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Abstract

Nanocomposite photoanodes were prepared by addition of graphene (GR) micro-platelets to TiO2 nanoparticulate paste.
TiO2/graphene based DSSCs were fabricated using Z907 photosensitizer. Transmission electron microscope was used to confirm the
presence of graphene in composite films after heating at 450 ◦C for 30 min. UV-visible absorption spectroscopy, photocurrent–voltage
characteristics and electrochemical impedance spectroscopic measurements were conducted to characterize the DSSCs. The results
show that the photo conversion efficiency is highly dependent on the concentration of graphene in the photoanode. Under an optimal
conditions, solar cell based on graphene/TiO2 shows power conversion efficiency (PCE) of 4.03%, which is about 26% greater

than the cell based on pristine TiO2 electrode (3.20%). A density functional theory was used to compute the band gap of TiO2 and
graphene-TiO2 nano clusters.
© 2015 Elsevier B.V. All rights reserved.
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1.  Introduction

Energy is the driving force for development, eco-
nomic growth, automation and modernization. Energy
usage and demand are increasing globally and
researchers have taken this seriously to fulfill future
energy demands [1,2]. Therefore, alternative sources of

energy are needed, so that mankind can survive with-
out depending on fossil fuels. Solar energy is one of
the renewable energy sources that will contribute to the
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security of future energy supplies [1,2]. Solar radia-
tion from the sun is approximately 3 ×  1024 J per year,
which is 10 times the current energy demands [3]. Light
from the sun can be harvested by dye sensitized solar
cells (DSSCs). DSSCs have got attention during the last
decade due to an ideal compromise between efficiency
and cost-performance [4–6]. The dye is one of the key
component of the DSSCs. It absorbs light and transfer
electron to the conduction band of the semiconductor. So
far, polypyridyl ruthenium sensitizers based solar cells
have attained up to 11% conversion efficiency [7–10].

But it is still low for commercial applications.

The major cause of low efficiency of DSSCs is the
recombination of injected electrons (from the dye to
the conduction band of the semiconductor) with the
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PV Measurement, Inc) at AM1.5G (100 m W cm ).
The silicon solar cell was used as a reference for cal-
ibration. The electrochemical impedance spectroscopy
U. Mehmood et al. / Photonics and Nanostructu

lectrolyte termed as dark current [11–13]. Photoanode
f DSSCs plays an important role in the separation and
ransportation of electrons. Graphene [14,15] has been
roposed as an additive material for TiO2 photoanode to
ncrease the electron mobility, owing to their outstand-
ng electronic properties. It has an excellent mobility
f charge carrier (200,000 cm2 V−1 s−1) [16] and large
pecific surface area (2630 m2/g) [17]. Stoller et. al. [17]
ntroduced graphene into TiO2 by one step hydrothermal
eaction and reported a 17.7% increase in photo con-
ersion efficiency (PCE) of DSSC. Tang et. al. [18]
mbedded graphene sheets in TiO2 paste via molecu-
ar grafting and showed 1.68% efficiency, which is five
imes higher than that without graphene (0.32%). Sun
t. al. [19] fabricated graphene/TiO2 nanocomposites
lectrode through heterogeneous coagulation method
nd reported 4.28% efficiency, which is 59% greater
han that without graphene. However the efficiency of
hese cells is still lower, and the fabrication method
f graphing/TiO2 nanocompostie is relatively complex.
ere, we presented a fast, economic and one-step process

o prepare the graphene/TiO2 photoanode. It is expected
hat the incorporation of graphene in photanode may
nhance the PCE of DSSCs by reducing the charge
ecombination.

.  Computer  simulations

All the DFT calculations were executed using
msterdam Density Functional (ADF) program

2013.01). BAND mode was used to simulate the
natase TiO2 clusters. The tetragonal anatase crystal
tructure was selected with single layer (0 0 1) surface
lab. Then, we created 4 ×  1 super cell from this
lab[20]. All atoms were mapped within the unit cell.
e doped the 2D-graphene sheet to find/simulate

 band gap of graphene-TiO2 nanocomposite. TiO2
nd graphene doped TiO2 models were simulated by
onsidering hybrid Becke parameter, Lee-Yang-Parr
B1YLP) level tohether with TZ2P (triple-�  polariza-
ion, 2 polarization functions) and DZP (Double-ζ, 1
olarization function) as basis function, respectively.
n all the calculations, relativistic effects were taken
nto account by the zero order regular approximation
ZORA) Hamiltonian in its scalar approximation [21].

.  Experimental
.1.  Preparation  of  composite  anodes

A suspension of ethanol and graphene(96–99%,
0–100 nm, purchased from Grafen Chemical
ndamentals and Applications 16 (2015) 34–42 35

Industries Co, Turkey) was prepared by dissolving
20 mg of graphene in 25 ml ethanol. It was then
sonicated for 3 h to attain a good dispersion of graphene
in ethanol. An exact quantity of dispersed graphene
was mixed with known amount of anatase TiO2 paste
(T/SP 14451, Solaronix) to obtain a composite paste.
Five different samples of TiO2-graphene were prepared
by varying the composition of graphenes, i.e., 0, 0.04.
0.08, 0.12, 0.16 and 0.20 wt%. The composite paste was
then tape casted on FTO glass substrate (2 mm,7 �/seq,
Solaronix). The coated glass substrate was annealed at
450 ◦C for 30 min. Other photoanodes were prepared
following the same procedure. The thickness of each
photoanode was found by using cross sectional images
obtained from SEM (JEOL, 6610LV). The average
thickness of each film was 20 �m.

4.  Fabrication  of  DSSCs

A 0.5 mM solution of the dye Z907 (cis-
diisothiocyanato-(2,2′-bipyridyl-4,4′-dicarboxylic acid)
-(2,2′-bipyridyl-4,4′-dinonyl) ruthenium(II)) was pre-
pared in methanol. The composite electrodes were
soaked in the dye solution for 24 h. After sensitiza-
tion, the samples were washed with ethanol to eliminate
unanchored dye. Pt (Plasticol T, Solaronix) layer was
deposited on FTO glass substrate by tape caating
technique. Then, DSSCs were fabricated employ-
ing the sensitized hybrid anode, platinum deposited
counter electrode (Plasticol T, Solaronix), 60 �m seal-
ing spacer (Meltonix 1170, Solaronix) and I−/I3−
redox couple electrolyte prepared in methoxypropioni-
trile with a 50 mM redox concentration (Iodolyte Z-50,
Solaronix).

4.1.  Characterization  of  DSSCs

The visible spectra of Z907 in methanol and adsorbed
on TiO2 films at glass substrates were recorded with
JASCO-670 UV/VIS spectrophotometer. Keithley 2400
Source Meter was used to measure the I  −  V  characteris-
tics of the DSSCs using IV-5 solar simulator (Sr #83,

−2
(EIS) measurements were performed in the dark using
a potentiostat (Bio-Logic SAS (VMP3, s/n:0373) under
a −0.7 V forward bias and a 10 mV AC amplitude, and
the frequency range was 10 Hz–1 MHz.
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2
gap of TiO2 cluster. These results are in good agreement
with the experimental values[22–24]. This is because
graphene possesses lower value of the ECB (∼0 eV vs.

Table 1
Simulated electronic structure properties of TiO2 and carbon doped
TiO2.

System ECB (eV) VB (eV) Simulated
band gap

Experimental
band gap
Fig. 1. SEM images of graphene sheets at different magnification; (a)
5 �m and (b) 10 �m.

5.  Results  and  discussion

5.1.  Morphological  properties  of  composite  anode

Fig. 1 shows the SEM images of graphene micro-
platelets. It clearly shows the different layers of
graphene. The dispersion of graphene in TiO2 was
observed by TEM (JEOL, JEM-2100F) analysis. TiO2-
graphene sample having 0.16% graphene was selected
for TEM analysis, because it was difficult to obtain TEM
images (of dispersed graphene in TiO2) from low con-
centration samples. Fig 2(a) shows the TEM image of
titania. Fig. 2(b) shows the nanocomposit of Graphen-
TiO2. It also shows that graphene nanosheets tend to
congregate together to form multilayer agglomerates.

5.2.  Effect  of  graphene  on  the  band  gap  of  TiO2
The HOMOs, LUMOs and band gap energies of
photosensitizers play a vital role in providing the driv-
ing force for the electron injection to conduction band
Fig. 2. TEM images of (a) TiO2 nanoparticles and (b) TiO2-graphene
nanocomposites.

of TiO2. For efficient charge transfer, the LUMOs of
dyes must be more negative than the conduction band
of the semiconductor while HOMO levels must be more
positive than the redox potential of electrolyte. We used
a DFT technique to find the band gap of TiO2 and
graphene-TiO2 nanocomposites. The simulated struc-
tures of TiO2 and graphene-TiO2 are shown in Fig. 3.
While, the simulated conduction band, valence band
and band gap of TiO2 and graphene-TiO2 are shown
in Table 1. The computed results show that impregna-
tion of graphene on TiO significantly reduces the band
(eV) (eV)

TiO2 −4.10 −7.20 3.10 3.20
GR-TiO2 −4.20 −6.95 2.75 2.90
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Fig. 3. Simulated structures of

HE) [25] than that of titania (−0. 5 eV vs. NHE) [26].
he charge equilibrium between graphene and TiO2
ould cause a shift of apparent Fermi level (EF) to more
ositive potential. Moreover, the downward positive shift
ue to graphene can cause a significant driving force to
xpedite the electron transport from the sensitizer to the
hotoanode.

.  Photophysical  properties

The visible spectra of Z907 in methanol and anchored
o TiO2 and TiO2-graphene are shown in Fig. 4(a)
nd (b), respectively. The two broad visible absorp-
ion bands at 525 and 380 nm in Z907 are assigned
o metal-to-ligand charge-transfer (MLCT). The bands
n the UV at 312 nm are assigned as intra ligand
π–π*) charge-transfer transitions. However, the absorp-
ion shifts towards lower energy values when anchored
o TiO2 and TiO2-graphene. This is due to the fact that
n the electrode the carboxylate groups bind to the TiO2
urface, in which Ti4+ acts as proton. The interaction
etween the carboxylate group and the surface Ti4+ ions
ay lead to increased delocalization of the π* orbital.
he energy of the π* level is decreased by this delocal-
zation, which explains the red shift for the absorption
pectra. But the TiO2-graphene based photoanode has a
reater red shift value as compared to pure TiO2. This
s because the graphene may exhibit photosensitizing

able 2
hotovolatic properties of DSSCs.

SSCs jsc (mA/cm2) Voc (mV) 

ure TiO2 11.647 695 

.04%GR + TiO2 12.142 694 

.08%GR + TiO2 12.153 707 

.12%GR + TiO2 16.590 714 

.16%GR + TiO2 16.539 697 

.20%GR + TiO2 16.201 695 
2 and (b) carbon doped TiO2.

properties, thus extending photovoltaic properties into
the visible spectrum [27,28].

6.1.  Photovoltaic  properties  of DSSCs  based
composite  anode

Hybrid graphene/TiO2 based DSSCs were prepared
with an effective area of 0.35 cm2. The photovoltaic
parameters, short-circuit current density (Jsc), open
circuit voltage (Voc), fill factor (FF), photovoltaic con-
version efficiency (η), shunt resistance (Rsh) and series
resistance (Rs) are summarized in Table 2 and the cor-
responding I–V  curves are showed in Fig. 5. The DSSC
with the highest efficiency is achieved in the case of
0.16% graphene, which is about 26% greater than the
unmodified TiO2 (3.16). This is because the incorpo-
ration of graphene increases the surface area of hybrid
anode and thus more dye loading was possible. However,
the little decline in Voc at increasing graphene contents
could be attributed to the downshift of the potential band
edge of the TiO2 conduction band. It is also observed that
increase in graphene concentration from optimum level
(0.16%) negatively affects the performance of DSSCs.
This is because of the decrease in film transparency
owing to increasing graphene contents. Another possi-

bility of low efficiency at a high graphene concentration
could be attributed to the formation of graphene agglom-
erates inside the TiO2 matrix acting as trapping sites that
obstruct the fast charge collection at the electrodes. The

FF (%) η (%) Rs (�) Rsh (�)

40 3.20 200 835
41 3.36 192 899
35 3.00 185 898
34 3.94 132 677
35 4.03 131 765
32 3.69 130 588



38 U. Mehmood et al. / Photonics and Nanostructures – Fundamentals and Applications 16 (2015) 34–42

Fig. 4. (a) UV–vis spectra of Z907 in methanol and (b) UV–vis spectra of TiO2/Z907 and 0.16%GR + TiO2/Z907.
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Fig. 5. Current-voltage characteristics of DS

ess charge collection together with light loss owing to
raphene direct absorption, strongly declines the effi-
iency of DSSCs at high graphene contents. As FF
epends on both Rs (should be low) and Rsh (should be
igh), the FF values are low for these DSSCs (Table 2)
hich is supported by the measured high Rs and low Rsh
alues (Table 2). The low shunt resistance causes power
osses in solar cells by providing an alternate pathway for
he light-generated current, which lowers FF. Rsh should
e of the order of 103 �  for a highly efficient solar cell
29]. The high series resistance (Rs) is mainly due to
arge thickness of platinum counter electrode or elec-
rolyte layer [30,31]. While low shunt resistance (Rsh)
an be attributed to an inefficient fabrication process of
SSCs [32].
.2.  Electrochemical  impedance  spectroscopy

EIS analysis is performed to further explain the
hotovoltaic properties of DSSCs. Fig. 6 shows the
ricated using different contents of graphene.

Nyquist plot of DSSCs, which were assembled with
TiO2-Z907 and graphene-TiO2-Z907. Generally, a nor-
mal impedance spectrum of DSSCs is represented
by three arcs (semicircles). The first semicircle rep-
resents the charge transport resistance at counter
electrode/electrolyte (R1), second signifies the charge
transport resistance at the photoanode/electrolyte inter-
face (R2), and the third indicates the diffusion process
of redox couple in electrolyte (Zw) [26,33].  Only sec-
ond arc comes out in the Nyquist plot in the Fig. 5.
It is probable that the other two arcs corresponding
to R1 and Zw are overshadowed by larger semicircle
reprinting R2 [34,35]. The R2 is related to the charge
recombination rate, e.g., a high R2 value shows a lower
charge recombination and vise versa. The R2 value for
DSSC assembled with pure TiO2 is smaller than that

of 0.16% graphene-TiO2, proposing charge recombina-
tion is greatly reduced owing to the incorporation of
graphene. However, the graphene concentration greater
than 0.16 wt% will lead to the smaller values of R2 due
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TiO2 an
Fig. 6. EIS investigation of 

to a shorter electron lifetime of the order of few tens of
mili seconds [36].

7.  Conclusion

We established a fast and highly reproducible method-
ology to fabricate DSSCs by simple addition of graphene
sheets into a TiO2. The incorporation of graphene
in TiO2 is slowing the recombination of photogen-
erated electrons, extending the excitation wavelength
and increasing the surface-adsorbed amount of dye.
We established that the dispersion of small amounts
of graphenes in TiO2 can significantly improve the
photo conversion efficiency of DSSCs. Optimum con-
centration (0.16%) of graphene in photoanode does not
affect the transparency of TiO2 layer, while significantly

increases the PCE of DSSC, with a maximum value
of 4.03%. Thus, we established a profligate, economi-
cal, and highly effective technique to enhance the light
conversion efficiency of DSSCs.
d GR + TiO2 based DSSCs.
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