based on (a) platinum (b) carbon shoot (c) pencil lead graphite (PLG) and 
(d) carbon shoot over PLG. 
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8.2. Absorption study 
Figure 3 depicts the absorption spectra of the N719 solution a very important sensitizer for 

light absorption in the blue and red regions of the visible spectrum. The absorption spectrum of the 
N719 solution reflects a significant increase in UV-Vis absorption in the 350–600 nm range [18]. 
The peak absorption levels at 388 and 536 nm are particularly notable, as they are dominated by 
broadband. These peaks are typically associated with a Metal-to-Ligand Charge-Transfer (MLCT) 
transition, in which an electron is transferred from Ruthenium (Ru) to one of the bipyridine ligands. 
A strong absorption peak at 311 nm indicates an electronic transition between the 𝜋𝜋-𝜋𝜋∗ orbitals of 
the dcbpyH ligands [19]. The broad absorption spectrum of the N719 solution enhances the 
capability of the solar spectrum to produce a predominant photocurrent. This absorption behaviour 
is critical to efficient light harvesting in DSSCs and contributes to their overall performance. 
 

 
 

Fig. 3. Absorption Spectra of N719 dye solution. 
 
 
8.3. Current-voltage characteristics 
I-V characteristics have been presented in figure 4. During illumination, the following key 

variables define the power conversion efficiency of DSSCs: short-circuit current, Jsc; open-circuit 
voltage, Voc; and Fill Factor. The Jsc is directly proportional to the photoelectrical performance of 
dye-loaded TiO2 and the electro-catalytic activity on the counter electrode. The larger Jsc means the 
more effective light absorption and electron generation in the cell. 

FF stands for the fill factor, which reflects how effective the cell is in translating the 
available power into electrical power. High FF values indicate good extraction of charge carriers 
and minimal losses in the cell.  

 
 

 
 

Fig. 4. Current-voltage curve for DSSC using different counter electrodes  
recorded at room temperature under AM 1.5 G illumination condition. 

200 300 400 500 600

-0.5

0.0

0.5

1.0

1.5

2.0

 

 

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

 N719 Dye

0.0 0.2 0.4 0.6 0.8 1.0
-25

-20

-15

-10

-5

0

5

10

15

Cu
rre

nt
 d

en
sit

y(
m

A/
cm

2 )

Voltage(V)

Platinum
Pencil lead graphite
Carbon shoot
Carbon shoot over PLG



1981 
 

As shown in Table 1 and Fig. 4, the DSSCs with a pencil graphite CE, candle shoot, and 
carbon shoot over PLG CEs have the highest Voc, Jsc, and FF values. In fact, with the carbon shoot 
over PLG used as the CE, the largest efficiency achieved is 8.5%, which thus indicates that cell 
performance is significantly increased when compared to other combinations. This indicates that 
using the carbon shot and PLG as a counter electrode enhances the efficiency and overall 
performance of the DSSC. 

 
 

Table 1. Photovoltaic parameters of DSSCs constructed  
with different counter electrodes under AM 1.5 G illumination conditions. 

 

 
 
Measurements were taken for five samples of each type of DSSC. The photovoltaic 

parameters shown in Table 1, demonstrate that the carbon-based CEs such as pencil graphite and 
candle flame and their combination can be better alternatives of Pt CE. Carbon material-based 
DSSCs have high FF similar to the Pt-based devices and their Voc are very close to Pt CE-based 
cells. The carbon shoot has slightly low Voc, which is probably due to a low charge recombination 
rate and the carbon shoot adheres weakly to the FTO, resulting in few cracks in the film. As a result, 
the DSSCs employing the corresponding CE resulting slightly less surface area and less charge 
transfer on that surface which may be a reason for a low value of ⴄ as compared to PLG and other 
CEs. However, carbon shoot over PLG enhances the formation of film and influences the 
performance of DSSCs. As shown in Table 1, the DSSC composed of carbon over PLG-based CE 
shows high Jsc which is due to better electron transport and low recombination that ensures a long 
electron lifetime.  

 
8.4. Impedance analysis 
Impedance measurements were carried out to know the variation in I-V performance at open 

circuit voltage. Using Z-View software, the equivalent circuit consists of series resistance (Rs), 
recombination resistance (Rrec), and chemical capacitance (CPE) [20]. Figure 5 shows the Nyquist 
plot of the impedance results from DSSCs, and Table 2 shows the Rs and Rrec values from the fitted 
data. The critical parameters are Rs and Rrec which describe the flow of electrons on the counter 
electrode at the time of reduction of tri-iodide [21]. The results from Table 2 infer that the carbon 
shoots have a lesser Rs value of 30.88Ω which shows reduced losses on the interface of CE and 
electrolyte and efficiency of 3.5%. However, it was found that the decline in FF and Jsc of the carbon 
shot is due to the increased internal resistance of the device [22]. This internal resistance arises due 
to the process of charge transfer between CEs, the sheet resistance (Rs) of the substrate, electron 
transfer in the interface of TiO2/dye/electrolyte, and the transport of ions inside the electrolyte. The 
DSSC based on carbon shoot and pencil graphite CE has improved electron lifetime of 0.0230 sec 
and 0.0131 sec [23]. The lower Rs and high Rrec (24.35 Ω and 4070.65 Ω) indicate that the CE is 
made of carbon shoot (CS) over PLG and gives rise to a reduction in dark current and shows an 
improved Voc and Jsc that affect the PCE of the device. The result obtained is in tandem with the fact 
that counter electrodes based on carbon, graphite, and its combination are reasonably comparable 
performance of Pt-based CE [24]. The charge collection efficiency (ƞcc) represents the collection of 
injected electrons from the surface conduction band (CB) of TiO2 at the FTO substrate. It relies on 
the ratio of charge transport to charge recombination, which can be expressed as ƞcc = (1 + Rs/Rrec)-

1 [2]. Achieving a better-performing cell necessitates a high charge collection efficiency. Electron 
transport (Ԏt) is derived from Ԏt = Cp*Rs, while electron lifetime (Ԏn) is given by Ԏn = Cp*Rrec. 

Devices with Different CE Voc in (V) Jsc (mA/cm2) FF PCE (%) 
Pt 0.66±0.03 23.6±1.7 65.2±7.4 10.2±0.7 

PLG 0.66±0.11 12.0±1.21 71.5±3.4 5.8±0.5 
CS 0.61±0.11 10.8±2.7 49.1±11.5 3.18±0.5 

CS over PLG 0.66±0.017 17.08±1.08 71.6±3.21 8.17±0.44 
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Fig. 5. Impedance spectra for DSSC based on different counter electrodes. 
 
 
The significant increase in electron lifetime observed in carbon shoot may be attributed to 

a notable rise in capacitance (τn = Cp*Rrec) at the CE/electrolyte interface. Carbon shoot exhibits a 
low series resistance (Rs) of 30.88Ω, implying a good electron lifetime of 0.0230 seconds and a high 
charge collection efficiency of up to 0.9798 seconds, showcasing significantly improved device 
performance [25].  
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Fig. 6. Electron life time, electron transport time and charge collection efficiency  
of DSSC based on different CEs. 

 
 
However, DSSCs based on PLG demonstrate slightly poorer electron lifetime and charge 

collection efficiency compared to carbon shoot CE-based cells, possibly due to high series 
resistance. Results are presented in figure 6. Carbon shoot exhibits very low series resistance (24.35 
Ω) and a long electron lifetime of 0.1061 seconds due to minimal electron recombination with 
oxidized species of the electrolyte and a significant increase in capacitance (Cp) at the CE/electrolyte 
interface [26]. Consequently, a high charge collection efficiency of 0.9941 is achieved by reducing 
electron recombination, leading to enhanced cell performance. These results closely approach those 
of Pt CE, indicating an electron lifetime of 0.2727 seconds and a charge collection efficiency of 
0.9960 [27]. 

 
 

Table 2. Parameters of Impedance for DSSCs based on different CEs. 

 
 
9. Conclusions  
 
The performance of the devices was evaluated based on their absorption response across the 

entire visible region, and the utilization of different types of counter electrodes yielded a significant 
performance improvement. As an alternative to Pt electrodes, various carbon-based electrodes were 
explored to enhance overall efficiency. The electrical properties and performance of carbon shoot, 
PLG, and carbon shoot over PLG, as discussed earlier, indicate their commendable catalytic 
performance.  

Scanning Electron Microscopy SEM images revealed the porous nature of carbon and PLG-
based counter electrodes, influencing the cell efficiency. Additionally, carbon shoot over graphite 
exhibited an increased surface area, contributing to the reduction of tri-iodide species. DSSCs 
prepared with graphitic carbon-based counter electrodes demonstrated a maximum efficiency of 
8.5%, accompanied by a Voc of 0.67 V, comparable to the performance of Pt CE.   
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EIS parameters provided insights into the enhanced efficiency, attributing it to improved 
charge carrier transfer at the electrolyte/counter electrode interface and reduced charge 
recombination. This capability has a positive impact on electron lifetime and charge collection 
efficiency, contributing to the overall success of the graphitic carbon-based counter electrodes in 
DSSCs. 
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