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Abstract: Platinum (Pt) is the most commonly used counter electrode material for DSSCs. However, as Pt is a noble metal and
expensive, researchers have tried to replace the Pt counter electrode with a variety of materials. In this study, graphene oxide (GO)
powders were added to solvents of different polarities as precursor solutions for the counter electrode. The solvents were deionized
water, dimethylformamide, isopropanol, and chlorobenzene in descending order of polarity. The prepared GO precursor solutions
were coated on the Florine doped Tin Oxide (FTO) glass substrate via spin coating, then coated substrate subjected to thermal
reduction reaction to obtain reduced graphene oxide, which was used as the counter electrode of the DSSC. The photoelectric
conversion efficiency (PCE) of DSSC using deionized water as the dispersing solvent was 2.70%, which was five times higher than
that of DSSC using chlorobenzene.
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1. Introduction

The research on solar cells focuses on converting solar energy into electrical energy by using the photovoltaic effect and is
divided into crystalline material solar cells, thin film solar cells, organic and polymer cells, hybrid solar cells, and dye-sensitized
solar cells (DSSC) depending on raw materials used [1]. Recently, silicon solar cell is the most common and available in the market.
Its manufacturing process is similar to a semiconductor, which allows excellent photoelectric conversion efficiency, fast mass
production, and high yield. However, the cost of silicon solar power generation and the energy consumed in the production are still
much higher than conventional electricity production, so the development of low-cost and high-efficiency solar cells has become
the aim of related research all the time. Among various types of solar cells, DSSC has the advantages of low-cost, simple process,
and less process equipment, which meets the expectations of researchers.

The general DSSC structure is shown in Fig. 1. Florine-doped Tin Oxide (FTO) glass is used as the substrate as it is transparent
and conductive, and TiO» nanoparticle was used as photoanode. The porous structure of the photoanode is conducive to adsorbed
dye. The prepared TiO» photoanode and counter electrode (based on platinum and RGO) were sealed with a thermal shrink film as
a spacer, and then the electrolyte was filled to complete the DSSC device. The working principle of DSSC consists of four basic
steps: light absorption, electron injection, transport carrier, and current collection [2].
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Fig. 1. Schematic diagram of the basic structure of DSSC.

The role of the counter electrode in the DSSC is to accept and transfer electrons into the electrolyte. Thus, it is important to
have an efficient catalyst. As a counter electrode, Pt is the most commonly used. In order to reduce the use of noble metals and the
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cost of fabricating DSSCs, researchers have tried to replace noble metals to manufacture counter electrodes with various materials
such as carbon, alloys, conducting polymers, and other composite materials [3]. The two-dimensional nature of graphene allows for
faster conduction to charge than other materials. Its unique honeycomb structure provides excellent electrical conductivity and low
resistivity for DSSC applications. Graphene also has been used in fabricating DSSC because of its excellent electrical, optical, and
mechanical properties. Graphene was first used to replace FTO in working electrodes in 2008 and has been used to improve TiO;
layers and its electrolyte transport. Recently, it is replacing Pt [4]. Reducing graphene oxide is the most promising method for the
mass production of graphene. Graphene oxide is exfoliated in water by various methods, such as sonication, strong oxidants, or
intercalation compounds, resulting in stable graphene oxide suspensions [5-7]. Graphene oxide is obtained by chemical,
electrochemical, or thermal reduction, and the resulting material is named reduced graphene oxide (RGO). The structure and
properties of graphene are intermediate between graphene oxide and pristine graphene, depending on the degree of reduction and
initial structure of graphene oxide [8—10].

This study was carried out to investigate the effect of different solvents for dispersion in graphene oxide solution and preparing
the solution into reduced graphene oxide which is used as a counter electrode of DSSC. The graphene oxide solution was coated on
the FTO glass substrate by spin coating method to form the graphene oxide on it by simple thermal reduction to form an RGO film.
The effects of different dispersion solvents on DSSC were also studied.

2. Materials and Methods
2.1. Materials

The materials used in this study included FTO glass (6 Q/square), TiO» (P25), methanol (CH30H, 99%), ethanol (C,HsOH,
95%), acetone (CH3COCH3, 99.9%), dimethylformamide (DMF, C3H;0, 99.8%), chlorobenzene (CB, CsHsCl, 99.5%), isopropanol
(C3Hz0, 99.9%), tert-butyl alcohol (99.9%), DMPII (98%), iodine (99.9%), 3-methoxypropionitrile (98%), 4-tert-butylpyridine (tBP,
99%), N3 dye, ionomer resin (60 pm), and graphite oxide (GO, C > 45 wt%, O > 45 wt%)).

2.2. DSSCs Preparation
2.2.1. Preparation of Substrate

First, two pieces of FTO glass (1.5 cm x 3.0 cm) were prepared and used as the counter electrode which was drilled to make a
hole. Second, the FTO glass was cleaned with alcohol to remove dust and glass fragments from its surface. Third, the glass was
immersed in acetone, methanol, and deionized water successively and was treated with ultrasonic for 5 min. Finally, the glass was
taken out and dried with a nitrogen duster gun and in an oven to dry the residual water.

2.2.2. Preparation of Working Electrode

Working electrodes in this study were prepared according to the following process. First, 10 wt% TiO» paste was prepared to
contain TiO, nanoparticles, tert-butanol, and deionized water which were mixed in a ratio of 1.7078 g, 12 ml, and 6 ml, respectively.
Then, the TiO, paste was stirred at 300 RPM for at least 12 h. The TiO paste was coated on the FTO glass by the doctor blade
method and pressurized with a hydraulic press machine after the film was completely dried. Finally, the coated FTO glass was
annealed at 150 °C for 1.5 h, then stayed at 450 °C for 0.5 hours, and finally soaked in N3 dye for at least 4 h to complete the
preparation.

2.2.3. Preparation of Counter Electrode

First, 1 wt% GO solutions using different dispersion solvents (deionized water, DMF, isopropanol, and chlorobenzene) were
prepared. Then, the GO solution was coated on the FTO substrate via spin-coating, then heated to 90 °C to evaporate the dispersion
solution, and then the coated FTO substrate was heated under 450 °C for 15 min to complete the preparation.

2.2.4. DSSC Assemble

First, the photoanode and counter electrode were sealed together. Secondly, an electrolyte was injected into the hole of the counter
electrode. Then, the hole was sealed with glass, and silver conductive epoxy adhesive was applied on the photoanode and the counter
electrode to complete the DSSC assemble.
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3. Results and Discussions

Fig. 2 shows shaken GO solutions using different dispersion solvents of deionized water (DI), DMF, isopropanol, and
chlorobenzene. The GO solution with DI water clung to the bottle and was thicker than other solutions. The GO solution in DMF
showed uniformity, which implied better film morphology and thickness as a counter electrode of DSSC. However, the GO solutions
in isopropanol and chlorobenzene were less homogeneous than the other two solutions.
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Fig. 2. GO solution in different solvents such as deionized water, DMF, isopropanol, and chlorobenzene.

The DSSC measurement data using different parameters in Tables 1-3 showed that the DSSCs fabricated with 1.00 wt% GO
content, a spin coating speed of 2000 RPM, and a thermal reduction temperature of 450 °C had the highest photoelectric conversion
efficiency. Therefore, these three process parameters were chosen for the follow-up process.

Table 1. J-V characteristics of DSSC using different GO contents.

GO Content (Wt%) Voc (V) Jsc (mA/em?) F.F. (%) 1 (%)
0.25 0.75 8.646 18.201 1.18
0.50 0.72 8.608 24.079 1.50
0.75 0.74 9.187 24.912 1.70
1.00 0.71 7.644 33.314 1.81
1.50 0.72 6.745 29.040 1.41

Table 2. J-V characteristics of DSSC using different spin coating speeds.

Rotating Speed (rpm) Voc (V) Jsc (mA/cm?) F.F. (%) n (%)
1000 0.72 12.239 14.289 1.25
2000 0.72 11.575 17.737 1.48
3000 0.72 11.768 14.891 1.26

Table 3. J-V characteristics of DSSC using different reduction temperatures.

Thermal Reduction

Temperature (°C) Voc (V) Jsc (mA/em?) F.F. (%) 1 (%)
400 0.62 8.557 25.976 1.36
425 0.55 8.412 29.506 1.37
450 0.71 8.696 29.774 1.83
475 0.65 9.429 25.723 1.58
500 0.70 8.079 23.406 1.33

Fig. 3(a—d) shows the real images and Fig. 3(e—h) presents the SEM images of RGO films fabricated using different dispersion
solvents. The RGO in DI water as a dispersion solvent had the most uniform morphology, while that in DMF and isopropanol had
high transparency but uncertain uniformity. The RGO in chlorobenzene had small particles in it, which means that the RGO formed
agglomeration (Fig. 3(a—d)). The SEM images reveal that the RGO film in DI water as a dispersion solvent had the most uniform
morphology, while the RGO film in isopropanol and chlorobenzene had a few agglomerations (Fig. 3(e-h)). The RGO film in
chlorobenzene formed an accumulation of agglomerations.
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Fig. 3. (a—d) are the real scale photographs and (e—h) are SEM images of RGO films based on (a), (e) DI water; (b), (f) DMF; (c),
(g) isopropanol; (d), (h) chlorobenzene as dispersion solvent, respectively.

In order to observe the agglomeration of the RGO films better, X-ray energy dispersive spectroscopy (XEDS) was used to
confirm the composition of the films (blue represents carbon). Fig. 4 shows that when the polarity decreased, the agglomerated
particles became larger, which impacted the surface area of the RGO film.
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Fig. 4. SEM images of RGO films based on (a) DI water, (b) DMF, (¢) isopropanol and (d) chlorobenzene as dispersion solvent,
respectively.

The properties of each solvent are described in Table 4 [11]. The polarity of DI water is the highest, followed by DMF,
isopropanol, and chlorobenzene. According to the above results, the RGO film formed by the solution with higher polarity has better
morphology than the solution with lower polarity.

Table 4. Dielectric constant of DI water, DMF, isopropanol, and chlorobenzene.

Solvent Dielectric Constant
Deionized water 78.3
DMF 38.3
Isopropanol 20.2
Chlorobenzene 5.62
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The RGO film formed by GO raw material in DI water as a dispersion solvent was photographed by transmission electron
microscope (TEM) to observe its structure. Although the thermally reduced RGO film structure was transformed into a more ordered
and grainier one, the RGO fabricated in this study was heavily oxidized (Fig. 5) [10]. The structure was still different from the
expected graphene hexagonal honeycomb structure. The reduction effect of the RGO film prepared at a thermal reduction
temperature of 450°C was not as expected. Therefore, the photoelectric conversion efficiency of DSSC made of GO and RGO was
validated, and the photoelectric conversion efficiency was used to infer whether its catalytic effect was effective.

Fig. 5. TEM images of (a) GO raw material and (b) RGO.

The results in Fig. 6 and Table 5 present that although the thermally reduced film was not transformed into the expected
graphene hexagonal honeycomb structure, the photoelectric conversion efficiency after encapsulating the GO and RGO counter
electrodes into DSSC was significantly different. The photoelectric conversion efficiency of DSSC fabricated with GO counter
electrode was almost zero, while the photoelectric conversion efficiency of DSSC fabricated with thermally reduced RGO counter
electrode reached 2.70%. This allowed better catalytic activity and electrical conductivity of RGO than those of GO, which
effectively improved Jsc and photoelectric conversion efficiency.
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Fig. 6. J-V curves of DSSC based on GO/RGO counter electrodes before and after thermal reduction.

Table 5. J-V characteristics of DSSC using GO/RGO counter electrodes before and after thermal reduction.

Voc(V) Jsc (mA/em?) F.F. (%) 1 (%)
RGO 0.74 10.001 36.275 2.70
GO 0.50 0.684 43.000 0.0001
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Fig. 7 and Table 6 show the EIS measurement results after using different dispersion solvents to make the counter electrode
and encapsulate it into DSSC.
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Fig. 7. Nyquist plots of DSSC based on (a) DI water, (b) DMF, (c) isopropanol and (d) chlorobenzene as dispersion solvent,

respectively.

Table 6. Electrochemical impedance characteristics of DSSC using RGO counter electrodes before and after thermal reduction.

Dispersing Solvent Rs (©2) Rco (£2) Rk (2) Ro () Ketr (s) Teff (MS)
Deionized water 14.3 44.7 115.4 22.6 37.24 26.8
DMF 16.9 38.4 82.34 30.2 37.24 26.8
Isopropanol 13.8 33.9 68.81 27.2 37.24 26.8
Chlorobenzene 17.6 58.5 45.90 329 4152.7 0.24

The Rs, Rgo, Rk, Kesr, Rp, and 1esr stand for series resistance of wires and bulk, the resistance of charge transit at counter
electrode/electrolyte interface, the resistance of electron-hole recombination, the resistance of ion diffusion in the electrolyte, the
effective rate constant for recombination of the electron and electron lifetime, respectively [12,13].

Table 6 depicts that although the Rgo value of the counter electrode based on DI water had the second highest among the four
solutions, while Rk value was the highest (115.4 Q) and Rp was the lowest (22.6 Q). This result implied that the counter electrode
based on DI water had the most uniform film which improved charge transit. According to the above results, it is inferred that the
counter electrode of DSSC made of DI water had the highest efficiency.

Among the dispersing solvents, DI water had the highest Rgo value of 44.78 Q, while isopropanol had the lowest Rgo value
of 33.93 Q. Such a difference may be related to the total surface area of the RGO film as shown in Figs. 3 and 4. When the surface
area increases, the Rgo value decreases, and the agglomerated particles become larger when the polarity is reduced. When using DI
water as a dispersing solvent, there is no more increase in surface area. Dispersion becomes uneven owing to agglomeration caused
by reduced polarity when using DMF or isopropanol as the dispersing solvent. Therefore, the Rgo values of these three polar
dispersing solvents were inversely proportional to polarity magnitude.

Fig. 8 and Table 7 show the photoelectric conversion efficiency of DSSC made with different dispersion solvents. The fill
factor (F.F.) and photoelectric conversion efficiency showed the same trend as the polarity of the dispersion solvent. The F.F. and
photoelectric conversion efficiency of DSSC based on DI water showed the highest polarity as 36.275% and 2.70%, respectively.
Those based on chlorobenzene had the lowest polarity as 11.354% and 0.44%, respectively.
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Fig. 8. J-V curves of DSSC based on RGO counter electrodes using (a) DI water, (b) DMF, (c¢) isopropanol, and (d) chlorobenzene
as dispersion solvents.

Table 7. J-V characteristics of DSSC based on RGO counter electrodes using different dispersion solvents.

Dispersing Solvent Voc (V) Jsc (mA/cm?) F.F. (%) n (%)
Deionized water 0.74 10.001 36.275 2.70
DMF 0.74 9.690 16.924 1.21
Isopropanol 0.72 11.470 13.810 1.15
Chlorobenzene 0.70 5.524 11.354 0.44

4. Conclusions

The photoelectric conversion efficiency can be effectively enhanced by changing the polarity of the dispersion solvent in the
counter-electrode precursor solution. The photoelectric conversion efficiency of DSSC based on DI water as a dispersing solvent
was 2.70%, which was 513% higher than that of DSSC based on chlorobenzene as dispersing solvent, which is 0.44%. However,
such a high improvement in the photoelectric conversion efficiency was attributed to the polarity of the dispersing solvent, which
caused the agglomeration of the RGO films to varying degrees. The smaller the polarity of the dispersing solvent, the larger
agglomerated crystals and the difference in the surface area of the film. The polarity of DI water was the largest compared to other
dispersing solvents. Therefore, using DI water as the dispersion solvent had the best coating result and the highest surface area,
resulting in a slower decrease in short-circuit current compared with other dispersion solvents, so DI water allowed the highest
photoelectric conversion efficiency.
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