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Abstract The study reports the application of ZnO-gra-
phene (ZGR) nanocomposite films for Dye-sensitized solar
cells (DSSCs) as photoanodes. These nanocomposites were
prepared by incorporating different amount of graphene
(0-1 wt%) in sol-gel routed ZnO nanoparticles. The pres-
ence of graphene in nanocomposite films was revealed
by X-ray diffraction (XRD) that was further supported by
Field Emission Scanning Electron Microscopy (FESEM)
and Energy Dispersive X-ray (EDX). The surface rough-
ness value of these ZGR nanocomposite films was exam-
ined by Atomic Force Microscopy (AFM). The UV-Visible
spectrum of the synthesized ZGR nanocomposite films was
found to be shifted towards a longer wavelength region as
compared to bare ZnO that ensured the formation of inter-
facial contact between ZnO and graphene. The enhanced
absorption in the visible region of spectra is observed on
incorporation of graphene in these ZGR nanocomposites.
Significant increments in room temperature Photolumi-
nescence (PL) intensity was attributed to the plasmonic
effect of graphene. DSSCs were assembled with these ZGR
nanocomposite photoanode films after tethering with N749
(black dye) and the effect of graphene concentration on
their performance was investigated. The maximum power
conversion efficiency obtained from these ZGR nanocom-
posites based DSSC has reached 3.17% that is 53% higher
than that of bare ZnO based DSSC (2.07%).
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1 Introduction

Solar energy is the most viable source of energy among all
sustainable technologies including thermal, tidal, hydropower
and biomass. Photovoltaic technology is therefore considered
as the most efficient mean of harness solar energy. Though,
electricity conversion efficiency values of silicon solar cells
are reported to be ~20% but the high manufacturing cost and
use of toxic materials in production of purified silicon has
inspired the research for the development of low-cost and
environmentally benign solar cells [1]. Therefore, an alternate
photovoltaic technology is mandatory and there is a need to
develop low cost photovoltaic cells for the mass production.
Dye-sensitized solar cells (DSSCs) have been recognized
as next generation solar technology due to lower production
cost, high conversion efficiency, easy manufacturing and
eco-friendly nature [2-6]. The fabrication cost of DSSCs
is about 1/3 to 1/5 times lower to the cost for silicon solar
cells. Though, DSSCs show lower photoconversion efficiency
values but have a higher performance to cost ratio in com-
parison to silicon-based solar cells [7]. DSSC is a 3rd-gen-
eration solar cell [5] having capacitive nature that employs
high band gap nanostructured semiconductors like TiO,, ZnO
[8, 9], Nb,Os, SrTiO5 [10], SnO, [11] and their composites
as photoelectrode materials. As ZnO is known to be a wide
band gap (3.37 eV) n-type semiconductor that is identical to
TiO, (3.23 eV) hence similar electron injection actions are
expected for both these materials [12] Due to high electron
mobility (~107 times more) and lower recombination rate,
electron lifetime is considerably higher in ZnO as compared
to TiO,. Moreover, good transparency to visible light, high
photo activity and nanocrystalline ZnO of varying morpholo-
gies has assumed to be more favorable and potential mate-
rial for use in DSSCs [13-15]. To improve overall efficiency
and stability of DSSCs, several efforts have been made by
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worldwide researchers for developing each component of the
device. A few of them involve the usage of solid electrolytes,
metal-free dyes, more efficient hole transport materials as
well as low cost counter electrode materials [16].

Recently, nanocomposites are one of the major research
areas that consist of two or more materials with desired
properties primarily because of the synergic effect between
those materials that are necessary for various technological
applications. Among all the most attractive nanocomposite
materials are metal oxides and carbon allotropes. Graphene,
one of the carbon allotropes, is a two dimensional material
which has attracted global interest due to its remarkable
properties such as excellent carrier mobility, superior ther-
mal conductivity, good pore size distribution, high electri-
cal conductivity, capacitive performance and high surface
area (2600 m%g~"). It has hexagonal lattice made up of car-
bon atoms having one-atom thick layer [17-20]. The major
drawback of graphene is its zero band gap, but now it is
possible to modify its band gap as well as the fermi energy
using carrier doping and electrical gating. Currently,
researchers have shown an improvement in DSSC effi-
ciency by employing graphene/TiO, nanocomposite pho-
toanodes in DSSC fabrication as compared to pure TiO,
photoanode. The improvement is due to the enhancement
of light absorption as larger surface area available for dye
impregnation that is associated with a higher transfer rate
of photo-generated electrons and suppressed recombination
on the electrolyte/photoanode edge [21, 22]. Furthermore,
graphene also acts as interfacial layer between photoanode
and liquid electrolyte as well as between TiO, and trans-
parent conducting oxide (TCO) that diminished back elec-
tron transfer. Thus, ZGR nanocomposites are expected to
reveal significant improvement in properties such as photo-
catalytic activity, solar energy conversion as well as energy
storage. Thus, the similar performance for ZGR nanocom-
posite in DSSCs applications is expected [23].

In the present study, ZGR nanocomposites with varying
concentration of graphene between 0 and 1 wt% are syn-
thesized and their successful application as photoanodes in
DSSCs fabrication is reported. Platinum (Pt) coated ITO is
used as counter electrode with iodide based electrolyte and
black dye as sensitizer to design the cell. The morphologi-
cal, structural, compositional, optical and J-V characteris-
tics of the assembled cells are also investigated.

2 Experimental
2.1 Materials
Graphene, Black dye and Indium Tin Oxide glass (ITO)

(15 Q sq7!) were procured from Sigma-Aldrich (USA).
Polyethylene glycol (PEG) of molecular weight 20,000

was purchased from Himedia (India). De-ionized water
was used throughout the experiments to avoid contami-
nation. All the chemicals were used without any further
purification.

2.2 Synthesis of ZnO nanopowder and ZnO-graphene
nanocomposite photoanodes

The ZnO  nanopowder was  synthesized via
sol-gel process. In short, 0.2 M Zinc acetatedihydrate
[Zn(CH;CO0),-2H,0] was dissolved in methanol ultra-
sonically at room temperature to obtain a transparent sol
having no precipitate and turbidity. This solution was then
mixed to a known quantity of NaOH and stirred ultrasoni-
cally for 1 h at room temperature. The sol was then kept
undisturbed untill white precipitates were obtained. These
precipitates were dried at 80 °C after filtering and washing
with excess methanol. In order to synthesize ZGR nano-
composites; Graphene powder, ZnO nanopowder, deion-
ized water and PEG,,, were grounded together into the
mortar with pestle for one and half hours to obtain a fine
viscous paste. ZGR nanocomposite films were prepared
with graphene having 0, 0.25, 0.5 and 1 wt% and labeled
as ZGRO, ZGR0.25, ZGR 0.5 and ZGRI1 respectively and
were coated on the conducting side of pre-cleaned ITO
substrate by doctor-blade method. Before coating the films,
substrate was masked using scotch tape to select the active
area (0.25 cm?). These films were dried at room temper-
ature for 10 min and then annealed in a temperature con-
trolled furnace at 450°C for 30 min. These photoanodes
were further immersed in 0.5 mM ethanolic solution of
N749 (black dye) for 24 h and excess dye molecules were
removed with ethanol.

2.3 Assembling DSSCs

The solar cells were assembled in a sandwich-type struc-
ture by putting the dye loaded photoanodes on the top of
spin coated Pt counter electrodes. Scotch tape was used as a
spacer between the two electrodes of the cell. Iodide-based
liquid electrolyte was injected into the devices by capillary
action for completing the device. The schematic and energy
band diagram of the DSSC based on ZGR nanocomposite
film as photoanode are shown in Fig. la, b, respectively.
Under simulated illumination, electrons from the photoex-
cited dye are transported to the conduction band (CB) of
ZnO and then extracted to ITO via the CB of graphene.
Once an electron is injected into the conduction band of
Zn0O, the photosensitizer dye becomes oxidized. The oxi-
dized dye is regenerated by receiving electrons from the
I~ ion of redox mediator that gets oxidized to I3 It trans-
ports the positive charge to the counter electrode of DSSC.
Thus, CB of graphene provides an additional pathway for
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Fig. 1 a Schematics of ZGR based DSSC b Typical energy levels of various components of ZGR based DSSC employing an iodide/triiodide-

based redox electrolyte and N749 as a sensitizer

electron transportation in addition to the conventional path
in ZGR based DSSC [24]. Moreover, ITO and graphene
has similar work functions, —4.8 and —4.4 eV (versus vac-
uum) respectively, so graphene does not hinder the injected
electrons to flow down to the ITO substrate. Therefore, the
incorporated graphene in ZGR nanocomposites collects
electrons and acts as a transporter layer in the effective
charge separation and rapid transportation of the photogen-
erated electrons which facilitates DSSC to operate more
efficiently [25].

2.4 Characterization techniques

The nanocomposite photoanode (without dye) films were
structurally characterized by the X-ray diffraction (XRD)
using Rikagu Table-Top X-ray diffaractometer. Morpho-
logical and compositional analysis of these films were
carried out by Field emission scanning electron micros-
copy (FESEM) using TESCAN (model MIRA II LMH)
and Energy dispersive X-ray (EDX) from INCA Penta
FETx3 attached with FESEM. Optical properties of
these nanocomposite films were examined by means of
UV-Visible absorbance by Varian UV-Vis spectrophotom-
eter (Cary5000) and Photoluminiscence spectrophotometer
from SHIMADZU (RF-530 Spectro fluorophotometer).
The average surface roughness of these nanocomposite
films was estimated by Atomic force microscopy (AFM)
analysis in tapping mode at the room temperature using
NanoScope IIla SPM. The current density—voltage (J-V)
characteristics of the fabricated cells were carried out using
a Keithley 2400 Source Meter under simulated sunlight
using a SSSOAAA (Photo Emission Tech) solar simulator
at AM 1.5G (100 mW cm™2). The active area for all the
cells was adjusted to be 0.25 cm?.

@ Springer

3 Results and discussion
3.1 Structural and phase analysis

Figure 2 shows the XRD patterns of ITO substrate and
ZGR nanocomposite films. The diffraction peak corre-
sponding to graphene is observed at 20 =26.8° which is
assigned to the (002) reflections of graphitic carbon. The
intensity of this peak goes on increasing as the graphene
concentration increases in nanocomposites. The dif-
fraction peaks attributed to ZnO appears at 20 values of
31.9°,34.6°, 36.2°, 47.5°, 56.6° and are indexed to (100),
(002), (101), (102), (110) planes respectively of hexago-
nal wurtzite structure of ZnO [26]. Further, it is observed

[
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Fig. 2 XRD patterns of ITO substrate, ZnO film (ZGR 0) and ZGR
(0.25-1) nanocomposite films
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from Fig. 2 that presence of graphene does not cause any
changes in preferential orientations of ZnO since all ZGR
nanocomposites exhibit similar XRD patterns [27].

3.2 Optical studies
3.2.1 UV-Visible absorption

The optical properties of ZGR nanocomposite films are
examined by the UV-Vis absorption spectra as displayed
in Fig. 3. Each of these samples shows the characteristic
intense light absorption in the UV region of the spectra
due to electron promotion of ZnO from the valence band
to the conduction band. Moreover, the incorporation of gra-
phene in ZGR nanocomposites increases the light absorp-
tion intensity and range in the visible light region as com-
pared to ZnO (ZGR 0) that may be due to modification of
the primary process of electron—hole pair creation during
irradiation as well as the enhancement of surface electric
charge of the oxides in the ZGR nanocomposites [20]. ZGR
0.25 nanocomposite shows maximum absorption in visible
region as compared to other competitors that can be clearly
noticed from the absorption spectra (Fig. 3). The crystal-
line quality of the ZnO nanoparticles decorated on gra-
phene surface gets affected as the graphene concentration
increases beyond the optimum value of 0.25 wt% (ZGR
0.25). This results in a decrease of ZnO nanoparticles
population in ZGR nanocomposites and hence the absorb-
ance in the visible light gradually decreases. These results
are in agreement with previous reports in semiconductor/
graphene nanocomposites [28, 29]. Therefore, consider-
able influence of graphene concentration on the optical

Absorbance (a.u.)

T T T T
300 400 500 600 700 800
Wavelength (nm)

Fig. 3 UV-Visible absorption spectra of (a¢) ZGR 0 (b) ZGR 0.25
(c) ZGR 0.5 and (d) ZGR 1 nanocomposite films. Inset of the figure
shows absorption spectra of N749 dye in ethanol

properties of these ZGR nanocomposites is observed. The
visible-light photocatalytic activity of ZnO improves with
incorporation of graphene in ZnO matrix. It can be noticed
from Fig. 3 that absorption edge of ZGR nanocomposites is
shifted towards a higher wavelength region as compared to
ZGR 0, indicating a reduction in band gap that is linked to
the chemical action between ZnO and graphene such as for-
mation of C—O—Zn bonds [20, 30]. Herein, N749 dye (black
dye) is employed as a sensitizer in DSSCs. The absorption
spectrum of the dye dissolved in ethanol is shown in Inset
of Fig. 3. The dye under reference shows broad and intense
visible bands in the 390-600 nm regions due to metal-to-
ligand charge transfer transitions [31]. Therefore, after teth-
ering the ZGR nanocomposite films with N749 dye, the
broadening of absorption spectra takes place that is advan-
tageous for harvesting the solar spectrum and generates a
higher photocurrent. Furthermore, The Tauc equation is
employed to find out the band gap of semiconductors that
can be written as follows [32]:

aohv = constant (hv - Eg)" @))]

Here E, is the optical band gap, n equals Y2 for direct
transition, and equals 2 for indirect transition, a is calcu-
lated as 2.303 A/d, A is the optical density and d is the
thickness of the sample. The thickness of all the samples is
found to be 9 pm as measured by digital micrometer screw
gauge having least count 1 pm. The Tauc plots of all ZGR
nanocomposite films are represented in Fig. 4. The direct
band gap energies predicted from the intercept of the tan-
gents to the plots are about 3.18, 3.05, 3.14 and 3.09 eV
approximately, corresponding to ZGR 0, ZGR 0.25, ZGR
0.5 and ZGR 1, respectively. It is found that the estimated
band gap values decrease with the incorporation of gra-
phene in ZGR nanocomposites, which could be due to syn-
ergistic interfacial contact between the ZnO and graphene
[23, 33]. The qualitative observation of a red shift in the
absorption edge of ZGR nanocomposites as compared to
bare ZnO is also supported by these results.

3.2.2 PL studies

Figure 5 illustrates the PL spectra of the ZGR nanocom-
posite films recorded at room temperature using ~325 nm
as the excitation wavelength. Due to having lesser PL
intensity as compared to other samples, the PL spectra of
ZGR 0 film is shown in inset of Fig. 5. All the samples
exhibit similar PL peaks. The emission peaks centered at
415 and 439 nm are assigned to band-to-band transitions
and the zinc vacancy associated with defect states, respec-
tively. The visible emission peaks at 468 and 494 nm are
attributed to different deep level defect states arising from
the zinc interstitials and oxygen vacancies present in ZnO
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Fig. 5 PL spectra of (a) ZGR 0 (b) ZGR 0.25 (¢) ZGR 0.5 and (d)
ZGR 1 nanocomposite films. Inset of the figure shows PL spectrum
of bare ZnO film (ZGR 0)

lattice [23, 34]. A deep level peak at 518 nm in green emis-
sion is attributed to zinc vacancies [20, 35]. Also a small
red shift is observed in PL peak positions as the concentra-
tion of graphene increases in these ZGR nanocomposites,
which is understood to be related to the interaction between
graphene and ZnO nanoparticles [36]. From Fig. 5, it can
be seen that PL intensity of ZGR 0.25, ZGR 0.5 and ZGR
1 nanocomposite films is much higher than that of ZGR 0
nanocomposite film and these results are in well agreement
with previous reports [37]. Hence, it is inferred that the
plasmonic effect of graphene have some involvement in the
improvement of the photocurrent in the ZGR based DSSC

@ Springer

showing that graphene is a promising material to be applied
in optoelectronic devices in visible as well as ultraviolet
frequency region [8].

3.3 Morphological analysis

The FESEM images shown in Fig. 6 depict the morpholo-
gies of ZGR 0, ZGR 0.25, ZGR 0.5 and ZGR 1 nanocom-
posite films. It is seen from these images that these films
are having porous and rough morphology. Rice like struc-
tures of ZnO are formed as observed from Fig. 6a. It is
observed from the FESEM analysis that ZGR 0.25 based
electrode (Fig. 6b) possesses higher porosity as compared
to the electrode fabricated using ZGR 0 and more poros-
ity would result in the enhancement of the surface area
that lead to more dye adsorption and the improvement of
the photoelectric properties of electrode fabricated from
ZGR 0.25 nanocomposite [22, 38]. Moreover, the porosity
increases and aggregation starts with increase in concentra-
tions of graphene such as in ZGR 0.5 and ZGR 1, as shown
in Fig. 6¢c—d that in turn provides a way for electrolyte to
reach substrate and consequently efficiency falls down.

3.4 Compositional analysis

Figure 7a—d shows the EDX spectrum of ZGR 0, ZGR
0.25, ZGR 0.5 and ZGR 1 nanocomposite films, respec-
tively. Carbon peak in these ZGR nanocomposites is eas-
ily identified which confirms the presence of graphene in
the ZnO matrix. The spectrum also contains peaks of gold
(Au) because of its coating done prior to the EDX meas-
urement and, no other impurity is detected in these ZGR
nanocomposites films except coating element Au, confirm-
ing the purity of films.

3.5 AFM studies

The AFM images of ZGR 0, ZGR 0.25, ZGR 0.5 and
ZGR 1 nanocomposite films are shown in Fig. 8a—d,
respectively. The selected scanning size is 2 um X2 um
for all the samples. The average roughness of ZGR 0,
ZGR 0.25 and ZGR 1 is found to be 89.41, 115.32, 98.61
and 96.72 nm, respectively. Hence, the average roughness
is found to be increased in ZGR nanocomposite films as
compared to bare ZnO (ZGR 0) with the maximum value
in ZGR 0.25. It is known that the low roughness factors
are shown by the high-crystalline composite materials.
The highest roughness factor of ZGR 0.25 nanocom-
posite film is attributed to the decreased crystallinity in
comparison with ZGR 0.5 and ZGR 1 nanocomposite
films [39, 40]. Moreover, Mahalingam et al. [41] reported
that due to the decrease in the photon reflecting angle, a
rough surface film will increase the photon conversion
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Fig. 7 EDX spectrum of a ZGR 0 b ZGR 0.25 ¢ ZGR 0.5 and d ZGR 1 nanocomposite films
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Fig. 8 AFM images of aZGR 0 b ZGR 0.25 ¢ ZGR 0.5 and d ZGR 1 nanocomposite films

efficiency of DSSCs. This is because a higher rough sur- 3.6 Photocurrent density—voltage (J-V) characteristics
face will facilitate the photon to bounce on the film sur-

face, particularly due to its greater angle on the surface  The typical photocurrent density—voltage (J-V) curves of
texture of the film. As a result, the photon will indirectly ~ the DSSCs fabricated with ZGR nanocomposite photo-
bounce back to the surface of the film and improve the  anodes having active area of 0.25 cm? measured by solar
photon absorption. simulator with AM 1.5G (100 mW cm™2) are compared in

@ Springer



11506

J Mater Sci: Mater Electron (2017) 28:11500-11508

0.012

0.008 — @

0.004

Current density (A/cmz)

0.000 —
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Voltage (V)

Fig. 9 J-V curves of DSSCs based on (@) ZGR 0.25 (b) ZGR 0.5 (¢)
ZGR 1 and (d) ZGR 0 nanocomposite films

Table 1 Photovoltaic performance of ZGR nanocomposite photoan-
ode based DSSCs calculated from J-V curves

Sample Jgc (MA cm™ 2 Voc (V) FF n(%)
ZGR O 8.7 0.68 0.35 2.07
ZGR 0.25 11.6 0.76 0.36 3.17
ZGR 0.5 10.9 0.74 0.31 2.50
ZGR 1 9.0 0.71 0.38 2.42

Fig. 9. The fill factor (FF) and conversion efficiency (1) of
the cell are estimated as [42]:

JmameaX
FF = o @)
JscVoc
FFlcVoc
=—p 3)
where I,V Isc: Voc and P, represents the maximum

value of output current, maximum value of output volt-
age, the short-circuit current, open-circuit voltage and the

energy of incident photon, respectively. The photovoltaic
parameters of these DSSCs viz. Fill factor (FF), open cir-
cuit voltage (V) and photocurrent density (Jg¢) are sum-
marized in Table 1. It is observed from the Table 1 that
there is an increase in Jgc and n (maxima in case of ZGR
0.25) in DSSCs made with ZGR nanocomposites as com-
pared to bare ZnO (ZGR 0) photoanode. The incorpora-
tion of graphene in the ZnO matrix causes quicker electron
transport kinetics as graphene has very high carrier mobil-
ity of the order of 10* cm* V™! s™! at room temperature.
Under irradiation, the photoinjected electrons on the con-
duction band of ZnO are trapped by the graphene sheets
that could efficiently separate the photo-induced electrons
and prevents the charge recombination thereby enhancing
the photocatalytic performance of DSSCs based on ZGR
nanocomposite photoanodes. Actually, the electronic inter-
action between ZnO and graphene improves the charge sep-
aration efficiency of these ZGR nanocomposites [27-29].
However, to generate a high photocurrent density, the opti-
mum concentration of graphene is a key factor and need to
be considered. Thus, when the graphene content in ZGR
nanocomposites increases beyond its optimum value (ZGR
0.25), DSSC efficiency falls down (Table 1). This reduc-
tion in DSSCs efficiency can be credited to two reasons:
(a) with the increase in the graphene concentration further,
there exist a light yielding competition between the ZnO,
dye and graphene due to absorption of some UV light as
well as light in a broad wavelength range of 200-800 nm by
graphene. Therefore, light absorption by the sensitizer dye
was decreased as the ZnO was surrounded by graphene. (b)
the excessive graphene content behave as a type of recom-
bination center that accelerates recombination of electrons
to the dye or back reaction to the electrolyte. Hence, all of
these factors lead to decrease of the photocatalytic perfor-
mance of DSSC [27]. Therefore, all the factors discussed
in above paragraphs regarding porosity, PL spectra, mor-
phology etc. favors ZGR 0.25 to be used as photoanode in
DSSC and efficiency values obtained support the results
discussed already.

Table 2 summarizes the comparison of the obtained
efficiency value of the present study with the previous

Table 2 Comparison of the energy conversion efficiency of ZGR based DSSCs with the previous studies reported in references [14, 43, 44]

DSSC’s Parameters Hsu et al. [18] Song et al. [43]

Chang et al. [44] Present study

ZnO/TiO, Graphene/ Pure ZnO rGO/ZnO Pure ZnO Graphene/ZnO Bare ZnO ZGR 0.25
ZnO/TiO,
Jgc (mA cm™) 11.3 17.5 3.58 6.77 6.71 9.20 8.7 11.6
Voc (V) 0.45 0.5 0.60 0.63 0.63 0.61 0.68 0.76
FF 0.47 0.45 0.53 0.60 0.72 0.65 0.35 0.36
n(%) 24 39 1.14 2.58 3.06 3.67 2.07 3.17
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studies reported in references [18, 43, 44]. These previ-
ous reports imply that the performance of DSSC can be
improved with the addition of graphene in ZnO matrix. The
Table 2 shows small variations in DSSC efficiency values
due to the different sensitizer and photoanode fabrication
methods employed such as spin coating [18] and doctor
blade method [43, 44]. In present study, ZGR nanocompos-
ite photoanodes were coated by doctor blade method that
showed the conversion efficiency of 3.17%. The improve-
ment of photovoltaic properties of DSSC by the introduc-
tion of the ZGR nanocomposite film as photoanode is
attributable to the strong adsorption of dye due to increased
surface area of the film and reduction of electron recom-
bination. The future work would consider optimization of
parameters for further improvement in efficiency of DSSCs.

4 Conclusions

We have successfully synthesized and employed ZGR
nanocomposites as photoanodes in DSSC fabrication. A
significant increase in the Jgc, FF, Vo and n is observed
in ZGR 0.25 based DSSC as compared to ZGR 0 showing
the effect of graphene content incorporation in ZnO matrix
on the efficiency of DSSCs. The ZnO nanoparticles present
on the surface of the flat graphene makes more surface area
available for higher loading of dye molecules on the sur-
face of the ZnO nanoparticles and consequently increases
the DSSCs performance parameters. As the amount of gra-
phene is increased to 1 wt % (ZGR 1), then it is understood
that the active ZnO sites available for electron transport
also reduced thereby reducing the overall efficiency.
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