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Abstract: Graphene oxide/TiO2(GO/TiO2) nanocomposites with different concentrations of GO were prepared 
by a self-assemble method. The synthesized GO/TiO2 nanocomposites are characterized by X-ray diffraction 
(XRD), scanning electron microscopy (SEM), and transmission electron microscopic (TEM) analysis. Using these 
GO/TiO2 nanocomposites as an electron collection layer a series of solid state perovskite sensitized solar cells 
were fabricated. The photovoltaic properties like short circuit current density and photo conversion efficiency of 
the fabricated device were evaluated. It was noticed that the nanocomposites has significant effects on the 
photovoltaic properties of the device. With increase in the amount of GO in the nanocomposites the short circuit 
current density of the devices increased from 1.79 to 4.65 mAcm-2 and the photo conversion efficiency increased 
from 0.413 to 1.34 %. 
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1. Introduction 

 

Now a days, the growing energy demand can be 
fulfilled to a large extent by utilizing a small fraction 
of solar radiation. Different solar cells such as 
amorphous and nanocrystalline Si [1], inorganic 
compound semiconductors [2], quantum dot solar 
cells (QDSCs) [3], dye-sensitized solar cells (DSSCs) 
[4], organic solar cells (OSCs) [5] and now perovskite-
based meso-superstructured solar cells (MSSCs) [6] 
have been developed to achieve the needs. Evolving 
from liquid electrolyte based DSSCs, solid-state 
perovskite-based solar cells, made by using 
methylammonium lead iodide (CH3NH3PbI3) 
perovskite materials coated upon the surface of 
mesoscopic TiO2 substrates, have shown a very 
promising efficiency. Organo-metal halide 

perovskites with low loss in photovoltaic operation 
have been employed as the absorber layer in hybrid 
solar cells. The organo-metal can be synthesized by a 
simple solution based synthetic route from abundant 
sources like C, N, Pb, and halogens [7]. With large 
absorption coefficient [8], higher carrier mobility [9], 
and direct band gap lead halide inorganic layer is an 
attractive class of materials as light harvesters in 
heterojunction solar cells. 

For the first time Miyasaka and co-workers 
reported a methylammonium lead iodide “perovskite 
sensitized” solar cell by employing a liquid electrolyte 
in a conventional dye-sensitized solar cell (DSSC) 
architecture which gives an efficiency of 3.8 % [10]. 
Perovskite can be used also as an efficient light 
harvester as well as a HTM in the fabricated devices. 
However, to get a better efficiency, HTM is used 
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which collects the holes and transfers them to the back 
electrode. Solar cells employing methylammonium 
lead iodide perovskite absorber materials on 
mesoscopic TiO2 have shown very promising 
efficiency. The conduction and valence band of the 
methylammonium lead iodide injects electron into the 
TiO2 and whole transport to the back contact 
respectively. Now a days, a wide variety of organic 
polymer hole-conductors are used in these perovskite 
solar cells [11-13]. The most outstanding among these 
hole-conducting polymers is spiro-OMeTAD 
(2,2′,7,7′-tetrakis(N,N-di-p-methoxy phenylamine)-
9,9′-spirobifluorene) which gives a very high PCE of 
9.7 % as reported by Kim and his co-workers [14]. 

In many growing technologies, TiO2 has drawn 
special attention with the advantage that it can prevent 
shunting and leakage currents under reverse bias [15]. 
In general, TiO2 coated conductive substrate is used as 
an electron collection layer which plays a very 
important role in thin-film solar cells by facilitating 
selective charge collection. However, these materials 
have some major drawback as it requires high-
temperature processing to increase their crystallinity 
and charge carrier mobility [16]. 

In the meantime, the two dimensional material 
graphene have got numerous fundamental 
development with a number of unique properties. 
Graphene is identified as one of the strongest materials 
with very high thermal and electrical conductivity 
[17]. In addition, graphene possesses high charge 
mobility [18-19] as well as high optical transmittance 
[20-21]. With these unique properties of graphene, it 
find diverse field applications like photovoltaics, 
photocatalysis, nanoelectronics, sensors, etc. [22-24]. 
With the introduction of graphene in TiO2 based 
nanocomposites, the strong interfacial interaction 
among the components facilitated the high 
conductivity and better electrical properties of such 
materials [25-27]. 

Inspired from the foregoing discussion, we have 
developed a series of nanocomposites based on 
graphene oxide (GO) and nano TiO2. The synthesized 
GO/TiO2 then employed as the electron selective 
contact to fabricate organo metal halide perovskite 
solar cell. The photovoltaic properties like short circuit 
current density and the photo conversion efficiency of 
the fabricated device were evaluated as a function of 
GO content. 

 
 

2. Experimental Section 
 

2.1. Reagents 
 

Sodium nitrate (NaNO3), potassium permanganate 
(KMnO4), sodium dodecyl sulfate 
(CH3(CH2)11OSO3Na) (Merck), TiCl3 (Merck), 
Sodium sulfate (Na2SO4), Hydrogen peroxide (H2O2) 
were purchased from Merck India.Methylamine 
(aqueous, 40 %), hydroiodic acid (aqueous, 57 %), 
ITO-coated glass, PbI2&DMF, P3HT, Graphite 
powder were purchased from Sigma Aldrich India. 

2.2. Synthesis of GO/TiO2 Nanocomposites 
 

2.2.1. Synthesis of Graphene Oxide 
 
Graphene oxide was synthesized from natural 

graphite by using Hummers method [28]. Briefly, the 
method is graphite (5 g), NaNO3 (2.5 g) and H2SO4 
(120 mL) were mixed in a 500 mL beaker and the 
mixture was stirred vigorously in an ice bath for 
30 min. Under constant stirring 15 g of KMnO4 was 
added to the above suspension in a very controlled way 
so that the reaction temperature remains below 20 °C 
The mixture was kept under stirring for 12 h at room 
temperature, followed by the addition of 150 mL of 
distilled water and kept for 24 h under constant 
stirring. Then 50 mL of 30 % H2O2 was added to the 
mixture and stirred for another 6 h. Finally, the 
obtained product was washed with 5 % HCl and 
followed by distilled water so that the pH of the filtrate 
becomes 7 and dried in vacuum oven. The obtained 
graphene oxide was then dispersed and exfoliated in 
deionized water by using an ultrasonic bath for 40 min. 
The obtained graphene oxide suspension was then 
used for the synthesis of GO/TiO2 composites. 

 
 

2.2.2. Synthesis of Graphene Oxide/TiO2 
Composites 

 
GO/TiO2 composites were synthesized by a 

previously reported self-assembly method [29]. The 
graphene oxide suspension (1.3 gL-1) as obtained was 
diluted with water and sodium dodecyl sulfate was 
added. To this mixture an aqueous solution of TiCl3 
(0.12 mol L-1) was added and kept for 1 h under 
constant stirring. To the mixture, 10 ml of 0.6 M 
Na2SO4 solution and 5 mL of 1 wt % H2O2 solution 
was added and continued stirring for another 1 h at  
90 C. The final precipitates of the reactions were 
separated and washed with water and ethanol and then 
dried at 70 C. Finally, the dried product was 
calcinated at 400C for 2 h. Four sets of GO/TiO2 
nanocomposites viz. GO/TiO2-A, GO/TiO2-B, 
GO/TiO2-C & GO/TiO2-D having GO wt% of 0.25, 
0.5, 1 & 2.5 respectively were synthesized by taking 
different amounts of graphene oxide, water and 
sodium dodecyl sulfate accordingly. The compositions 
of the prepared GO/TiO2 nanocomposites are given in 
Table 1. 

 
 

Table 1. The compositions of the prepared GO/TiO2 
nanocomposites. 

 

TiO2 
GOTiO2-A
(0.25 wt%)

GOTiO2-B 
(0.5 wt%) 

GOTiO2-C 
(1 wt%) 

GOTiO2-D
(2.5 wt%) 

GO 
(ml) 

1.85 3.7 7.4 18.5 

SDS 
(ml) 

0.11 0.22 0.44 1.1 
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2.3. Synthesis of Methylammonium Iodide 
 
Methylammonium iodide was synthesized by 

reacting 10 mL of methylamine (40 %, aqueous) and 
10.8 mL of hydroiodic acid (57 %, aqueous) in a round 
bottom flask under constant stirring at 0 C for 2 h. 
The product of the reaction was recovered by 
evaporating the solvents at 50 °C in a rotary 
evaporator. The obtained yellowish product was then 
washed three times with diethyl ether and dried. The 
whitish solid was collected and dried in a vacuum oven 
at 60 C for 24 h [30]. 

 
 

2.4. Fabrication of the Perovskite Based  
Solar Cells 

 
The ITO-coated glass substrate was cleaned before 

fabrication by ultrasonicating in detergent and 
deionized water followed by treating with boiled 
acetone and isopropanol and dried in air. There after a 
thin compact blocking layer of GO/TiO2 composites 
were spin coated (2000 rpm for 60 seconds) onto the 
ITO film followed by annealed at 200 C for  
60 minutes. The synthesis of methylammonium lead 
iodide on the TiO2 composite layer was carried out by 
spin coating the precursor solution at 2000 rpm for  
60 seconds, which was prepared by dissolving the 
equimolecular mixture of CH3NH3I and PbI2 in DMF 
under glove box conditions. Then the film was 
annealed at 100 C for 45 minutes in a hotplate. The 
change of color of the film upon drying confirms the 
formation of methylammonium lead iodide. The 
P3HT layer was then spin coated by employing the 
P3HT/Chlorobenzene solution (20 mg mL-1) at 
1500 rpm for 45 seconds. Finally, the fabrication was 
completed by the counter electrode deposition on the 
prepared film by thermal evaporation of aluminium at 
a pressure of 2×10-5 Pa. The active area of the 
fabricated solar cells was assessed and found to be 
0.04 cm2. The photovoltaic characteristics of the 
fabricated solar cells were evaluated with the help of a 
Keithley SourceMeter and under illumination  
with a simulated (AM 1.5) solar light at 1 sun 
(100 mW cm−2). 

 
 

2.5. Measurements 
 

2.5.1. X-ray Diffractometer (XRD) 
 
The XRD measurements were carried out in a 

Rigaku X-ray diffractometer (Miniflex, UK) using 
CuKα (λ=0.154 nm) radiation at a scanning rate  
of 2° min-1 with an angle (2θ) ranging from 10° to 80° 
to study the structural characteristics of the 
synthesized nanocomposites. 

 
 

2.5.2. Ultraviolet-visible (UV-vis) 
Spectroscopy 

 
The optical property of MWCNT@TiO2 

nanocomposites were measured by using UV-Visible 
diffuse reflectance spectra in the range 200–800 nm 
using Shimadzu UV-2550 UV–visible 
spectrophotometer.  

 
 

2.5.3. Scanning Electron Microscopy (SEM) 
 
The surface morphologies of the prepared samples 

were studied by using a Jeol-JSM-6390L V scanning 
electron microscope at an accelerating voltage of  
5-15 kV. The surface of the samples was Pt-coated 
before the scanning.  

 
 

2.5.4. Transmission Electron Microscopy 
(TEM) 

 

To study the distribution of the of particles within 
the nanocomposites, TEM analysis was done in a 
JEOL, JEM 2100 transmission electron microscope at 
an accelerating voltage of 200 kV. 

 
 

2.6. Photovoltaic Test 
 

The photocurrent voltage characteristics curves of 
the fabricated gel electrolyte based DSSCs were 
carried out using a 100 mW cm-2 xenon arc lamp in 
ambient atmosphere. The performance parameters of 
the fabricated devices i.e. the cell fill factor (FF) and 
cell power conversion efficiency (Ƞ) were calculated 
by following Eqn. (1) and Eqn. (2) respectively. 

 

FF ൌ
J୫ୟ୶ ൈ V୫ୟ୶
Jୱୡ ൈ V୭ୡ

, (1) 

 

Ƞሺ%ሻ ൌ
FF ൈ Jୱୡ ൈ V୭ୡ

P୧୬
	ൈ 100, (2) 

 

where Vmax and Jmax are the maximum current density 
and voltage respectively at the point of maximum 
power of the photocurrent density versus voltage plot. 
Jsc is the short circuit current density (mA cm-2), Voc is 
the open circuit voltage (V) and Pin is the intensity of 
the incident white light. 

 
 

3. Results and Discussions 
 

3.1. UV-Visible Analysis 
 

To study the optical property of the prepared 
GO/TiO2 nanocomposites, UV-Visible analysis was 
recorded in the range of 200-800 nm and the spectra 
are shown in Fig. 1(a).  
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Fig. 1(a). UV-vis absorption spectra for TiO2 
and GO@TiO2 nanocomposites. 

 
 

 
 

Fig. 1(b). Tauc’s plot for optical band-gap calculation 
for TiO2 and GO@TiO2 nanocomposites. 

 
 

All the nanocomposites shows the same absorption 
profile with a steep absorption edge at around 400 nm 
which are in the UV region of electromagnetic 
radiation which is caused by the bonding effect 
between GO and TiO2. This kind of typical absorption 
in the UV region can be attributed to the intrinsic band 
gap absorption of TiO2 resulting from the electron 
transition from the valance band to the conduction 
band of TiO2 [31]. The presence of different amounts 
of GO in the nanocomposites significantly influences 
the optical properties of the material. The light 
absorption intensity for the GO/TiO2 nanocomposites 
is observed to be increased with increasing GO 
content. In addition, a peak broadening is also noticed 
with increasing GO content.  

Optical band gap calculations are carried out using 
the Tauc’s relationship. The Tauc’s equation for band 
gap calculations is described as, 

 
ሺɑhʋሻଵ/୬ ൌ Cሺhʋ െ E୥ሻ, (3) 

 

where ɑ is the absorption coefficient of the solid at a 
certain value of wavelength λ, h is the Planck’s 
constant, C is the proportionality constant, ʋ is the 
frequency of light, Eg is the band gap energy and n=1/2 
for direct allowed band gap. Fig. 1(b) shows the 
relationship of (ɑhʋ)1/2 vs photon energy (hʋ=1239/λ) 
for TiO2 and also the GO/TiO2 nanocomposites. 

It shows that the band gap for the bare TiO2 is 
3.20 eV, whereas the band gaps for GO/TiO2 
nanocomposites are 3.06, 3.0, 2.89 & 2.84 eV 
corresponding to GO/TiO2-A, GO/TiO2-B,  
GO/TiO2-C & GO/TiO2-D respectively. This result in 
turn supports the qualitative observation of a red shift 
in the absorption edge of GO/TiO2 nanocomposites as 
compared to the bare TiO2. There is a possibility that 
some of the unpaired π electrons of GO can bonded 
with the free electrons present on the surface of TiO2 
nanoparticles to form Ti-O-C structure, resulting in the 
shifting of valence band and reduction in the band  
gap [32]. 

 
 

3.2. Powder X-ray Diffractometer (XRD) 
 
The X-ray diffraction patterns for the GO and the 

GO/TiO2 composites with different weight % of TiO2 
are shown in Fig. 2.  

 
 

 
 

Fig. 2. XRD patterns of GO, GOTiO2-A, GOTiO2-B, 
GOTiO2-C & GOTiO2-D. 

 
 

The neat GO exhibits a broad scattering peak at 2θ 
value of 11.5° corresponding to the plane (001) with 
an interlayer spacing of 7.43 Å [33]. The observed 
XRD patterns of the GO/TiO2-A, GO/TiO2-B, 
GO/TiO2-C & GO/TiO2-D represents the pure anatase 
phase of TiO2 which is in turn confirmed by the 
reported JCPDs [34]. The reflection of (001) 
diffraction plane of GO is not observed in the XRD 
pattern of GO/TiO2 composites which can be 
attributed to the fact that the regular stack of GO is 
disturbed by the intercalation of anatase TiO2 [39, 41]. 

Thus, the XRD pattern of the GO/TiO2 composites 
confirms the homogeneous distribution of anatse TiO2 
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within the GO stacks. Furthermore, the existence of 
grapheme oxide in GO/TiO2 nanocomposites can be 
clearly elucidated by Raman analysis. 

 
 

3.3. Raman Spectra 
 

Raman spectroscopy is a powerful tool to analyze 
the crystalline quality of the carbon and the defect 
mediated peaks. Fig. 3 shows the Raman spectrum of 
GO (inset graph in Fig. 3) and GO/TiO2 
nanocomposite. In the Raman spectrum first order 
dominant vibrational modes, D band 1351 cm-1 
corresponds to the A1g symmetry mode of sp3 carbon 
indicates about the order or disorder in the system [34] 
and G band 1599 cm-1 corresponds to the vibrational 
mode of sp2 carbon provides information about the 
doubly degenerate E2g mode of the Brillonium zone 
centre [35].  

 
 

 
 

Fig. 3. Raman Spectra for GO and GO@TiO2-C 
nanocomposite. 

 
 

The second order vibrational bands, 2D1 & 2D2 
arises at 2717.36 cm-1 & 2928.62 cm-1 respectively 
originates from a two phonon double resonance 

Raman process and provides information on the 
stacking order of graphene with no of layers and shows 
often a doublet with increasing no of graphene layers. 

Another overtone weak band 2D/ is observed at 
3194.23 cm-1 [36]. The intensity of G band is stronger 
than D band. In plane crystallite size, La can be 
calculated from the intensity ratio of the G band to the 
D band by using the formula, La= 4.4 (LG/LD). The 
obtained La value is 4.89, [38] from this it can be 
concluded that the sample contains highly disordered 
and randomly arranged graphene sheets. The shape of 
the 2D band is sensitive to the no of layers of graphene 
and chemical doping. When GO combines with TiO2, 
the crystal structure of carbon changes obviously. 
There are four specific vibration modes are located at 
around 141 (E(g1)), 391 (B1g(1)), 514 (A1g+B1g(2)) 
& 634 cm-1 (Eg(2)) indicating the presence of the 
anatase phase of TiO2 in the sample [39]. 

 
 

3.4. The Morphological Study of the Samples 
 

3.4.1. SEM Analysis & EDX 
 

The surface characteristics of the GO and the 
GO/TiO2 nanocomposites are investigated with SEM 
analysis and the micrographs are shown in Fig. 4. For 
the pure GO a flat multilayered structure with stacked 
GO sheets is observed at higher magnifications 
(Fig. 4(a)) [40]. After introducing TiO2 into the GO 
sheets (Fig. 4(c)), the SEM micrograph shows that the 
flat layered structure of the GO is disappeared and a 
rough surface morphology of the GO/TiO2 
nanocomposites is noticed. The change in the 
morphology of the GO/TiO2 nanocomposites from the 
pure GO can be attributed to the successful 
incorporation of TiO2 into the GO sheets. The energy 
dispersive X-ray spectrum (EDX) of the GO sheets 
and GO/TiO2 nanocomposites indicates the successful 
distribution of TiO2 nanoparticles into the GO sheets 
(Fig. 4(b) and Fig. 4(d)). The introduction of TiO2 into 
the GO is confirmed from the elemental typical 
mapping images of titanium, oxygen and carbon. 

 
 

 
 

Fig. 4. SEM images & of EDX-spectrum of the GO (a & b) and GO@TiO2-D nanocomposite (c & d). 
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3.4.2. TEM Analysis 
 

The TEM micrographs of pure GO and GO/TiO2 
nanocomposites (GOTiO2-D) are shown in Fig. 5. 
Layered and flake like structure with some wrinkles 
are observed in TEM micrographs of pure GO 
(Fig. 5(a)). The TEM micrographs of GO at high 
magnification (Fig. 5(b)) shows a completely 
amorphous and disordered structure [41]. A well 
dispersed TiO2 nanoparticles on the surface of GO 
sheets are observed form the TEM micrographs of the 
nanocomposites Fig. 5(c & d). Moreover, the TiO2 
nanoparticles are homogeneously and closely 
dispersed on the GO sheets and thereby facilitate the 
electron transfer process in the solar cells. 

 
 

 
 

Fig. 5. TEM micrographs of the GO (a & b) 
and GO@TiO2-D nanocomposite (c & d). 

 
 

3.5. Photovoltaic Performance of the 
Fabricated Devices 

 
Photovoltaic properties of the fabricated 

perovskite sensitized solar cells are  
examined by using different GO/TiO2 composites 
having the device structure ITO/GO/TiO2 
nanocomposite/CH3NH3PbI3/P3HT/Al. The photo-
voltaic performance parameters are summarized in 
Table 2 and the J-V curves are shown in Fig. 6.  

 
 

Table 2. Device parameters of the GO/TiO2 nanocomposite 
based solid state perovskite sensitized solar cells. 

 

Sample 
Jsc 

(mA cm-2) 
Voc 
(V) 

FF 
PCE, 
ƞ (%) 

TiO2 only 0.775 0.3656 0.426 0.121 
GOTiO2-A 1.785 0.453 0.496 0.401 
GOTiO2-B 2.771 0.505 0.434 0.608 
GOTiO2-C 3.812 0.507 0.546 1.055 

GOTiO2-D 5.286 0.5326 0.501 1.42 

Here we investigate the performance of perovskite 
sensitized solar cells using different concentrations of 
GO in the TiO2 nanocomposite which acts as the  
n-type charge collection electrode.  

The mean solar cell performance parameters of the 
fabricated devices were measured under stimulated 
100 mW cm-2 sunlight. We observed that, there is a 
clear enhancement in the device parameter of the 
fabricated devices by the introduction of GO in the 
TiO2. By using the TiO2 nanoparticles the short circuit 
current density (Jsc) and fill factor are found to be  
0.81 mA cm-2 and 0.30 respectively. With increasing 
GO concentration in the electron collection layer both 
the Jsc and FF increases upto 4.65 mA cm-2 and  
0.56 respectively.  

 
 

 
 

Fig. 6. Photocurrent density versus voltage plot of TiO2, 
GOTiO2-A, GOTiO2-B, GOTiO2-C & GOTiO2-D. 

 
 

Enhancement in the efficiency of the devices with 
the incorporation of the GO into TiO2 can be described 
from the facts that GO has a work function that lies in-
between that of the ITO and the conduction band of 
TiO2. As a result of which GO containing TiO2 acts as 
a better electron collector as compared to TiO2 alone 
by reducing the energy barrier at the material 
interfaces and also due to the superior charge mobility 
of GO. In this device structure the organometal halide 
perovskite, methylammonium lead iodide acts as the 
absorber, coated upon the electron collection layer. 
While the interdigitated P3HT collects the holes and 
transfers them to the back electrode. 

 
 

4. Conclusions 
 
This work successfully demonstrates the 

application of two different combinations of graphene 
oxide with organo metal halide perovskite. Also the 
study of the synthesized GO/TiO2 nanocomposites 
showed that with increase in the GO content there 
occurs enhancement in the optical properties. The 
homogeneous distribution of TiO2 nanoparticles 
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within the GO stacks is confirmed by the XRD 
analysis, which can be further confirmed from the 
SEM and TEM micrographs that TiO2 nanoparticles 
are homogeneously and closely dispersed on the GO 
sheets. The purpose of using GO/TiO2 
nanocomposites in perovskite sensitized solar cells is 
also beneficial as it behaves well as the electron 
collection layer. As a result of which there is a 
significant enhancement in the photovoltaic 
parameters of the solar cells. It has also been spotted 
form the study that the incorporation of high 
concentration of GO in the nanocomposite results in 
the enhancement of the device parameters i.e.  
VOC, JSC and PCE due to the superior charge 
mobility of GO. 
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