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ABSTRACT 

Platinum is the most effective counter electrode for use in dye-sensitized solar cells (DSSC). 

However, as platinum is very expensive, its price impedes its broad use as a DSSC counter 

electrode. As an alternative, carbon has been used for this purpose. In this study, carbon has been 

successfully pyrolyzed from the precursors of table sugar and sucrose through a chemical process, 

i.e. the dehydration of the precursors with sulfate acid followed by a pyrolysis process, and used 

as Pt-less counter electrode in a DSSC device. The as-synthesized carbon was characterized using 

X-ray diffraction (XRD) to obtain crystal structure information and a scanning electron 

microscope (SEM) equipped with energy dispersive X-ray spectroscopy (EDX) was employed to 

carry out morphological and compositional examination. The material activity and performance 

of the counter electrode in the DSSC device were analyzed using a semiconductor parameter 

analyzer through current–voltage characteristic curves (I-V). The results show that the precursors 

of table sugar without the addition of a metal catalyst and with initial heat treatment at 300°C for 

1 hour, and of sucrose with a catalyst could produce carbon with a particle size of around 600–

900 nm. The I-V curve characteristic of the DSSC device assembled using carbon produced from 

sucrose as a counter electrode resulted in a power conversion efficiency (PCE) of only 0.041%, 

whereas the DSSC device assembled using carbon produced from table sugar as a counter 

electrode exhibited a good performance with a PCE of 3.239%, almost equivalent to that of 

platinum paste with a PCE of 4.024%. This result is promising in terms of using a cheap source 

of carbon for the Pt-less counter electrode. 

 

Keywords:  Dye-sensitized solar cell; Power conversion efficiency; Pt-less counter electrode; 
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1. INTRODUCTION 

In the midst of today’s ever-increasing energy demands, the oil and gas sector can no longer be 

expected to serve as a primary source in supplying these demands. The main reason for this, in 

addition to its decreasing availability, is that the resulting emissions of these fossil-based fuels 

are not environmentally friendly. Hence, an alternative energy source is required to overcome 

this  problem and  to  compensate for  the shortage of oil and gas resources. One of  the possible
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alternatives, especially for tropical countries constantly exposed to sunlight, is to harness the 

abundant energy resource provided by sunlight through the use of solar cell devices. One type of 

solar cells that may be used are dye-sensitized solar cells (DSSC).  

A DSSC is a third-generation solar cell first introduced by O'Regan and Grätzel (1991). The 

working principle of this DSSC is based on the photo-electrochemical principle in which the 

electrons of the dye will be excited after being exposed to light such that the dye will be in an 

oxidized state. The electrons will be injected into a semiconductor conduction band that acts as a 

photoanode. The electron charge on this photoanode is transferred to the opposite electrode, 

which is known as the counter electrode. This counter electrode will collect electrons and catalyze 

the reduction of electrolyte, which is usually in the forms of triiodide into iodide, enabling the 

reaction result to regenerate the lost electrons from the dye (Chen & Shao, 2016). In this instance, 

the counter electrode is one of the components that has an important role in the performance of 

the DSSC. 

In order for a material to be used as a counter electrode, it must have high conductivity, good 

electro-catalytic properties, and good chemical stability (Wang et al., 2014). Due to its inherent 

properties, platinum (Pt) would be the best option for a DSSC counter electrode. However, the 

high price of platinum impedes its broad use in DSSC devices. For this reason, various other 

materials have been studied with the aim of producing a Pt-less counter electrode. Among these 

substitute materials are a conductive polymer with a power conversion efficiency (PCE) value of 

7.15% (Li et al., 2008b), a composite material with a PCE value of 5.69% (Al-Bahrani et al., 

2015), and a metal oxide with a PCE value of 8.48% (Du et al., 2017). 

Carbon and its allotropic variety has also been extensively investigated as a cheap platinum-less 

counter electrode. This is because carbon material, in addition to involving relatively cheaper 

production costs and being more abundant, also meets the three requirements of the DSSC 

counter electrode, i.e. high conductivity, good electro-catalytic properties, and good chemical 

stability (Wang et al., 2014). Among the various carbon allotropes, carbon black has the most 

accessible structure, and the cost of its fabrication is also relatively lower than that of other 

structural fabrications. Research has found that a carbon black counter electrode could achieve a 

PCE of 8.29%, close to the value produced by a DSSC with a platinum counter electrode: a PCE 

of 8.35% (Wu et al., 2016). The use of carbon black, however, should be avoided due to its 

possible carcinogenic effect on humans (Ramanakumar et al., 2008).  

In this study, the properties of carbon pyrolyzed from the low-cost resources of table sugar and 

sucrose have been examined. Furthermore, the electro-catalytic characteristics of the carbon used 

as a Pt-less counter electrode in a DSSC device were investigated and the results are presented 

and discussed in detail. 

 

2. METHODS 

2.1.  Materials  
The materials used were titanium dioxide nanoparticle (TiO2 P-25 Degussa,  < 80 nm), ethanol 

(99%, Merck), table sugar (Gulaku, obtained from a market in Jakarta,  > 10 m), sucrose (99%, 

Merck,  > 10 m), FeSO4.7H2O (99%, Merck), sulfuric acid (98%, Merck), platinum-based 

paste (Platisol, Solaronix), liquid electrolyte (Iodolite, Solaronix), commercial sensitizer (RK-1, 

Solaronix), Polyvinylidene fluoride (PVDF, MTI), and N-methyl-2-pyrolidone (NMP, MTI).  

2.2. Carbon Pyrolysis 

The pyrolysis of carbon was begun by firstly crushing 5 g of carbon precursors (sugar or sucrose) 

using a mortar and pestle. The precursor was numbered in accordance with its treatment, as shown 

in Table 1. Samples with the addition of a catalyst were mixed and ground with a mortar and 
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pestle to a uniform fine powder. In the case of the preheated sample, the sample was heated on a 

hot plate for 1 hour before being ground in a ball mill to obtain a fine powder. Each sample was 

then added to 5 ml of 98% H2SO4 to produce a carbon aggregate based on the following reaction 

equation: 

 C12H22O11 (s) + H2SO4 (l)  12 C (s) + 12 H2O (g) + SO3
-
 (g)  (1) 

Due to the exothermic reaction, some of the water content produced evaporated. The resulting 

carbon was then transferred into a tube furnace and was heated up to a temperature of 1330°C for 

4 hours under an argon gas atmosphere. Lastly, the carbon resulting from this process was 

characterized and the samples having particles close to nanosize were used to fabricate the DSSC 

device. 
 

Table 1 List of precursors and specific treatments 

Sample Precursor Catalyst  Preheating 

1 Table Sugar  FeSO4.7H2O 25 mg - 

2 Table Sugar - - 

3 Table Sugar - 300°C 

4 Sucrose  FeSO4.7H2O 25 mg - 

5 Sucrose  - - 

 

Each of the as-synthesized carbon samples was characterized using X-ray diffraction (XRD, ARL 

OPTX-2050) to confirm the phase formed and its crystallite size. Attenuated reflectance Fourier 

transform infrared spectroscopy (FTIR, Perkin Elmer, ATR Spectrum 2) was used to identify and 

confirm the presence of a functional group. A scanning electron microscope (SEM, FEI Quanta 

450) was used to examine the morphology and determine the average particle size of the samples. 

2.3.  DSSC Fabrication  
A powder composed of TiO2 nanoparticles was dissolved in 98% ethanol, with a mass to volume 

ratio of 1:10, to form a paste. The paste was deposited using the doctor blade method on a 

conductive surface of a fluorine doped tin oxide (FTO) glass substrate, with masking tape at the 

edges acting as a thickness regulator and forming an area of 1×1 cm2. The glass substrate was 

then heated over a hot plate at a temperature of 450°C for 45 minutes to remove the solvent. After 

the heating, the glass substrate was allowed to cool down to room temperature and was 

subsequently stained using RK-1 dye and sterilized overnight. 

The counter electrode was prepared using the as-synthesized carbon. A total 0.15 g of PVDF and 

0.15 g of carbon were dissolved in 1 g of NMP to form a paste. This paste was deposited onto the 

FTO glass by the same method as was used for the TiO2 nanoparticles, and it was then heated at 

a temperature of 450°C for 20 minutes. As a comparison, a Pt-based counter electrode was also 

prepared using a platinum-based paste which was deposited onto an FTO glass substrate and was 

heated at 450°C for 30 minutes. 

The DSSC device was then prepared by attaching the TiO2 conductive glass and counter 

electrodes to one another using double tape, which also served to prevent direct contact between 

the photoanode and counter electrode. The device was clamped using binder clips at both ends 

and the electrolyte was injected in the gap between the photoanode and counter electrode. The 

characteristics and cell activity of the fabricated DSSC were tested using a semiconductor 

parameter analyzer (SPA, Agilent 4145A) with a standard illumination of approximately 

100 mW/cm2. 
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3. RESULTS AND DISCUSSION 

Figure 1 shows an X-ray diffractogram of each sample: (a) Sample 1; (b) Sample 2; (c) Sample 

3; (d) Sample 4; and (e) Sample 5. As demonstrated in Figure 1, all of the diffractograms show 

the same trend with two broad peaks at 25° and 43°, corresponding to the crystalline reflections 

from (002) and (101) planes. This result is in agreement with those found by other researchers 

(Zhu et al., 2015; Kumar et al., 2017).  

The crystallite size of each sample was calculated using the Scherrer formula (Cullity, 1978):  

 




cosB

k
cs   (2) 

where cs is the crystallite size, λ is the wavelength of the X-ray radiation (Cu K = 0.15406 nm), 

k is a constant taken as 0.94, θ is the diffraction angle, and B is the full width at half maximum 

peak in radians. Details of the results are given in Table 2. As seen in Table 2, Sample 2, which 

uses table sugar without the addition of a catalyst, has the smallest average crystallite size of all 

the samples, while the largest crystallite size is exhibited by Sample 4, which is the sucrose 

sample with the addition of a catalyst. If the five samples are grouped according to the use of 

metal catalysts, it can be concluded that the addition of metal catalysts to the sample affects the 

crystallite size, and the metal catalyst remains in the post-pyrolysis synthesis sample. On the 

contrary, the samples with no catalyst addition are dominated by carbon with low crystallinity 

values. 

 

Figure 1 X-ray diffractograms of: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) 

Sample 4; and (e) Sample 5 

 

Table 2 Comparison of the average crystallite size 

Sample Average crystallite size (nm) 

1 47.79 

2 17.84 

3 36.05 

4 53.68 

5 19.66 
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Infrared measurement was performed in order to examine the presence of a functional group in 

the samples. Figure 2 shows the infrared spectra of the carbon samples and the identified 

functional group with weak absorption peaks seen at 1083 cm-1 (C – C, C – O), 2158 cm-1 (C  

C), and 3236 cm-1 (C – H, O – H). These results are in line with the findings reported by other 

researchers with regard to the FTIR result of carbon black (Zappielo et al., 2016). These results 

suggest that only a small number of functional groups are present in the sample and that the 

pyrolysis of the precursors to carbon has been successfully carried out. 
 

 

Figure 2 Infrared spectra of: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) 

Sample 4; and (e) Sample 5 

A scanning electron microscope (SEM) was used to examine the morphology of the samples and 

the results are provided in Figure 3. Figures 3a and 3b show the morphology of particles having 

flakes, with particle sizes greater than 1 micron. The white spots in the samples, in according to 

EDX results, are iron left by the catalyst. Both of these samples bear similarity to results found 

by other researchers (Chen & Shao, 2016). Furthermore, neither of these samples were considered 

for the next stage of testing as they did not fulfil the criteria of having particles close to nanosize, 

as defined earlier. As for Figure 3c, this sample exhibits a morphology of relatively small particle 

size with a spherical shape of about 600–630 nm, whereas Figure 3d shows an average particle 

size of up to 900 nm. Accordingly, both Samples 3 and 4 were used for the DSSC device 

fabrication. As for Sample 5, no good representation of the secondary electron image was 

obtained: the sample had a very large particle size, so it was excluded from further examination. 

Nanoparticles should have better electro-catalytic properties than those of graphite because the 

most active site in which the catalytic process is conducted on the carbon material would be at 

the edges (Li et al., 2008a). Thus, the smaller the size of the particles of carbon, the greater its 

catalytic activity and the better its conductivity (Chen & Shao, 2016). Another reason why both 

sucrose and table sugar can turn into fine-sized particles is due to the purpose of the pyrolysis 

process itself, which is to decompose the chemical structure of organic matter through a heating 

process with little or no oxygen to gas phase. However, since the pyrolysis temperature was 

relatively high, carbonization took place. In this case, the table sugar and sucrose decomposed, 

leaving carbon as a residue. With regard to Samples 1 and 2, which used sugar precursors, it 
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seems that the sugars did not form small particles during the heating process because of an 

incomplete decomposition process. In Sample 3, the small particle size is presumed to have been 

caused by the preheating treatment. The organic molecules in the sugar decompose due to the 

combustion during the preheating treatment of 300°C for 1 hour. In this instance, there would be 

a change from C12H22O11 to carbon and water vapor. At this early stage of heating, carbonization 

has also begun to occur and the size of the carbon particles is reducing. Thus, when the pyrolysis 

stage took place, the carbonization continued to occur during the next stage of the process, 

causing the size of the previously formed carbon particles to reduce even further. 

 

 

Figure 3 Secondary electron images of sample morphology: (a) Sample 1; (b) Sample 2; 

(c) Sample 3; and (d) Sample 4 

 

As has been mentioned previously, based on the SEM results, the samples having particles close 

to nanosize were further considered in the fabrication of a DSSC device, in this instance, Samples 

3 and 4. The properties of the carbon pyrolyzed from both table sugar and sucrose in the DSSC 

device were examined through an I-V curve characteristic and the results are given in Figure 4. 

As seen in Figure 4, the current-voltage curve characteristic of the DSSC device that uses carbon 

from Sample 3 exhibits a current density much larger than that of Sample 4. Details of the data 

are presented in Table 3. As a comparison, the results of a DSSC device using platinum paste as 

a counter electrode (Sofyan et al., 2017) are also presented in this table.  

This finding is in agreement with the research of others which demonstrated that reducing the 

dimensions of carbon black will cause an increase in its electro-catalytic properties, leading to an 

increase in the PCE value of the DSSC (Chen & Shao, 2016). In terms of efficiency, this current 

result (3.239%) is still lower than that of the DSSC that uses platinum as a counter electrode 

(4.024%). However, in terms of production costs, a DSSC with this form of carbon would be one 

of the candidates worthy of consideration as a cheap Pt-less counter electrode. 

a b 

c d 
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Figure 4 I-V curve of the DSSC device using carbon pyrolyzed from table sugar (Sample 3) as a 

counter electrode. Inset is detail of the I-V curve of the DSSC device using carbon pyrolyzed from 

sucrose (Sample 4) as a counter electrode. 

 

Table 3 Power conversion efficiency (PCE) of the DSSC device with a counter 

electrode using platinum paste, carbon pyrolyzed from table sugar (Sample 3), and 

sucrose (Sample 4) 

 Table Sugar Sucrose Platinum* 

Ioc (mA) 3.006 0.032 10.280 

Voc (volt) 5.000 5.000 4.800 

Imax (mA) 2.729 0.025 10.060 

Vmax (volt) 1.180 1.400 0.400 

FF 0.214 0.213 0.082 

PCE % 3.239 0.041 4.024 

  *Source: Sofyan et al., 2017 

 

4. CONCLUSION 

In this study, DSSC devices have been successfully fabricated using carbon pyrolyzed from the 

low-cost resources of table sugar and sucrose as counter electrodes. The results show that carbon 

with particles close to nanosize could be obtained using table sugar as a precursor by preheating 

to 300°C for 1 hour without the addition of a catalyst (600−630 nm), and using sucrose with the 

addition of a catalyst (900 nm). The DSSC device fabricated from the carbon produced using 

table sugar as a counter electrode exhibited a PCE of 3.239%, whereas the carbon resulting from 

the use of sucrose as a counter electrode demonstrated a PCE of only 0.04%. 
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