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ABSTRACT 
 

In the present study, reduced Graphene Oxide (rGO) was introduced to Titanium Dioxide 
(TiO2) as Electron Transport Layer (ETL) in Perovskite Solar Cell (PSC). TiO2 doped rGO 
(TiO2/rGO) was prepared by doping Titanium (IV) Oxide nanopowder as a precursor for TiO2 
and chemically reduced Graphene Oxide (rGO). The TiO2/rGO was varied with different 
annealing temperature and the effects of electrical, structural and optical on TiO2/rGO of 
PSC were studied. The surface morphologies of TiO2/rGO thin films were characterized via 
X-Ray Diffraction (XRD). Meanwhile, Ultraviolet-visible spectroscopy (UV-Vis) was used to 
characterize the optical properties of TiO2/rGO thin films while current-voltage (I-V) 
analysis was measured by using Keithley Sourcemeter. Structural and morphological 
evidence from XRD results confirmed that the TiO2/rGO samples changes from anatase phase 
to rutile phase as the annealing temperature increased and the average crystalline size of 
TiO2/rGO thin films change with the TiO2 crystalline phase accordingly. The annealing 
temperature of 550℃ exhibits the larger grain size that results in better conductivity, higher 
light absorption and lower bandgap energy. 
 
Keywords: Annealing Temperature, Doping, Perovskite Solar Cell, Titanium Dioxide, 
Reduced Graphene Oxide. 
  
 

1.  INTRODUCTION  
 
Solar energy harvesting has been done substantially through photovoltaic devices as energy 
supply from the sun is reliable, renewable, and sustainable with no worry of depletion [1]. Thin-
film based photovoltaics solar cell such as Copper-Indium-Gallium-Selenide (CIGS), Cadmium 
Telluride (CdTe), Dye-Sensitized Solar Cell (DSSC), Organic Solar Cell and Perovskite Solar Cell 
(PSC) have caught research attention whereas by 2030 photovoltaic are anticipated as the third 
of global electricity generation [2].  
 
Perovskite solar cell has shown an increase in power conversion efficiency (PCE) at a phenomenal 
rate in just seven years as compared to other types of photovoltaics. Perovskite is an organic-
inorganic material that has shown capabilities for the use in light-emitting diodes, sensors, field-
effect transistors and photodetectors [3]. Despite that, further improvement is important to 
optimize and enhance the PSC devices operation, stability and device performance. The aim of 
this research is to construct a photovoltaic device, an organometal halide perovskite solar cell 
with CH3NH3PbI3 as the absorber that coated upon the surface of mesoporous TiO2/rGO.  
 

 

*Corresponding author: rafidahkemat@gmail.com 



Rafidah Kemat, et al. / The Effects of Annealing Temperature Dependence on the Doping… 

422 
 

Throughout the years, anatase TiO2 was found to be the most common material to enhance 
photocatalytic properties of photoanodes in the solar cell due to its long-term thermodynamic 
stability, low cost and relatively non-toxicity [4]. However, the drawback is that anatase TiO2 tend 
to suffer from high recombination rate of electron-hole pairs with wide bandgap 3.2 eV [5].  

 

On the other hand, graphene has been widely used in applications of optoelectronic and photon 
energy conversion due to its unique mechanical and electrical properties [6]. Some research 
studies were conducted and it was reported that rGO nanocomposites were an applicable additive 
for enhancing the charge collection properties in dye-sensitized solar cells (DSSCs), owing to its 
ability to effectively reduced the charge-recombination pathways, decrease the leakage current 
and more recently, TiO2/rGO composite based blocking layer is negatively effecting the energy 
barrier and series resistance between TiO2 [7]. From the literature, it is believed that the 
combination of TiO2 and rGO can improve the performance of PSC. Therefore, in this research, 
rGO was incorporated with TiO2 and used as photoanodes in PSC. The annealing temperature 
from 450ᵒC to 650ᵒC dependence on surface morphologies, optical characteristics and current-
voltage measurements were studied. 
 
 
2. EXPERIMENTAL METHODS 
 
2.1 Materials 

 

Chemicals used throughout the experiment are graphite powder, hydrazine solution, 
dimethylformamide (DMF), titanium Isopropoxide (TTIP), methylammonium lead iodide 
(CH3NH3PbI3), lead (II) iodide (PbI2), lithium bis(trifluoromethylsulfonyl) imide (Li-TFSI), Spiro-
OMeTAD and chlorobenzene purchased from Sigma Aldrich. Potassium permanganate (KMnO4) 
was supplied from R&M Chemicals while sulfuric acid (H2SO4) and hydrochloric acid (HCI) were 
from Fisher Scientific. Phosphoric acid (H3PO4) and hydrogen peroxide (H2O2) were bought from 
Merck. All chemicals were analytical reagents (AR) and have been used without further 
purification. 
 
2.2 Structure of Perovskite Solar Cell 
 

Figure 1 shows the cross-sectional layer of perovskite solar cell that consists of six different 
layers. The first layer is the glass substrate layer, then the compact TiO2 layer. The third layer is 
the electron transport layer (ETL) which is also called mesoporous layer. Next is the perovskite 
absorber layer followed by the hole transport layer (HTL) and the last layer is the metal electrode 
layer.  
 

 
 

 Figure 1. The cross-sectional layer of perovskite solar cell. 
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2.2.1 Cleaning of Glass Substrate Layer  
 

First, the fluorine-doped tin oxide (FTO) glass was immersed in liquid detergent (DECON 90) and 
left overnight. Then, the FTO glass was sonicated in acetone, deionized water and 2-propanol each 
for 10 minutes respectively. The FTO glass was dried using a blower and put inside a UV ozone 
cleaner for 10 minutes. Lastly, for safety and maintaining the cleanliness of the glass, each of the 
FTO glass was placed inside a small and tight container. 
 
2.2.2 Deposition of Compact TiO2 Layer 

 
Titanium Isopropoxide (Ti(OCH(CH3)2)4) or also known as TTIP were used as precursor along 
with absolute ethanol (C2H6O), acetic acid (CH3CO2H), Triton-X-100 and distilled water. 46.53 mL 
of ethanol was added to 2.22 mL of TTIP followed by 1.25 mL of acetic acid, 100 µL of distilled 
water and 50 µL of Triton-X-100 in a beaker. Then, the mixture was stirred at 600 rpm and heated 
at 60ᵒC for 2 hours before left overnight. Next is the deposition step for the TiO2 layer. The 
prepared TiO2 solution was stirred for 10 minutes in room temperature before being deposited. 
After that, the solution was spin-coated on top of the conductive side of FTO glass substrate at 
3000 rpm for 30 seconds by using vacuum spin coater resulting in a sample size of 2 cm × 2 cm. 
Then, the sample was annealed on a hot plate at 100ᵒC for 10 minutes and 450ᵒC for 2 hours in 
the furnace. Lastly, the deposited FTO glass was left to cool down at room temperature. 
 
2.2.3 Electron Transport Layer (ETL) 
 
Titanium Dioxide doped reduced Graphene Oxide (TiO2/rGO) represents the electron transport 
layer with annealing temperatures of 450℃, 550℃ and 650℃. The preparation of the 
mesoporous TiO2/rGO layer is divided into three main parts. The first one was the preparation of 
graphene oxide solution that chemically reduced to form rGO solution. After that, the preparation 
of TiO2 solution before the doping process of TiO2 and rGO. 
 
2.2.3.1 Preparation of Graphene Oxide (GO) 
 
Graphene Oxide (GO) was synthesized by using Improved Hummer’s method. Firstly, 3 g of 
graphite powder was added to a conical flask which contains 18 g of potassium permanganate 
(KMnO4). Then, the solution was stirred continuously by using a glass rod for 60 seconds. In 
another beaker, 360 mL of sulfuric acid (H2SO4) was mixed with 40 mL of phosphoric acid (H3PO4) 
and stirred continuously for 60 seconds. After that, the mixture of H2SO4 and H3PO4 was poured 
slowly into the conical flask which contained graphite powder and KMnO4 earlier. The colour of 
the solution changed to dark green at this stage. The solution was then stirred at 80 rpm and 
heated at 50ᵒC on the hot plate for 12 hours. The mixture was left to cool at room temperature 
for another 9 hours.  
 
Then, the solution was poured in the beaker that contains ice to stop the oxidation of GO. At the 
same beaker, 0.75 mL of hydrogen peroxide (H2O2) was added. The solution was then stirred for 
15 minutes at room temperature. After the colour of the solution changed from dark brown to 
dark purple, the mixture was centrifuged with deionized (DI) water at 6000 rpm for 30 minutes. 
30 minutes was chosen as it’s the most ideal time to perfectly removed the impurities in the 
mixture such as metal ions [22]. The centrifuge process was repeated by using HCl at the same 
speed and time. The resulting solid was dried at 60ᵒC for 2 hours in an oven and 15 mL of DI water 
was added to obtain GO solution.  
 
Next, the GO solution was sonicated using normal mechanical sonication becomes clear without 
particles or residues. The sonication process was carried out at room temperature for 30 minutes. 
Finally, the GO solution was obtained. 
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2.2.3.2 Preparation of reduced Graphene Oxide (rGO) 
 
The synthesized GO solution was used to prepare reduced graphene oxide (rGO) solution that 
chemically reduced by using hydrazine solution. 1 mL of GO solution was added to 50 mL of 
deionized (DI) water and synthesized via reflux method in an oil bath for equilibrium heat. Then, 
17 µL of hydrazine solution was added immediately to the mixture as soon as the stirring and the 
timer started. The solution was stirred on the hot plate at 300 rpm and heated at 80ᵒC for 12 
hours. As a result, rGO was formed in black colour. The solution was then filtered by using filter 
membrane and dried at room temperature for 24 hours to obtain rGO powder. Lastly, 40 mL of 
dimethylformamide (DMF) was added to 0.5 g of rGO powder as a solvent to produce an rGO 
solution.  
 
2.2.3.3 Preparation of Titanium Dioxide (TiO2) Doped reduced Graphene Oxide (rGO) 
 
Titanium dioxide (TiO2) was prepared by using titanium (IV) oxide nanopowder as a precursor 
with the introduction of polyethene glycol in deionized water. To prepare TiO2 solution, 3 g of 
titanium (IV) oxide nanopowder was annealed at 450ᵒC, 550ᵒC and 650ᵒC each for 2 hours 
respectively. For the preparation of 450ᵒC solution, 6 mL of deionized water was added to 2 g of 
polyethene glycol and stirred for 10 minutes at room temperature. Subsequently, 3 g of titanium 
(IV) oxide nanopowder that was annealed at 450ᵒC earlier was added to the solution and followed 
by 5 mL of ethanol, 375 µL of acetic acid and 15 µL of Triton-X-100. After that, the solution was 
stirred and heated on the hot plate at 300 rpm and 40ᵒC for 30 minutes. The same steps were 
repeated for both 550ᵒC and 650ᵒC to obtain three different samples.  
 
Then, the doping process was carried out by adding 0.8 mL of prepared rGO solution into 10 mL 
of the prepared TiO2 solution. After that, the solution was stirred at 500 rpm and heated at 40ᵒC 
for 2 hours and left overnight to suppress the bubble in the solution. TiO2/rGO solution was 
deposited on top of the compact annealed TiO2 layer. The solution was spin-coated at 300 rpm 
for 30 seconds. After that, the deposited FTO substrate was annealed on the hot plate at 100ᵒC 
for 10 minutes and was left to cool down at room temperature. All of the procedures were carried 
out in ordinary air condition. 
   
2.2.4 Deposition of Perovskite Layer 
 
Firstly, 0.494 g of methylammonium iodide (CH3NH3I) was added to 1.447 g of lead (II) iodide 
(PbI2). After that, 1375 µL of ᵧ-butyrolactone analytical standard was added into the solution 
followed by 1125 µL of dimethylformamide (DMF) with the desired molar ratio at 1:1:1. Next, the 
solution was stirred at 300 rpm and heated at 60ᵒC for 1 hour. The procedures were conducted 
in a glove box with very minimal light used in the experimental area as PbI2 was very sensitive to 
light and the solution was very sensitive to humidity. The solution of the perovskite phase was 
then spin-coated on top of the mesoporous TiO2/rGO layer via spin coating method at 2000 rpm 
for 45 seconds and annealed from room temperature to 100°C for 15 minutes. Then, the 
deposited FTO substrate was left at room temperature for the cooling process. 
 
2.2.5 Hole Transport Layer (HTL) 
 
The hole transport layer used was the 2,2’,7,7’-tetrakis-(N, N-di-p-methoxyphenylamine)-9,9’-
spirobifluorene or also known as spiro-OMeTAD. For the first step, 0.52 g of lithium 
bis(trifluoromethylsulfonyl) imide (Li-TFSI) was mixed with 1 mL of acetonitrile. In another 
beaker, 144 µL of 4-tert-butylpyridine was added into 87.5 µL of Li-TFSI that was prepared 
earlier. Then, 0.3615 g of spiro-OMeTAD in 5 ml of chlorobenzene was mixed in the solution. After 
that, the solution was stirred at 300 rpm and heated at 40ᵒC for 12 hours. All of the procedure 
was carried out in a glove box with argon gas. Lastly, the prepared spiro-OMeTAD solution was 
spin-coated at 4000 rpm for 60 seconds then left dried in a desiccator for overnight.  
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2.2.6 Preparation of Metal Electrode 
 
The metal electrode used in perovskite fabrication was the gold (Au) metal contacts. The Au was 
coated by using a gold sputtering machine with aid of homemade mask. The gold sputtering time 
was 180 seconds to maximize the thickness of Au coated on top of the deposited FTO substrate. 
Figure 2 shows the schematic illustration for the perovskite solar cell fabrication. 
 

 
 

Figure 2. Schematic illustration for perovskite solar cell fabrication. 

 
2.3 Characterization 
 

The surface structure of TiO2/rGO was observed by using the PANalytical X’PERT PRO MRD PW 
3040/60 for X-Ray Diffraction (XRD). The scanning rate employed was 0.033 o s-1 in 2Ɵ range from 
20ᵒ to 80ᵒ with Cu-Kα radiation (λ=1.5406 A  ). Then, the optical characterization was evaluated 
by Ultraviolet-visible spectroscopy (UV-Vis, Shimadzu UV-1800). Lastly, the electrical properties 
of perovskite solar cell were characterized by using Keithley Sourcemeter (Model 2450) and the 
measured data were presented as current-voltage (I-V) graph. 
 
 
3. RESULTS AND DISCUSSION 
 

3.1 Surface Structure  
 
Figure 3 shows the XRD patterns of TiO2/rGO nanocomposites at different annealing 
temperatures. The note ‘A’ indicates TiO2 in the anatase phase while ‘R’ means in the rutile phase. 
The main peak at (A101) diffraction peak at 2 = 25.3 along with (A004) and (A200). These peaks 
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matched with the titanium anatase phase represented in International Centre of Diffraction Data 
(ICDD) standard with file no. 03-065-5714 [8]. TiO2 in rutile phase also detected by the main 
(R110) diffraction peak at 2 = 27.2 along with (R101) which matched the rutile phase in ICDD 
standard data with file no. 03-065-1118 [9]. Furthermore, it can be observed that the intensity of 
(A101) peaks becomes weaker as the annealing temperature increase, while the intensity of 
(R110) and (R101) peaks become sharper and stronger. This shows that the annealing 
temperature able to transform TiO2 from anatase to rutile as the temperature increases [17]. Low 
and the team have reported that the rGO diffraction peaks appeared at 2 = 24.5 with (002) 
orientation and at 2 = 44.5 with (001) orientation [10]. It is believed that rGO stacked together 
with TiO2 nanoparticles to form undetectable graphite structure might be due to lower diffraction 
intensity of rGO and therefore, the presence of rGO diffraction peaks cannot be evidence because 
it was superposed by the main diffraction peak of TiO2 at 2 = 25.3.  
 

 
 

Figure 3. XRD patterns of TiO2/rGO at different annealing temperatures (a) 450C, (b) 550C and (c) 650C. 

 
The average crystalline particle size is calculated by applying Scherer expressions: 
 

𝐷 =
0.9 𝜆

𝛽 cos(𝜃)
 (1) 

              
where  is the X-ray wavelength (1.5406 Å-Cu K  radiation),  is the line broadening at half 
maximum intensity (FWHM) and  is the Bragg angle. Table 1 shows the analysis of XRD patterns.  
 

Table 1 Analysis of XRD patterns 

 
Samples 2Ɵ (ᵒ) d-spacing (Ǻ) FWHM Average crystalline size (nm) 

450 ᵒC TiO2/rGO 25.4484 3.4973 0.4324 14.34 
550 ᵒC TiO2/rGO 25.8327 3.4461 0.4645 10.75 
650 ᵒC TiO2/rGO 25.2261 3.5276 0.4119 15.42 

 
The d-spacing obtained were from range 3.44 Ǻ to 3.52 Ǻ which in agreement with previous work 
that states TiO2 at (101) peak recorded d-spacing at 3.52 Ǻ [11; 12]. The smallest crystalline size 
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is 10.75 nm which indicates that 550C TiO2/rGO has the highest crystallinity and excellent 
repeatability compared to other samples [13]. Meanwhile, 650C TiO2/rGO has the largest 
crystalline size which is 15.42 nm due to the increment in temperature-induced grain getting 
along in phase transition from anatase to rutile phase [14]. It can be concluded that 450C 
TiO2/rGO exist in fully anatase crystallographic form meanwhile 650C TiO2/rGO exist in anatase-
rutile crystallographic form.  

 
3.2 Optical Characterization  
 
Figure 4 shows the UV-Vis spectra of TiO2/rGO at different annealing temperatures. There are 
strong peaks in the range 310-330 nm due to incorporation with rGO that leads to the excitation 
of electrons from the valence band (O2p) to the conduction band (Ti3d) during light absorption in 
the ultra-violet region as discussed in previous research [15,16]. The TiO2/rGO absorption 
spectra were illustrated by redshift at 328 nm, 326 nm and 210 nm for TiO2/rGO annealed at 
450C, 550C and 650C which is due to the narrowing of the optical bandgap and lowering the 
energy thus, extrapolating the linear portion of the curve to zero and positioned it in the visible 
region. These results were agreed by some researchers [15,17,18]. It can be observed that 550C 
TiO2/rGO has the highest absorbance among all samples while 650C recorded the lowest 
absorbance. The lowest absorbance is due to the increasing of particle size which may contribute 
to the combined effects of particles and crystallinity [19].  
 

 
 

Figure 4. UV-Vis spectra of 450C TiO2/rGO, 550C TiO2/rGO and 650C TiO2/rGO. 

 
In order to obtain the bandgap, the UV-Vis spectra must be converted into Tauc Plot by using the 
Kubelka-Munk (K-M) formula as the following: 
 
𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸𝑔)2                        (2) 

 
where  is absorbance coefficient, h is the plank’s constant (4.136 x 10-15 eV), A is the constant 
(~1), v is the speed of light (3 × 108 ms-1), Eg is the bandgap energy and n is the indirect allowed 
transition. Table 2 shows the values of the bandgap for all samples. The lowest bandgap is 2.48 
eV which belongs to 550C TiO2/rGO while 650C TiO2/rGO resulted in the highest bandgap of 
2.97 eV. The bandgap obtained for 450C TiO2/rGO and 550C TiO2/rGO are lower than the 
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reported bandgap value for anatase TiO2 of 3.2 eV that implies, the formation of Ti-C and Ti-O-C 
bonds during doping process of TiO2 and rGO [20].  

 
Figure 5. Tauc Plot of TiO2/rGO at different annealing temperatures. 

 
 

Table 2 Energy band gap of TiO2/rGO at different annealing temperatures 
 

Samples  Bandgap (eV) 
450 ᵒC TiO2/rGO 2.50 
550 ᵒC TiO2/rGO 2.48 
650 ᵒC TiO2/rGO 2.97 

 
3.3 Electrical Properties 
 
The I-V plot of perovskite solar cell at different annealing temperature is illustrated in Figure 6. 
The calculated electrical properties are tabulated in Table 3. It can be observed that 550C 
TiO2/rGO shows the highest current at 9.41 mA. From the I-V plot, 550℃ TiO2/rGO also has the 
highest conductivity at 18.83 × 10-3 S/cm. The result obtained is higher than the reported 
conductivity value for pure TiO2 and rGO [21,22]. This results may be due to the effect of  
incorporation of rGO and TiO2. 
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Figure 6. I-V characteristic of TiO2/rGO PSC at different annealing temperature (a) 450C TiO2/rGO, (b) 
550C TiO2/rGO and (c) 650C TiO2/rGO. 

 
Other than that, as TiO2/rGO PSC fabricated with spiro-OMeTAD as hole transport layer, the 
increment in conductivity also attributed to the suppressed charge recombination between 
TiO2/rGO and spiro-OMeTAD [23]. The thick mesoporous TiO2/rGO layer helps to lower the 
possibility of hole transferred to FTO electrode which favouring the electron transportation [24]. 
This leads to reducing the recombination of hole and transport carriers at the PSC interfaces. To 
sum up, the electrical performances obtained are in agreement with theoretical studies whereas 
the doping of rGO in TiO2 with different annealing temperature and its fabrication in PSC will 
increase its photocatalytic performance in photovoltaics.  
 

Table 3 Electrical properties of TiO2/rGO PSC at different annealing temperatures 
 

Samples  Current 
(mA) 

Resistance 
(Ω) 

Conductance 
(10-2 S) 

Resistivity 
(Ω.cm) 

Conductivity 
(10-3 S/cm) 

450℃ TiO2/rGO 6.45 93.023 1.075 77.489 12.91 

550℃ TiO2/rGO 9.41 63.761 1.568 53.114 18.83 

650℃ TiO2/rGO 3.84 156.25 64 130.156 7.683 

 

 
4. CONCLUSION 
 

The study on the effects of TiO2 doped rGO with annealing temperature dependence and its 
fabrication in perovskite solar cell has demonstrated remarkable findings. The effect of annealing 
temperature on structural, optical and electrical properties was studied.  
The phase transition from anatase to rutile at the annealing temperature of 550°C resulted in the 
lowest bandgap energy of 2.48 eV. The incorporation of rGO and TiO2 for photoanode has higher 
conductivity than pure rGO and pure TiO2 that believed can increase the performance of PSC. 
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