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raphene hydrophobic
nanocomposite-based bulk heterojunction solar
cells showing enhanced short-circuit current†

Rajni Sharma,a Firoz Alam,b A. K. Sharma,c V. Duttab and S. K. Dhawan*a

Hydrophobic and surfactant-free ZnO nanoparticles and ZnO decorated graphene nanocomposite (Z@G)

with narrow and uniform size distribution were synthesized by a time-efficient microwave-assisted

hydrothermal reaction that can be used specifically for application in hybrid photovoltaics. The

synthesized ZnO nanoparticles and Z@G nanocomposite showed stable and clear dispersion in

chloroform and methanol (with volume ratio of 9 : 1) and chloroform and ethanol (volume ratio 9 : 1).

Being hydrophobic, these inorganic samples blend very well with organic polymer solution in

chlorobenzene, which is a prerequisite to cast smooth and undisrupted film for hybrid solar cell

application. The introduction of these hydrophobic nanoparticles into PCPDTBT:PCBM-based bulk-

heterojunction polymer solar cells resulted in significant improvement in solar cell J–V characteristics

with enhancement in open circuit voltage (VOC), short circuit current density (JSC) and thereby overall

improvement in cell efficiency. With the optimization of the weight ratio of polymer, fullerene and

synthesized ZnO nanoparticles/Z@G nanocomposite, the power conversion efficiencies 1.76% and 3.65%

were achieved.
Introduction

In order to compensate for the continuous depleting stock of
nonrenewable energy resources and full the emerging demand
of green energy, the exploitation of solar energy via the photo-
voltaic (PV) technology is one of the most appealing solutions.
Despite the high power conversion efficiency, the higher
maintenance cost and expensive processing technology used in
inorganic PV (silicon-based solar cells) has enforced the
thinking about other cost-effective PV technology alternatives.
Organic PV (conjugated polymer-based organic solar cells) has
succeeded in drawing the attention of researchers worldwide as
being viable, low-cost fabrication technology, which is highly
versatile in terms of chemical structure, i.e. advanced organic
chemistry, large area synthesis and, most importantly, eco-
friendly nature. In addition to the numerous favourable prop-
erties that may begin an era of low-cost PV, organic PV is now
facing signicant challenges for developing highly efficient
polymer-based devices because of the bulk recombination
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losses and low carrier diffusion length, causing less efficient
charge separation and transport to respective electrodes,1–6 as
well as limitations in the device architecture.

Because of the low dielectric constant value (2 to 3),7 the
absorption of photons by conjugated polymers gives rise to the
generation of strongly bound electron and hole pairs (i.e.
exciton with the binding energy �400 meV) instead of the free
charge carriers as in the case of inorganic semiconductors.8

Hence, in organic polymers, a strong eld is required to
dissociate strongly bound excitons into free electrons and
holes.9 The low exciton diffusion length (10–15 nm) or short
lifetime (hundreds of picoseconds)10 is also of major concern
that ultimately contributes to the recombination losses and
therefore low photocurrent generation and low power conver-
sion efficiency. Moreover, the low charge carrier mobility (10�7

to 1 cm2 V�1 s�1) in organic polymers hinders the efficient
charge transportation toward respective electrodes and
increases the recombination losses. As per the literature,11–14

most of the polymer solar cells have been reported using
conjugated polymers as donor and organic fullerenes as
acceptor. The fullerenes act as efficient absorbers, but at the
same time, they do not contribute to the absorption, as they are
non-photoactive in nature.15 This has led to the thinking that
exploiting the properties of nanostructured inorganic semi-
conducting materials in polymer solar cells as an acceptor may
be better and to the evolution of organic–inorganic hybrid solar
cells. The inorganic semiconductors contribute towards
elevated photocurrent generation by the way of an improved
This journal is © The Royal Society of Chemistry 2014
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solar spectrum absorption with tuneability of the band gap and
better charge collection and transportation via high charge
carrier mobility, long life time or signicant diffusion length.

Zinc oxide (ZnO) qualies as a most promising inorganic
semiconductor towards optoelectronic applications with its
numerous useful properties, like wide band gap (3.32 eV for
bulk)16 that can be easily tuned by growing its nanostructures
with varying morphologies, low crystallization temperature,
high chemical stability, good charge carrier mobility (to over-
come charge transport limitations in organic–inorganic hybrid
solar cells),17–19 piezoelectric nature (enhance photocurrent
generation and solar to electric power conversion owing to
electric eld associated with polarisation induced by acoustic
vibrations),20 abundance in the earth’s crust, cheap synthesis
and non-toxic nature.21

Another potential material class is carbonaceous materials,
which nd applications in various optoelectronic devices
because of their attracting properties like their existence in a
variety of nanostructures (CNTs or graphene), noteworthy
electrical and thermal performance parameters, and abundant
and eco-friendly nature.22,23 Lots of work has already been
conducted on CNTs, even regarding their application in PV, but
not much has happened specically for advancement in terms
of efficiency and decrement in terms of cost. Graphene with its
large surface area (2600 m2 g�1),24 high carrier mobility (200 000
cm2 V�1 s�1),25 excellent thermal conductivity (5000 W m�1

K�1),26 tuneable band gap (0 to 250 meV),27 and ne electron
acceptor, is extremely important and even less expensive when
synthesized on a large scale in comparison to CNTs.28,29 Gra-
phene sheets generally restack and form agglomerates when
used as such owing to van der Waals interaction. To solve this
problem, either a surfactant can be used or the graphene can be
anchored by nanoparticles. The use of surfactants is usually not
favoured in solar cell applications as they hinder the charge
transport, resulting in poor device performance. The 2D struc-
ture of graphene provides a scaffold to anchor metallic and
semiconducting nanoparticles and thus to develop various
hybrid assemblies.30 Graphene's capability to interact with the
excited states of semiconducting nanoparticles and undergo
charge transfer by monitoring the emission life time of ZnO
nanoparticles–graphene (inorganic–organic) composite-based
samples is already reported in the literature.31 The crystal
structure of graphene is 2D hexagonal and ZnO exists in
hexagonal wurtzite form; thus, there is very good lattice
compatibility between the two.32 Specically, it is ZnO that
absorbs photons and generates photoelectrons, whereas gra-
phene only helps in the conduction of these electrons. More-
over, improvement in charge transfer in Z@G nanocomposite
rather than pure ZnO has already been reported.33 This effective
electron transfer from ZnO nanoparticles to graphene lowers
the recombination of charge carrier, which ultimately improves
the solar cell performance.

A microwave-assisted hydrothermal route is a prime choice
for the synthesis of ZnO nanoparticles and graphene-based
composites as it affords time effectiveness in a one-step reaction
(reaction time can be shortened by adjusting the power, pres-
sure and temperature of the reaction) and yields uniform
This journal is © The Royal Society of Chemistry 2014
morphology, i.e. small sized particles with a narrow size
distribution.34,35 Moreover, for the successful synthesis of ZnO–
graphene (Z@G) nanocomposite, an effective interfacing
between ZnO nanoparticles and graphene sheets without dete-
riorating their properties is vital. Therefore, a hydrothermal
route is preferred for preserving the structural and electrical
properties of the individual components.36

Already a lot of work has been performed on ZnO-based
devices where many researchers replaced fullerenes completely
by ZnO (synthesized ex situ or in situ, rod shaped or tetra-pod) as
an electron acceptor without considerable signicant results
being obtained.37,38 Moreover, ZnO–graphene has been used as
an electron acceptor with P3HT39 reporting the PCE of 0.98%
and also as a buffer layer in an inverted solar cell33 with an
enhanced efficiency of 4.15%. The novelty of our work lies on
the surfactant-free synthesis of hydrophobic ZnO nanoparticles
(and ZnO–graphene nanocomposite) for better charge trans-
portation in polymer solar cells. The hydrophobic nature
(soluble and stable in non-polar solvents like chloroform and
chlorobenzene) of ZnO nanoparticles helps in the casting of a
smooth and continuous lm for hybrid solar cell application.
Aer the successful synthesis of ZnO nanoparticles, ZnO–gra-
phene (Z@G) nanocomposite is also worked upon using
reduced graphene oxide (RGO) as a precursor. The microwave-
assisted route is very signicant for the reduction of RGO.
Moreover, the hydrophobic nature of both ZnO and graphene
does not require any modication on the graphene surface (via
surfactants) to anchor ZnO nanoparticles over the graphene
sheet.40 We can then use these ZnO nanoparticles and Z@G
nanocomposite to fabricate a hybrid solar cell. Both graphene
and PCBM are different forms of carbon; thus, they are expected
to form hybrids that may further improve charge conduction.
Therefore, instead of using these nanoparticles or nano-
composites as a replacement, we use them as a supplement in
PCPDTBT:PCBM-based conventional type (non-inverted) solar
cells.
Experimental procedure

The chemicals used in the synthesis of ZnO nanoparticles and
ZnO decorated graphene nanocomposites are zinc acetate
dihydrate, potassium hydroxide, methanol from Merck, India,
and RGO was procured from ACS Materials. A Monowave 300
(Anton Paar) microwave reactor was used for the above-
mentioned synthesis of nanoparticles and nanocomposite.
Synthesis of hydrophobic ZnO nanoparticles

Zinc acetate (0.6 g) was dissolved in 20 ml of methanol and 10
ml of distilled water at 60 �C. Then, a solution of 0.3 g of
potassium hydroxide in 13 ml of methanol was added and
stirred for 10–15 minutes to obtain a clear solution. 25 ml of the
nal solution was poured into a 30 ml glass tube tightened with
septum, and nally placed in a Teon-lined microwave reactor.
The reaction was carried out at 160 �C for half an hour, and then
the reactor was cooled down to 55 �C to obtain a milky white
solution. The solution was le untouched for 10 minutes to
J. Mater. Chem. C, 2014, 2, 8142–8151 | 8143
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Fig. 1 The ZnO nanoparticle synthesis process flow.
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allow the precipitates to settle down. The obtained precipitates
were washed and centrifuged for 3–4 times at 8000 rpm, fol-
lowed by annealing at 100 �C for half an hour to obtain pure
ZnO nanoparticles. The process steps captured at various stages
are also shown in Fig. 1. Moreover, the variation of pressure,
temperature and power during the reaction has been given as S1
in ESI along with hydrophobic evaluation as S3.† The clear and
stable dispersion of ZnO nanoparticles was obtained in the
mixture of chloroform and methanol (with volume ratio 9 : 1).
Synthesis of ZnO nanoparticles decorated graphene (or Z@G)
nanocomposite

ZnO nanoparticles decorated graphene was synthesized by the
hydrothermal reaction in a microwave reactor. A solution of
RGO in ethanol was prepared by adding 5 mg of commercial
RGO (ACS materials) in 10 ml of ethanol and ultrasonication for
10–15 minutes. In a separate beaker, another solution was
prepared by dissolving 0.6 g of zinc acetate dehydrate in 20ml of
methanol and 10 ml distilled water at 60 �C, followed by the
addition of 0.3 g of KOH dissolved in 13 ml of methanol with
stirring for 10–15 minutes. The RGO solution was added to the
zinc precursor and again ultrasonicated for 10minutes. 25ml of
the nal solution was poured into a glass tube with a total
capacity of 30 ml and was tightened with septum and placed in
a Teon-lined reactor. The reaction was carried out at 160 �C for
an hour and nally cooled down to 55 �C. Aer the completion
of the reaction, the greyish colour precipitates obtained were
washed and centrifuged 3–4 times at 10 000 rpm and nally
annealed at 100 �C for half an hour to obtain ZnO decorated
graphene nanocomposite (Z@G). Fig. 2 illustrates the process
steps for preparing the ZnO decorated graphene nano-
composite. The graph showing variation of temperature, pres-
sure and power during reaction is shown as S2 in ESI.† The
stable suspension was obtained in a mixture of chloroform and
ethanol (with volume ratio 9 : 1).
Characterization of ZnO nanoparticles and ZnO decorated
graphene (Z@G) nanocomposite

In order to investigate the particle size and microstructural
properties of the synthesized ZnO nanoparticles and Z@G
8144 | J. Mater. Chem. C, 2014, 2, 8142–8151
nanocomposite, transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
measurements were performed using the Tecnai G2 F30 S-Twin
instrument operating at 300 kV as accelerating voltage using a
drop cast sample dispersed in chloroform onto a carbon coated
copper grid. The Shimadzu UV-1601 spectrophotometer was
used to record absorption spectra. Photoluminescence spectra
were acquired using Perkin Elmer LF55 having a xenon source
spectrophotometer (in the wavelength region of 320–500 nm).
Atomic force microscopy (AFM) studies were performed by
multimode AFM with Nanoscope V controller (Veeco, USA) in
tapping mode. Fourier transform infrared analysis (FTIR) was
carried out using Nicolet 5700 in transmission mode in the
wavenumber range of 400–4000 cm�1 to determine the func-
tional groups present in the synthesized samples. Crystal
structure and phase analysis was performed by using D8-
Advance XRD (Bruker) using Cu Ka radiation (wavelength, l ¼
1.54 Å) in the scattering range (2q) of 10�–80� with a scan rate of
0.02� s�1 and a slit width of 0.1 mm. Raman scattering was
performed by using Renishaw in Via Reex spectrometer (UK)
with an excitation source at 514.5 nmwith a resolution less than
1.0 cm�1. To calculate the hydrophobicity of synthesized ZnO
nanoparticles, contact angles were recorded on the Drop Shape
Analysis System DSA10MK2 from Krüss GmbH, Germany.
Hybrid solar cell fabrication and characterization

ZnO nanoparticles and ZnO-decorated graphene nano-
composite (Z@G)-based bulk heterojunction solar cells (ITO/
PEDOT:PSS/PCPDTBT:PCBM:ZnO (or Z@G)/Al) with an active
area of 0.1 cm2 were fabricated by varying the concentration of
PCPDTBT:PCBM:ZnO (or Z@G) and also by varying the weight
ratio of the polymer, fullerene and nanoparticles. The solution
of the polymer, fullerene and ZnO (or Z@G) in chlorobenzene
was spin-coated as an active layer on the ITO-coated glass
substrate of sheet resistance 10–14 U cm�1 with poly-
(ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS)
coating as the buffer layer. Here, ITO acts as the bottom elec-
trode. PEDOT:PSS coating was performed at 2000 rpm, whereas
the active layer was spin-coated at 800 rpm under ambient
conditions. Finally, 100 nm thick aluminium (Al) was deposited
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 The ZnO nanoparticles decorated graphene nanocomposite synthesis process flow.
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by a thermal evaporation unit through a shadow mask at 2 �
10�6 Torr as the top metal contact of the device.

The performance of polymer bulk heterojunction solar cells
fabricated with ZnO nanoparticles and ZnO-decorated graphene
nanocomposite (Z@G) was evaluated with the current density–
voltage (J–V) characteristics measured with a class AAA solar
simulator (sol3A Oriel Newport USA) equipped with a xenon
lamp used as a light source under standard test conditions
(STC).
Results and discussion
Structural and morphological investigations

The XRD spectra for reduced graphene oxide (RGO), ZnO
nanoparticles (ZnO) and ZnO–graphene nanocomposite (Z@G)
are shown in Fig. 3 to analyze the phase and crystallinity of ZnO
and RGO along with the interlayer effect in hybrid or composite.
A broad band of a (002) peak of graphite at 2q ¼ 29.37� is
observed in RGO, which corresponds to the d-spacing of 0.31
nm. The reason for the small d value lies in aggregation of the
reduced graphene sheets because of weak van derWaals force of
attraction between nanosheets.41 The XRD pattern of ZnO
Fig. 3 The XRD intensities for reduced graphene oxide (RGO), ZnO
nanoparticles (ZnO) and ZnO–graphene nanocomposite (Z@G)
described phase and crystallinity of ZnO and RGO along with the
interlayer effect in hybrid or the composite.

This journal is © The Royal Society of Chemistry 2014
nanoparticles shows the reections (100), (002), (101), (102),
(110), (103), (112), (004) and (202) of ZnO in a hexagonal wurt-
zite lattice.42 The absence of any secondary phase conrms the
synthesis of pure and single phase ZnO nanoparticles. In
addition, small-sized ZnO nanoparticles are directly evidenced
from the broad peaks. The calculated average crystallite size
using Scherrer's equation for the ZnO sample comes out to be
4.5 nm, whereas for the Z@G nanocomposite the evaluated
crystallite size is around 8 nm. In the Z@G XRD pattern, no
diffraction peak corresponding to RGO was observed. This can
be explained in two ways: (i) lesser amount, giving relatively low
diffraction intensity of RGO than ZnO in the Z@G nano-
composite, and (ii) the anchoring of ZnO nanoparticles on RGO
may inhibit the restacking of carbon sheets, which results in a
weak diffraction peak or no diffraction peak.43,44

The morphological analysis of synthesized ZnO nano-
particles and Z@G nanocomposite heterostructure using high-
resolution transmission electron microscopy (HRTEM) is given
in Fig. 4. The HRTEM image of the ZnO sample shown in
Fig. 4(a) clearly illustrates the quasi spherical ZnO nano-
particles in the range 4–8 nm with an average size of 5.25 nm as
depicted in the histogram. Fig. 4(b) shows the image at higher
resolution and a selected area electron diffraction (SAED)
pattern in the inset. The SAED pattern provides a clear evidence
of the highly crystalline ZnO structure with all diffraction rings
being indexed to the hexagonal wurtzite phase of ZnO. This
observation supports the synthesis of phase pure ZnO nano-
particles via the time-efficient hydrothermal method. The
lattice fringes encircled image shown in Fig. 4(b) gives an
interplanar distance of 0.28 nm, which can be assigned to the
(100) plane of hexagonal ZnO. Fig. 4(c) illustrates the ZnO
nanoparticles–graphene nanocomposite (Z@G) images having
ZnO nanoparticles with nearly spherical symmetry and narrow
size distribution in the range 3–11 nm anchored on the gra-
phene sheet. The average size of ZnO nanoparticles decorated
on graphene sheet is �7 nm from the histogram. The
enhancement in the average size of ZnO nanoparticles from
5.25 nm to 7 nm with the introduction of graphene is probably
because of the longer duration of annealing time (30 min to 60
min) that results in the growth of ZnO nanoparticles. Moreover,
close contact between ZnO nanoparticles and graphene can be
J. Mater. Chem. C, 2014, 2, 8142–8151 | 8145
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Fig. 4 The HRTEM image of (a) ZnO nanoparticles; and (c) ZnO–
graphene nanocomposite (Z@G), with average particle size of 5.25 nm
and 7 nm, respectively, as obtained from histogram shown in the inset;
highly resolved images (b) and (d) with SAED pattern in the inset
featuring highly crystalline ZnO structure indexed as hexagonal
wurtzite phase and polycrystalline nature of Z@G nanocomposite,
respectively.

Fig. 5 The normalized UV-Vis spectra of synthesized ZnO nano-
particles and Z@G nanocomposite with strong absorption peaks at 364
nm and 372 nm, respectively, ensuring modified absorption.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 0
1 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 N

at
io

na
l P

hy
si

ca
l L

ab
or

at
or

y 
(N

PL
) 

on
 3

0/
04

/2
01

5 
05

:4
7:

43
. 

View Article Online
witnessed from the HRTEM image shown in Fig. 4(c). This close
contact will provide proper electronic interaction between gra-
phene and ZnO nanoparticles that is very much required to have
better charge separation (or less charge carrier recombination)45

and is therefore crucial for improvement in the power conver-
sion efficiency of hybrid solar cells. The high magnication
image corresponding to Z@G nanocomposite, elaborated in
SAED pattern taken for the encircled fringes, is shown in
Fig. 4(d). The polycrystalline nature of the Z@G nanocomposite
is evidenced from the SAED pattern.
Fig. 6 The normalized PL spectra of synthesized ZnO nanoparticles
and Z@G nanocomposite with strong UV emission band peaks at 385
nm and 391 nm, respectively; in response to excitation at 330 nm a red
shift is produced that signifies the interaction and coupling between
ZnO nanoparticles and graphene.
Optical investigations

The absorption spectra of the synthesized ZnO nanoparticles
and Z@G nanocomposite are shown in Fig. 5. It is clearly
observed that in pure ZnO, a strong absorption peak at 364 nm,
having a corresponding band gap of 3.4 eV, is at a lower wave-
length (blue shied) than that for bulk ZnO (corresponding to
3.32 eV) as per the literature.16 This blue shi is due to the
synthesis of small-sized ZnO nanoparticles via the facile and
simple hydrothermal method. In addition, the sharp charac-
teristic absorption peak clearly points to the good crystallinity
and high purity of synthesized ZnO nanoparticles. The Z@G
nanocomposite shows an absorption peak at 372 nm. The
possible reason for this red shi may lie as follows: (1) the
nanocomposite structure, which may favour the prominent
absorption of ZnO rather than that of the graphene, (2) coupling
between ZnO and graphene and (3) increased particle size in
8146 | J. Mater. Chem. C, 2014, 2, 8142–8151
Z@G (i.e.8–10 nm) than pure ZnO (i.e. 4–5 nm) as is evident
from XRD spectra shown in Fig. 3.

The optical properties of the synthesized ZnO nanoparticles
and Z@G nanocomposite samples were also monitored using
photoluminescence (PL) spectroscopy as shown in Fig. 6. The
PL spectrum of pure ZnO nanoparticles shows a UV emission
band centred at 385 nm (3.22 eV), which is related to the
recombination of excitons.46 Moreover, the absence of an
emission band in the wavelength range 500–600 nm signies
defect-free, excellent quality ZnO nanoparticles.47 In compar-
ison, the PL peak position of Z@G nanocomposite shows a red
shi to 391 nm (3.17 eV). The shi in the PL emission of Z@G
composite might be due to interaction between ZnO nano-
particles and graphene.
This journal is © The Royal Society of Chemistry 2014
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FTIR and Raman analysis

In order to determine the functional groups attached with ZnO
nanoparticles and RGO and also for the identication of
chemical changes in RGO because of the anchoring of ZnO
nanoparticles (Z@G), Fourier transform infrared (FTIR) spec-
troscopy was performed (Fig. 7). The broad peak in the range of
3500–3300 cm�1 corresponds to the OH stretching vibration in
pure ZnO, whereas the peak at 1406 cm�1 shows an OH bending
vibration. The small peaks at 917 cm�1 and 676 cm�1 clearly
indicates Zn–O stretching,48 whereas the peaks at 1584 cm�1

and 1020 cm�1 are attributed to the C–O stretching vibration
and unreacted acetate le aer the reaction. Now, in the RGO
plot, the most intense peak at 1165 cm�1 shows the presence of
C–O stretching vibration, and the second most intense peak at
1545 cm�1 is because of skeletal in-plane vibration of C]C.49

The peaks in the range 2920 cm�1–2850 cm�1 are due to
asymmetric C–H stretching; moreover, the small peak posi-
tioned at 1736 cm�1 can be attributed to stretching vibration for
C]O.50 In the Z@G nanocomposite plot, the intensity of the
peak at 1557 cm�1 gets maximized, which is due to the skeletal
in-plane vibration of C]C, whereas it is less pronounced in
RGO data, which is a clear indication of a further reduction of
the RGO to graphene. This is further supported by weakened
oxygen-related peaks in Z@G nanocomposite at 2365 cm�1 and
1013 cm�1 than those in RGO, which simply indicates the
deoxygenation of RGO toward graphene during the Z@G
nanocomposite formation. The peaks at 655 cm�1 and 920 cm�1

are because of Zn–O stretching, indicating the anchoring of ZnO
on the graphene sheet.48

Raman spectroscopy being non-destructive is one of the
most widely used techniques to investigate order and disorder,
Fig. 7 The FTIR spectra of ZnO nanoparticles, reduced graphene
oxide (RGO) and Z@G nanocomposite informing on attached func-
tional groups and chemical changes with anchoring of ZnO nano-
particles at graphene nanosheets.

This journal is © The Royal Society of Chemistry 2014
specically in carbon-based materials. The Raman spectra of
commercial RGO and hydrothermally synthesized Z@G nano-
composite are shown in Fig. 8. Both samples have the charac-
teristic D-band (1349 and 1353 cm�1) and G-band (1593 and
1597 cm�1); however, the D-band is assigned to local defects
and disorders, whereas the G-band originates from the
symmetric stretching of sp2 C–C bond.51 It can be clearly seen
that the D-band of the Z@G nanocomposite is blue-shied by 4
cm�1, while the G-band is red-shied by 4 cm�1 in comparison
to RGO. These shis indicate the interaction between graphene
and ZnO nanoparticles, which is a prerequisite for charge
transfer between ZnO and graphene.52 In addition, the low
intensity ratio (ID/IG) of D to G-band (0.857 and 0.868) for RGO
and Z@G nanocomposite suggests the creation of very few
defects in the nanocomposite aer the introduction of ZnO
nanoparticles.
Hybrid solar cell characterization

In order to develop efficient polymer-based solar cells most of
the attention has been paid towards the donor part (i.e. conju-
gated polymers), whereas considerably less work has been per-
formed in the direction of the acceptor part (i.e. fullerenes).
Some work has been reported by replacing organic fullerenes by
inorganic semiconducting acceptors, but results are not
considerably signicant.37,40,53 Instead of the total replacement
of the organic fullerenes, we have deployed synthesized inor-
ganic nanostructured materials as supplementary acceptors
along with organic fullerenes. In this way, we not only exploit
the organic blend of polymer:fullerene (PCPDTBT:PCBM) for
effective exciton dissociation at the favourable organic–organic
interface rather than organic–inorganic interface, but also, at
the same time, have the advantage of lowering the overall
Fig. 8 The Raman spectra of RGO and Z@G nanocomposite shows
blue shift (D-band) and red shift (G-band) and low intensity ratio (ID/IG),
which points out the interaction between ZnO and graphene and the
less defective composition of Z@G, respectively.
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volume of costly organic blend by supplementing with inex-
pensive ZnO nanoparticles (or Z@G nanocomposite). Moreover,
because of higher charge mobility along with conducting
pathways provided by inorganic semiconductors, the charge
carriers will get extracted rapidly, which ultimately leads to
lower recombination. In this manner, we not only bring down
the fabrication cost of polymer-based devices but also achieve
better open circuit voltage (VOC) and short circuit current
density (JSC) values.

The solar cell devices were fabricated with an overall
concentration of 30 mg ml�1 and 40 mg ml�1

(PCPDTBT:PCBM:ZnO nanoparticles {or Z@G} in chloroben-
zene) of active layer and different weight ratios of 1 : 1 : 1 and
1 : 1 : 2 of PCPDTBT:PCBM:ZnO/Z@G, and the corresponding
J–V characteristics are shown in Fig. 9(a) and (b). All the
performance parameters of the solar cells are tabulated in
Table 1.

The best efficiency devices (Z-3 and ZG-3) have the weight
ratio of 1 : 1 : 1 (PCPDTBT:PCBM:ZnO or Z@G) with an active
layer concentration of 40 mg ml�1 for both ZnO and Z@G
nanocomposite as supplement. When measured under stan-
dard AM 1.5 G solar spectrum with a power density of 100 mW
cm�2, the best Z@G device gives an efficiency of 3.65% with a
JSC value of 17.5 mA cm�2, VOC of 0.66 V and FF of 32%. Simi-
larly, in the case of the ZnO device the best efficiency achieved is
1.76% with JSC of 9.5 mA cm�2, VOC of 0.59 V and FF of 31%.

It is clearly observed that by replacing ZnO nanoparticles by
Z@G nanocomposite, the power conversion efficiency of the
device becomes more than double with doubling of the JSC
value. Note that a small improvement in VOC along with an
enhanced JSC value and nearly unchanged FF are observed. The
probable reason for increased JSC is the larger specic area of
graphene sheets that ultimately leads to large heterojunction
interface with polymer matrix for efficient exciton separation,
and the ability of graphene to interact with excited ZnO nano-
particles decorated over graphene sheet, followed by the
capturing and transportation of charge carriers toward
Fig. 9 The J–V characteristics of the solar cell devices based on active l
PCPDTBT:PCBM:Z@G nanocomposite {ZG-1, ZG-2 & ZG-3} with overa
1 : 1 : 1 and 1 : 1 : 2, respectively.
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respective electrodes.24,31,35,45,52 The PL quenching data shown in
S4 (ESI†) clearly indicates the charge transfer between the
polymer and ZnO nanoparticles (or Z@G nanocomposite).

When the devices are fabricated using Z@G nanocomposite
at an overall concentration of 40 mg ml�1 but with an increased
weight proportion of Z@G, i.e. 1 : 1 : 2 (PCPDTBT:PCBM:Z@G)
the efficiency gets reduced to 3.18% with the JSC value lowered
to 13.6 mA cm�2 and a small increment in VOC to 0.71 V
(because of the higher content of the wide band gap ZnO, which
ultimately affects the open circuit voltage rather than short-
circuit current density). The increment in open-circuit voltage is
not compensated by the large decrement in short-circuit current
density. This is due to the aggregation of Z@G in polymer
matrix on increasing the amount of nanocomposite, which will
ruin the lm homogeneity and ultimately gives rise to a dis-
rupted active layer54 with inefficient charge transport. In a
similar manner, we may explain the decrease in the efficiency of
ZnO-based devices on increasing the ZnO nanoparticle content.

Moreover, ZnO and Z@G-based devices (Z-1, ZG-1) prepared
with an overall concentration of 30 mg ml�1 of active layer give
comparatively less efficiency (0.68%, 2.16%) than the devices (Z-
3, ZG-3) prepared with a concentration of 40 mg ml�1. The
thickness of the active layer may be the probable reason; i.e. the
thicker the active layer the greater will be the generation of
excitons by the enhanced absorption of photons.55

From the AFM images shown in Fig. 10(a) and (b), it is very
clear that ZnO nanoparticles, owing to their hydrophobic
nature, form a very uniform lm with PCPDTBT and PCBM, and
the low roughness value of 0.325 nm indicates the quality of the
active layer for hybrid solar cell device fabrication. The AFM
images obtained for ZnO decorated graphene shows some
different but interesting patterns in the lm. The probable
reason for the higher efficiency of the Z@G nanocomposite-
based devices may evolve from this uniform pattern. These
ake-shaped surface structures may arise due to the hybrid-
ization of C-60 compound and graphene sheet as both belong to
one or the other form of nanocarbon, and thus, they have no
ayer (a) PCPDTBT:PCBM:ZnO nanoparticles {Z-1, Z-2 and Z-3}, and (b)
ll concentration of 30 and 40 mg ml�1 and different weight ratios as

This journal is © The Royal Society of Chemistry 2014
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Table 1 Hybrid solar cell performances (ITO/PEDOT:PSS/PCPDTBT:PCBM:ZnO or Z@G/Al) with varied active layer concentration and the
weight ratios of organic blend (PCPDTBT:PCBM) and inorganic nanostructures (ZnO or Z@G), respectively

Device architecture Weight ratio Device no.
JSC
(mA cm�2)

VOC
(V)

FF
(%)

h

(%)
Rs

(U cm2)
Rsh
(U cm2)

ITO/PEDOT:PSS/PCPDTBT:PCBM:ZnO/Al 30 1 : 1 : 1 Z-1 4.40 0.52 30 0.68 77 168
40 1 : 1 : 2 Z-2 5.72 0.69 34 1.34 49 200
40 1 : 1 : 1 Z-3 9.53 0.59 31 1.76 30 96

ITO/PEDOT:PSS/PCPDTBT:PCBM:Z@G/Al 30 1 : 1 : 1 ZG-1 10.12 0.65 33 2.16 26 107
40 1 : 1 : 2 ZG-2 13.63 0.71 33 3.18 23 82
40 1 : 1 : 1 ZG-3 17.45 0.66 32 3.65 18 60

Fig. 10 The AFM micrograph of thin film of (a) PCPDTBT:PCBM:ZnO nanoparticles and (b) PCPDTBT:PCBM:Z@G nanocomposite with
roughness 0.32 and 3.03 nm, respectively.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
1 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 N

at
io

na
l P

hy
si

ca
l L

ab
or

at
or

y 
(N

PL
) 

on
 3

0/
04

/2
01

5 
05

:4
7:

43
. 

View Article Online
interfacial issues; moreover, the strong affinity between C-60
and carbon allotrope justies the hybrid formation.56 Such
pattern favours the transportation of charge carriers and thus
leads to lower recombination losses and ultimately results in
the higher efficiency of the devices.

In order to further probe the nature of enhancement in JSC,
the external quantum efficiency (EQE) of cells having ZnO and
Z@G has been performed. Fig. 11 represents sharp features in
the EQE spectrum of ZnO nanoparticles (or Z@G nano-
composite) blended with PCPDTBT:PCBM. The region centred
at 730 nm is dominated by PCPDTBT contribution, while the
other one centred at 410 nm can be assigned to ZnO (or Z@G)
and PCBM superposition.57,58 EQE as high as 26% at maximum
peak has been achieved in ZnO-based devices, whereas for
This journal is © The Royal Society of Chemistry 2014
Z@G, the EQE value jumps to 65%. This is in accordance with
the JSC value obtained from J–V curves for ZnO- and Z@G-based
devices (Fig. 9). The prominent increase in the EQE for Z@G-
based devices demonstrates improved charge transfer that
ultimately results in the enhanced short-circuit current density.
The densely packed ZnO nanoparticles on graphene sheet
generate photoelectrons and have been effectively transferred to
graphene. This will suppress the recombination of charge
carriers and enhance the transportation of charge carriers
toward respective electrodes, which ultimately results in
increased short circuit current density.

On comparing the devices made up of the ZnO and Z@G
nanocomposite, we clearly observe signicant enhancement in
short-circuit current (JSC) and thus improvement in overall
J. Mater. Chem. C, 2014, 2, 8142–8151 | 8149
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Fig. 11 The external quantum efficiency of PCPDTBT:PCBM:ZnO
nanoparticles and PCPDTBT:PCBM:Z@G nanocomposite-based
devices, respectively.
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efficiency in the Z@G nanocomposite-based devices. However,
we need to work on the fabrication of the devices so as to
overcome the losses due to series and shunt resistance to obtain
better results.
Conclusion

In conclusion, hydrophobic ZnO nanoparticles (ZnO) and ZnO
decorated graphene nanocomposite (Z@G) are synthesized via a
simple and time-efficient microwave-assisted hydrothermal
method without using any surfactant. ZnO and Z@G show good
solubility in chlorobenzene and thus result in a very smooth and
uniform lm with polymer and fullerene blend. The power
conversion efficiency of PCPDTBT:PCBM:Z@G-based devices show
signicant enhancement over the PCPDTBT:PCBM:ZnO-based
devices. The best performance devices (Z-3 and ZG-3) are obtained
at a weight ratio of 1 : 1 : 1 (PCPDTBT:PCBM:ZnO{or Z@G}) with
an overall active layer concentration of 40 mg ml�1 for both ZnO
and Z@G nanocomposite as supplements in polymer-based bulk
heterojunction solar cells. The best efficiency achieved in a
ZnO-based device is 1.76% with JSC of 9.53 mA cm�2, VOC of 0.59 V
and FF of 31%, whereas by replacing ZnO with Z@G the efficiency
increases to 3.65% (i.e. more than double) with a JSC value of
17.45 mA cm�2, VOC of 0.66 V and FF of 32%. This clearly shows
the signicant impact of graphene on improved polymer solar cell
performance through better charge transportation.
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S. Gradečak, Nano Lett., 2013, 13, 233–239.

37 L. Baeten, B. Conings, H. G. Boyen, J. D'Haen, A. Hardy,
M. D'Olieslaeger, J. V. Manca and M. K. Van Bael, Adv.
Mater., 2011, 23, 2802–2805.

38 D. E. Motaung, G. F. Malgas, S. S. Ray and C. J. Arendse, Thin
Solid Films, 2013, 537, 90–96.

39 Q. Zheng, G. Fang, F. Cheng, H. Lei, W. Wang, P. Qin and
H. Zhou, J. Phys. D: Appl. Phys., 2012, 45, 455103.

40 H. Park, P. R. Brown, V. Buloyic and J. Kong, Nano Lett., 2012,
12, 133–140.

41 Y. Feng, H. Liu, W. Luo, E. Liu, N. Zhao, K. Yoshino and
W. Feng, Sci. Rep., 2013, 3, 3260.
This journal is © The Royal Society of Chemistry 2014
42 S. Liu, H. Sun, A. Suvorova and S. Wang, Chem. Eng. J., 2013,
229, 533–539.

43 C. Xu, X. Wang and J. Zhu, J. Phys. Chem. C, 2008, 112,
19841–19845.

44 X. Liu, L. Pan, Q. Zhao, T. Lv, G. Zhu, T. Chen, T. Lu, Z. Sun
and C. Sun, Chem. Eng. J., 2012, 183, 238–243.

45 Y. Yokomizo, S. Krishnamurthy and P. V. Kamat, Catal.
Today, 2013, 199, 36–41.

46 J. M. Lee, Y. B. Pyun, J. Yi, J. W. Choung and W. Park, J. Phys.
Chem. C, 2009, 113, 19134–19138.

47 H. Park, S. Chang, J. Jean, J. J. Cheng, P. T. Araujo, M. Wang,
M. G. Bawendi, M. S. Dresselhaus, V. Bulović, J. Kong and
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