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ABSTRACT: We report the fabrication of graphene−WO3−
Au hybrid membranes and evaluate their photocatalytic activity
towards glucose oxidase mediated enzymatic glucose oxidation.
The dual-functionality of gold nanoparticles in the reinforce-
ment of visible light activity of graphene−WO3 membranes
and improving the catalytic activity of immobilized enzymes
for unique photoelectrochemical sensing application is
demonstrated. This work provides new insights into the
fabrication of light-sensitive hybrid materials and facilitates
their application in future.
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1. INTRODUCTION

For the purpose of effectively utilizing the solar light, significant
efforts have been focussed on exploring new photoactive
materials for catalytic applications including solar fuels, solar
cells, sensors, photocatalytic (PC) dye decolourization etc.1−4

In particular, photoelectrochemical (PEC) sensing has become
a new and promising analytical tool for the detection of
biomolecules.5,6 PEC sensing is a low-cost detection method,
which involves the electron transfer reaction among the
photoactive material, analyte, and the electrode upon light
irradiation. Such sensors exhibit high sensitivity and low
background due to the separation between the excitation
source7 and the detection signal (photocurrent). However, the
performance and efficiency of PEC sensors primarily depends
on the PC ability of the active materials. In recent years, PEC
detection of biomolecules such as DNA, glucose, NADH etc.
are successfully demonstrated using TiO2 nanomaterials.8−11 In
spite of the successes, the direct utilization of pure TiO2

nanomaterials for biosensing applications is limited because
of the wide band gap nature of TiO2,

3 which absorbs UV light
that could deactivate the biomolecules.8,12 Thus, there exists an
increased demand for the fabrication of visible light sensitive
materials with excellent PC activity. On this note, tungsten
oxide (WO3) is gaining considerable attention in PEC based
applications due to its excellent light absorption behaviour in

the visible region, high chemical stability, increased photo-
corrosion resistivity, and excellent electron transport behav-
ior.13−15 However, the photo conversion efficiency, the
suppression of the recombination of photo-generated elec-
tron-hole pairs as well as the effective utilization of visible light
still remains challenging for WO3 based PEC processes to
become economically feasible. Thus, reducing the recombina-
tion rates and boosting the PC properties of WO3 nanoma-
terials is critical for exploiting WO3 as an alternative
photoanodes in PEC cells.
A variety of strategies have been developed to improve the

PEC performance, for example, anion doping, dye sensitization,
and formation of composite semiconductors.16−18 One
potential means of reducing the charge recombination is to
improve the charge separation via introducing new electron
conductive channels in between the active materials.19 In this
context, graphene has been making a profound impact on the
PEC applications owing to its unique 2D structure, superior
chemical stability, and remarkable conducting properties.20,21

Recent reports show that the incorporation of metal oxides
(TiO2, ZnO, etc) on graphene exhibits excellent PC proper-
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ties.20,22,23 Particularly, the graphene in the composite improves
the conductivity, and thereby improves the electrochemical
performance. Thus, introducing 2D graphene underneath the
photoactive WO3 nanomaterials could be a promising approach
to reducing the electron-hole recombination. It is anticipated
that the graphene could act as electron conducting channels
which could facilitate the electron conductivity as well as
perhaps reducing the accessibility of electrons for charge
recombination.24−26 Furthermore, the field of plasmonics has
expanded widely due to their excellent size- and shape-
dependent optical properties. Plasmonic nanoparticles find
their applications in diverse fields including sensors, surface-
enhanced Raman spectroscopy, PEC systems, etc.27−29

Recently, it has been reported that the PC properties of
photoactive semiconductors can be enhanced using plasmonic
nanoparticles; specifically, through supplying the hot electrons
from metal to semiconductor, plasmon induced heating effect,
and establishment of electromagnetic field around the nano-
particles.29−31 Q. Xiang demonstrated that the Au nanoparticle
decorated WO3 nanowire showed markedly high photocatalytic
sensing (H2) and organic pollutant removal than pristine WO3

nanorods.32 Also, it has been reported that the supported metal
particles (Pt-ITO-graphene)33 or semiconductor particles
(CoS-graphene-FTO)34 showed remarkable stability at triplet
junction. Furthermore, the unique metal−metal oxide−
graphene triplet junction might enhance the catalytic activity
of the electrode in biomedical applications.26,35,36 Herein, we
report the fabrication of graphene−WO3 membranes with
excellent photocatalytic activity and the possibility of
fortification of their visible light activity using gold nanocrystals
(AuNPs).
Glucose plays a vital role of a biomarker in the clinical

therapy of diabetes.37,38 As a proof-of-concept application, we
demonstrate the photo-electrochemical oxidation of glucose
using graphene−WO3−Au hybrid membranes modified electro-
des. Panels a and b in Figure 1 depict the schematic
representation of mechanism of glucose oxidation at the

graphene−WO3−Au hybrid membrane modified with glucose
oxidase (GOD) enzyme. Typically, under light irradiation, the
photoactive WO3 nanoparticles generate electron-hole pairs. It
is realized that WO3 is effective photoelectrode for water
oxidation since its valence band maximum (VBM) position lies
below the H2O/O2 oxidation potential (NHE ≈ 2.97 eV) at
standard conditions.39 Further these photogenerated holes were
scavenged by biological analyte (acts as electron donors),
resulting in the oxidation of the biomolecules through
intermediate reaction through electron acceptor FAD/FADH2
(Figure 1b). During this cycle the glucose is oxidized to
gluconic acid at NHE approximately −0.4 V. Concurrently, on
the cathode (Pt), the photogenerated electrons reduce water to
form H2. The generated photocurrent passing through the
circuit is recorded as the sensing signal. Thus, the PEC sensor
performance exclusively depends on the efficiency of photo-
active materials in responding to the biomolecules of interest
and transduction efficiency. Recently, we have reported that the
presence of AuNPs in Nafion-gold composite nanofibers
improved the catalytic activity of horseradish peroxidise
(HRP) enzyme towards the oxidation of H2O2.

40 In this
contribution, it is observed that the AuNPs could not only
improve the catalytic activity of the enzymes in PEC systems
(electron route denoted as II in Figure 1) but also promote the
charge collection at WO3/Graphene interfaces (electron
injection denoted as I in the Figure 1) via forming the
Schottky junction. A detailed exploration on the structural,
optical, and PEC properties are carried out to gain some new
insights into the fundamental mechanism.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Graphene−WO3 Membrane. Graphene was

synthesized on 50 μm thick Cu foil (NIMROD HALL, USA) by the
chemical vapour deposition of methane (CH4) under reducing
atmosphere. The substrates were cleaned using acetone, methanol,
and 2-propanol consecutively in a sonicator for 15 minutes, followed
by the dry nitrogen blowing for the removal of the solvent residue and
dirt. The cleaned metal foils were annealed at 1000 °C for 1 h followed

Figure 1. Schematic representation of (a) graphene−WO3−Au triplet junction for glucose sensing, (b) energy levels at graphene−WO3−Au
photoelectrode under light illumination and glucose oxidation mechanism.
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by the etching of surface oxide layer in a hot acetic acid bath at 60 °C.
The annealed foil was further cleaned by the three-step solvent
cleaning associated with sonication process. The cleaned metal foils
were placed inside a two inch diameter quartz tube of a low pressure
thermal chemical vapor deposition (LPCVD) system (ATOMATE,
USA). The furnace temperature was ramped up to 1000 °C at a
heating rate of 120 °C per min. The furnace atmosphere was kept inert
throughout the heating process. Initially, the LPCVD furnace was kept
under a constant flow of Ar atmosphere during ramping and finally, a
mixture of CH4:H2 precursor gas (1:5) was flowed through the quartz
tube for graphene growth at 1000 °C for 10 minutes. The as-grown
graphene was characterized using Raman spectroscopy. The large-scale
few-layer graphene (FLG) was transferred onto FTO glass substrate
by a chemical transfer process as reported earlier.41 The detailed
transfer process is illustrated in Figure S1 (see the Supporting
Information). WO3 nanoparticles were deposited on graphene
membrane using radio frequency sputtering inside of an ultra-high
vacuum chamber, under 75 W power and 10 mTorr ambient pressure
with the flow of Ar:O2 (1:1).

5

2.2. Synthesis of AuNPs. 4-Dimethylaminopyridine (DMAP)
protected AuNPs were synthesized using the phase transfer procedure
reported earlier.42 Briefly, 30 cm3 of a 30 mM aqueous solution of
HAuCl4·3H2O was added to 80 cm3 of 25 mM tetraoctylammonium
bromide in toluene. Then, 25 cm3 of 0.4 M aqueous NaBH4 was added
drop-wise to the mixture with stirring, causing an immediate reduction
to occur. After a few hours, the two phases were separated and the
toluene phase was subsequently washed with 0.1 M H2SO4, 0.1 M
NaOH, and H2O (three times), and then dried over anhydrous
Na2SO4. An equal volume of 0.1 M aqueous solution of DMAP was
then added. The phase transfer is clearly visible as the dark pink
colored solution transfers from toluene to water because of the
addition of the DMAP and was complete within 1 h. The as prepared
DMAP-protected AuNPs exhibit very high stability.
2.3. Synthesis of Graphene−WO3−Au Hybrid Membrane.

AuNPs were assembled on graphene−WO3 membranes electrostati-
cally. Typically, the electrodes modified with graphene−WO3

membranes were immersed in the aqueous solution containing 3.3
× 10−6 M DMAP-protected AuNPs for 1 min. The strong electrostatic
attractive force existing between the positively charged AuNPs and
negatively charged (because of the existence of OH groups at the
surface) host surface (WO3 NWs and graphene) makes it feasible for
the sturdy attachment. The electrodes were washed with water to
remove the weakly bounded AuNPs and dried under nitrogen.
2.4. Characterization Techniques. The morphology of gra-

phene-WO3 membranes and graphene−WO3−Au hybrid membranes
were characterized using the field emission transmission electron
microscope (FE-TEM, FEI, Tecnai F20). The surface topography of
graphene-WO3 membrane modified electrode was investigated using
atomic force microscopy (AFM), (Nanoscope, Dimension-3100
Multimode), and the AFM tip was a silicon-SPM sensor (tapping
mode), thickness 4 μm, length 125 μm and width 30 μm. Raman
spectroscopy was carried out in a system with a spectral resolution of 4
cm‑1 with an argon ion (Ar+) laser (Spectra Physics, model 177G02)
of wavelength 514.5 nm. The Raman spectra were collected using a
high-throughput holographic imaging spectrograph (model HoloSpec
f/1.8i, Kaiser Optical Systems) in built with a volume transmission
grating, a holographic notch filter, and a thermoelectrically cooled
CCD detector (Andor Technology). The Raman-Spectra was
collected at room temperature under normal atmospheric pressure
for both graphene and graphene-WO3 membrane as shown in Fig. 2.
The electrochemical analysis was done using three electrode systems
in which a modified FTO electrode was used as the working electrode,
Ag/AgCl as the reference and Pt foil as the counter electrode. 0.1 M
phosphate buffered saline (PBS) solution (pH 7.3) was used as the
electrolyte for all electrochemical measurements. Cyclic voltammo-
grams were recorded using the advanced potentiostat (PGSTAT-30
from Autolab) with the scanning voltage in the range of −1 to 1.5 V.
The photocurrent measurements were recorded in 1 sun condition
(100 mW cm−2) with the visible light irradiation using a solar

simulator with a 300 W xenon arc-lamp (Newport). The light intensity
was calibrated using a silicon solar cell (PV measurements, Inc.)

3. RESULTS AND DISCUSSION
Pristine graphene and graphene-WO3 membranes on FTO are
characterized using Raman spectroscopy to investigate the
successful transfer of graphene membrane on FTO. Figure 2
shows the typical Raman spectra obtained for graphene and
graphene-WO3 membranes. The D-band and G-band in Raman
spectrum of graphite symbolize the disorder band and the
tangential bands respectively, whereas the symmetric 2D band
illustrates the stacking order of graphene layers. It is observed
that the Raman spectra of graphene exhibit characteristic D-
band, G-band, and 2D band of graphene at their respective
positions of ∼1345, 1578, and 2702 cm−1, as shown in Figure 2.
Furthermore, the symmetric G band and 2D band positions
and their corresponding band intensity ratio of IG/I2D ≈ 0.50
clearly demonstrate the existence of few layer graphene film on
FTO. The appearance of D-band in pristine graphene (PG) at
1345 cm−1 reflects the presence of patchy graphene structure
formation during the CVD process and the presence of
incoherence interfaces between the graphene and the FTO.43 A
significant blue shift of ∼21 cm−1 is found for D band of
graphene−WO3 membrane depicting the strain induced defects
in graphene−WO3 structure because of the deposition of WO3
nanoparticles. Interestingly, there is no peak shift found for G-
band of graphene−WO3 membrane (Figure 2b), which implies
that the graphene underneath the WO3 nanoparticles is
exhibiting its inherent sp2 bonded structure. On the other
hand 2D peak in the Raman spectrum of graphene−WO3 is
shifted to higher frequency region showing the alteration in the
electronic structure due to the formation of the catalytically
active triple-junction at the graphene−WO3 interface (Figure
2c). However, no significant differences were found in the peak
intensity ratios between the G-bands and 2D band (IG/I2D of
0.5 and 0.55, respectively) for pristine graphene and graphene-
WO3 membrane. This corroborates the nearly unchanged
graphene structure despite the WO3 nanoparticles decoration.

Figure 2. (a) Raman spectra of pristine graphene and graphene−WO3
membranes; enlarged view of Raman spectra: (b) D band, (c) G band.
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In this context, the D-band at 1629 cm−1 of graphene−WO3
(As shown in Figure 2b) suggests the formation of dangling
bonds between WO3 nanoparticles and carbon atoms at the
interface.44 Furthermore, the increase in the D-band intensity as
well as the appearance of D-band also manifests the prevailing
heterogeneous superstructure at the interface of graphene and
WO3.

45 The coating of WO3 on graphene surface has further
ensured with ultraviolet photoelectron spectroscopy (UPS)
(see the Supporting Information, Figure S2). The work
function of graphene at vacuum Φ = 5.21 eV is reduced to
Φ = 4.88 eV under WO3 coating. This implies that the WO3 is
formed on the graphene matrix.
In order to map the distribution and size of WO3

nanoparticles formed on graphene membrane, we probed the
AFM images of graphene−WO3 membranes in the tapping
mode and are shown in Figure 3. The low-magnification AFM

image (Figure 3a) shows that the WO3 nanoparticles are well
dispersed on the graphene, which is unaffected despite the
transfer process. Figure 3b shows the uniform size distribution
of WO3 nanoparticles. The quantification of size of WO3
nanoparticles was carried out using height profiles (see Figure
S3 in the Supporting Information), which confirms that WO3
nanoparticles with a mean diameter of about 20−30 nm were
distributed uniformly on graphene. Colloidal AuNPs were
prepared using the phase transfer protocol, which exhibited a
high degree of monodispersity with a mean diameter of about 5
nm. Figure S4 in the Suporting Information shows the high-
magnification TEM images of AuNPs and the corresponding
histogram illustrating the size distribution of AuNPs. The
distribution of electrostatically assembled AuNPs on graphene-
WO3 membranes was analysed through TEM images. Images a
and b in Figure 4 show the TEM images and the inset figures
show the diffraction patterns obtained for the electrodes
modified with graphene and graphene−WO3−Au hybrid
membranes, respectively. It is observed from Figure 4a that
the graphene nanosheets are well-formed and dispersed. The
higher magnification images of graphene and graphene−WO3−
Au hybrid membrane are given in images c and d in Figure 4,
respectively. The TEM images clearly confirm the existence of
WO3 nanoparticles and AuNPs on graphene membrane. No
aggregation of AuNPs was observed in the TEM analysis.
Figure S5 in the Supporting Information shows the elemental
mapping of graphene−WO3−Au hybrid membrane, which
confirms the co-existence of each element. Moreover, the
obtained diffraction patterns are also in agreement with the
EDS results.

The visible light activity of the modified electrodes was
analysed using UV−vis absorption measurements. Fig. 5 shows

the UV−vis absorption spectra obtained for the electrodes
modified with graphene, graphene−WO3 membranes, and
graphene−WO3−Au hybrid memebranes. The graphene−WO3
membranes show an increased absorption in the visible region.
As anticipated, a well-defined absorption shoulder is observed
after decorating the graphene−WO3 membranes with AuNPs.
This is due to the strong localized surface plasmon resonance
(LSPR) band of AuNPs, which is in agreement with the
absorption spectrum of colloidal DMAP-protected AuNPs in
water.46 The LSPR band of nanoparticles exhibits strong
dependence on the size, shape, and microenvironment of the
nanoparticles. The small discrepancy observed in the
absorption peak of AuNPs in Figure 5 is attributed to the
changes in the microenvironment of the nanoparticles.

Figure 3. Low- and high-magnification AFM images of graphene−
WO3 membrane recorded in the tapping mode.

Figure 4. Low- and high-magnification TEM images of (a, c) graphene
and (b, d) graphene−WO3−Au hybrid membrane, respectively. The
inset figure shows the respective diffraction patterns.

Figure 5. Optical absorbance of electrodes modified with graphene,
graphene−WO3 membrane, and graphene−WO3−Au hybrid mem-
branes.
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The PC ability of graphene-WO3 membrane and the
influence of AuNPs are analysed using photocurrent studies.
Fig. 6 shows the photocurrent generated at graphene−WO3

membrane before and after decorating with AuNPs in PBS
buffer solution at an applied potential of -0.4 V. It is observed
that the graphene−WO3 membrane shows a stable photo-
current generation. Upon AuNPs decoration, the graphene−
WO3−Au hybrid membrane shows nearly two fold higher
photocurrent generation. Figure 7a shows the cyclic voltammo-
grams of graphene-WO3 membrane and graphene-WO3−Au
hybrid membrane. The clear oxidation peak at 1 V corresponds
to the gold oxidation. The photocurrent enhancement at Au
nanoparticle decorated semiconductor/electrolyte interfaces
rely on several factors: (a) hot electron injection from strong
localized surface plasmon resonance from Au to semi-
conductor,47,4849, and (b) efficient charge separation at
semiconductor/electrolyte interfaces through blocking the
back electron transfer from semiconductor to electrolyte
because of the existence of Schottky barrier at this interface.51

To decipher the role of Au nanoparticles in the photocurrent
enhancement of graphene−WO3−Au hybrid membranes, we
examined the current−voltage characteristics under different
light illumination conditions (Figure 7b) using high-pressure
mercury arc lamp wavelength ranging from 200 to 800 nm. In
the absence of UV-cut off filter, the graphene−WO3−Au
electrode generates photocurrent ∼0.76 mA cm−2 at 1.0 V (vs
Ag/AgCl), which was drastically reduced to ∼0.110.76 mA
cm−2 after including the 450 nm filter (ASAHI Spctra USA).
Furthermore, in the case of photo illumination with 490 nm
filter, photocurrent approached nearly dark current value. This
confirms the negligible contribution of AuNP’s plasmonic
excitation towards photocurrent generation. Strikingly, the
onset potential (dark) of graphene-WO3−Au hybrid mem-
branes shows a substantial negative shift of about 0.31 V (from
0.52 to 0.21 V) by photo illumination, which is attributed to the
existence of effective charge separation and transportation in
the electrodes. Furthermore, such negative shift corroborates
that major photocurrent generation at graphene−WO3−Au
hybrid membranes is predominantly achieved from WO3 band
edge excitation (for sputtered WO3 films band edge varies from
2.75 to 3.2 eV based on the oxygen partial pressure).52

Therefore, we conclude that the photocurrent in this system is

originated predominantly from WO3 NPs; whereas, the AuNPs
were actively facilitating the charge separation at graphene−
WO3−Au hybrid membrane through forming Schottky junction
at electrode/electrolyte interfaces.32 Recent reports on Au/
TiO2 interfaces indicate the efficient charge separation at TiO2/
electrolyte interfaces by plasmonic Au particle decoration.53,54

For the purpose of checking the activity of glucose oxidase
enzyme (GOD) in this system, the electrodes were
immobilized with an additional layer of GOD enzymes and
their respective photocurrents were measured in presence of
0.25 mM glucose (Figure 8). It is found that the presence of
GOD increases the photocurrent further due to the high
sensitivity of GOD towards the oxidation of glucose.
Specifically, the electrode modified with graphene-WO3−Au-
GOD hybrid membrane showed the maximum photocurrent
generation under the same conditions. The applied potential is
an important factor that is relevant to the photocurrent
response in enzyme modified electrodes. Thus, it is critical to
determine the optimal applied potential to fetch the maximal
enzyme functionality. Figure 9 illustrates that the photocurrent
generated at graphene-WO3-GOD hybrid membrane modified
electrode strongly depends on the applied potential. The
photocurrent increases with the applied potential and reaches a

Figure 6. Photocurrent generated with and without AuNPs decoration
at different electrodes at an applied bias of −0.4 V.

Figure 7. (a) Cyclic voltammograms of graphene−WO3 membrane
and graphene−WO3−Au hybrid membrane. (b) Photoelectrochemical
(PEC) J−V measurement of graphene−WO3−Au electrode at
different light illumination conditions. The high-pressure Xe arc
lamp ((HAYASHI Co. Ltd , Japan) light source with light illumination
intensity of 75 mW cm‑‑2 was applied for photoillumination. The 0.5M
Na2SO4 and Pt foil is used for electrolyte and counter electrode,
respectively, in a three-electrode PEC cell setup.
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maximum at −0.4 V vs. Ag/AgCl, after which the potential
starts dropping down. This potential is close to the formal
potential of the FAD/FADH2 redox couple in GOD, indicating
the direct electron transfer between the GOD and
electrode.55,56 Therefore, the optimal potential of -0.4 V vs.
Ag/AgCl was selected for the photocurrent measurements.
Owing to the high stability of the enzyme at neutral pH, 0.1 M
PBS buffer (pH 7.3) was used as the supporting electrolyte in
all photo-electrochemical measurements.

To analyze the photo-electrochemical sensing ability of the
modified electrodes, we measured the photocurrent generated
from various electrodes at different glucose concentration.
Under optimal conditions, Figure 9a depicts the typical time-
based photocurrent response of photo-electrochemical bio-
sensor formed using graphene−WO3−Au−GOD hybrid
membrane in the presence of different concentration of
glucose. The cathodic peak current is proportional to the
concentration of the glucose, which results from the
consumption of dissolved O2. The typical mechanism of the
reaction at the cathode in presence of GOD enzyme can be
explained as follows

+ → +glucose O gluconic acid H O2 2 2 (1)

Thus the presence of GOD enzyme readily oxidises the glucose
and hence supplies electrons to the electrode. Figure 9b shows
the linear dependence of the photocurrent with that of the
glucose concentration. Figure S6 in the Supporting Information
shows the calibration curves obtained from the response of
various electrodes to different concentration of glucose. It is
observed from the calibration curve that the electrodes
modified with graphene−WO3 membranes show a linear
increase in photocurrent with the addition of glucose. However,
after a certain concentration of glucose, 0.15 mM, the
photocurrent reaches saturation. Although the graphene−
WO3−Au hybrid membrane and graphene−WO3−GOD
membranes show higher photocurrent generations than
graphene−WO3 membranes for the same glucose concen-
tration, the photocurrent reaches the saturation at about 0.25
mM of glucose, respectively. In striking contrast, graphene−
WO3−Au−GOD hybrid membrane modified electrodes shows
a wide linear range with the concentration of the glucose from
0.5 mM to 7 mM glucose, which shows the larger detection
range together with the enhanced photocurrent generation.
This could be ascribed to the synergistic effects of GOD
enzyme and AuNPs. It is worth mentioning that the pristine
graphene showed higher degree of instability under similar
conditions. However, the evenly dispersed WO3 nanoparticles
protect the graphene contact with aqueous electrolyte and thus
improving the durability of graphene. The work function of
WO3 situated ∼0.4 eV above the Fermi level of graphene (see
the Supporting Information, S2) affords favorable electronic
interfaces for photoelectron injection from WO3 to the
graphene matrix. In addition, the highly interconnected
underneath graphene layer facilitates the high charge collection
from the WO3 layer to the external circuit. Furthermore, the
photoelectrochemical measurements corroborate that the
AuNPs play a dual role of improving the catalytic activity of
the immobilized enzyme as well as promote the charge
separation at electrode/electrolyte interfaces. Thus, our
proposed electrode architecture of unique triplet junction
structure synergistically contributes to the enhanced photo-
current generation and thus increased sensing performance. It
is anticipated that visible-light-activated graphene−WO3−Au
photoelectrodes can be readily used for other promising
photoelectrochemical cells, including PEC water splitting
hydrogen generation.

4. CONCLUSIONS
In summary, the present work focuses on the fabrication of
graphene−WO3 membranes as a potential alternative photo-
anode in photoelectrochemical glucose sensing applications and
the possibility of fortifying its photocatalytic activity using

Figure 8. Photocurrent generated at graphene−WO3 membrane
decorated with GOD enzyme at various applied potentials. 0.1 M PBS
buffer solution (pH 7.3) was used as supporting electrolyte.

Figure 9. (a) Photocurrent generated at graphene−WO3−Au−GOD
hybrid membrane in presence of different amounts of glucose, and (b)
the calibration curve of photocurrent vs glucose concentration.
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plasmonic gold nanoparticles. The photoelectrochemical tests
show that the performance of AuNPs supported on graphene−
WO3 membrane is superior to other systems those without
backbone conducting channel. Although more detailed
investigations are needed to improve their selectivity for
glucose sensing, our reported results would substantially
improve the application of WO3-based electrodes as an
alternative to TiO2 nanomaterials in photoelectrochemical-
based applications.
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