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Highlights

• Activated carbon/stainless steel counter electrode for dye solar cells is developed. 

• Dye solar cells with new electrode showed an energy conversion efficiency of 8.21%.

• The highest solar cell efficiency was 89% of that of Pt based solar cells. 

• The new electrode showed high electrocatalytic activity with high specific surface area.

• Dye solar cells with activated carbon/FTO showed an efficiency of 7.50%.
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Abstract: A low-cost, activated carbon (AC) and sugar-coated 
stainless-steel counter electrode for dye-sensitized solar cells 
was successfully fabricated and characterized. For performance 
comparison, a similar electrode was fabricated using a FTO glass 
as the substrate. The photovoltaic performance of dye-sensitized 
solar cells made with these two counter electrodes were compared 
with solar cells made with a Pt counter electrode. The optimized, 
activated carbon-coated, stainless-steel-based dye-sensitized 
solar cells showed an energy conversion efficiency of 8.21% 
while similarly optimized solar cells made with activated carbon-
coated FTO counter electrode showed an efficiency of 7.50%. 
The efficiency of corresponding solar cells made with Pt counter 
electrode was 9.22%.  The high solar cell efficiency of 89% of 
that of Pt based cells can be attributed to the high electro-catalytic 
activity and enhanced effective surface area of activated carbon/
sugar composite and good electrical conductivity of stainless steel 
as demonstrated by electrochemical impedance spectroscopy, 
cyclic voltammetry, Tafel plot analysis and SEM imaging.

Keywords: Dye-sensitized solar cells, stainless-steel, activated 
carbon, cyclic voltammetry, electrocatalytic activity.

INTRODUCTION 

Dye-sensitized solar cells (DSSCs) are considered a low-
cost alternative to the existing expensive silicon solar 
panels. While DSSCs are still in the research phase, 
considerable effort has been put into their efficiency 
enhancement and long-term stability (Grätzel et al., 2003; 
Wei et al., 2010). Recent advancements have resulted in 
DSSCs with efficiencies nearing 14% (Kakiage et al., 
2015). Liquid electrolyte-based DSSCs typically consist of 
three main components: a photoanode, an electrolyte, and a 
counter electrode (CE). Each component plays a vital role 
in the overall cell mechanism. To photogenerate electrons, 
a light-absorbing dye is deposited on a mesoporous layer 
of a wide band gap semiconductor, usually TiO2 or SnO2 
(Kumari et al., 2019; Kumari et al., 2016; Senadeera et al., 
2018; Weerasinghe et al., 2021). The electrolyte provides 

the redox couple, which, as the name implies, acts as an 
electron junction for the cell (Dissanayake et al., 2020; 
Hodes et al., 2008; Kamat et al., 2010; Weerasinghe et al., 
2021).

The most widely used counter electrode in DSSC is a 
thin layer of Pt coated on a fluorine-doped tin oxide glass 
(FTO) substrate (Yoon et al., 2008). Both Pt and FTO 
are expensive materials and could limit the wide-scale 
applications of DSSCs (Syrrokostas et al., 2012). Therefore, 
the development of low-cost and chemically robust counter 
electrodes is an important and ongoing area of DSSC 
research that would enable these solar cells to compete with 
expensive silicon solar cells. The search for novel counter-
electrode materials with high electro-catalytic activity and 
high electronic conductivity has identified some carbon-
based materials such as graphite, reduced graphene oxide 
(RGO), activated carbon (AC), carbon nanotubes, etc. 
These materials also have additional advantages such as 
low cost, high surface area, high thermal stability, good 
corrosion resistance towards iodine, and high reactivity for 
triiodide reduction (Jayaweera et al., 2017; Nam et al., 2010; 
Suhas et al., 2007; Wang et al., 2012; Wibawa et al., 2020; 
Yun et al., 2014). Even though DSSCs fabricated with these 
counter electrodes have shown efficiencies comparable to 
or close to those with Pt counter electrodes, expensive FTO 
glass has been used as the substrate. These solar cells can 
be made even cheaper by replacing the FTO glass with 
alternative materials. Stainless steel (SS) is a low-cost and 
chemically stable material that can be used as a possible 
substrate for fabricating counter electrodes. However, not 
much research has been reported on developing stainless 
steel (SS) substrate-based counter electrodes for DSSCs 
(Calogera et al., 2010; Jun et al., 2007; Qin et al., 2010; Yu 
et al., 2013;). In this work, we report a highly efficient and 
low-cost counter electrode fabricated by coating activated 
carbon (AC) and sugar on a stainless steel (SS) substrate. 
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In selecting the materials, we have made use of the 
electrocatalytic properties of activated carbon, the adhesive 
properties of molten sugar, and the electrical conductivity 
of the stainless-steel substrate. This is the first report of 
the novel AC/sugar composite counter electrode. The best 
efficiency obtained for DSSC made with this novel counter 
electrode is about 89% of that of the Pt CE-based cells. 
A CE made using the same AC/sugar mixture on an FTO 
substrate, however, exhibited relatively lower solar cell 
efficiencies under identical conditions, highlighting the 
importance of stainless steel as a more suitable substrate 
material.

MATERIALS AND METHODS

FTO conducting glass substrates (8 /sq, Solaronix), 
Ruthenium N719 dye (RuL2(NCS)2:2TBA, Solaronix), 
titanium dioxide P-90 powder (Evonik), titanium dioxide 
P-25 powder (Degussa), polyethylene glycol (PEG 2000, 
Merck), triton X-100 (Merck), and hydrochloric acid 
(37%, Merck) were used as received without further 
purification to prepare the TiO2 photoanode. To prepare 
the redox electrolyte, iodine chips (I2), acetonitrile 
(anhydrous), valeronitrile, guanidinium thiocyanate, and 
4-tert-butylpyridine (TBP) (Sigma-Aldrich) were used. 
Ionic liquid PMII (1-propyl-3-methylimidazolium iodide) 
was purchased from Solaronix. Activated carbon (Sigma-
Aldrich), white sugar (household), absolute ethanol (from 
VWR Chemicals), and SS or FTO were used to fabricate 
the novel CEs.

 Preparation of the TiO2 electrode

A TiO2 P90 layer was deposited on a pre-cleaned FTO 
glass plate using the following method: 0.25 g of TiO2 
P90 powder was ground well with 1 ml of 0.1M HNO3 
for 15 min. This paste was then spin-coated on the FTO 
substrate for 60 s at 3000 rpm and sintered at 450 oC for 
45 min. Subsequently, a TiO2 P25 mesoporous layer was 
deposited on the TiO2 P90 compact layer by the following 
method: 0.25 g of TiO2 P25 powder was ground well with 
1 ml of 0.1 M HNO3, 1 drop of Triton X-100, and 0.05 g 
of PEG 2000 for 15 min. The P25 paste was deposited on 
the TiO2 P90 compact layer by the doctor blading method 
and sintered at 450 oC for 45 min. These TiO2 photoanodes 
were allowed to cool down to room temperature and were 
finally dipped in an ethanolic solution of Ru N719 dye for 
15 hours for dye adsorption. (Kumari et al., 2017).

Preparation of the liquid electrolyte

The liquid electrolyte was prepared by mixing 0.6 M 
1-propyl-3-methylimidazolium iodide (PMII) ionic liquid, 
0.03 M iodine (I2), 0.1 M guanidinium thiocyanate, and 
0.5 M 4-tert-butylpyridine (TBP) dissolved in acetonitrile: 
valeronitrile solution mixture in the volume ratio 85:15.

Fabrication of the Activated Carbon/Stainless Steel 
(AC/SS) and Activated Carbon/ FTO (AC/FTO) 
counter electrodes

Stainless steel (SS) sheet (1.50 mm thickness) was cut 
into 2 cm by 1 cm rectangular pieces. Each SS piece 
was smoothed using fine-grade sandpaper to get an even 

surface. Subsequently, the smoothed SS pieces were 
sonicated in soap water for 5 minutes to remove the dust 
and allowed to dry. 0.10 g of activated carbon (AC), 0.01 
g of sugar, 2.0 ml of DI water, and 40 ml of ethanol were 
mixed and sonicated for 40 min. Sugar was used to improve 
the adhesion of AC to the SS or FTO substrate. While the 
solution was being sonicated, the SS piece was placed on 
a hot plate maintained at 100 oC. The mixture was sprayed 
on the hot SS surface several times to form uniform layers 
of AC. After spraying, the AC-coated SS CE was sintered 
at 150 oC for 1 hour for better adhesion and allowed to cool 
down to room temperature. These CEs were allowed to 
stabilize for 4-5 days to relieve the thermal stress before 
fabricating the solar cells. Similarly, AC was deposited 
on pre-cleaned FTO glass substrates following the same 
procedure as above to prepare AC/FTO counter electrodes 
to be used for performance comparison purposes.

Raman spectroscopy and XRD analysis of materials

The Raman spectra of the AC/sugar composite counter 
electrodes were obtained using a Renishaw basis instrument. 
The laser at 514 nm was used to take measurements. The 
crystalline structure of the proposed AC/Sugar composite 
powder was investigated with powder X-ray diffraction 
(PXRD) using the BrukerD8 advanced eco X-ray 
diffraction system with Cu Ka radiation (l = 1.54060 Å). 
XRD data were taken at 0.2 o step intervals in the 2-theta 
range of 10o to 60o.

SEM analysis

The surface morphology, cross-section, and structure of 
prepared AC/sugar composite CEs were studied using a 
scanning electron microscope (SEM-ZEISS).

DSSC Fabrication and Their Characterization

DSSCs were fabricated by sandwiching the liquid 
electrolyte between the TiO2 photoanode and each of the 
newly designed counter electrodes: (a) AC/sugar on SS, (b) 
AC/sugar on FTO, and (c) Pt. The current density-voltage 
(J-V) characteristics of the solar cells were measured under 
the illumination of a 100 mW cm2 (AM 1.5) calibrated 
solar simulator (Oriel Newport LCS-100) coupled to a 
Metrohm Autolab Potentiostat/Galvanostat PGSTAT128N. 
A Xenon 100 W lamp was used with an AM 1.5 filter to 
obtain the simulated sunlight with the above intensity.

Electrochemical Impedance Spectroscopy (EIS) 
measurements were also performed on DSSCs using a 
Metrohm Autolab Potentiostat/GalvanostatPGSTAT128N 
with a FRA 32 M Frequency Response Analyzer (FRA) 
covering the frequency range between 1 MHz and 0.01 Hz 
under the illumination of 100 mW/cm2 with the same solar 
simulator that was used for J-V measurements.

Cyclic voltammetry (CV) measurements

Cyclic voltammetry (CV) measurements were done to 
compare the electrochemical behavior of the three counter 
electrodes. The characteristic plots for each CE type were 
recorded using an iodide-based liquid electrolyte with a 
scan rate of 20 mV s-1 and a sweep potential of -0.4 V to 
1.0 V. The supporting liquid electrolyte was made using 
10 mM LiI, 0.1 M LiClO4, and 1 mM I2 dissolved in 
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acetonitrile. An Ag/AgCl/AgCl electrode was used as the 
reference electrode, and a Pt rod was used as the counter 
electrode. Newly prepared three CEs were used as the 
working electrode with an active cell area of 1.0 cm2.

RESULTS AND DISCUSSION 

XRD analysis and Raman spectroscopy analysis

Figure 1(a) shows the XRD pattern of the AC/sugar 
composite used to fabricate the counter electrodes. As 
shown in the figure, the strong diffraction peak at 2θ = 25° 
and the weak diffraction peak at 2θ = 45° characteristic 
of activated carbon can be seen, confirming the presence 
of activated carbon in crystalline form in the AC/Sugar 
composite of the counter electrode (Lazzarini et al., 2016; 
Wibawa et al., 2020). These peaks correspond to the 
diffraction of (002) and (100), respectively. The presence 
of very broad diffraction peaks and the absence of sharp 
peaks confirm the predominantly amorphous structure of 
the material. This lower degree of crystallinity shown by 
the broader XRD peaks confirms the mesoporous structure 
composed of AC crystallites in the AC/sugar composite. 
The AC grains of size about 40 nm seen in the SEM image 
(Fig. 2) appear to be composed of aggregates of activated 
carbon crystallites of size around 70–300 nm, forming the 
mesoporous structure and offering a large specific surface 
area available for catalytic redox reaction at the electrolyte/
CE interface. Earlier studies have shown a specific area of 
500–2000 m2/g with substantial microporosity (Sudayanto 
et al., 2006; Suhas et al., 2007; Hu et al., 2001).

Raman spectroscopic analysis was carried out to 
characterize the novel AC/Sugar/SS CE. For activated 
carbon (AC), two main peaks in the Raman spectrum, 
consisting of a band consisting of the G band, arising from 
a first order in planer vibrational mode that originates from 
the doubly degenerate zone center E2g phonon of sp2 C, 
and a secondary D band arising from the transverse optical 
(TO) phonons near the K point in the Brillouin zone, could 
be seen. Figure 1(b) shows the Raman spectra of the AC/
sugar composite. Prominent peaks can be seen at 1337 cm-1 

and 1588 cm-1, which correspond to the D and G bands, 
respectively (Lazzarini et al., 2016).

Figure 1: (a) XRD spectra of AC/Sugar composite and (b) Raman spectra of AC/Sugar composite.

Morphology analysis

Figure 2(a) shows a SEM surface image of this electrode. 
The mesoporous nature of the CE surface can be verified 
by analyzing this figure. The higher electrocatalytic activity 
(ECA) of the AC/Sugar/SS CE compared to the platinum 
CE as described later in Section 2.5 can be attributed to the 
nanoporous structure with a much higher effective surface 
area of the counter electrode material in contact with the 
iodide/triiodide redox electrolyte. The grain sizes at several 
randomly selected places are marked in the image, and the 
average grain size was observed to be around 41 nm. The 
choice of activated carbon as the active counter electrode 
material can also be justified by its rough surface consisting 
of nano-sized grains, resulting in a greater number of active 
sites for iodide and tri-iodide reduction, and the unique 
network structure allowing rapid electron transfer and 
electrolyte diffusion.

A cross-sectional SEM image of an AC/Sugar/SS CE is 
shown in Figure 2(b). It can be seen that the thickness of 
the novel AC/sugar composite layer is in the micrometer 
range. The CE used for the SEM imaging shows an average 
thickness of 5.4 m. An increase in the effective surface area 
can be noticed by the nanoporous grain structure and the 
visibly folded surface nature of the composite electrode 
material. The higher electrocatalytic activity of the AC/
Sugar/SS CE can be attributed to the increased effective 
surface area of the CE compared to the Pt and FTO-based 
CEs.

Photovoltaic performance of the DSSC

The photovoltaic performance of the DSSC fabricated 
using an AC/Sugar/SS counter electrode and an AC/
Sugar/FTO glass counter electrode was determined. For 
comparison, DSSC made with sputtered Pt CE was also 
prepared and tested. To enhance the DSSC’s performance, 
TiCl4-treated photoanodes were used when fabricating 
these three different types of DSSCs. The TiCl4 treatment 
allows the formation of small 3 nm-sized TiO2 particles 
attached to the bigger ones, increasing the effective 
specific surface area available for dye loading, improving 
the interconnections between the larger TiO2 particles, and 
creating additional pathways for the electrons to travel to 
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Figure 2: (a) Surface SEM image of the AC/sugar counter electrode with an average particle size is around 41 nm and, 
(b) cross-section view of the AC/sugar counter electrode with a thickness of 5.48 µm.

the conduction layer of the FTO plate, thereby increasing 
the photocurrent and the overall power conversion 
efficiency of the solar cell (Kumari et al., 2016). The current 
density-voltage (J-V) characteristics of the three different 
DSSCs made with the three types of counter electrodes 
and TiCl4-treated photoanodes are shown in Figure 3, and 
their photovoltaic parameters extracted from the figure are 
shown in Table 1.

When considering the above three solar cell structures 
made with the three counter electrodes, we observe that 
the DSSC made with the Pt CE has the highest efficiency 
of 9.22%. The DSSC made with the AC/Sugar deposited 
on SS CE shows an efficiency of 8.21%, while the DSSC 
made with the AC/Sugar deposited on FTO CE shows an 
efficiency of 7.50%. It is also observed that the DSSCs 
made with the Pt CE show the highest JSC and the highest 
Voc, which contribute to the highest efficiency. The Jsc 
values of the DSSCs made with (a) AC/sugar on SS and 
(b) AC/sugar on FTO are comparable, but the Voc and Fill 

Factor values are higher for the cells made with AC/sugar 
on SS CE, which gives the higher efficiency for the SS CE-
based solar cell. It is interesting to note that the fill factor 
(FF) for the DSSCs made with AC/sugar on SS is higher 
than that of Pt CE-based DSSCs.

Electrochemical Impedance Spectroscopy (EIS) 
Analysis for DSSCs

Impedance and Bode phase data offer an insight into 
the working mechanism of a DSSC. Figure 4 shows the 
Nyquist plots of the DSSCs made with the three types of 
counter electrodes (a) Pt, (b) AC/sugar on SS, and (c) AC/
sugar on FTO, respectively. The figure exhibits a large 
semicircle in the mid-frequency range for each device, 
which corresponds to the charge transfer resistance at the 
TiO2 photoanode/electrolyte interface. The interface charge 
transfer resistance values were obtained by fitting the 
impedance parameters with the equivalent circuit model 
shown in the figures and using NOVA software.
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Figure 3: Current density-Voltage (J-V) characteristics of the DSSCs made with three counter electrodes, (a) Pt, (b) AC/
sugar on SS and (c) AC/sugar on FTO.

Figure 4: Nyquist plots of the DSSCs made with three counter electrodes (a) Pt , (b) AC/sugar on SS, and  (c) AC/sugar 
on FTO.

Table 1: Photovoltaic parameters of DSSCs made with three counter electrodes (a) Pt, (b) AC/sugar on SS and (c) AC/
sugar on FTO.

Counter electrode JSC/ mA cm-2 VOC/ mV FF % Efficiency %
(a) Pt 17.80 ± 0.20 762.60 ± 0.80 67.94 ± 0.40 9.22 ± 0.17
(b) AC/Sugar deposited on SS  15.80 ± 0.10 735.40 ± 0.90 70.70 ± 0.30 8.21 ± 0.10
(c) AC/Sugar deposited on FTO 15.50 ± 0.20 734.70 ± 0.70 65.85 ± 0.30 7.50 ± 0.13
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The relevant resistance data extracted from the Nyquist 
plots is given below in Table 2. RS, R1CT, and R2CT correspond, 
respectively, to the cell series resistance, resistance at the 
counter electrode/electrolyte interface, and resistance at 
the photoanode/electrolyte interface. However, R1CT is also 
related to the electrocatalytic activity of tri-iodide-to-iodine 
reduction taking place at the electrolyte/counter-electrode 
interface (Kumari et al., 2017; Wu et al., 2019; Yu et al., 
2013). Usually, a lower R1CT value is associated with higher 
electrocatalytic activity (ECA) (Kumar et al., 2017). It is 
interesting to see that the use of SS as the counter electrode 
substrate has significantly decreased the RS value compared 
to the FTO glass substrate. This can be attributed to the 
higher electrical conductivity of SS compared to FTO (Jun 
et al., 2007).

When the R1CT values are considered, the DSSC made 
with AC/Sugar on SS CE has a lower resistance of 2.02 
Ω, implying higher catalytic activity compared to the R1CT 
value of 2.55 Ω obtained for the AC/Sugar on FTO. Hence, 
it is clear that SS offers a better substrate compared to 
FTO for AC to be used as counter electrodes in DSSCs. 
However, the lowest resistance values, Rs, R1CT, and 
R2CT, were obtained for the Pt CE-based DSSCs, and the 
next lower values were obtained with AC, Sugar, and SS 
CE-based DSSCs. The R2CT value is slightly higher in the 
AC/Sugar/SS CE system compared to the Pt CE system. 
The effect of the slightly higher R2CT of the AC/sugar/SS 
DSSC is manifested by a lower current density and lower 
efficiency compared to the Pt DSSC. The higher R2CT 
hinders the electron transfer mechanism at the electrolyte/
photoanode interface, resulting in a lower overall efficiency 
(Dissanayake et al., 2017).

Table 2:  EIS parameters of solar cells made with different counter electrodes.

Photoanode Counter electrode Rs (Ω) R1CT (Ω) R2CT (Ω)
TiO2 treated 
with TiCl4

(a) Pt 13.40 1.97 22.54
(b) AC/Sugar-SS 15.07 2.02 22.99
(c) AC/Sugar-FTO 26.42 2.55 29.06

The AC/Sugar-SS electrode shows a smaller charge transfer 
resistance (R2CT) at the electrolyte/electrode interface 
compared to the AC/Sugar-FTO electrode evidently due 
to the higher electronic conductivity of the SS substrate. 
This facilitates electrocatalytic activity towards the iodide/
triiodide redox couple (Chang et al, 2013). 

Cyclic Voltammetry (CV) analysis of counter electrodes 

CV measurements were taken for all the counter electrodes 
with the iodide or tri-iodide redox species (the same 
electrolyte used in the DSSC) with respect to the Ag 
or AgCl reference electrode. The corresponding cyclic 
voltammograms (CV) are shown in Figure 5. In the CV 
graph, it can be observed that there are two peaks on each 
of the oxidation and reduction sides of the curves, which 
correspond to the following redox reactions (Chen et al., 
2016; Gong et al., 2012).

  (1)

  (2)

The leftmost peak of the reduction side of the curve 
corresponds to reaction (1), while the rightmost peak 
corresponds to reaction (2). We are interested in reaction 
(1) since that is the rate-determining step for characterizing 
the electro-activity of the counter electrode since it 
catalyzes the reaction (1). Estimated peak current values 
corresponding to reduction (JRed1), oxidation (JOx1), peak-to-
peak voltage difference (EP) for the peaks, and the diffusion 
coefficient (Dn) corresponding to reaction (1) are shown in 
Table 3.

From Table 3, it can be observed that the AC/Sugar-SS 
electrode exhibits both the lowest peak-to-peak separation 

Figure 5: Cyclic voltammetry characteristics of the three counter electrodes taken at scan rate of 20 mVs-1: (a) Pt, (b) AC/
sugar-SS and (c) AC/sugar-FTO.
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Figure 6: Cyclic voltammetry graphs for AC/Sugar/SS CE at different scan rates.

Table 3: Electrochemical parameters of the three counter electrodes estimated from the cyclic voltammetry measurements 
taken at scan rate of 20 mVs-1: (a) Pt, (b) AC/sugar-SS and (c) AC/sugar- FTO.

Counter Electrode JOx1/ mA cm-2 JRed1/ mA cm-2 Ep / V Dn (× 10-5)/ cm2 s-1

(a) Pt 1.07 -0.78 0.29 8.51
(b) AC/Sugar-SS 1.58 -1.56 0.23 12.04
(c) AC/Sugar-FTO 1.40 -1.26 0.34 10.82

voltage (Ep) and the highest peak currents (JOx1 and JRed1). 
Since the higher peak currents and lower peak-to-peak 
voltage difference suggest higher catalytic activity and 
better kinetic ability for reduction, we can conclude that 
AC/Sugar-SS CE has the highest catalytic activity out of all 
the 3 CEs (Fan et al., 2015; Yang et al., 2011).

CV measurements conducted on AC/Sugar-SS under 
different scan rates and the resulting cyclic voltammograms 
are shown in Figure 6(a). It is known that a freely diffusing 
reversible reaction follows the Randles–Sevcik equation 
given by,

                   (3)

where K is the number of electrons in the reduction reaction, 
is the area of the electrode, is the concentration of the 
electrolyte, is the diffusion coefficient, and is the scan rate 
of the CV curve. Relatively larger Dn values are observed 
for both AC/Sugar-SS and AC/Sugar-FTO electrodes than 
the Pt electrode. According to the above equation, this can 
be associated with the thicker AC/sugar material on SS and 
the existence of a large number of bonding sites between 
AC and sugar, which can provide more active sites to 
reduce and accelerate charge transfer within the AC/sugar 
complex CE. It can be observed in Figure 6(a) that as the 
scan rate increases, the peak currents also increase, which 
is to be expected from the above equation. In addition, the 
positions of cathodic peaks are shifted towards negative 
potentials, while the peak positions of the anodic peaks 
are shifted to positive potentials with increasing scan 
rates. Also, according to Figure 6(b), there is a good linear 
relationship between the square root of scan rates and the 
oxidation and reduction peak current densities. This may 
indicate that the transport of I3

- occurs by a diffusion-limited 
process and that the reaction is reversible (Subalakshmi et 
al., 2019).

Tafel and EIS analysis of CEs 

Tafel plots shown in Figure 7 were drawn for symmetric 
cells made from the three counter electrodes (a) Pt CE, 
(b) AC/Sugar-SS, and (c) AC/Sugar-FTO. The Tafel plots 
consist of three main phases. The end of each plot where 
the gradient of the plot is close to zero is the diffusion 
zone, which represents the process when diffusion rates 
become a limiting factor. Limiting diffusion current density 
Jlim calculated from this region gives an indication of the 
diffusion rate for each cell. The middle linear region is 
known as the Tafel region, where the logarithmic current 
density varies linearly with the overpotential. By extending 
the tangent of the Tafel zone and finding the intersection 
with the extended zero bias line, we can find the exchange 
current density (J0) for each electrode. Points of very low 
potential are known as the polarization zone. The Jlim and Jo 
values calculated from Tafel curves are shown in Table 4.

According to Table 4, the CEs in decreasing order of Jlim are 
AC/Sugar-SS, Pt, and AC/Sugar- FTO. This implies that 
the cells with AC/Sugar-SS CE show better diffusion of the 
I−/I3 

− redox species in the DSSCs followed by Pt and AC/
Sugar-FTO.  This can be confirmed by the CV analysis. 
The close agreement of Jlim values of Pt and AC/sugar/
SS CEs verifies close diffusion coefficient values. The 
exchange current density is inversely proportional to the 
charge transfer resistance and is governed by the equation 
4, 

    (4)

where R,T, n, and F are the gas constant, absolute 
temperature, the number of electrons involved in the redox 
reaction, and the Faraday constant, respectively. Thus, a 
higher value of J0 implies a lower charge transfer resistance 
(Rct). Rct is determined by factors such as the ECA, surface 
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Figure 7: Tafel plots drawn for symmetric cells made from the three counter electrodes 
(a) Pt, (b) AC/Sugar on SS and AC/Sugar on FTO. 

Table 4: Jlim and J0 values obtained from the Tafel plots, Rs and Rct values obtained from the EIS plots.

Counter electrode Jo/ mA cm-2 Jlim / mA cm-2 Rs / Ω cm-2 Rct / Ω cm-2

(a) Pt 1.84 1.92 6.80 1.40
(b) AC/Sugar-SS 1.88 1.94 6.56 1.10
(v) AC/Sugar-FTO 1.03 1.56 12.42 15.40

roughness, material qualities, and thickness of the CE 
material. Figure 2 shows the AC/Sugar composite layer 
thickness on the micrometer scale. However, it has been 
suggested that the thickness of the Pt layer is on the 
nanometer scale (Fang et al., 2004). It can be seen that the 
J0 values trend in the AC/Sugar-SS > Pt > AC/Sugar-FTO 
Conversely, this implies that Rct is lowest in the AC/Sugar-
SS CE and highest in the AC/Sugar-FTO CE. This confirms 
the highest ECA of AC/Sugar-SS from CV analysis.

To understand the improvement in ECA, EIS experiments 
were carried out with symmetrical cells fabricated with two 
identical CEs. The EIS spectra of symmetrical cells based 
on three types of CEs are shown in Figure 8. The series 
resistance (Rs) is mainly composed of the bulk resistance 
of CE material, and the radius of the large semicircle 
is attributed to the charge transfer resistance (Rct) at 
the CE/electrolyte interface. The values of Rs and Rct 
were extracted by fitting the EIS graph with the equivalent 
circuit indicated in the inset of Figure 8, and the values 
are tabulated in Table 4. The smallest Rct of AC/Sugar, SS 
composite CE suggests a rapid conversion reaction from to, 
therefore resulting in an enhanced FF comparison with the 
other two types of CE-based devices (Yang et al., 2015).  
Also, the Rct varies inversely with the electrocatalytic 
activity for the reduction reaction; such a decrease in Rct 
demonstrates that the AC/Sugar/SS complex CE has the 
highest electrocatalytic activity. Therefore, the conclusions 
for the ECA and diffusion derived from the CV, EIS, and 
Tafel data are consistent, and it can be confirmed that the 
AC/Sugar composite in the SS substrate is a promising 
candidate to replace Pt as a CE in DSSCs.

CONCLUSION

The photovoltaic performance of DSSCs fabricated with 
three different counter electrodes, (a) Pt, (b) activated 
charcoal and sugar on stainless steel (SS), and (c) activated 
charcoal and sugar on FTO glass, has been compared. 
DSSCs fabricated with the novel counter electrode AC/
sugar on SS exhibited an efficiency of 8.21% compared to 
9.22% for Pt and 7.50% for AC/sugar on FTO.

The high solar cell efficiency of the cells made with 
activated carbon-coated stainless steel electrodes can 
be attributed to the high electro-catalytic activity and 
enhanced effective surface area of activated charcoal/sugar 
composite and the good electrical conductivity of stainless 
steel, as demonstrated by electrochemical impedance 
spectroscopy, cyclic voltammetry, Tafel plot analysis, and 
SEM imaging. The AC/Sugar coated SS counter electrode 
with a DSSC efficiency of 89% of that of Pt is a highly 
promising and much less expensive candidate to replace Pt 
as the counter electrode in DSSCs.
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Figure 8: Electrochemical Impedance Spectra (EIS) of symmetric cells made from the three counter electrodes, (a) Pt , 
(b) AC/Sugar-SS, and (c) AC/Sugar-FTO. 
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