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nced interfacial polarization in
WO3 nanorods grown over reduced graphene oxide
synthesized by a one-step hydrothermal method

Bilal Ahmed,a Animesh K. Ojha,*a Florian Hirsch,b Ingo Fischer,b Donfack Patricec

and Arnulf Maternyc

In the present report, well-defined WO3 nanorods (NRs) and a rGO–WO3 composite were successfully

synthesized using a one-pot hydrothermal method. The crystal phase, structural morphology, shape, and

size of the as-synthesized samples were studied using X-ray diffraction (XRD) and transmission electron

microscopy (TEM) measurements. The optical properties of the synthesized samples were investigated

by Raman, ultraviolet-visible (UV-Vis) and photoluminescence (PL) spectroscopy. Raman spectroscopy

and TEM results validate the formation of WO3 (NRs) on the rGO sheet. The value of the dielectric

constant (30) of WO3 NRs and rGO–WO3 composite is decreased with an increase in frequency. At low

frequency (2.5 to 3.5 Hz), the value of 30 for the rGO–WO3 composite is greater than that of pure WO3

NRs. This could be due to the fact that the induced charges follow the ac signal. However, at higher

frequency (3.4 to 6.0), the value of 30 for the rGO–WO3 composite is less compared to that of the pure

WO3 NRs. The overall decrease in the value of 30 could be due to the occurrence of a polarization

process at the interface of the rGO sheet and WO3 NRs. Enhanced interfacial polarization in the rGO–

WO3 composite is observed, which may be attributed to the presence of polar functional groups on the

rGO sheet. These functional groups trap charge carriers at the interface, resulting in an enhancement of

the interfacial polarization. The value of the dielectric modulus is also calculated to further confirm this

enhancement. The values of the ac conductivity of the WO3 NRs and rGO–WO3 composite were

calculated as a function of the frequency. The greater value of the ac conductivity in the rGO–WO3

composite compared to that of the WO3 NRs confirms the restoration of the sp2 network during the in

situ synthesis of the rGO–WO3 composite, which is well supported by the results obtained by Raman

spectroscopy.
1. Introduction

Dielectric materials are capable of storing electrical energy.
They are important for electronics, particularly in making
devices such as capacitors, electronic switches, resonators, etc.1

The material parameters used to design efficient and minia-
turized devices are high dielectric constant (30) and low dielec-
tric loss (300).2 Therefore, the synthesis of such materials has
been the subject of immense research interest for the scientic
community. The composite materials such as metal oxides
grown over graphene are known to have a high dielectric
constant and low dielectric loss along with the improved
u National Institute of Technology,
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71289
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hemistry 2017
interfacial interaction between the graphene layers and metal
oxide nanostructures.2–4 Metal oxides and carbon-based mate-
rials are used for the synthesis of composite materials, among
which graphene and its derivatives play an important role in
modifying the various properties of the composite.5

Graphene-based composites with high dielectric constant
have potential application in the eld of anti-static, electromag-
netic interference shielding, electronic and electro-mechanical
systems such as super capacitors, dielectric actuators, recharge-
able batteries and energy storage devices.6,7 Various metal oxides
and graphene-based nanocomposites have been synthesized to
obtain high dielectric constant.4,5 Graphene oxide (GO) is oen
synthesized through oxidation of natural graphite by different
methods.8,9 Reduced graphene oxide (rGO) is another allotrope of
carbon having two-dimensional single atomic layers. Graphene
possesses a unique two-dimensional structure with sp2-hybrid-
ized carbon atoms and having unique properties. It shows
remarkable properties such as large surface area, good electrical
conductivity, and high exibility.9,10 The rGO sheets also offer an
excellent electronic conductivity based on their two-dimensional
RSC Adv., 2017, 7, 13985–13996 | 13985
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planar pie-(p)-conjugation structure. Graphene acts as a superior
supporting matrix for the binding of various functional compo-
nents. Recently, a number of ceramic, metal, and polymer-based
composites have been studied due to their easy processing, ex-
ibility and high dielectric strength.11 Considerable, efforts have
also been made to explore various properties of graphene-based
metal oxide (e.g. TiO2, MnO2, InO, ZnO, CuO2, MoO3, CdO and
WO3) composites.12–15

Tungsten oxide (WO3) is a transition metal oxide which
exists in the WO2 and WO3 structural forms. WO3 is an n-type
semiconductor with a narrow band gap (Eg ¼ 2.4–2.8 eV) and
refractive index of �1.16 It is also one of the most important
materials due to its high physical and chemical stability.17,18 It
has been used in gas sensors, solar devices, electrode materials
for secondary batteries, and eld emission devices.19–22

Recently, Wu et al.4 have synthesized chlorine-doped graphene-
based poly-vinylidene uoride nanocomposites via the sol–gel
method. Several reports can be found in the literature on
graphene-polymer, and graphene-metal oxide composites.5–7

In view of the above discussed studies and applications of
rGO–metal oxide composites, there has been a study of the
dielectric behaviour of WO3.23 However, to the best of our
knowledge, the studies on dielectric properties of WO3 NRs
grown over rGO sheets have not yet been done. Motivated by the
unique electrical and optical properties of graphene and
differently shaped WO3 nanostructures, as described above, we
planned to synthesize rGO–WO3 (NRs) composites using
a simple and low-cost synthesis method. The structural and
optical properties of as synthesized products are investigated by
X-ray diffraction (XRD), transmission electron microscopy
(TEM), Raman, photoluminescence (PL), and ultra-violet visible
(UV-Vis) absorption measurements. Due to the presence of
localized electrons on the surface of graphene, the polarization
of the electronic charge of WO3 NRs grown over the rGO sheets
is expected to modify compared to that of the pure WO3 NRs. As
a result, the dielectric behaviour of WO3 NRs should vary at the
interface. Thus, in the present report, the inuence of metal
oxide and rGO interface on dielectric properties such as,
permittivity, tangent loss, AC conductivity, and interfacial
polarization of rGO–WO3 composites have also been studied
systematically as function of the applied eld. The composite
material synthesized herein can widely be applied to manu-
facture charge storage capacitors in future.
2. Experimental details
2.1. Materials

High quality graphite akes of 7–10 microns in size, as well as
KMnO4, Na2WO4$2H2O, NaCl, H2SO4, H3PO4, H2O2, HCl,
C2H5OH and N2H4 chemicals were purchased from Alfa Aesar. All
the chemicals were of analytical grade and used without any
further purication. The solutions were prepared in Milli-Q water.
2.2. Synthesis of GO

The GO was synthesized using a modied Hummer's methods8

with somemodications. Briey, a 9 : 1mixture of concentrated
13986 | RSC Adv., 2017, 7, 13985–13996
H2SO4 and H3PO4 (360 : 40 ml) was prepared in a conical ask.
6 g expandable graphite akes were mixed into the mixture of
concentrated H2SO4 and H3PO4. The mixture was then stirred
for 30 min. Thereaer, 18 g KMnO4 was added slowly to this
solution under vigorous stirring at a temperature lying in the
range of 35–40 �C. During the oxidation reaction, the color of
the solution changed to dark brown. The reaction was then
heated to 50 �C and stirred further for 10 to 12 h to complete the
oxidation of graphite. The reaction product was allowed to cool
at room temperature. The chemical reaction was terminated by
adding ice (400 ml) with 30% H2O2 solution. The color of the
solution changed to bright yellow, indicating the oxidation of
graphite. The obtained solution was centrifuged at 2500 rpm.
The collected precipitate was then washed with Milli-Q water,
30% HCl and C2H5OH in a successive order until the pH of the
solution reached a value of 5. Thereaer, the solution was dried
overnight at 40 �C. The obtained powder of GO was collected
and used for the investigations.

2.3. Synthesis of rGO

rGO was synthesized by a facile one-pot in situ solvo-thermal
method. For the synthesis of rGO, 0.04 g of as synthesized
powder was rst dispersed into 40 ml of milli-Q distilled water
at room temperature. The dispersed GO was then exfoliated
under ultra-sonication treatment for 1 h and subsequently, 10
ml of N2H4 was added drop-wise in the solution under ultra-
sonication. The solution was transferred into a 50 ml Teon-
lined stainless steel autoclave and heated at 160 �C for 12 h.
The autoclave was then cooled to room temperature. The ob-
tained precipitate was washed with milli-Q water and C2H5OH.
The remaining material was then dried at 60 �C in an open air
oven. Black powder of rGO was collected as nal product for
further use.

2.4. Synthesis of WO3 nanorods

WO3 NRs were synthesized using a hydrothermal process with
NaCl as a capping agent. For the synthesis, 0.25 M Na2WO4-
$2H2O was used as the tungsten source and dissolved into 40 ml
of milli-Q distilled water. The pH value of the Na2WO4 solution
was found to be �8. A white precipitate appeared when excess
HCl was added into the solution to reduce the pH of the solu-
tion to 2. Further, 1.5 g of NaCl was added to the solution under
vigorous stirring. The resultant solution was then kept for
further stirring for 2 h. Thereaer, the solution was transferred
to a 50 ml Teon-lined stainless steel autoclave and heated at
160 �C for 12 h. The stainless steel autoclave was then allowed to
cool at room temperature. The precipitate thus obtained was
separated through centrifugation and washed with milli-Q
distilled water and absolute alcohol until the value of pH
reached to 5. The remaining sample was dried at 60 �C. The
obtained powder was then analyzed using different character-
ization techniques.

2.5. Synthesis of WO3 nanorods over the rGO

A one-step in situ solvo-thermal method was used to synthesize
WO3 NRs over the rGO sheet. In brief, a small amount of GO
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of synthesis steps used for the synthesis of WO3 NRs and rGO–WO3 composite.
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(0.04 g) was added to 40 ml of milli-Q distilled water and the
mixture was sonicated until the GO was completely dispersed
in the aqueous solution. Then 100 ml of N2H4 was added drop
wise into the solution under ultra-sonication treatment.
Further, 0.25 M of Na2WO4$2H2O was added into that solution
under vigorous stirring. The pH value of the Na2WO4 solution
was found to be �8. An excess amount of HCl was added into
the solution to reduce the pH of the solution to 2, which
results a white precipitate. Thereaer, 1.5 g of NaCl was added
into the prepared solution. The resultant solution was then
kept for further stirring for 2 h. Thereaer, the solution was
transferred into a 50 ml Teon-lined stainless steel autoclave
and heated at 160 �C for 12 h. The autoclave was then cooled to
room temperature and the precipitate was collected through
centrifugation. The obtained precipitate was washed with
milli-Q distilled water and absolute alcohol several times until
the pH of the solution reached a value of 5. Finally, the
precipitate was collected and dried in an open air oven at
60 �C. The addition of extra amount of HCl controls the
nucleation of WO3 NRs over the rGO sheet. The obtained
powder was then characterized using different techniques. A
schematic of the synthesis steps used in the present study is
shown in Fig. 1.

3. Characterization techniques

The structure and crystalline phase of the synthesized samples
were characterized by XRD (Rigaku smart lab X-ray diffrac-
tometer) using the CuKa radiation (l¼ 0.154 nm). XRD spectra
were recorded for the 2q values ranging from 5 to 40�. The
structural morphology, shape, and size of the nanostructured
This journal is © The Royal Society of Chemistry 2017
samples were studied using a TEM (JEOL JEM 2100). The
operating accelerating voltage was kept to 200 kV. An electron
diffraction pattern was also taken to ascertain the crystallinity
of the samples. Raman spectroscopy measurements were
performed at room temperature using a Renishaw invia
Raman spectrometer. The Raman spectra of the samples were
recorded in the spectral range 1000–1800 cm�1 for GO and
rGO, and in the range of 200–2000 cm�1 for WO3 NRs and
rGO–WO3 composite with an excitation wavelength of
514.5 nm provided by an Ar ion laser with a power of�5 mW at
the sample. The optical absorption measurements were done
on a Shimadzu UV-2330 spectrophotometer with one quartz
cell in the spectral range of 280–620 nm. PL spectra of all the
samples were also recorded at different excitation wavelengths
(250, 270, and 280 nm) in the spectral range 280–480 nm using
an Agilent uorescence spectrophotometer at room tempera-
ture with a Xenon lamp as the excitation light source. Pure
WO3 NRs and rGO–WO3 composite were compacted separately
in the form of pellets of 10 mm diameter and 2.0–2.5 mm
thickness under an uniaxial pressure of �1 MPa using
a hydraulic pressing unit. Both faces of the pellets were coated
with an electrode of colloidal silver. For the dielectric
measurement, the pellet was mounted in a specially fabricated
cell, which was xed co-axially inside a resistance unit. The
broad band dielectric measurement was done using a preci-
sion impedance analyzer (Hioki LCR meter). The modulus of
complex impedance (|Z(u)|) and phase angle (u(q)) were
measured in the frequency (u) range 100 Hz to 1 MHz at room
temperature. These data were used to calculate the value of
complex permittivity 3(u) ¼ 30(u) � i300(u) as a function of the
applied frequency.
RSC Adv., 2017, 7, 13985–13996 | 13987
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4. Results and discussion
4.1. XRD

XRD measurements were done to study the structural and
crystal phases of the synthesized samples. The XRD patterns of
as synthesized products were recorded for 2q values lying in the
range, 5–40�. The recorded XRD spectra of the samples are
shown in Fig. 2(a–d). Fig. 2(a) revealed a sharp diffraction peak
centered at 10.48�, which corresponds to reection from the
(001) plane of GO. It indicates that the graphite was successfully
oxidized into GO. Fig. 2(b) shows a broad diffraction peak
centered at 24.57� corresponding to reection from the (002)
plane of rGO. It means that aer hydrothermal treatment of GO
with N2H4, it is reduced to few layers of rGO sheets with a rela-
tively small number of attached functional groups (–OH, C]O,
–COOH and CHO) compared to GO. The value of d spacing of
the sheets is calculated to be 0.73 nm. The value of the d spacing
in rGO is much greater than that of graphite (�0.36 nm). It
conrms that the rGO is composed of only few layers. The value
of the d spacing corresponding to the diffraction peak posi-
tioned at 24.57� turns out to be �0.36 nm. It is greater than the
theoretical value of d spacing (�0.34 nm) of graphene. It implies
that the GO is not completely reduced into rGO and still few
Fig. 2 XRD pattern of GO [a], rGO [b], WO3 NRs [c], and rGO–WO3

composite [d] composite.

Table 1 Calculated values of lattice constants, lattice strain, and d spac

Calculated parameters Pure WO3 nanorods

Phase Orthorhombic
Lattice parameters a ¼ 21.85 Å, b ¼ 18.82 Å,
Lattice strain 0.031
Inter-planar spacing, d 4.34 Å for (140) plane

13988 | RSC Adv., 2017, 7, 13985–13996
oxygen containing functional groups are present in the rGO
sheet.24 It was reported previously8 that N2H4 acts as reducing
agent for transforming GO into rGO. The broad peak in the rGO
pattern indicates that GO was moderately reduced by N2H4 and
exfoliated signicantly. Fig. 2(c) exhibits diffraction peaks at 2q
¼ 20.45�, 22.82�, 27.03�, 28.18� and 35.78�, which correspond to
reections from the (140), (520), (221), (131), and (621) crystal
planes of the orthorhombic crystal phase of WO3 (JCPDS no. 81-
1172), respectively. The intensity of the diffraction peaks posi-
tioned at 27.03� and 28.18� is almost the same, indicating that
the growth of WO3 nanostructures takes place preferably along
these two directions. Fig. 2(d) presents the diffraction pattern of
the powder sample synthesized in situ by mixing the GO and
WO3 based precursors. Fig. 2(d) shows diffraction peaks posi-
tioned at 13.77, 23.32, 27.81, 33.80, and 36.66�, which corre-
spond to reections from the (320), (001), (720), (621), and (641)
crystal planes of tetragonal structures of WO3 (JCPDS no. 71-
0292), respectively. The diffraction peaks conrm the formation
of the tetragonal crystalline phase of WO3 grown over the rGO
sheet. The change of crystalline phase from orthorhombic to
tetragonal phase of WO3 NRs grown over rGO sheet could be
mainly due to the restructuring of WO3 NRs causes owing to the
interaction of functional groups attached with the rGO sheet.
Here, we would like to add that during the synthesis process GO
cannot be fully reduced into rGO and therefore some of the
oxygen based functional groups are oen attached to the rGO
sheet even aer the reduction. The interaction of these func-
tional groups provides additional stability to the WO3 NRs for
acquiring tetragonal phase, which is absent in pure WO3 NRs.
Here, we would like to note that we could not observe any
signature of rGO in the XRD pattern of rGO–WO3 composite.
This further indicates that the rGO is constituted by only few
layers (ve to six) of rGO sheets.

The values of lattice parameters (a, b, and c) of WO3 NRs and
rGO–WO3 composite have been calculated using the following
relationship:

For orthorhombic structure:

1

d2
¼ h2

a2
þ k2

b2
þ l2

c2

For tetragonal structure:

1

d2
¼ h2 þ k2

a2
þ l2

c2

The lattice strain (3) of WO3 NRs is calculated by using the
following expression:
ing of pure WO3 NRs and rGO–WO3 composite

rGO–WO3 composite

Tetragonal
c ¼ 3.72 Å a ¼ 22.91 Å, b ¼ 22.91 Å, c ¼ 3.92 Å

0.053
6.43 Å for (320) plane
3.20 Å for (001) plane

This journal is © The Royal Society of Chemistry 2017
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3 ¼ b

4 tan q

where b, and q are the full width at half maximum (FWHM) and
Bragg's angle, respectively. The values of lattice constants,
lattice strain and the d spacing calculated using the above
expressions are listed in Table 1.
4.2. TEM

The structural morphology, shapes and sizes of the as
prepared rGO, WO3, and rGO–WO3 composite are examined by
analyzing the TEM micrographs shown in Fig. 3(a–c). Two-
dimensional (2D) layer-like structure of rGO sheets with
corrugated, curled, and wrinkled structures are observed (see
Fig. 3[a(i and ii)]). The high transparency of rGO sheets reveals
that the thickness of rGO layers is limited to few layers only.
Fig. 3(a)(iii) shows the selected area electron diffraction
(SAED) pattern of rGO. The circular ring in the SAED pattern of
rGO corresponds to diffraction from the (002) plane. It also
indicates that GO has been reduced to rGO with few layers of
rGO sheets. Fig. 3(b)(i) revealed a rod-type structure of WO3. A
high resolution TEM image of WO3 NRs is shown in
Fig. 3(b)(ii) wherein lattice planes can easily be seen. Using
Fig. 3(ii), the value of the d spacing is calculated to be 4.25 Å
corresponding to the (140) plane, which also conrms the
orthorhombic crystalline phase of WO3 NRs. The SAED
pattern, as shown in Fig. 3(b)(iii), shows two circular rings
corresponding to diffraction from the (221) and (140) reec-
tion planes of the orthorhombic phase of WO3. Fig. 3(c)(i)
display the TEM image of rGO–WO3 composite (WO3 NRs
grown over rGO). A high-resolution TEM image of rGO–WO3

composite is shown in Fig. 3(c)(ii) wherein lattice planes cor-
responding to the (320) and (001) planes can also be seen.
With the help of Fig. 3(c)(ii), the values of the d spacing are
estimated to be 7.58 Å and 3.39 Å corresponding to the (320)
and (001) planes, respectively of the tetragonal phase of WO3

grown over the rGO sheet. The values of the d spacing corre-
sponding to WO3 and rGO in the high resolution images of
rGO–WO3 also conrm that the WO3 NRs are nicely grown over
the rGO sheets. The TEM images also revealed that WO3 NRs is
nicely distributed over the rGO sheet (see Fig. 3(c)(i)). The
crystalline structure of WO3 NRs grown over the rGO sheet is
changed to a tetragonal phase compared to the orthorhombic
phase of pure WO3 NRs, indicating signicant lattice distor-
tion in the crystal structure of WO3 NRs grown over the rGO
sheet. The SAED pattern of rGO–WO3 composite is shown in
Fig. 3(c)(iii). The SAED pattern also clearly shows two rings
corresponding to the (001) and (320) planes of the tetragonal
phase of WO3, which further indicates that the WO3 nano-
structures are nicely grown over the graphene sheet. This
result is well consistent with those obtained from the XRD
data. The values of the inter-planar spacing, as determined by
the SAED pattern, are in good agreement with those calculated
using XRD data. It can also be seen from the SAED pattern, as
shown in Fig. 3(b)(iii) and c(iii)], that the growth direction of
WO3 is preferably along the (140) plane in pure WO3 NRs and
along the (320) plane in case of WO3 grown over the rGO sheet.
This journal is © The Royal Society of Chemistry 2017
4.3. Raman spectroscopy

The Raman spectra of GO and rGO samples recorded in the
spectral range 1000–2000 cm�1 are shown in Fig. 4(a). The
Raman spectra of pure WO3 NRs and rGO–WO3 composite
recorded in the spectral range 200–1800 cm�1 are shown in
Fig. 4(b). Raman peaks are used to determine the coordination
of carbon atoms in GO, rGO, and rGO–WO3 composite. In the
Raman spectra of GO, the position of D and G bands are found
to be �1354 and �1591 cm�1, respectively.25 The G band is
attributed to the rst order phonon scattering of the E2g mode
consisting of sp2 hybridized C–C bonds in a two-dimensional
hexagonal lattice whereas the D band results from sp3 hybrid-
ized carbon, defects, and structural imperfections in the
graphite layers. Thus, the value of ID/IG provides information
about sp2 bonded carbons, which are mainly responsible for the
formation of the 2D structure of the rGO sheet. The value of ID/
IG is generally used to determine the defects and the fraction of
sp3/sp2 bonded carbon atoms in the rGO sheet.26 The value of
ID/IG for GO and rGO turns out to be 0.87 and 1.09, respectively.
The higher value of ID/IG in case of rGO–WO3 composite may be
due to the increase in oxygenated functional groups in the rGO
sheet.26 This result is consistent with those obtained by
analyzing the XRD data.

Fig. 4(b) shows the Raman spectra of as synthesized pureWO3

NRs and rGO–WO3 composite. Here, it is interesting to note that
WO3 NRs behave as an excellent Raman scatterer. We observed
that the intensity of the most intense peak has �60 000 counts
for an exposure time of 0.5 s only. This further indicates that the
synthesized material is having good crystallinity. Four Raman
bands are observed in the Raman spectrum of pure WO3 NRs.
These bands are positioned at �263, �318, �709, and �798
cm�1. The Raman bands at�263 and�318 cm�1 are assigned to
bending [d(O–W–O)] modes of WO3.27 The value of I263/I318 is
calculated to be 2.90. The Raman bands centered at �709 and
�798 cm�1 are attributed to the [n(O–W–O)] mode of WO3.27 The
value of I709/I798 turns out to be 0.62. The wavenumber positions
of bending modes, [d(O–W–O)] of WO3 NRs grown over the rGO
sheet are observed at �256 and �314 cm�1. The red shi of the
wavenumber positions of bending and stretching modes of WO3

NRs grown over the rGO sheet compared to their values in pure
WO3 NRs may be due to the interaction of WO3 NRs with the
surface of the rGO sheet. In addition to the signature of Raman
bands of WO3 NRs grown over the rGO sheet, the D and G bands
have also been observed at �1354 and �1583 cm�1, respectively
in the rGO–WO3 composite. This indicates that the WO3 NRs
have nicely been grown over the rGO sheet, which we could not
conrm by analyzing the XRD data. It further suggests the
formation ofWO3 NRs on the surface of rGO sheet, as reported in
earlier study.25 The values of ID/IG for rGO–WO3 and rGO are
calculated to be 0.90 and 1.00, respectively. The reduced value of
ID/IG in case of rGO–WO3 composite indicates that the number of
sp2 bonded carbon atoms is increased during the in situ synthesis
of rGO–WO3 composite. It means that the damaged sp2 network
is repaired in case of in situ synthesis of rGO–WO3 composite. The
values of I256/I314 and I704/I795 for rGO–WO3 composite turn out to
be the same as their values calculated for pure WO3 NRs. This
RSC Adv., 2017, 7, 13985–13996 | 13989
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observation suggests that the structural morphology of WO3 NRs
grown over the rGO sheets is the same in case of pure WO3 NRs.
4.4. UV-Vis spectroscopy

Fig. 5(a) shows the UV-Vis absorption spectra of as prepared
WO3 NRs and rGO–WO3 samples in the spectral range of 200–
620 nm. From these spectra, one can see that the absorption
edges are located at �330 and �360 nm for pure WO3 NRs and
Fig. 3 TEMmicrographs of rGO (a, i and ii), WO3 NRs (b, i and ii), and rGO
(b, iii), and rGO–WO3 composite (c, iii).

13990 | RSC Adv., 2017, 7, 13985–13996
rGO–WO3 composite, respectively. The red shi in the value of
the absorption edge in rGO–WO3 composite may be due to the
restoration of the p–p transition of the aromatic C–C bonds of
rGO–WO3 composite.25 The band gap energy of these samples
can be calculated from the absorption spectra. The following
expression was used to calculate the optical band gap for pure
WO3 NRs and rGO–WO3 composite:28

(ahn)n ¼ K(hn � Eg)
–WO3 composite (c, i and ii). and SAED patterns of rGO (a, iii), WO3 NRs

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra00730b


Fig. 5 (a) UV-Vis absorption spectra and [b] (ahn)1/2 vs. hv plots for the
determination of the optical band gap of WO3 NRs and rGO–WO3

composite.

Fig. 4 Raman spectra of (a) GO and rGO, and (b) WO3 NRs and rGO–
WO3 composite.
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where a, hn, Eg, and K are the absorption coefficient, incident
photon energy, band gap, and a constant, respectively. The
value of n is taken to be 1/2 for indirect band gap and 2 for direct
band gap materials.28 In Fig. 5(b), the linear extrapolation of the
Tauc plot [(ahn)1/2 vs. hn] intercepts the x axis at a certain point.
The value of intercept with the x axis provides the value of the
optical band gap. As per the intercept at x axis, the value of
optical band gap is calculated to be�3.02 and�2.90 eV for WO3

NRs and rGO–WO3 composite, respectively. The reduction in
the value of the band gap of rGO–WO3 composite may be
attributed to the interaction of the rGO sheets and the WO3 NRs
grown over it. It is in good agreement with the results reported
in the earlier study.25 Hence, the light absorption and emission
properties of WO3 NRs may be modied by decorating it over
the rGO sheet, which may be helpful to nd its applications in
various elds of science and technology.
4.5. PL spectroscopy

The PL studies of material help to understand the different
energy states available in the conduction (CB) and valence band
(VB) and radiative transitions between these levels. It also
provides information regarding energy states lying within the
CB and VB. The efficiency of charge carriers trapping, transfer of
This journal is © The Royal Society of Chemistry 2017
electrons and holes in the semiconductors are also estimated by
analyzing the PL spectra. The room temperature emission
spectra of WO3 NRs and rGO–WO3 composite excited with
different wavelengths (energies) 250 (4.96), 270 (4.59), and
280 nm (4.43 eV) are shown in Fig. 6(a and b). Fig. 6(a) shows the
PL spectra of WO3 NRs excited at 250, 270, and 280 nm. In the
emission spectra of WO3 NRs recorded at wavelengths of 250
and 270 nm, effectively three emission bands were observed,
out of which one band positioned at�423 nm is found to be the
most intense. However, in the emission spectra recorded at
a wavelength of 280 nm, an emission band is appeared at
�383 nm which we could not see in the spectra recorded at
excitation wavelengths 250 and 280 nm. A similar emission
spectra were observed for the rGO–WO3 composite excited at
wavelengths of 250, 270, and 280 nm, except for a variation in
the intensity of certain bands. The position of the emission
bands in the emission spectra of WO3 NRs and rGO–WO3
RSC Adv., 2017, 7, 13985–13996 | 13991
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Fig. 6 PL spectra of (a) WO3 NRs and (b) rGO–WO3 composite
samples excited at wavelengths 250, 270, and 280 nm.

Fig. 7 Schematic of different possible transitions in the rGO–WO3

composite excited at a wavelength of 250 nm.
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composite was found to be almost the same. The decrease in
intensity of the emission bands in rGO–WO3 compared to the
intensities observed for WO3 NRs demonstrates a delay in the
recombination time of electrons and holes in the rGO–WO3

composite. This may be due to the transfer of electrons from
WO3 NRs to the rGO sheet, which essentially causes to decrease
the recombination rate of electrons and holes.15 The emission
band at �383 nm (3.23 eV) is found to be the most intense peak
in the emission spectra of WO3 NRs and rGO–WO3 composite
excited at a wavelength of 280 nm. This band may be attributed
to the inter-band transition. The emission bands observed in
the spectra of WO3 NRs and rGO–WO3 composite except the
band positioned at �423 nm may be attributed to low-lying
resonant states in the CB of WO3 NRs whereas the emission
of the band centered at �423 nm is caused by the band-to-band
edge transition. The weak emission bands observed in the
spectral range 440–500 nmmight originate from the presence of
oxygen vacancies.29 The low intensity of these bands indicates
13992 | RSC Adv., 2017, 7, 13985–13996
the presence of a smaller number of oxygen vacancies in the
samples. In an earlier study,30 the emission band at�423 nm of
rGO–WO3 composite is assigned to the near-band edge emis-
sion. The emission bands observed for rGO–WO3 composite are
nicely explained with the help of a schematic diagram as shown
in Fig. 7.
4.6. Dielectric properties

4.6.1 Dielectric constant and dielectric loss. The values of
the dielectric constant (30) and dielectric loss (300) of pure WO3

NRs and rGO–WO3 composite were calculated using the
following relationships:

30 ¼ Z00

uCo

�
Z02 þ Z002

�

300 ¼ Z0

uCo

�
Z02 þ Z002

�

where Z0 and Z00 are the real and imaginary parts of the complex
impedance Z, and Co is the capacitance of the cell. The
frequency dependences of 30 and 300 of WO3 NRs and rGO–WO3

composite calculated in the frequency range 2.5–6.0 (loga-
rithmic scale) are shown in Fig. 8(a) and (b), respectively. The
value of the dielectric constant of WO3 NRs and rGO–WO3

composite is decreased with increasing frequency. Here, we
would like to note that initially (up to frequency 3.5 Hz), the
value of the dielectric constant of rGO–WO3 composite is higher
than that of the pure WO3 NRs and aer 3.5 Hz, the value is
found to be relatively smaller compared to WO3 NRs. The
increased value of the dielectric constant of the rGO–WO3

composite compared to WO3 NRs in the lower-frequency range
clearly demonstrates that the value of 30 of rGO–WO3 is
enhanced in the presence of rGO sheet. At lower frequencies,
the relatively large value 30 for rGO–WO3 composite may be
explained in terms of polarization induced new dipoles, which
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Frequency dependence of (a) dielectric constant, (b) dielectric loss, (c) imaginary part of electric modulus, and (d) ac conductivity of WO3

NRs and rGO–WO3 composite.
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initially follow the applied eld and causes to enhance the value
of 30. It could also be due to the blocking of charge carriers at the
interface. The spatial polarization arising from the trap states
results an accumulation of charge carriers and leading to an
increase of the value of 30.

The overall decrease in the value of dielectric constant of the
WO3 NRs and rGO–WO3 composite with increase of frequency
could be due to the induced polarization process, which
essentially does not follow the changes in ac frequency rapidly
and causes to decrease its value gradually with increase of
frequency.31 The occurrence of the polarization process in WO3

NRs and rGO–WO3 composite may be due to the existence of
a large number of trap states at the grain boundaries of the
synthesized samples. These trap states are generated due to the
presence of defects/vacancies such as, oxygen vacancies,
dangling bonds, micro porosities etc. These trap states can
induce charges with different time constants. At higher
frequencies, the induced charges can no longer be able to rotate
with a sufficient speed and, therefore, their frequency lags
behind the applied ac signal, resulting decrease in the value of
30.32 Here, it is worthy to note that the rate of decrease in 30 in
This journal is © The Royal Society of Chemistry 2017
rGO–WO3 composite is relatively smaller compared to WO3

NRs. It further supports the fact that the polarization process in
WO3 NRs is enhanced in presence of the rGO sheet, which also
does not follow the applied electric eld.

The dielectric loss (300) describes the energy dissipation in the
material via transport-related loss (conduction loss), dipolar
loss, and interfacial polarization contribution.33 For the rGO–
WO3 composite, the dielectric loss can be presented by the
following expression:34

300 ¼ 300dc + 300MW + 300D

where, 300dc, 300MW and 300D are related to the conduction loss,
interfacial polarization loss, and dipole loss factor, respectively.
The conduction loss, 300dc and interfacial polarization loss, 300MW

in a composite dielectric material are estimated by the following
relationship:34

300dc ¼
sdc

2pf

where sdc and f represent the direct current conductivity and
frequency, respectively,34 and:
RSC Adv., 2017, 7, 13985–13996 | 13993
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300 MWf
K

1þ ð2pf Þ2s2

where K is related to the dielectric constant of the pellets at the
interface and s is the relaxation time of the interfacial
polarization.

Fig. 8(b) shows the dependence of 300 for the WO3 NRs and
rGO–WO3 composite as function of the logarithm of the
frequency. From Fig. 8(b), it appears that the value of 300 for both
WO3 NRs and rGO–WO3 composite is decreased with increasing
frequency. In general, the high frequency process is associated
with dipolar relaxation whereas, at lower frequency, the
contribution of the interfacial polarization and conductivity in
the material is considered to be more signicant. Similar to the
variation of 30 at lower frequency, the value of 300 is also higher in
case of rGO–WO3 composite than that of WO3 NRs. This further
indicates that more energy is being utilized to induce polari-
zation and dipoles in rGO–WO3 composite at lower frequency
compared to WO3 NRs. Further, at higher frequency, the rate of
dielectric loss in rGO–WO3 composite is relatively smaller
compared to WO3 NRs. This indicates that at higher frequency,
the induced polarization and dipoles do not follow the applied
eld, resulting in a decrease in dielectric loss at higher
frequency. In order to understand the complete dielectric
response of the synthesized products, a quantity called
“dielectric modulus” is introduced. It provides information
about the interfacial mechanism of the synthesized samples as
function of frequency of the applied eld. The dielectric
modulus (M*) is dened by the following expression:34

M* ¼ 1

3*
¼ 1

30 � j300
¼ 30

302 � j3002
þ j

300

302 þ 3002
¼ M 0 þ jM 00

here,M00 represents the dielectric loss, which helps us to explain
the relaxation phenomena. In the previous studies,35,36 the
dielectric modulus has been used to understand the interfacial
polarization of the nanostructured materials.35,36 The calculated
values ofM00 for WO3 NRs and rGO–WO3 composite were plotted
as function of the applied frequency and the plot is shown in
Fig. 8(c). In both the plots, the variation of M00 with frequency
shows a similar type of trend, i.e. the value of M00 is increased
with increase of frequency and aer reaching to a maximum
value at certain frequency, it starts to decrease, i.e. both the
curves show a peaking behavior. The rising part of the curve at
lower frequency represents the interfacial polarization and the
maximum of the curve at certain frequency yields the maximum
interfacial polarization at that frequency. In case of rGO–WO3

composite, this peak shis towards the higher frequency side
compared to the position observed for pure WO3 NRs. The up-
shi in peak position for rGO–WO3 in the frequency spectrum
describes the enhancement of interfacial polarization.35,36 Thus,
it is worthy to note that the interfacial polarization in WO3 NRs
is enhanced in the presence of the rGO sheet. The enhancement
in interfacial polarization in composite materials had also been
reported in previous study34 for ZnO grown over the rGO sheet.
The enhancement in interfacial polarization may be due to the
accumulation of charge at the interface of WO3 and the rGO
sheet.
13994 | RSC Adv., 2017, 7, 13985–13996
4.6.2 AC electrical conductivity. The ac conductivity of the
dielectric materials can be dened by the following relation:37

s(u) ¼ s0(u) + s00(u)

where s0(u) is the real part (2pf30300) and s00(u) is the imaginary
part (2p3o30).

The frequency dependence of the ac conductivity (sac) of the
synthesized materials calculated at room temperature is shown
in Fig. 8(d). By looking at Fig. 8(d), one can easily notice that the
ac conductivity in WO3 NRs and rGO–WO3 composite materials
shows a strong dependence on the frequency of the applied
eld. The increase in ac conductivity with frequency is governed
by the following relationship:37

s(u) ¼ Aun

where u is the angular frequency of the ac signal, A is the pro-
portionality constant and n is the temperature dependent
parameter having a value less than 1 at room temperature. In
both the materials, the value of the ac conductivity is increased
almost exponentially with increase in frequency. The rate of
increase in ac conductivity at lower frequency is quite small
compared to that of found at higher frequency. As the value of
the logarithm of the frequency becomes$5, the conductivity in
WO3 NRs and rGO–WO3 composite increases rapidly. The value
of the ac conductivity in the rGO–WO3 composite over the entire
frequency range is relatively greater compared to the value
found for pure WO3 NRs. Different conduction mechanisms
such as hopping, tunneling, or free band conduction may lead
to the observed behavior of the ac conductivity (sac). From our
results, it is difficult to determine which mechanism is
responsible for inducing the conduction properties in the
synthesized samples. However, in case of the rGO–WO3

composite, the rGO sheet may make a long-range connectivity
through attached oxygenated functional group to the WO3 NRs.
This phenomenon is called percolation and the minimum
volume fraction of llers, which can make the percolation form
at the interface, is named percolation threshold.38 The effect of
the ller shape on the threshold value is signicant for the ac
conductivity in the material. Dang et al.39 had reported
a percolation threshold value of 50–70 vol% for spherical
ceramic llers. Li et al.40 had also reported a percolation
threshold of 2.4 wt% for a PVDF/graphite nano-platelet
composite. The value of the logarithm of the frequency, where
the ac conductivity of WO3 NRs and rGO–WO3 composite can be
used to reect the threshold value, is measured to be 4.90 Hz. As
shown in Fig. 8(d), near the percolation threshold, the ac
conductivities of WO3 NRs and rGO–WO3 composite at a value
of log(frequency) ¼ 3 are calculated to be �5.7 � 10�5 and �6.9
� 10�4 S m�1, respectively. At log(frequency) ¼ 5.3, these values
are calculated to be �2.6 � 10�3 and �3.6 � 10�3 S m�1,
respectively. It conrms that the rGO sheet has a sp2 network
and restores the conductivity partially in the rGO–WO3

composite compared to pure WO3 NRs. The electrical properties
of GO may be controlled by adjusting the oxidation states as
discussed by Wang et al.41 Therefore, it can be expected that the
This journal is © The Royal Society of Chemistry 2017
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ac conductivity of WO3 NRs will also be controlled by intro-
ducing a graphene matrix.

5. Conclusions

In summary, a controlled synthesis of pure WO3 NRs and rGO–
WO3 composite is performed using a simple one-step hydro-
thermal method. The synthesized samples were characterized
by XRD, TEM, Raman, UV-Vis, and PL spectroscopy. XRD
revealed orthorhombic and tetragonal phases of pure WO3 NRs
and rGO–WO3 composite, respectively. TEM and Raman spec-
troscopy measurements conrmed the formation of WO3 NRs
over the rGO sheet. The intensity ratio of Raman bands clearly
revealed that the structural morphology of WO3 NRs in rGO–
WO3 composite is the same as that of pure WO3 NRs. The low
intensity of the emission bands in rGO–WO3 composite may be
due to the transfer of electrons fromWO3 NRs to the rGO sheet.
The dielectric properties of WO3 NRs and rGO–WO3 composite
were studied. At lower frequency, rGO–WO3 composite shows
larger dielectric constant compared to pure WO3 NRs, which
could be due to the potential barrier formed by the trap states
arising from the spatial polarization at the interface. At higher
frequencies, the dielectric constant is decreased in both, pure
WO3 NRs and rGO–WO3 composite. At higher frequency, the
induced dipoles no longer be able to rotate with sufficient speed
and therefore their oscillation lags behind the applied ac signal,
resulting decrease in the value of dielectric constant. The
interfacial polarization in WO3 NRs is enhanced signicantly in
the presence of the rGO sheet. The enhancement in interfacial
polarization may be due to the accumulation of charges at the
interface. An enhancement in ac conductivity has also been
observed in case of WO3 NRs grown over the rGO sheet. It may
be due to the long range connectivity of WO3 NRs with the rGO
sheet via oxygenated functional groups attached to the rGO
sheet. The higher number of sp2 carbon bonds in the rGO sheet
may also be responsible for the enhanced value of the ac
conductivity in the rGO–WO3 composite.
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