-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by University of Birmingham Research Portal

UNIVERSITYOF
BIRMINGHAM

L‘{miversit}{'o{ iIrmingham
esearch at Birmingham

Ag-Functionalized CuWO4/WO3 nanocomposites

for solar water splitting

Salimi, Reza; Sabbagh Alvani, A. A.; Mei, Bastian Timo; Naseri, N.; Du, Shangfeng; Mul ,
Guido

DOI:
10.1039/C8NJ05625K

License:
None: All rights reserved

Document Version
Peer reviewed version

Citation for published version (Harvard):

Salimi, R, Sabbagh Alvani, AA, Mei, BT, Naseri, N, Du, S & Mul , G 2019, 'Ag-Functionalized CuWO4/WO3
nanocomposites for solar water splitting', New Journal of Chemistry, vol. 43, no. 5, pp. 2196-2203.
https://doi.org/10.1039/C8NJ05625K

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Checked for eligibility: 15/03/2019

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

» Users may freely distribute the URL that is used to identify this publication.

» Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

» User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
« Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 01. Mar. 2020


https://core.ac.uk/display/267314674?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1039/C8NJ05625K
https://doi.org/10.1039/C8NJ05625K
https://research.birmingham.ac.uk/portal/en/publications/agfunctionalized-cuwo4wo3-nanocomposites-for-solar-water-splitting(7f518f0b-e270-427b-bd10-b8a5cc45c82d).html

Please do not adjust margins

ROYAL SOCIETY
OF CHEMISTRY

Journal

ARTICLE

Ag-Functionalized CuW0,/WO0; Nanocomposite for Solar
Water Splitting

Received 00th January 20xx, *ab

.c . de f c
Accepted 00th January 20xx , B.T. Mei’, N. Naseri ", S.F. Du, G. Mul

R. Salimi *¢, A.A. Sabbagh Alvani

DOI: 10.1039/x0xx00000x

www.rsc.org/ Ag-functionalized CuWO,/WO; heterostructures were successfully prepared via a polyvinyl pyrrolidone (PVP)-assisted sol-
gel (PSG) route. Thin films prepared by electrophoretic deposition were used as photoanodes for photoelectrochemical
(PEC) water splitting. Compared to pristine CuWO, and WO;s films, a significant enhancement of the photocurrent (3-4
times) at the thermodynamic potential for oxygen evolution (0.62 V vs. Ag/AgCl) was obtained for Ag-functionalized
CuWO0,/WO0; photoanodes. The obtained enhancement is shown to be derived from a synergic contribution of
heterostructure formation (CuWQ,/WO0s;) and improvements of light utilization by Ag-induced surface plasmon resonance
(SPR) effects. Accordingly, a photocurrent of 0.205 mA/cm” at 0.62 V vs. Ag/AgCl in neutral conditions (without hole
scavengers) under front-side simulated AM1.5G illumination was achieved. A detailed analysis of the obtained PEC data
alongside with performed impedance measurements suggests that charge seperation is significantly improved for the

prepared Ag-functionalized CuWO,/WOs; photoanodes. Our work offers beneficial insights to design new plasmonic

metal/heterostructured nanocomposites for energy conversion applications.

1. Introduction

Harvesting solar energy and storing surplus “green” electricity in
chemical bonds (so-called green fuels) is considered necessary to
allow for the replacement of fossil fuels and to mitigate increasing
environmental concerns [1, 2]. Production of hydrogen by, among
others, photo-electrochemical (PEC) water decomposition has been

frequently suggested as promising technology.
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The development of inexpensive and environmentally benign
materials that can harvest significant fractions of solar irradiation,
efficiently create and separate charge carriers, and allow for
electrochemical water reduction or oxidation, is one of the main
challenges of ongoing research [3-8]. Semiconducting metal oxides
such as TiO, and Fe,0; have been primarily used as photoanode
materials. Low cost and high chemical stability are advantageous,
but large band gaps, insufficient charge-carrier mobility, small
diffusion lengths, and unfavourable kinetics for water oxidation,
preclude their usage [9-12]. More recently, CulWO, was shown to be
a promising candidate for PEC applications [13-17]. Its band gap
(about 2.2-2.4 eV) closely resembles the optimal value for water
splitting in tandem devices [13-15], and theoretically solar to
hydrogen (STH) efficiencies of up to 13% are achievable [15, 18].
Unfortunately, a relatively low absorption coefficient and a high

bulk charge transfer resistance (due to the empty orbital of Cu
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(3dx2-y2)) negatively affect the overall water splitting efficiency [13-
15, 18]. Generally, for tungstate-based semiconductors, various
strategies have been reported to improve their usability [19-29].
Especially fabrication of heterostructured systems, and
functionalizing semiconductor surfaces with metallic (plasmonic)
nanoparticles have been widely used [18, 30-35]. Dass et al. [36]
successfully incorporated plasmonic metal nanoparticles into
heterostructured BiVO,/Fe,0; and Slabon et al [37] fabricated
CuWO,-based heterojunctions (CuWO,/Ag,NCN). Thus, it is evident
that formation of n-n heterojunction configurations results in
favourable properties for photo-electrochemical (PEC) applications
by facilitating interfacial charge transfer, and retarding
recombination of charge carriers [14]. Photon absorption and
charge generation/separation might generally be affected by
surface plasmon resonance (SPR) phenomena [38]. Similarly, we
recently reported on the significant increase in photocatalytic
activity of CuWO,/WO; composites by modification with Ag

nanostructures for water treatment applications [39].

Due to the beneficial properties of the composites, in this work, Ag-
decorated CuWO,/WO; heterostructures were prepared via the
PVP-assisted sol-gel (PSG) synthesis. In-situ decoration was
achieved by AgNO; addition during the synthesis allowing for the
preparation of well-dispersed Ag NPs, causing a good interaction
with CuWO,/WO; heterostructures. Here, specifically the influence
of the individual modifications (heterojunction and plasmon
resonance) on the photoelectrochemical (PEC) characteristics of
electrodeposited thin film samples were evaluated, and it will be
shown that for Ag-modified CuWwO,/WO; composites, improved
charge separation efficiencies result in significant improvements in

PEC performance.

2. Experimental Procedure
2.1. Materials Synthesis and Film Preparation

Copper nitrate hydrate, polyvinylpyrrolidone (PVP, M,, = 29000),
ammonium metatungstate hydrate (AMT), AgNO; and ethylene
glycol (EG), all with high purity grade (99%, Sigma-Aldrich) were
used. CuWO,/WO; was prepared similar to our previous report [39].
In short, a PVP-assisted sol-gel (PSG) approach was used (Scheme
S1) in which, 0.242 g of Cu(NOs),.3H,0 dissolved in 15 mL ethylene
glycol were mixed with solution of 0.296 g AMT dissolved in 1 mL of

2| J. Name., 2012, 00, 1-3

distilled water and PVP. The obtained solution was heated to 95°C
in an oil bath until a viscous green suspension was obtained
(approx. 6 h). For in-situ Ag decoration of the composite, 1 ml of
silver nitrate solution (0.05M in EG) was slowly added within 1 hour
to the hot suspension under stirring. After aging and drying at
120°C, the obtained powder was calcined at 525°C for 90 min. Thin
film photoanodes were prepared by electrophoretic deposition on

FTO glass (see Figure S1 and Sl for further information) [40].

2.2. Materials Characterization

Photoluminescence (PL) (Perkin-ElmerLS-55), Raman spectroscopy
(Bruker, Senerra), X-ray diffraction (XRD, Inel, EQuniox 3000, with
Cu Ka radiation, lambda = 0.154 nm), UV-Vis spectrophotometry
(Perkin Elmer Lambda 40), scanning electron microscopy (SEM/EDX,
Seron Technologies AIS2100) and N, physi-sorption (Micromeritics

ASAP 2010) were used to analyse the samples.

2.3. Photoelectrochemical (PEC) Characterization

PEC measurements were performed in a three-electrode
configuration (VersaSTAT 4 potentiostat) using the obtained thin
film samples as working electrode (exposed area of 0.28 cmz). A Pt
wire and an Ag/AgCl (saturated KCI) electrode were used as counter
and reference electrode, respectively. 0.1 M phosphate buffer (pH
7) with and without hole scavengers (0.1 M H,0, and Na,S0O,) was
used as electrolyte. Illumination (100 mW/cm? AM1.5G) was
achieved with a Newport light source. The light response was
probed by chopped light linear sweep voltammetry (LSV), and cyclic
voltammetry (CV) and chronoamperometry (I-t) was used to
evaluate the photoanode stability (at 0.6 V vs. Ag/AgCl).
Electrochemical impedance spectroscopy (EIS) and Mott-Schottky
analysis of the as-prepared thin film samples were conducted using
a commercially available three-electrode Autolab system
(PGSTAT302N). Impedance measurements were performed at an
amplitude of 10 mV over a frequency range of 0.1 Hz to 100 kHz in

Na,SO, (0.1 M).

3. Results and Discussion

3.1. Materials Characterization

Both phases of WO; (JCPDS data card No. 43-1035) and CuWO,
(JCPDS data card No. 72-0616) were revealed by X-ray diffraction

This journal is © The Royal Society of Chemistry 20xx
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(Fig. 1), as already previously shown [39]. Moreover, the average
primary crystallite sizes of CuWO,/WO; were estimated to be 28-31

nm, using the Scherrer formula [39, 41, 42].

Pure WO3

500 nm

208 (degree)

Fiﬁure 1. XRD patterns (left) and SEM images (right) of the as—g)repared samples
(The XRD pattern of the pure comgosite red curve) derived from our previous

91

publication for better comparison [

The materials were further examined by SEM (Fig. 1). Uniform
spherical particles of CuWO,/WO; with sizes in the range of 100 -
500 nm were obtained by the PVP-assisted method governed by the
chelating properties of PVP, preventing massive agglomeration
during the calcining process [39, 43, 44]. Likewise the synthesis
resulted in high surface area materials (about 54.8 ng'l, consistent

with the performed BET analysis, Fig. S2).

In addition to the diffraction lines of the pristine composite,
diffraction peaks at 38.8° 45.1° and 64.5° are indicative of the
(111), (200) and (220) planes of face-centred cubic (FCC) silver
(JCPDS card no. 04-0783). This affirms the successful in-situ
modification of CuWO,/WO; with silver nanoparticles (NPs).

The morphology of the Ag surface modified CuWwO,/WO; composite

is depicted in Fig. 1d. Ag nanoparticles (primary particle size 19-21

This journal is © The Royal Society of Chemistry 20xx
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nm estimated from XRD) are observed with appropriate dispersion

on the surface of the composite particles.

Based on a probable reaction happening during the employed in-
situ sol-gel synthesis, Ag" ions are reduced by EG and Ag
nanoparticles nucleate via a homogeneous process on active
growth sites of the CuWO,/WO3 composite. In principle, the surface
energies are favourable for large particles and small Ag
nanoparticles are disposed to grow via Ostwald ripening. Again, the
presence of PVP during the synthesis is important to achieve well
dispersed Ag nanoparticles and allows for kinetically controlled
growth of crystal faces of Ag nanocrystals [45].

Thus, similar to the CuwWO,/WQ; composites, Ag-functionalized
CuWO0,/WO0; nanocomposites were prepared with high crystallinity.
Semiconductors with high crystallinity are expected to possess
lower (bulk) defect densities, and severe recombination of photo-
generated charge carriers might therefore be less likely for the
synthesised materials.

The Raman spectrum of the PSG-prepared Ag functionalized
product also displays main fingerprint vibration bands of both
phases (Fig. 2a) with some protuberant peaks [39, 46, 47]. The
signals assigned to Ag nanocrystals cannot be identified in the

Raman spectra.

J. Name., 2013, 00, 1-3 | 3
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Figure 2. (a) Raman spectrum and (b) EDX analysis of the PSG-prepared Ag-
functionalized composite

Figure 3. (a) UV-Vis spectra and (b) PL spectra (Aex = 340 nm) of the as-synthesized powder samples (data related to WOz and unmodified CuWO,/WO; samples

derived from our recent publication for better comparison [39]).

overlapping charge transfer transitions in the visible region, as
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= W03 — —_ W03 —
5 L -
S CuWo4 a Cuwo4
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Along with the SEM measurements, EDX (Fig. 2b) analysis was

performed, confirming the presence of Cu, W and Ag in the sample.
The determined content of the individual components is in good
agreement with the intended loading. In conclusion, the successful
synthesis of Ag-functionalized CuwO,/WO; via PSG method was
confirmed.

UV-Vis spectra of the PSG-synthesized pure and Ag-loaded

CuWO0,/WO0; heterostructures (illustrated in Fig. 3a) disclose two

4| J. Name., 2012, 00, 1-3

Wavelength (nm)
expected for CuWO, [39, 48]. Moreover, the hybridization of the

Cu®* 3d-orbitals with the O (2p) states results in the lower band gap
of the PSG-derived CuWO,/WO; and the Ag-functionalized
CuWO0,/WO; heterostructures (estimated about 2.28-2.33 eV),
compared to pure WO; [14, 39, 48]. Additionally, for Ag-
functionalized CuWO,/WOs;, a slight increase in absorbance,

especially at approximately 420-480 nm, is in good agreement with

This journal is © The Royal Society of Chemistry 20xx
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various reports for localized surface plasmon resonances (LSPR)
induced by decorated Ag nanoparticles [35, 49, 50].

Charge trapping and recombination of photo-generated

electron/hole pairs in the electrodeposited thin films were assessed
by photoluminescence (PL) analysis, measured using a 340 nm laser
for excitation (Fig. 3b). The radiative emission intensity of the Ag

decorated heterostructures are evidently reduced.

The observed quenching is tentatively assigned to an effective
suppression of electron-hole recombination pathways due to the
SPR effects of Ag NPs. As previously reported, the charge transfer

between CuWO, and WO; interface with staggered band

configuration, causing a local built-in potential, facilitates

separation of charge carriers in the CuWO,/WOj; heterostructures

[39].

3.2. Photoelectrochemical (PEC) Studies

Typical linear sweep voltammetry (LSV) scans obtained in potassium
phosphate buffer solution (pH7) for front-side illuminated samples
are presented in Fig. 4. Independent on the exact composition of
the electrode, for all samples a positive response to light-stimuli
was observed as evidenced by the generated anodic photocurrents.
For pristine WO3; and CuWO, films, a photocurrent density of
approximately 0.048 and 0.075 mA/cm® at 0.62 V vs Ag/AgCl

(thermodynamic redox potential for water oxidation) were
measured. For the two composite electrodes, significant
improvements were obtained. Compared to pure CuWQO,,

photocurrent densities of 0.152 mA/cm? (2 times enhancement)
and 0.205 mA/cm? (2.7 times enhancement) were measured for
CuWw0,/WO; and Ag-functionalized CuWO,/WO; composites,
respectively. Thus, compared with other recent reports for similar
tungstate-based structures, promising photocurrents were achieved

[21, 24, 31, 51, 52].

Figure 4. The photoelectrochemical response characterized by linear sweep voltammetry (LSV) without hole scavenger (bllack) and with hole scavenger (red)

Moreover, PEC experiments in the presence of hole scavengers
were also performed (with 0.1 M H,0, and Na,SO,) for rapid
consumption of photo-generated holes at the semiconductor-
electrolyte interface (ne.i~1). As expected, for all samples the
measured photocurrent densities are significantly increased. For
instance, the photocurrent increased to 0.365 mA/cm? (at 0.62 V)
for Ag-functionalized composites.

The light absorption, electron/hole pair separation and catalytic
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efficiency of the electrodeposited thin films were assessed using
the previously reported analysis by Dotan et al [53] to better
identify the controlling factors in PEC performance. The generated

photocurrent density in aqueous electrolytes is calculated by:

(1)

]HZO = ]abs X Nsep XNcat

where Juz2o is the measured photocurrent density, net is the
efficiency of interfacial charge injection and nsep is the photo-

generated charge separation efficiency. For the absorption current
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density, Jabs, it is assumed that all generated charge carrier pairs
take part in the water splitting reaction by considering 100%

faradaic and catalytic efficiency. Jabs is estimated as [51, 54]:

Javs = € s @2 (A) dA 2)

where e is the electron charge, @, is the photon flux in m’s?t nm?
and A is the portion of photons absorbed per incident ones on the
sample (estimated by UV-Vis analysis). Accordingly, the absorption
current density, Jabs was measured to be 2.96, 5.98, 5.45 and 5.86
mA/cm? for WO;, CuwO,, CuWO0,/WO; and Ag-functionalized
CuWO0,/WO0; composite films, respectively.

Using equation (1) and comparing PEC photocurrent densities

obtained with (Juzo2) or without the hole scavengers (Juzo0) (eq. 3),

Figure 5. (a) Separation and (b)

catalytic

Journal Name

the catalytic efficiency (ncat) can be calculated. Similarly, the charge
separation efficiency (nsep) of the electrodeposited films can be

obtained by Jabsand Juz02 following eq. 4:

Neat = Juzo/Juz02 (3)
Nsep = Ju202/Jabs (4)

Fig. 5 a, b depicts the potential-dependent results, revealing that
both nNcat and nsep increase significantly upon composite fabrication
and Ag-functionalization. Specifically, at the oxygen evolution
potential, the separation efficiencies of only 3.5% and 2.6% for the
pure WO; and CuWO, photoanodes were enhanced to 5.3% and

6.2% for the composite materials.

efficiencies of the as-prepared thin films

For the catalytic efficiencies, a tangible improvement from 45% for
pure WO to 56% for the Ag-functionalized composite photoanode
was achieved.

The results of the performed analysis were strengthened by
electrochemical impedance measurements and Mott-Schottky (MS)
analysis. As indicated by the apparent semicircle in the Nyquist
plots (Fig. 6), a decrease in charge transfer resistance across the
electrode/electrolyte interface was observed in good agreement
with the above presented data [39].

The capacitance measured at different potentials and a constant AC
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5= [ Ep) - T (5)
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where C is the space charge capacitance; € is the permittivity of a
vacuum, Np is the electron carrier density; E is the applied bias; € is
the relative permittivity; Ks is the Boltzmann constant and T is the
temperature. The positive slopes of the linear parts of the obtained
curves (Fig. S3) confirm n-type characteristics for all samples. A
substantial decrease of the slope in case of CuWO,/WO;
heterostructure indicates a significant increase of donor densities,
thereby improving the charge mobility in the semiconductors.
These trends clearly suggest that the composite fabrication and Ag-

functionalization considerably facilitate the charge separation and
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interfacial charge transfer, thereby improving the PEC performance.
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By extrapolation of the obtained Mott-Schottky data, flat band
potentials (Vs,) were estimated for the different materials. For pure
WOj3; and CuWOq films, flat band potentials of -0.015 and -0.075 V vs
Ag/AgCl were obtained, in good agreement with recent literature
[31, 56]. For CuWO,/WOj; heterojunctions, the flat band potential
was estimated to be -0.045 V vs Ag/AgCl, indicative of an
equilibrium formation and the renewal of a Fermi level.

Moreover, based on the obtained data and the calculation of band
edges using the method of Ginley and Butler (for further
information see Sl) [39, 57, 58], an energy band structure diagram

(Fig. 7a) was derived.
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Figure 6. EIS Nyquist of the as-prepared thin films at the frequency range of 0.1
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Figure 7. (a) Depiction of the energy diagram of CuWO, and WO; band positions, charge transfer/separation process and SPR effects (b) Chronoamperometry (at 0.62
V) of the Ag functionalized composite electrode in the electrolyte without hole scavengers

Clearly an offset between energy levels and the staggered type
alignment of the junction reveals that CuWOQ, acts as a functional
component injecting excited electrons to the CB of WO; and
likewise extracting holes (from the VB of WOj3). These staggered
band positions and redistribution of charge density allow for a built-
in electric field which causes an effective charge separation,
thereby reducing the recombination rate at the interface of the
heterojunction [39, 59].

As indicated by the obtained PEC results, in-situ decoration of
CuWO0,/WO0; heterojunctions with Ag nanoparticles clearly allows
for performance improvements. It is generally accepted that Ag NPs
can enhance the photon absorption and charge carrier
generation/separation of adjacent semiconductors [34, 38, 49, 60].
Various scenarios are possible and detangling the cause of the
improvement is ongoing. Ag nanoparticles might affect the

performance by 1) scattering of resonant photons (Fig. 7a, right) , 2)

This journal is © The Royal Society of Chemistry 20xx

a plasmon-induced resonance energy transfer (PIRET) 3) a SPR-
induced hot electron injection (HEI), as illustrated in figure 7a.

As already pointed out, UV-Vis measurements (Fig. 3a) show
beneficial absorbance properties of the Ag-functionalized materials
indicating that light scattering (due to different refractive index of
NPs and bulk semiconductor, mainly by larger particles) rises the
path length of photons which likely leads to a higher generation
rate of excitons in the semiconductor. Moreover, due to the evident
spectral overlap of the absorption region in CuWO,/WO; and the
SPR band of Ag NPs (420-480 nm), plasmon-induced resonance
energy transfer (PIRET) by non-radiative strong dipole-dipole
coupling with band edge states of semiconductors must be
considered as another dominating effect for the

improved

absorption [38, 49, 60, 61].

The interaction of Ag nanoparticles and the semiconductor is also in

agreement with the observed quenching of PL emission (Fig. 3b).

J. Name., 2013, 00, 1-3 | 7
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The localized electric fields around the plasmonic metal particles
(PIRET) with the adjacent semiconductor allow for efficient
separation of charge carriers on the surface of semiconductors (not
bulk) and shorter diffusion of holes (or electrons) to the
semiconductor surface [35, 49, 60]. Accordingly, a positive effect on
the PEC performance is observed. Unlike the two SPR effects, hot
electron injection effect (charge transfer) might be relatively weak
due to the size of the obtained particles ( > 20 nm) and generally
short lifetimes of hot electrons. Finally, it should be pointed out
that Ag nanocrystals could also act as electron acceptor, facilitating
the electron transfer in-between particles and to the back contact.
At the same time, the NPs located at the semiconductor/electrolyte
interface might improve hole injection to the electrolyte due to the
improved catalysis near the metal NPs [35, 36, 38, 49, 60].
Consequently, the observed enhancement in PEC performance of
Ag-functionalized heterostructures can be attributed to efficient
photon absorption and charge carrier generation/separation,
originating from the SPR effects of Ag NPs and also the formation of
the CuWO,/WOj; junction.

The long-term stability of the Ag-functionalized composite
photonode was evaluated by chronoamperometry and cyclic
voltammetry (CV), performed under constant illumination. In spite
of a primary descent in photocurrent (about 15%), the Ag-
functionalized composite exhibited a steady-state current density of
0.178 mA/cm? over 2 hour (Fig. 7b) and only insignificant changes
during frequent cycling (10 cycles, Fig. S4). The observed
photocurrent loss corresponds to the formation of the Helmholtz
layer, e.g. the interaction between the electrolyte anions and the
photoelectrode surface. Moreover, the formation of peroxo species
on the WO; surface is also likely [33, 62]. The presented results
obviously reveal that Ag functionalized-composite films show
decent stability during continuous water oxidation. In spite of
significant PEC enhancement in this work, a high charge transfer
resistance is still limiting the PEC performance. It is expected that
more effective charge carrier transport/separation can be achieved
by the addition of electron transfer mediators such as 1D metals or
carbonaceous which s under

nanostructures, currently

investigation.

4. Conclusions
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In summary, Ag-functionalized CuWO,/WO; heterostructured
photoanodes were successfully prepared via sol-gel synthesis and
electrophoretic deposition. The as-produced Ag-composite films
exhibited a 3-4-fold higher photocurrent density compared to
pristine semiconductors, which was attributed to improved
absorption properties, lower charge transfer resistance, higher
separation efficiency of photo-generated charge carriers, and
reduced electron/hole recombination supported by the detailed
analysis of the obtained PEC data. Finally, the metal/semiconductor
composite exhibited sufficient photostability and appears to be

competitive in PEC performance.
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