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Abstract 
The design and development of an alternative counter electrode (CE) using graphene-
based low-cost material for the dye-sensitized solar cell (DSSC) is the major motivation of 
the current research to replace the traditional platinum counter electrode. Herein, we 
prepared reduced graphene oxide (rGO) and investigated it for an efficient CE in DSSC. The 
structural and morphological properties of rGO are analyzed using FESEM, TEM and 
Raman techniques. The performance of I3

- reduction on the CE is characterized by the EIS 
Nyquist plot, cyclic voltammetry, and the Tafel curve. The measured electrochemical 
results suggested that rGO CE has a lower charge transfer resistance (Rct), higher cathodic 
current density (Jrd), and higher Tafel slope as compared to graphene oxide (GO) CE, 
revealing that rGO CE has good catalytic activity towards the I3

- reduction.  
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Introduction 

Dye-sensitized solar cells (DSSCs) attained great potential because of ease of device construction, 

low manufacturing price, and good photo conversion efficiency [1]. Usually, DSSC contains a dye-

absorbed anode, a redox electrolyte (e.g., iodide/triiodide (I3 / I3
-) and a good-performing counter 

electrode (CE) [2] The CE holds the capability in order to boost DSSC conversion effectiveness by 

reducing triiodide into iodide (I3
- + 2e- → 3I-) [3]. Usually, in DSSC, the platinum (Pt) based FTO acts 

as CE due to its high conductivity [4]. Conversely, the high cost, poor stability, and insufficiency of 

Pt limit its use for the further development of CE in DSSC, which raises a need for alternative 

materials for CE.  
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Graphene is considered one of the most suitable materials for CE in DSSCs because it exhibits a 

large surface area due to its 2D structure, high mobility (10,000 cm2 V-1 s-1), good catalytic activity, 

and chemical stability [5-7]. The graphene-related advanced materials like graphene oxide (GO) and 

reduced graphene oxide (rGO) are also promising candidates for various applications due to their 

unique properties [8-10]. The oxidized form of graphene, known as GO, has carbon, hydrogen, and 

oxygen in variable ratios. The oxygenated functional groups present in GO are beneficial for their 

mechanical, electronic, and electrochemical properties. These functional groups reduce its electrical 

conductivity, which restricts the direct use of GO in electrocatalytic applications [11-13]. 
Reduced graphene oxide (rGO) is chemically derived graphene with astonishing features, including 
high mobility and good mechanical strength [14]. The oxygen groups present on GO sheets can be 
eliminated through the reduction process that produces rGO. Chemical methods are primarily used 
for the reduction of rGO using reducing agents that include sodium borohydride (NaBH4), hydrazine 
(N2H4) and gallic acid [15-17]. These reducing agents make rGO hydrophobic by removing different 
oxygen functionality groups. In the reduction, the sp2 carbon plane of GO is destroyed at many 
places and leaves sp3 carbon vacancies that create holes and defects on the surface of graphene 
sheets [18]. These defects can provide a large number of active sites for catalytic activity. Although 
these reducing agents possess a superior ability to form high electrochemical-performing rGO for 
several applications, their toxicity and serious environmental impact hinder their further use for 
large-scale synthesis of rGO. To address these challenges, researchers all around the world have 
been working on so-called green reducing agents such as L-ascorbic acid, green tea extract, opuntia 
ficus indica and other plant extracts for the preparation of rGO. By using KOH and NaOH as reducing 
agents, the reduction rate of GO can be enhanced and some -OH functional groups added to the 
edges of graphene sheets. They restrict the restacking of the graphene sheets and enhance the 
contact area of the electrode and electrolyte, resulting in significant electrocatalytic performance 
[19-23]. Additionally, KOH and NaOH reducing agents considerably diminish the hazard and risk 
during the handling and washing of the final product and do not have any harmful impact on the 
environment compared to other toxic reducing agents. 
Herein, we present a cost-effective and environmentally friendly method to synthesize rGO by using 
a mixture of NaOH and KOH as “green” reducing agent. Furthermore, the various physical 
parameters, including crystallite size and defect density, were obtained from Raman spectra results, 
which gives a comparative analysis of materials towards the catalytic activity. Different 
electrochemical techniques such as EIS, CV and Tafel curve were performed to investigate various 
electrochemical parameters such as diffusion coefficient (D), charge transfer resistance (Rct), 
cathodic current density (Jrd) and Tafel slope to evaluate the in-depth kinetics study of rGO as an 
efficient CE for DSSC application.  

Experimental  

Materials  

Potassium iodide (KI), graphite fine powder 325 mesh (99.8 %), hydrogen peroxide (H2O2 30 %), 

hydrochloric acid (35 %), titanium (IV) oxide nanopowder (99 %), sulphuric acid (95 to 97 %), 

carboxymethyl cellulose (CMC), and potassium hydroxide (KOH) were purchased from Alfa Aesar. 

Isopropanol alcohol (IPA), potassium permanganate (KMnO4-99 %), iodine (I2), acetonitrile, sodium 

hydroxide (NaOH), and ethylene glycol were procured from Fisher Scientific. 

Preparation of electrode material (GO and rGO) 

GO was prepared through the modified Hummer’s technique described in our previous 

work [16,24]. Initially, graphite in powder form was mixed in 50 ml of H2SO4 while stirring for 4 hours 
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in a conical flask. Then, KMnO4 was slowly dissolved into the mixture while placing the flask in an 

ice bath. After that, 250 ml of de-ionized (DI) water was poured slowly under continuous stirring. 

H2O2 was added to the solution, resulting in a yellowish-brown color of the solution. The HCl solution 

was used to wash the obtained GO suspension (to eliminate metallic impurities). After that, the 

suspension was washed 3 to 4 times with DI water (pH 7) using centrifugation and dried at 50 °C.  
Thereafter, rGO was obtained from the hydrothermal route (Scheme 1). 1 g GO flakes were added 
in a 60 ml solution of KOH and NaOH with a molarity ratio of 1:3. The solution was continuously 
stirred and sonicated for 1 hour, then shifted to a Teflon lined autoclave (100 mL) and heat treated 
at 160 °C for 12 hours in a hot-air oven. After the reaction was finished, the autoclave was left to 
cool naturally. The precipitate was collected and washed repeatedly with DI water. Finally, the 
washed black color residue was dried at 50 °C in the oven. 

 
Scheme 1. Pictorial presentation of synthesis process of rGO 

Preparation of electrolyte 

For the preparation of (I-/I3
-) electrolyte, KI (2.16 g) and I2 (0.42 g) were dissolved in a solution of 

acetonitrile (40 ml) and ethylene glycol (10 ml) and stirred for 60 minutes to get a homogenous 

mixture [25]. 

Preparation of CEs and fabrication of symmetric cells 

The homogenous rGO paste was obtained through a simple grinding technique. Briefly, the 90 

mg synthesized rGO powder and 10 mg of CMC (10 wt.%) were mixed in 10 ml of isopropanol alcohol 

and continuously ground in a mortar pestle. The prepared rGO slurry was drop casted onto ITO 

substrate (11 cm) and dried for 3 hours on the hot plate at 90 °C to fabricate rGO-CE. For GO-CE 

preparation, the same process was used. 
Two types of symmetric cell GO/electrolyte/GO and rGO/electrolyte/rGO were fabricated using 
cellulose filter paper as a spacer. A few drops of a redox liquid electrolyte (I-/I3

-) solution were 
directly injected into the symmetric cells.  

Characterization techniques 

The surface microstructure of synthesized samples was analyzed by field emission scanning 

electron microscope (FESEM) and high-resolution transmission electron microscope (HR-TEM) using 

Nova Nano FESEM-450 and Tecnai G2 20 S-TWIN instrument. Samples were also examined by 

Raman spectroscopy by using a STR 500 confocal microspectrometer (wavelength = 532 nm). 

Electrochemical characterizations were recorded through the CHI instrument (CHI760E). 
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Results and discussion 

Physicochemical analysis  

The morphological study of the synthesized samples was conducted by the FE-SEM technique. 

The FESEM pictures of GO (Figure 1(a)) and rGO (Figure 1(b) and (c)) represent that the prepared 

samples have a sheet-type morphology. The highly exfoliated sheets in rGO are clearly shown in the 

FESEM image. The high exfoliation of rGO sheets could provide a large surface, which  
enhances the catalytic activity of CE [16]. 

 
Figure 1. FESEM images of prepared samples (a) GO and (b-c) rGO; (d) Raman spectra of GO and rGO 

Figure 1(d) represents the Raman curve of synthesized GO and rGO samples at 532 nm laser. In 

the Raman spectrum of rGO, the D band (1354 cm-1) and the G band (1604 cm-1) correspond to 

the defects present in the graphene sample and the vibration of sp2 hybridized C- C atoms, 

respectively [26]. The intensity ratio of D to G band (ID/IG) value of rGO (0.98) is higher in comparison 

to GO (0.91). The high value of ID/IG for rGO makes it more suitable for electrocatalytic applications 

because high defects provide more sites for I3
- reduction [27,28]. Using the equations (1) to (3), the 

value of ID/IG is used to calculate a number of physical properties of synthesized samples, including 

crystallite size (LSp2 / nm), the mean distance of defects (LD / nm), and density of defects (nD, cm-2) 

[29,30]:  
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Here, EL / eV implies energy and L /nm refers to the wavelength of the laser source. 
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Table 1 lists the values of measured various physical parameters, including ID/IG ratio, which 

represent that rGO has a low crystallite size compared to GO. Additionally, the acquired value nD is 

higher for rGO, indicating the existence of more defects overall in the sample, which further 

improves the catalytic activity of rGO-CE [29]. 

Table 1. Various physical parameters calculated from Raman analysis 

Sample ID / IG Lsp2 / nm LD / nm nD / 10-11 cm-2 

GO 0.91 21.52 14.78 2.58 

rGO 0.98 19.74 14.15 2.86 

 

The TEM images of rGO at a high resolution of 200 nm and 50 nm are depicted in Figure 2(a) and 

Figure 2(b), respectively, indicating the transparent few-layer sheets of graphene. The exfoliated 

sheets structure of rGO could facilitate the large contact area with electrolyte and provide numerous 

active sites for reduction of I3- resulting in better performance of CE. The HR-TEM result (Figure 2(c)) 

shows the ordered structure of rGO with an interplanar distance of 0.41 nm. Selected area diffraction 

(SAD) pattern (Figure 2(d)) demonstrates the symmetrical hexagonal structure of graphene [31].  

 
Figure 2. (a - b) TEM images, (c) HR-TEM image and (d) SAED configuration of rGO 

Cyclic voltammetry (CV) analysis of CEs 

Cyclic voltammetry (CV) is mainly employed to evaluate the catalytic performance of CEs towards 

the reduction of I3
- to 3I- in DSSC. The catalytic profile of GO and rGO CEs, determined through CV 

analysis, are depicted in Figure 3(a). The oxidation and reduction peaks in the cyclic voltammogram 

represent the oxidation 3I- - 2e- → I3
- and reduction I3

- + 2e- → 3I-, respectively, which is significant 

for the CE performance in DSSC [32]. Cathodic peak current density (Jred) directly influences the 

performance of the CEs. For better electrocatalytic activity of CE, it should exhibit higher peak 

current density [33]. The rGO CE shows higher cathodic peak current density (Jred1) compared to GO 

CE because of the higher surface area and appropriate conductivity of rGO. Figure 3(b) shows cyclic 

voltammograms of rGO CE at several sweep rates (0.05 TO 0.3 V s-1). Both peaks are shifted gradually 
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to the negative and positive sides, respectively. The anodic and cathodic peak current densities show 

good linear behavior with the square root of scan rate (1/2) (Figure 3(c)), which implies that only 

reduction of I3
- occurred on the rGO-CE, and there is no particular interaction or reaction between 

redox-electrolyte (I-/I3
-) and rGO-CE during the electrochemical process [34]. 

 
1/2 / V1/2 s-1/2    Potential, V 

Figure 3. (a) CV profiles of GO and rGO CEs at a sweep rate of 0.1 V s−1; (b) CVs of the rGO CE at several 

sweep rates; (c) fitted linear curves of current density vs. 1/2 dependence; (d) Tafel polarization curves 

The diffusion coefficient (D / cm2 s-1) of ions for both GO and rGO counter electrodes were 

obtained by Randles Ševčik equation [35] that is given by equations (4a) and (4b): 
1/2
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Here, ip / A represents peak current, n refers to the number of electrons participating in redox 

reaction (n = 2),  / V s-1 is the scan rate, C / mol cm-3is concentration, A / cm2 represents electrode 

area, and K is 298,633 (which accounts for the constant), F is Faraday constant, R is the ideal gas 

constant and T / K is the absolute temperature. The value of ip /  
1/2 can be evaluated from the slope 

of the curve (Figure 3(c)). The obtained diffusion coefficient (D) of ions for the rGO counter electrode  

(4.74×10-11 cm2 s-1) is higher than that for GO CE (2.54×10-11 cm2 s-1). Higher diffusion coefficient for 

rGO-CE implies faster diffusion of ions through the electrode, which shows the superiority of the 

electrode material.  

Impedance analysis of symmetric cells 

The electrocatalytic profile of CEs was further investigated by electrochemical impedance 

spectroscopy (EIS) in the frequency range of 1 MHz to 1 mHz. The Nyquist plot of a symmetric cell 

includes two regimes. The diameter of the left semicircle at the high-frequency region shows the 

charge-transfer resistance (Rct) at the CE and redox electrolyte interface. In comparison, the low-
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frequency straight line regime represents the redox Nernst diffusion impedance (ZN), which 

indicates the semi-infinite linear diffusion of redox couple in electrolyte [36]. The equivalent circuit 

of Nyquist plots comprises four components the: contact resistance (Rs), Nernst diffusion impedance 

(ZN), double layer capacitance (C) and CE/electrolyte interface charge transfer resistance (Rct). 

Among all these parameters, Rct is the most significant for optimizing the electrocatalytic perfor-

mance of the CEs in DSSC. The Nyquist plots of GO and rGO symmetric cells are shown in Figure 4(a) 

and their equivalent circuits are shown in the inset of Fig. 4(b). The EIS profiles of symmetric cells 

show that rGO has lower Rct (25 Ω) than GO (600 Ω), which illustrates the significant catalytic ability 

of rGO towards the reduction of triiodide due to more defects present in rGO, which provides more 

catalytic sites for triiodide reduction. The Rs value of rGO (10.2 Ω) is lower than GO (18 Ω), which 

means that the contact resistance between rGO and ITO is reduced due to the better conductivity 

of rGO. Figure 4(b) shows the fitted EIS plot of rGO with the electrical equivalent circuit drawn in 

the inset. The Bode phase plot of rGO based symmetric cell is shown in the inset of Figure 4(b). The 

electrons are injected and recovered during the electrochemical catalytic activity and the diffusion 

length of transported electrons is equal to the square root of their diffusion coefficient and lifetime 

of electron (Ln = (Drr)-1/2). The characteristic frequency (ωr = 1/r) implies the finite diffusion of 

ions/electrons in CE where interfacial redox reactions in the CE are hindered [37]. The electron 

lifetime (r) can be determined by equation (5): 

r

max

1

2 f



=

 (5) 

where fmax / Hz is the frequency of the maximum in the Bode phase plot. The obtained τr of rGO 

based symmetric cell is 73 µs, representing a fast movement of electrolyte ions during the catalytic 

activities [38].  

  
Figure 4. (a) EIS measurements of GO and rGO symmetric cells (inset: enlarged Nyquist plot of rGO)  

(b) EIS Nyquist plot of rGO with fitted data (inset: electrical equivalent circuit model and  
Bode phase plot of the rGO) 

Tafel polarization test of symmetric cells 

Tafel graph represents the variation of (log J) along with applied potential. The key element of 

the Tafel plot is the exchange current density (J0). By measuring the intercept of a curve extrapolated 

linear section at zero overpotential, it is possible to determine a value of J0
 [39]. Figure 3(d) 

represents the Tafel polarization curve of GO and rGO symmetric cells. The Tafel curve of rGO has a 
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higher slope as compared to GO, which means the rGO has higher catalytic activity towards the I3
- 

reduction due to the better conductivity, lower value of Rct and large number of defects on rGO 

sheets, which enhanced the catalytic performance of rGO-CE.  

Conclusions 

In this report, an easy, cost-effective and environmentally friendly process was used to synthesize 

rGO by utilizing KOH and NaOH as the reducing agent. The KOH and NaOH reducing agent can 

facilitate the large number of defects in rGO, which enhances the electrocatalytic performance of 

CE. The morphological results illustrate that the synthesized rGO has exfoliated sheet morphology, 

whereas the Raman spectroscopy study reveals that the rGO exhibits low crystallite size with a large 

number of defects. The electrochemical characteristics indicate that the rGO-CE has a low value of 

Rct, high cathodic current density and high Tafel slope, demonstrating the significant catalytic 

activity of rGO-CE towards the I3
- reduction. The improved catalytic performance of rGO-CE can be 

attributed to better conductivity, high surface area and the presence of a large number of defects 

in the material, which not only increased the contact area of the electrode/electrolyte interface but 

also facilitated more catalytic sites for proper diffusion of redox electrolyte ions. It can be inferred 

from the results of the evaluation of the catalytic performance of rGO-CE in this study that the rGO 

is a potential choice as an efficient and metal-free CE for DSSCs with remarkable catalytic 

performance. 
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