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f uniformly dispersed ZnO
nanoparticles on a polystyrene/rGO matrix and its
superior electrical conductivity and photocurrent
generation

M. Jeyavelan,a A. Ramesh,a R. Rathes Kannan,b T. Sonia,a K. Rugunandhiria

and M. Sterlin Leo Hudson *a

Herein, a ZnO/PS/rGO composite was prepared via a simple reflex method and its microstructural and

physical properties were characterized using XRD, SEM, HRTEM, TGA and FTIR, UV-visible, and PL

spectroscopies. DC and AC electrical conductivities of the composite were measured using a four-point

collinear probe method. The charge transfer resistance and photocurrent transient response were

characterized via electrochemical impedance spectroscopy. It has been observed that in the ZnO/PS/

rGO composite, even a small amount of rGO (5 wt%) effectively increases its electrical conductivity.

PCTR and OCVD measurements revealed that the photocurrent response of ZnO was markedly

improved when it was used in the composite ZnO/PS/rGO form; this suggested the viability of the ZnO/

PS/rGO composite for practical applications.
1. Introduction

Semiconducting nanostructures have recently gained extensive
interest owing to their potential applications in solar cells,
nanoscale electronic devices, light-emitting diodes, laser tech-
nology, waveguide, chemical- and bio-sensors, photocatalysis,
photoelectrodes etc.1–3 Among different semiconducting nano-
structures, ZnO is a very promising candidate due to its wide
direct band gap of 3.3 eV at room temperature. Moreover, the
absorption spectra of ZnO lies in the near-UV region, and it has
a large room-temperature free-exciton binding energy of 60
meV.4 A recent study revealed that by altering the electronic
conguration of ZnO nanoparticles through capping with
organic molecules, it is possible to induce room-temperature
ferromagnetic-like behavior without doping any magnetic
impurities.5 Because of its unique properties, ZnO has attracted
signicant attention as an important semiconducting material
for technological applications.4–6 Furthermore, the nano form of
ZnO exhibits very high electron mobility of �1000 cm2 V�1

s�1,7,8 which is more favorable for photoinduced electron
collection in photovoltaic devices.9,10 However, due to the
intrinsic structural defects, ZnO has a low electrical conductivity
of 7.261 � 10�7 S cm�1 at room-temperature.11 Even in its nano
form, ZnO exhibits electrical conductivity in the range from
10�6 to 10�4 S cm�1.12 The low electrical conductivity of ZnO
f Tamil Nadu, Thiruvarur-610005, India.
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hinders its practical applications in photovoltaic devices, where
improved electrical conductivity and low charge recombination
loss are required for better photocurrent conversion efficiency.13

More recently, graphene, a single, atomic thick 2D allotrope of
carbon, has attracted signicant attention due to its exceptional
electrical, thermal, and mechanical properties associated with
its unique structure consisting of sp2-hybridized carbon atoms
packed in a two-dimensional honeycomb crystal lattice.14–18

Graphene has an excellent electrical conductivity of 3.49 � 10�2

S cm�1.19 Furthermore, graphene exhibits very high carrier
mobility of �10 000 cm2 V�1 s�1 at room temperature,20 high
specic surface area of over 2000 m2 g�1,21 good optical trans-
parency of �97.7%,22 high Young's modulus of nearly 1 TPa,23

and high thermal conductivity in the range of 3000–5000Wm�1

K�1.24 As a result of the abovementioned unique properties of
graphene, graphene-based polymer composites have been re-
ported to have superior electrical, mechanical, and thermal
properties.25–28 Polystyrene (PS) is one of the most widely used
polymers for many commercial and industrial applications
such as in home appliances, medical devices, automobiles etc. It
has been reported that PS/reduced graphene oxide (rGO)
composite shows superior electrical conductivity in the pres-
ence of a very small amount of rGO in the composite (for
example: 0.2268 S cm�1 for PS/4 wt% rGO composite).23,30–32

Herein, we report the facile synthesis of a ZnO/PS/rGO
composite, having 40 wt% ZnO, 55 wt% PS, & 5 wt% rGO, and
its superior electrical conductivity (AC and DC) and high photo-
current response. The ZnO/PS/rGO composite may possess
multiple applications in electronic devices such as highly
This journal is © The Royal Society of Chemistry 2017
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efficient photoanodes in photovoltaic devices and exible
electronic applications.
2. Experimental
2.1 Synthesis of graphite oxide (GO)

Graphite oxide (GO) was prepared from graphite powder by
a modied Hummers method.33 In each experiment, 2 g of
graphite powder (Sigma Aldrich, 98%) was mixed with 2 g of
NaNO3 in 100 ml H2SO4 (98%), followed by the slow addition of
12 g KMnO4 under constant stirring in an ice-cooled bath. Aer
about an hour of stirring at 0 �C, the bath temperature was
increased to 35 �C and stirring was continued for 2 hours.
Aerwards, the bath temperature was further increased to
90 �C, and 80 ml of H2O was gradually added dropwise into the
mixture. The mixture was then diluted with 200 ml of H2O,
followed by the addition of 20 ml of 30 wt% H2O2 solution. The
as-obtained brown dispersion was then subjected to centrifu-
gation at 6500 rpm for 20 min. The mixture was rinsed and
washed with 5% HCl in deionized water. The resultant dark
brown GO was dried at 80 �C in a hot air oven.
2.2 Preparation of the PS/rGO composite

About 40 mg of GO was dispersed in 20 ml of N,N-dime-
thylformamide (DMF), and the solution (2 mg ml�1) was sub-
jected to ultrasonic treatment for 2 hours at room temperature.
Then, 800 mg of polystyrene (PS), dissolved in 3 ml of DMF, was
added to the GO-dispersed DMF solution under constant stir-
ring at 50 �C. The temperature of the mixture was then
increased to 80 �C and stirring was continued for 2 hours at
1000 rpm. Aerwards, 200 ml of hydrazine hydrate was added
dropwise to the mixture to reduce GO and stirring was
continued at 90 �C for 14 hours until the mixture turned from
brownish yellow to black. The hydrazine hydrate-treated GO has
been denoted as reduced GO (rGO) throughout the manuscript.
The mixture was then transferred to a large beaker and vigor-
ously stirred with methanol to coagulate the composite, which
was then ltered and dried overnight in a hot air oven at 80 �C.
The resultant PS/rGO composite was obtained and subjected to
further characterization.
2.3 Synthesis of the ZnO/PS/rGO composite

First, zinc precursor was prepared by dissolving 2 g of zinc
acetate (Zn(CH2COO)2$2H2O) in 30 ml DMF. The solution was
stirred for 30 min at 40 �C, followed by the addition of tetra-
methylammonium hydroxide (0.1 M in 20 ml of DMF). Then,
the temperature of the mixture was increased to 120 �C and
maintained for 3 hours until a milky white precipitate was
formed. The as-prepared PS/rGO solution was added to the
abovementioned mixture under constant stirring and kept at
120 �C for 6 hours. The composite was centrifuged (7000 rpm)
for 15 min at 25 �C. The as-obtained composite was repeatedly
washed with methanol and dried at 80 �C in a hot air oven for 12
hours.
This journal is © The Royal Society of Chemistry 2017
2.4 Structural, microstructural, optical, and thermal
analysis

Structural analysis of the sample was carried out via X-ray
diffraction (XRD) techniques using a Shimadzu X-ray diffrac-
tometer equipped with Cu Ka radiation of wavelength l ¼
1.5401 Å. The microstructural morphologies of the samples
were characterized using a JEOL scanning electron microscope
(SEM) and a Tecnai G2 20 (200 kV) high resolution transmission
electron microscope (HR-TEM). Fourier transform infrared
(FTIR) spectra and Raman spectra were obtained using Perkin
Elmer UATR Two and EZRaman-N-785 spectrometers, respec-
tively. The optical absorption spectra were obtained between
200 and 800 nm using a Shimadzu UV-1800 spectrophotometer.
Thermogravimetric analysis (TGA) of the samples was con-
ducted between 35 �C and 600 �C at the dynamical heating rate
of 10 �C min�1 using a Perkin Elmer STA 8000 TGA analyser.
The PS and ZnO/PS/rGO lms, having the dimensions 80 mm �
25 mm � 0.8 mm and 80 mm � 25 mm � 1 mm, respectively,
were prepared via hot-press at 120 �C. The tensile properties of
the as-prepared PS and ZnO/PS/rGO lms were investigated
using a universal testing machine (UTM) by employing ASTM
D2256.
2.5 Electrical and photoelectrochemical characterization

DC electrical conductivity measurements were carried out using
a Keithley 4200-SCS semiconductor characterization system
along with an Everbeing INTL Corp four-point collinear probe-
station. The AC impedance spectra were obtained in the
frequency range from 500 mHz to 1 MHz using a BioLogic VSP-
300 electrochemical workstation. The AC impedance, photo-
current transient response (PCTR), and open circuit voltage
decay (OCVD) measurements were carried out using a BioLogic
VSP-300 three-electrode cell electrochemical workstation, along
with a standard three-compartment cell under UV light irradi-
ation (300 W mercury lamp). Typically, for PCTR measure-
ments, 2 g of ZnO or ZnO/PS/rGO composite was added to 2 ml
of ethanol to make a viscus paste, and it was coated on an ITO
glass substrate, having sheet resistance of 8–12 U sq�1 (Sigma
Aldrich), using a doctor-blading technique. The as-prepared
ZnO/ITO and ZnO/PS/rGO/ITO lms were dried at 200 �C on
a hot plate for 30 min. The ZnO/ITO and ZnO/PS/rGO/ITO lm
with an active area of 0.64 cm2 was used as working electrodes.
Additionally, Pt wire and Ag/AgCl electrodes were used as the
counter electrode and the reference electrode, respectively.
Moreover, 0.2 M Na2SO4 was used as an electrolyte for the
electrochemical studies. The potential of the working electrode
was set at 0 V against the Pt wire counter electrode. The DC
conductivity of the samples was measured by the four-point
collinear probe method using Keithley 4200-SCS.
3. Results and discussion
3.1 Structural and microstructural analysis

Fig. 1(a and b) represents the X-ray diffractograms of graphite,
GO, rGO, PS, PS/rGO, and ZnO/PS/rGO composites. The char-
acteristic strong intensity peak corresponding to the interlayer
RSC Adv., 2017, 7, 31272–31280 | 31273
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Fig. 1 XRD spectra of (a) graphite, GO, and rGO and those of (b) PS,
PS/rGO, and ZnO/PS/rGO.

Fig. 2 SEM images of (a) GO, (b) rGO, (c) PS/rGO, and (d) ZnO/PS/rGO.
TEM images of the ZnO/PS/rGO composite are shown in (e) & (f) and
the inset shows the HR-TEM image.

Fig. 3 Stress vs. % elongation of the PS and ZnO/PS/rGO films.
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spacing of graphite (0.335 nm observed at 26.5�) shied to 11.6�

aer its oxidation (GO), indicating a signicant increase in the
interlayer spacing of 0.761 nm due to the attachment of oxygen
functional groups between graphitic layers. The peaks corre-
sponding to GO, observed at 42� and 45�, originated from the
unreacted graphitic phases present in GO.34 The XRD pattern of
rGO displays a weak and broad diffraction peak at 25.08�,
showing a reduced interlayer spacing of 0.354 nm due to the
removal of oxygen functional groups from GO.35 The XRD
pattern of PS shows a broad peak at 19.7�, attributed to the weak
intermolecular van der Waals forces induced by the polymer
chains.36,37 The peaks corresponding to the hexagonal wurtzite
lattice of ZnO38 is discernible in the XRD pattern of the ZnO/PS/
rGO composite. Additionally, the background hump between
11.6� and 30� in the XRD pattern of the ZnO/PS/rGO composite
is due to the presence of the PS matrix.

Fig. 2(a–d) shows the SEM images of GO, rGO, PS/rGO, and
ZnO/PS/rGO composites, and Fig. 2(e and f) displays the TEM
images of the ZnO/PS/rGO composite. As inferred from the SEM
images of GO and rGO (Fig. 2(a and b)), the characteristic wave-
like morphology was observed. In Fig. 2(b), it can be observed
that the wave-like morphology is not as smooth as that shown in
Fig. 2(a). This indicates the re-stacking of the individual sheets
via van der Waals interactions aer the removal of the oxygen
functional groups from the basal planes and from the edges of
GO. Furthermore, it is also evident from the XRD pattern of rGO
that the d-spacing decreases aer the reduction of GO.
31274 | RSC Adv., 2017, 7, 31272–31280
The SEM image of PS/rGO displays the uniform dispersion of
rGO on the PS matrix, suggesting the formation of the PS-rGO
networks. On the other hand, the SEM image of the ZnO/PS/
rGO composite shows the decoration of ZnO in the
composite. The HR TEM images of the ZnO/PS/rGO composite
show well-dened ZnO lattice fringe separations of 0.23 nm and
0.21 nm corresponding to the (101) and (101) planes (as shown
in the inset of Fig. 2(f)), which reveals the strong crystalline
This journal is © The Royal Society of Chemistry 2017
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nature of the ZnO nanostructures in the composite. Further-
more, the ZnO nanoparticles were found to be uniformly
dispersed in the composite.

Fig. 3 represents the tensile strength of the PS and ZnO/PS/
rGO lms determined using ASTM D2256.

The tensile strength TS of PS and ZnO/PS/rGO are 4.262 MPa
and 1.891 MPa, respectively. It was observed that the tensile
strength of PS reduced to 45% while the composite ZnO/PS/rGO
was formed. The reduction in the tensile strength of the
composite is due to the presence of 5 wt% of rGO and 40 wt% of
ZnO in addition to 55 wt% of PS. Our results show that the ZnO/
PS/rGO composite exhibits polymer characteristics such as
tensile strength and percentage elongation. However, higher
content of ZnO in the composite may lower the tensile proper-
ties of the composite.
3.2 Spectral analysis

3.2.1 FTIR and Raman spectral analysis. The FTIR spectra
of GO, rGO, PS/rGO, and ZnO/PS/rGO composites are shown in
Fig. 4(a and b). The following characteristic features of GO were
observed: a carbonyl stretching vibration at 1720 cm�1, C–C
stretching at 1585 cm�1, a C–O vibration of the C–OH at 1220
cm�1, a C–O–C vibration in the epoxy groups at 1036 cm�1, and
Fig. 4 FTIR spectra of (a) GO, rGO, and ZnO, and those of (b) PS, PS/
rGO, and ZnO/PS/rGO.

This journal is © The Royal Society of Chemistry 2017
an O–H stretching vibration at 3460 cm�1. Aer reduction, the
intensity of the oxygen-containing groups in the rGO, PS/rGO,
and ZnO/PS/rGO composites remarkably decreased as
compared to that of GO, indicating an effective reduction of GO
via hydrazine hydrate. For the PS/rGO and ZnO/PS/rGO
composites, the spectral intensity representing the oxygen-
containing functional groups became very weak and newly
emerged characteristic spectral peaks were prominently
observed.

The series of strong peaks at the wavenumbers 3028, 2920,
1602, 1496, 1445, 1021, 905, 754, 697, and 532 cm�1 correspond
to the characteristic peaks of benzene in PS,32 thus conrming
the presence of PS in the composite. Furthermore, the two
additional peaks observed in the ZnO/PS/rGO composite at 1545
cm�1 and 410 cm�1 correspond to the skeleton in-plane vibra-
tion of C]C39 and the Zn–O stretching vibration,40 respectively.

Fig. 5 displays the Raman spectra of GO, rGO, PS/rGO, and
ZnO/PS/rGO composites obtained in the spectral range from
1000 to 2500 cm�1. The D-band and G-band peaks of GO were
observed at 1322 cm�1 and 1595 cm�1, respectively. However,
for rGO, there was a slight shi in the D-band and the G-band,
which were observed at 1317 cm�1 and 1591 cm�1, respectively.
The D/G band intensity (ID/IG) ratio decreases from 1.41 to 1.27
aer the reduction of GO. This signies decrease in the defect
densities of GO aer its reduction. For the PS/rGO composite,
the D-band and G-band peaks were observed at 1310 cm�1 and
1595 cm�1, respectively, with the ID/IG ratio of 1.3, slightly
higher than that of rGO. This could be ascribed to the non-
covalent p–p interactions between the PS scaffold and basal
planes of rGO.41 However, for the ZnO/PS/rGO composite, the
ID/IG ratio is 1.4, higher than that observed for PS/rGO due to the
difference in the concentration of PS in the composite. In ZnO/
PS/rGO, the concentration of PS is 55 wt%, whereas in the PS/
rGO composite, it is 95 wt%.

3.2.2 UV-vis & PL analysis. Fig. 6(a and b) presents the
representative UV-vis absorption and the PL spectra of rGO, PS,
PS/rGO, ZnO, and ZnO/PS/rGO composites. In the UV-vis
spectra, a strong absorption peak at 262 nm and a broad peak
Fig. 5 Raman spectra of GO, rGO, PS/rGO, and ZnO/PS/rGO.

RSC Adv., 2017, 7, 31272–31280 | 31275
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at 295 nm were observed, corresponding to the p–p* transition
of the C]C bond and the n–p* transition of the C]O bond in
rGO, respectively. The peak observed at 262 nm for rGO is the
red shi peak of GO at 230 nm, conrming the effective
reduction of GO in the composite and the restoration of p-
conjugation of rGO. Moreover, the disappearance of the 295 nm
plasmon peak,42 corresponding to rGO in the PS/rGO
composite, conrms the effective removal of the oxygen-
Fig. 6 Spectral analysis of the composites: (a) UV-vis spectra, (b) PL
emission spectra, and (c) time-resolved PL spectra corresponding to
an excitation wavelength of 340 nm.

31276 | RSC Adv., 2017, 7, 31272–31280
containing groups aer its reduction via hydrazine hydrate. As
noticed in Fig. 5(a), a UV-absorption peak of ZnO is observed at
372 nm (optical bandgap of 3.33 eV) in the ZnO/PS/rGO
composite, suggesting that there is no change in the optical
band gap of ZnO in the composite. The room temperature PL
spectra of PS, PS/rGO, and ZnO/PS/rGO composites, obtained in
the range of 290–550 nm, show a PL emission peak at 332 nm
with an excitation wavelength of 265 nm. Additionally, emission
peaks of ZnO were observed in the ZnO/PS/rGO composite. For
comparison, the PL emission spectra of pristine ZnO corre-
sponding to an excitation wavelength of 370 nm is shown in the
Fig. 6(b). The emission peaks due to the intrinsic defects in the
ZnO crystal were observed at 422 nm, 485, and 510 nm.43,44 The
intrinsic defects in ZnO are advantageous for the enhancement
of the photocurrent density of the ZnO/PS/rGO composite.45

The exponential decay curves corresponding to the lifetime
of the photoexcited charge carriers, demonstrated by time-
resolved photoluminescence decay studies of pristine ZnO
and ZnO/PS/rGO, are shown in Fig. 6(c). The tted parameters
determined from the time-resolved PL spectra of ZnO and the
ZnO/PS/rGO composite are presented in Table 1.

Furthermore, the average lifetime of the composites can be
calculated using the following expression;46

<s> ¼ SiBisi (second) (1)

The calculated average lifetime of the excited charge carriers
in pristine ZnO and ZnO/PS/rGO is 0.1029 ns and 2.599 ns,
respectively. The signicant improvement in the lifetime of the
excited charge carriers in the ZnO/PS/rGO composite reects its
better electron transport properties.47 It becomes evident that
the presence of polymer and graphene in the ZnO/PS/rGO
composite increases the excited charge carrier's lifetime and
hence favors the rapid charge carrier transport properties of the
composite.

3.3 Thermogravimetric analysis

The thermal stability of GO, rGO, PS/rGO, and ZnO/PS/rGO
composites was analyzed using TGA at the dynamic heating
rate of 10 �C min�1. Fig. 7 presents the representative TGA
curves of GO, rGO, PS/rGO, and ZnO/PS/rGO composites. A 15%
weight loss was observed for GO below 100 �C, which might be
due to the removal of surface adsorbed moisture and impurity
gases. Nearly, 20% weight loss was observed at �200 �C, which
is presumably due to pyrolysis of the labile oxygen-containing
functional groups.41 The gradual weight loss observed
between 200 �C and 600 �C might have resulted from the
decomposition of carboxyl, hydroxyl, and epoxy groups at the
edge and basal planes of GO.48
Table 1 Fitted time-resolved PL spectral parameters

Sample B1 s1 (ns) B2 s2 (ns) B3 s3 (ns) <s> (ns)

ZnO 0.007 1.74 1.03 0.07 0.001 11.13 0.10
ZnO/PS/rGO 0.013 6.88 0.05 1.14 0.001 19.04 2.59

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 TGA spectra of GO, rGO, PS/rGO, and ZnO/PS/rGO
composites.
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As can be seen from Fig. 7, below 200 �C, rGO is much more
thermally stable than GO due to the removal of the residual
water molecules trapped in the interlayered space that leave
behind few oxygen-containing functionalities between layers of
rGO aer a two-step chemical and thermal reduction process.
For the PS/rGO composite, the initial decomposition of PS starts
at �400 �C, and it saturates at 440 �C with �95% weight loss,
which might have resulted from the dissociation of the main
chains in PS.41 There is a slight increase in the thermal
decomposition temperature of the ZnO/PS/rGO composite due
to the strong interaction between PS/rGO and ZnO. The slight
weight loss noticed in the temperature range from 200 to 350 �C
occurred due to the elimination of oxygen-containing groups in
the ZnO/PS/rGO composite. Moreover, 55% weight loss
occurred at around 440 �C, which is attributed to PS, 40 wt% of
ZnO, and 5 wt% of rGO present in the composite.
3.4 DC conductivity and impedance analysis

The DC conductivity of ZnO, PS/rGO, and ZnO/PS/rGO was
measured at 28 �C using the four-point collinear probe method
with the probe spacing of 1.59 mm. The resistivity of the sample
was calculated using the following equation:

r ¼ pt

ln 2

�
V

I

�
f1 f2 ðU cmÞ (2)

where, f1 (t/s) – thickness correction factor, f2 (d/s) – diameter
correction factor V/I – slope obtained from the graph, s – probe
spacing, t – thickness of the pellet, d – diameter of the pellet.
Table 2 DC electrical conductivity of the samples

Samples ZnO PS/rGO ZnO/PS/rGO
DC electrical conductivity
(S cm�1)

4.307 � 10�7 0.03087 0.00195

This journal is © The Royal Society of Chemistry 2017
As given in Table 2, the electrical conductivity of pristine ZnO
was determined to be 4.307� 10�7 S cm�1. This value is close to
that reported for the room temperature conductivity of pure
ZnO (7.261 � 10�7 S cm�1).11 However, the electrical conduc-
tivity of the PS/rGO composite having 5 wt% rGO is 0.03087 S
cm�1. Note that the conductivity of pure PS is about 2.45 �
10�12 S cm�1,49 signicantly lower than that of the PS/rGO
composite used in this study. The present study reveals that
the conductivity of PS can be markedly improved with the
addition of small amount of rGO (5 wt% rGO was used in the
present investigation). Furthermore, signicantly improved
conductivity was observed for the ZnO/PS/rGO composite
(0.00195 S cm�1), in which the amount of ZnO and rGO is 40
wt% and 5 wt%, respectively (shown in Fig. 7). The electrical
conductivity of the ZnO/PS/rGO composite is nearly 4500 times
higher than that of pure ZnO because of a strong ambipolar
eld effect occurring in the polymer/graphene composite.29 The
superior electrical conductivity of the ZnO/PS/rGO composite is
more favorable for the collection of photoinduced electrons.

3.5 AC impedance analysis

To understand the electronic and optoelectronic properties of
ZnO, PS, PS/rGO, and ZnO/PS/rGO composites in detail, we
carried out the AC-impedance spectral analysis. A pelletized
sample of thickness 0.7 mm and an AC input frequency of 1 MHz
to 500mHzwere used for the AC-impedance analysis. The Nyquist
plots, comprising the imaginary part (Z0) vs. the real part (�Z00), of
the impedance of the composites are shown in Fig. 8(a–c).

As presented in Fig. 8(b and c), the AC-impedance of the PS/
rGO composite and ZnO/PS/rGO exhibits much lower resistance
than that of pristine PS and ZnO (Fig. 8(a)). The presence of 5
wt% rGO in the ZnO/PS/rGO composite markedly lowers the
resistance value of the composite. The smaller radius of the
semicircle observed in the AC-impedance spectra of the PS/rGO
and ZnO/PS/rGO composite indicates better charge transfer
efficiency. To nd the enhancement in the conductivity of the
composite as compared to that of its individual components, we
determined the AC and DC conductivity of ZnO, PS, PS/rGO, and
ZnO/PS/rGO, and the corresponding details of the Nyquist plot
are summarized in Table 3.

3.6 Photocurrent analysis

To investigate the improvement in the electron transportation
kinetics of the ZnO/PS/rGO composite as compared to that of
pristine ZnO, the photocurrent transient response (PCTR) of the
sample-coated electrodes were obtained. For the PCTR
measurements, a sample (lm) of thickness �12 mm was
prepared using the doctor-blading technique, and the photo-
conductivity of the samples was measured as a function of time.
An input of 0 V with light on/off cycles with an interval of 15
seconds was employed. The measured dark current, photocur-
rent, and on–off difference of ZnO/PS/rGO and pristine ZnO are
given in Table 4.

Thus, the photoconductivity of the ZnO/PS/rGO composite is
improved by nearly 9 times that of pristine ZnO. This signicant
enhancement in the photoconductivity of ZnO is due to the
RSC Adv., 2017, 7, 31272–31280 | 31277
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Fig. 8 Impedance spectra of (a) ZnO and PS (inset figure represents
themagnified impedance curve of ZnO and PS at the lower impedance
region) and those of the (b) PS/rGO composite and (c) ZnO/PS/rGO
composite.

Table 3 AC impedance measurements of the samples

Sample R1 (U) R2 (U) C1 (F) C2 (F)

ZnO 0.32 � 106 5619 0.377 � 10�6 0.104 � 10�9

PS 0.14 � 106 2626 0.308 � 10�6 0.186 � 10�9

PS/rGO 50 — 0.22 � 10�9 —
ZnO/PS/rGO 16.8 � 103 — 25.79 � 10�12 —

Table 4 Photocurrent response measurements

Sample
Dark current
(mA cm�2)

Photocurrent
(mA cm�2)

On–off
difference (mA cm�2)

ZnO/PS/rGO 0.1 24.2 24.1
ZnO 1.1 2.8 1.7
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presence of the rGO/PS composite (5 wt% rGO). Moreover,
photocurrent obtained from the illuminated semiconductor
lm (ZnO) was determined by the speed of the excited electrons
withdrawn from the semiconductor to the conducting electrode
(ITO) and the recombination at the electrolyte/lm interface.50
31278 | RSC Adv., 2017, 7, 31272–31280
The signicant enhancement of the photoresponse current of
the ZnO/PS/rGO composite obtained in this study can be
attributed to two factors: the higher separation efficiency of the
photoinduced electron–hole pairs and the lower recombination
rate, resulting from the interaction between ZnO and PS/rGO.
The higher separation efficiency is supported by the open-
circuit voltage decay (OCVD) measurements and the lower
recombination rate is evidenced from the charge transfer
resistance on the surface, as demonstrated by the AC imped-
ance measurements.

The photoinduced electron recombination property can be
characterized using OCVD measurements.51 The electron
recombination kinetics were investigated bymonitoring the VOC
as a function of time aer illuminating the light for 4 seconds
with steady voltage. Photocurrent curves, OCVD curves, and
electron lifetime curves of ZnO and the ZnO/PS/rGO composite
are presented in Fig. 9(a–c). Fig. 9(b) displays the calculated
lifetime of the photogenerated electrons (sn) as a function of VOC
for the ZnO and ZnO/PS/rGO composites.

As inferred from Fig. 9(b), aer 4 seconds, when the illumina-
tion was switched off, there was a sharp decay in VOC due to the
recombination of charge carriers, which was related to the electron
lifetime.52,53 The average lifetime of the photogenerated electrons
can be calculated using the following equation (eqn. (3)).54,55

sn ¼ �KBT

e

�
dVOC

dt

��1
second (3)

where, KB – Boltzmann constant, T – temperature in Kelvin, e –
charge of the electron.

It becomes evident that the electron lifetime (sn) of ZnO/PS/
rGO is signicantly larger than that of pristine ZnO. The larger
electron lifetime signies slower electron recombination rate of
photogenerated electrons; hence, more electrons might be
surviving from the back-reaction, resulting in an improvement
in the photocurrent. However, the VOC decay rate determined
for the ZnO/PS/rGO composite is signicantly lower than that of
ZnO, suggesting much slower electron recombination kinetics
in the composite, which might be benecial for optoelectronic
applications.
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 (a) Photocurrent curves, (b) OCVD curves, and (c) electron
lifetime curves of ZnO and ZnO/PS/rGO.
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4. Conclusions

Herein, the ZnO/PS/rGO (having 40 wt% ZnO, 55 wt% PS, and 5
wt% rGO) composite was successfully synthesized by a reex
method. It has been observed that as compared to pure ZnO, the
ZnO/PS/rGO composite exhibits excellent electrical conduc-
tivity. Furthermore, the composite exhibits a superior photo-
current of 24.2 mA cm�2, whereas pristine ZnO exhibits
a photocurrent of only 2.8 mA cm�2. Thus, there is an
enhancement in the photocurrent of ZnO by nearly 9 times
when the ZnO/PS/rGO composite is made. These improved
electrical and photovoltaic behaviors of the ZnO/PS/rGO
This journal is © The Royal Society of Chemistry 2017
composite can be attributed to the enhanced electrical
conductivity and charge transportation kinetics due to the
presence of rGO. Additionally, as conrmed from the time-
resolved PL measurements, the composite has a larger elec-
tron lifetime of 2.5 ns as compared to 0.1 ns for pristine ZnO.
Furthermore, tensile property measurement of the composite
reveals that the composite exhibits polymer characteristics,
such as tensile strength and elongation, which is advantageous
for making exible electrodes.
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