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ABSTRACT: Photoelectrochemical water splitting using
semiconductor materials has emerged as a promising approach
to produce hydrogen (H,) from renewable resources such as
sunlight and water. In the present study, Ag;PO, nanoparticles
were electrodeposited on BiVO, photoanodes for water
splitting. A remarkable water oxidation photocurrent of 2.3
mA-cm > at 1.23 V versus reversible hydrogen electrode with
~100% Faradaic efficiency was obtained, which constitutes a
notable increase compared to the pristine BiVO, photoanode.
It is demonstrated that the enhancement of optical absorption
(above-band gap absorbance) and the decrease of surface
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losses after the optimized deposition of Ag/Ag;PO, nanoparticles are responsible for this notable performance. Remarkably, this
heterostructure shows promising stability, demonstrating 25% decrease of photocurrent after 24 h continuous operation. This
approach may open new avenues for technologically exploitable water oxidation photoanodes based on metal oxides.

Bl INTRODUCTION

The development of photoelectrochemical strategies for the
production of added-value chemicals and fuels using solar light
is particularly attractive to overcome the dependence of fossil
fuels at a global scale." Specifically, the photoelectrochemical
oxidation of H,O to produce solar H, as a clean energy vector
or valuable chemical precursor stands out as one of the most
promising approaches in this direction.” The main barrier to
the full technological deployment of the technology relates to
the high overpotentials needed to carry out the water oxidation
reaction. In this context, coupling photoactive materials with
catalytic or passivation layers is the key process to enable an
efficient and stable flow of charge carriers toward the
production of the desired product at the semiconductor—liquid
junction. To date, the highest performance obtained (16%
solar-to-hydrogen) involves the use of inverted metamorphic
multijunction semiconductor architectures, interfaced with
water reduction cocatalysts.” In these devices, the photovoltage
to drive the current flow is generated inside the multijunction
(buried junction), and the contact with the liquid solution is
engineered with the deposition of catalytic/passivation layers to
minimize the recombination losses at the interface. A more
cost-effective approach entails the use of earth-abundant n-type
semiconductors interfaced with catalytic/passivation layers to
minimize the recombination losses at the interface. Although
the achieved performance is significantly lower compared to the
buried junction photoanodes, materials such as BiVO, have
achieved promising efficiencies, which justify the exploration of
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metal oxides as candidate materials for the production of solar so
fuels.** 51

On the other hand, the best water oxidation catalysts s2
reported to date are based on scarce and expensive materials 53
such as IrO, or RuO,, which also suffer from low stability under s4
harsh environments, precluding large technological deploy- ss
ment. Consequently, during the last years, an extensive research s6
activity targeting upscalable water oxidation catalysts has been s7
developed. One of the most promising materials reported to ss
date is silver phosphate, Ag;PO,, a semiconductor material with s9
an indirect band gap of 2.45 eV, able to absorb light up to 500 6o
nm in the visible region.”'® Its valence band minimum is 61
located at 2.67 V versus reversible hydrogen electrode (RHE), 62
more positive than the thermodynamic potential for water 63
oxidation (1.23 V vs RHE).” Consequently, Ag;PO, has the 64
ability to oxidize H,O to produce O,, which makes this material 65
an attractive candidate for photocatalytic water oxidation. The 66
potential of Ag;PO, as a functional material for photo- 67
electrocatalytic applications was first reported by Yi et al,'' 63
showing an extremely high performance for water oxidation 69
under visible light irradiation. In particular, they reported 90% 70
quantum efficiency for O, evolution with this material. 71
However, photocorrosion of Ag;PO, takes place in the absence 72
of sacrificial reagents; therefore, the design of a photo- 73
electrochemical cell in which the Ag;PO, film acted as both 74
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Scheme 1. Representation of the Ag;PO,—(Zr)—BiVO, Photoanode Preparation: (I) Cathodic Deposition of Ag (Metal) from
0.01 M CH;COOAg in DMSO; (II) Anodic Oxidation of the Ag Particles in Sodium Phosphate Buffer at pH 7.5; and (III)
Photoelectrochemical Water Splitting on the Ag;PO,—(Zr)—BiVO, Surface
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water oxidization and halting/delaying of the photocorrosion
electrode was proposed by incorporating a solar cell instead of
the sacrificial reagent. Ag;PO4-based heterojunction structures
78 have been developed in order to enhance the charge separation
79 of light-induced electron—hole pairs: Ag;PO,/TiO,"" and
s0 Ag;PO,/Fe,0;"" composites, mainly for applications on
81 photodecomposition of organic pollutants. In parallel,
82 important efforts have been devoted to understand the effect
83 of the crystalline structure,'*"® particle size,'* and morphol-
s4 ogy' "' of AgsPO,, as well as the effect of the phosphate salts
85 used as the precipitating agent during the synthesis, on their
86 photocatalytic properties.'” Several authors have reported that
87 metallic silver at the surface of Ag;PO, acts as an electron
88 acceptor, enhancing the charge separation and preventing the
89 decomposition of Ag;PO,. Additionally, it has been reported
90 that metallic Ag improves the light-harvesting efficiency, leading
91 to enhanced photocatalytic activity and high stability under
9 visible light irradiation.”*™>* As an example, Chen and co-
93 workers developed a new graphene-bridged Ag;PO,/Ag/BiVO,
94 Z-scheme heterojunction showing an outstanding visible-light-
95 driven photocatalytic performance, because of the cooperative
96 catalytic effect of Ag/Ag;PO, and reduced graphene oxide, by
97 providing higher surface area, enhanced light-harvesting
o8 efficiency, and remarkably improved charge separation
99 efficiency.” Li et al. also described the selective deposition of
100 Ag;PO, nanoparticles on highly active BiVO, (040) facets to
101 develop an efficient heterostructured photocatalyst.” Inspired
102 by these previous reports, we have synthesized Zr-doped BiVO,
103 photoanodes decorated with Ag;PO, nanoparticles for water
104 oxidation (Ag;PO,—~Zr—BiVO,), using a novel method based
105 on electrodeposition, achieving photocurrents of 2.3 mA-cm™>
106 at 1.23 V versus RHE and promising stability, showing ~25%
107 loss of photocurrent after 24 h continuous operation. This
108 notable performance is ascribed to the optical enhancement
109 and the decrease of surface losses produced by the dispersion of
110 AgzPO, nanoparticles on BiVO,.
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B MATERIALS AND EXPERIMENTAL METHOD

BiVO, photoanodes were synthesized through a two-step
method developed by Choi et al,”’ consisting of Bi
114 electrodeposition on fluorine-doped tin oxide (FTO)-coated
115 glass, followed by a reaction with the vanadium precursor. Zr
116 was added as 2.5 mol % of ZrCl,0-8H,0O (Sigma-Aldrich) to
117 the Bi’* plating bath, according to a previous optimization
118 process.”” The electrodeposition of metallic Ag was carried out
119 from a solution of 0.01 M CH;COOAg (Sigma-Aldrich) in
120 DMSO. The cathodic deposition was performed potentiostati-
121 cally at —2.0 V versus Ag/AgCl varying the total deposition
122 charge (from 5 to 30 mC-cm™?). In order to obtain the Ag;PO,
123 particles, the Ag—BiVO, and Ag—Zr—BiVO, films were
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conditioned by cyclic voltammetry scans from —0.5 to 1.6 V 124
(vs Ag/AgCl) in a 0.1 M phosphate buffer solution at pH 7.5, at 125
50 mV s~ scan rate. Scheme 1 in the main text illustrates the 126
different steps of the synthetic procedure to obtain the 127
Ag,PO,—(Zr)—BiVO, photoanodes. 128

Morphological and compositional characterization of the 129
electrodes was studied by field emission scanning electron 130
microscopy (SEM) with a JSM-7000F JEOL FEG-SEM system 131
(Tokyo, Japan) equipped with an INCA 400 Oxford energy- 132
dispersive system (EDS) analyzer (Oxford, U.K.) operating at 133
15 kV and a JEM-2100 JEOL transmission electron microscope 134
(TEM) operating at 200 kV. Prior to the SEM experiment, the 135
samples were sputtered with a 2 nm thick layer of Pt. X-ray 136
diffraction spectra were obtained using Rigaku Miniflex 600 137
(Rigaku Corporation, Tokyo, Japan) with copper Ka radiation 138
(4=1.5418 A) at a scan speed of 3°-min™". Surface analysis was 139
carried out by X-ray photoelectron spectroscopy (XPS) using 140
the Specs SAGE 150 instrument. The analyses were performed 141
using nonmonochrome Al K irradiation (1486.6 eV) at 20 mA 142
and 13 kV, a constant energy pass of 75 eV for overall analysis, 143
30 eV for analysis in the specific binding energy ranges of each 144
element, and a measurement area of 1 X 1 mm?® The pressure 145
in the analysis chamber was 8 X 107 hPa. The data were 146
evaluated using CasaXPS software. The energy corrections of 147
the spectra were performed considering a reference value of C 148
1s from the organic matter at 284.8 eV. The optical properties 149
of the prepared films were also determined through UV—vis
using a Cary 300 bio spectrometer. The absorbance (A) was
estimated from transmittance (T) and diffuse reflectance (R) 152
measurements using an integrating sphere as A = —log(T + R). 153
The direct optical band gap was estimated by the Tauc plot as 154
(hva)'™ = A(hv — Eg), where n = 1/2 for direct transitions.

The photoelectrochemical characterization of the electrodes 156
was carried out by means of cyclic and linear voltammetry in 157
the dark and under illumination (100 mW-cm™) in a 0.1 M
phosphate buffer solution of pH 7.5. Alternatively, a 1 M
Na,SO; solution was added to the electrolyte as a hole
scavenger to determine the charge separation and charge
injection efliciencies. The electrochemical cell was composed 162
by the working electrode, an Ag/AgCl (3 M KCl) reference 163
electrode and a Pt wire as a counter electrode. All the potentials 164
were referred to the RHE through the Nernst equation: Vg =
Viag/agel + Vagagal + 0.059pH, where Vi /5,ci(3 M KCI) = 0.21 166
V. All the experiments were carried out by using an AutoLab 167
potentiostat PGSTAT302, and for those under illumination, a
300 W Xe lamp was used. The light intensity was adjusted with
a thermopile to 100 mW-cm™ (illumination through the 170
substrate). Incident photon-to-current efficiency (IPCE) 171
measurements were performed with a 150 W Xe lamp coupled 172
with a monochromator controlled by a computer. The 173
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174 photocurrent was measured at 1.23 V versus RHE, with a 10
175 nm spectral step, using an optical power meter. IPCE was
176 calculated through the expression

L.(A
IPCE % = () x 2298+ 100. The absorbed photon-to-

P(W) A (nm)
177 current efficiency (APCE) spectra were also calculated as
APCE % = ;P—C]i X 100, where 7., is the absorptance,
e /h
178 defined as the fraction of electron—hole pairs generated per
179 incident photon flux and can be obtained from the absorbance
180 (A) measure as 77,7, = 1 — 107 In order to determine the
181 Faradaic efficiency for O, evolution at the electrode surface, the
182 amount of evolved O, was monitored every 5 min during a
183 chronoamperometric measurement at 1.6 V versus RHE in
18+ phosphate buffer (pH 7.5), using a sealed cell coupled to a gas
185 chromatograph.

—

186 Il RESULTS AND DISCUSSION

187 The overall process to deposit Ag;PO, nanoparticles on (Zr)—
188 BiVO, films is described in Scheme 1. With this electrochemical
189 method, a good control over the amount of Ag;PO, deposited
190 on the surface of BiVO, was obtained. After the cathodic
191 deposition of Ag on both bare and Zr-doped BiVO, films
192 (Scheme 1, panel I), submicrometric globular metallic Ag
193 particles (~200—400 nm diameter) can be identified on the
194 BiVO, surface by SEM as shown in Figure la and confirmed by
195 the EDS compositional analysis (Supporting Information,
196 Figure S1). The measured lattice spacing of these globular
197 particles (2.35 A) by TEM (Figure 1c) is consistent with the
198 (111) planes of the body-centered cubic structure of metallic
199 Ag. The Ag—(Zr)—BiVO, films were then electrochemically
200 treated (trough 15 cyclic voltammetry scans) in a sodium
201 phosphate buffer at pH 7.5 (Scheme 1, panel II). During this
202 electrochemical treatment, the anodic oxidation of the globular
203 metallic Ag submicrometric particles takes place, as shown in
204 Supporting Information, Figure S2 yielding to a significant
205 morphological and chemical modification related to the
206 formation of clusters around 80—100 nm diameter of 5—10
207 nm Ag;PO, nanoparticles (Figure 1b). Although the TEM
208 characterization did not evidence the presence of lattice fringes
209 on the Ag;PO, nanoparticles, probably because of its poor
210 crystallinity, after the electrochemical treatment (Figure 1d),
211 the EDS analysis (shown in Supporting Information, Figure S3)
212 is consistent with the formation of Ag;PO,, as described by eq
213 1

—

p=t

- o

3Ag ) + HPO42_(aq = AgPO,  + HY () + 3¢

) (1)
215 Additionally, the XRD analysis indicates that there is no
216 formation of new phases in the Ag;PO,—(Zr)—BiVO, films
217 during this electrochemical treatment (Figure le). Monoclinic
218 BiVO, was identified by the PDF card no. 00-014-0688. The
219 slight shift on the diffraction peak corresponding to the (—121)
220 planes of BiVO, after Zr addition is consistent with the
221 substitutional doping previously reported, with Zr replacing
222 Bi** positions in the lattice and increasing the carrier density of
223 BiVO,.”® Moreover, after a detailed statistical analysis on Zr—
224 BiVO, specimens, the identification of previously reported
225 ZrO, nanoparticles was marginal, confirming that the main role
226 of Zr in BiVO, is substitutional doping. On the other hand, it
227 has been demonstrated that the direct lattice strain can
228 significantly affect the intrinsic electrocatalytic property of the
229 catalysts.zg_31 Particularly, the beneficial effects of substitu-
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Figure 1. SEM micrographs of (a) Zr—BiVO, film showing the as-
deposited Ag nanoparticles and (b) Ag;PO,—Zr—BiVO, photoanode
obtained after 15 cycles in sodium phosphate buffer. TEM
micrographs of (c) Ag—Zr—BiVO, particles showing the (111) planes
corresponding to Ag particles and (d) Ag;PO, nanoparticle over
BiVO, in Ag;PO,—Zr—BiVO,. (e) XRD diffractograms of the pristine
and modified BiVO, films. The PDF card number for BiVO, is 00-014-
0688. The inset shows a zoom of the (—121) plane of BiVO,
illustragigng the substitutional doping of Zr, consistent with a previous
report.

tional Mo doping on BiVO, have been demonstrated to be 230
partially derived from surface oxygen quasivacancies.’” 231
Consequently, it is plausible that the induced lattice strain on 232
the BiVO, structure by substitutional Zr doping can play a 233
significant role in the catalytic activity. 234
Further evidence of the transformation of metallic Ag into 235
Ag;PO, during the electrochemical treatment was provided by 236
XPS. The global spectra of all the measured samples show the 237
characteristic split signal corresponding to the Bi 4f;,, and Bi 238
5f,, orbitals of Bi** state in BiVO, (Figure 2a), as well as the V 239 2
2p and O Is signals corresponding to V°* and O ions, 240
respectively. In particular, the samples containing Zr also show 241
the characteristic Zr 3d and Zr 3p,, and Zr 3p;, signals 242
(Figure 2b). Because the amount of Zr is at the detection limit 243
of the equipment, the ratios between the Zr 3p,/, and Zr 3p;,, 244
areas, because of the spin—orbit splitting, could not be properly 245
analyzed. The asymmetry of the Ag 3d corresponding signal 246
suggests the presence of different oxidation states for silver on 247
the Ag;PO,—Zr—BiVO, electrode. After the deconvolution of 248
the signal (Figure 2c), two strong signals at 373.7 and 367.4 eV 249
are resolved, corresponding to Ag 3d;,, and Ag 3ds/, orbitals of 250
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Figure 2. (a) Global XPS spectra of Zr—BiVO,, Ag—Zr—BiVO,, and Ag;PO,—~Zr—BiVO, electrodes before and after electrochemical treatment,
respectively. (b) Zoomed-in image showing the characteristic signals of Zr 3d and Zr 3p orbitals, (c) Ag 3d, and (d) P 2p characteristic peaks in the

Ag;PO,~Zr—BiVO, electrode.

Ag’, respectively. These results are consistent with previous
reports,”*® supporting the oxidation of metallic Ag during the
electrochemical treatment. However, the characteristic Ag’
signal is also detected at 374.2 and 368.2 eV, with a weaker
intensity, indicating the presence of metallic Ag. Previous
studies have highlighted the beneficial effect of elemental silver
Ag’ on the surface of Ag;PO,, acting as an electron acceptor to
enhance the charge separation and preventing the reductive
decomposition of Ag;PO,.*” Finally, the P 2p signal
corresponding to P°* in (PO,)*” anion can also be identified
in the spectra of the Ag;PO,—Zr—BiVO, electrode, as shown in
Figure 2d, further supporting the formation of Ag;PO,. The
presence of Sn in the XPS spectra (Figure 2a) is coming from
the underlying FTO substrate, which is exposed at some
locations because of the porous nature of the specimens.

The optical measurements shown in Figure 3a clearly
demonstrate that Zr addition enhances the optical absorption
(increased above-band gap absorbance) and Ag;PO, increases
both optical absorption (increased above-band gap absorbance)
and scattering (increased absorbance at wavelengths >550 nm).
Tauc plots for the determination of the band gap are shown in
Supporting Information, Figure S4a. Furthermore, the additive
effect of Zr and Ag;PO, in the Ag;PO,~Zr—BiVO, spectrum is
also apparent because it can be obtained as the addition of both
Zr—BiVO, and Ag;PO,—BiVO, spectra. This is also shown in
the Supporting Information, Figure S4b, where the spectra are
subtracted from the pristine BiVO,. Particularly, the effect of
Ag/Ag;PO, enhancing the optical absorbance at wavelengths
below 500 nm is consistent with the reported 2.45 eV band gap
of Ag;PO,. Additionally, previous studies have shown that Ag/

281 Ag;PO, nanoparticles induce light scattering,®* as evidenced by
282 the increased absorbance at wavelength >550 nm in Figure 3a.

The photoelectrochemical performance of the pristine and
modified BiVO, photoanodes for water oxidation (Scheme 1,
panel III) was evaluated by j—V curves under chopped
illumination as shown in Figure 3b. Similar results are obtained
under continuous illumination conditions (Supporting In-
formation, Figure SS). Preliminary optimization of the
deposition conditions of Ag nanostructures was carried out
by exploring different total charges for Ag deposition (0—30
mC-cm™2), as shown in Supporting Information, Figure S6.
The optimized deposited charge density for the highest
photocurrent was 10 mC-cm™'. Further explored conditions
included the electrodeposition solution (water vs DMSO) and
electrolyte (phosphate vs sulfate buffer solutions) (Supporting
Information, Figure S7). Additionally, our deposition method
showed enhanced performance compared to other reported
methods such as the ionic exchange method (Supporting
Information, Figure S8). The optimized Ag;PO,—Zr—BiVO,
electrode reached a remarkable photocurrent density up to 2.3
mA-cm™2 at 1.23 V versus RHE, which involves a significant
improvement compared to the pristine BiVO,, (60 A cm™2) at
the same potential. This constitutes one-third of the maximum
current achievable by BiVO,, according to its 2.4 eV band gap
(7.5 mA-cm™2). The spectral signature of the photocurrent was
obtained by IPCE measurements, shown in Figure 3¢, in good
correspondence with the measured photocurrents shown in
Figure 3b. The quantitative correlation was carried out by the
integration of IPCE with the solar spectrum to calculate the
total photocurrent and the values included in Supporting
Information, Table S1 are in excellent agreement with those
obtained by voltammetry measurements, Figure 3b. From this
result, it is clear that the photocurrent is mostly related to
above-band gap absorbance and the absorbance at wavelength
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Figure 3. (a) UV—vis absorption spectra of the prepared films, (b) j—V curves of the synthetized films under chopped illumination at 100 mW-cm™
in phosphate buffer solution at pH 7.5, with a scan rate of S mV s™".
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Figure 4. (a) j—V curves of Ag;PO,—Zr—BiVO, photoanode obtained under chopped illumination at 100 mW-cm™ in phosphate buffer solution at
pH 7.5 and with a sacrificial hole scavenger (1 M Na,SO;) in the solution. (b) Charge separation efficiency and catalytic efficiency of Ag;PO,~Zr—

BiVO, (solid lines) and Zr—BiVO, electrodes (dashed lines).

>550 nm does not contribute significantly to the photocurrent.
Notably, the optical enhancement shown in Figure 3a for Zr
and Ag additions is reflected on the 100 nm red shift for the
photocurrent onset in the IPCE measurements. The APCE was
also calculated, and the obtained results (Figure 3d) show
significantly higher values compared to IPCE. This means that
~50—70% of the photogenerated carriers are successfully
extracted for water oxidation in the optimized Ag,PO,~Zr—
BiVO, photoanode.

Further mechanistic insights to elucidate the origin of the
enhanced performance of the Ag;PO,—Zr—BiVO, photo-
anodes were extracted from voltammetry measurements in

the presence of a Na,SO; sacrificial hole scavenger, see Figure 327
4a. From these measurements and the theoretical maximum 328 &4
photocurrent (see Supporting Information, Table S2) esti- 320
mated from the absorbance measurements 330
(jabs = i//l-](/l)-(l —10™) dA, with I(1) the spectral 131
irradiance, e the elemental charge, h the Planck constant, and 332
¢ the light speed), we estimated the bulk and surface losses in 333
the electrode by monitoring the charge separation efficiency 334
(1) and the charge injection efficiency (), defined by eqs 2 335
and 3 336

}HZO = Jabs Mes Meat (2) 337
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Figure 5. (a) Chronoamperometric measurement at 1.6 V vs RHE to assess the stability of the Ag;PO,—~Zr—BiVO, electrodes in 24 h, tested under
illumination at 100 mW-cm™ in phosphate buffer solution at pH 7.5. (b) Oxygen evolution detected by gas chromatography and Faradaic efficiency.

]HS = ]abs'nCS (3)

In the presence of the hole scavenger, the photocurrent onset
is cathodically shifted to ~0.2 V versus RHE, which agrees well
with the reported flat band potential of BiVO,.”* Additionally,
the enhanced photocurrent of Ag;PO,—Zr—BiVO, is consistent
with the higher above-band gap absorbance shown in Figure 3a.
Figure 4b shows the charge separation and charge injection
efficiencies for Zr—BiVO, photoanodes with and without
Ag;PO, nanoparticles. Remarkably, the low charge injection
efficiency of pristine BiVO, (<20%) is boosted up to 90% (1—
1.5 V vs RHE), in a 400 mV voltage window, highlighting the
beneficial role of Ag;PO, nanoparticles on the catalytic
properties of the developed photoanode. Additionally, a slight
increase of the charge separation efficiency is observed upon
deposition of Ag;PO,, which is consistent with the previous
reports on Ag/Ag;PO,/TiO, heterostructures, which showed
better charge separation by the decreased steady-state photo-
luminescence of TiO, nanotubes upon deposition of Ag/
Ag,PO, nanoparticles.”*

A durability test was carried out on the optimized Ag;PO,—
Zr—BiVO, electrode, showing promising stability up to 24 h
(Figure Sa). This can be explained by the role of the Ag/
Ag;PO, heterostructure, enhancing the charge separation.
Because the conduction band of Ag;PO, is more negative
than the Fermi level of elemental Ag, electron transfer from
Ag;PO, to metallic silver takes place (see Supporting
Information, Figure S9), hindering self-reduction, as reported
elsewhere.”"”* Further insights into the degradation mechanism

366 were obtained by interrupting the chronoamperometric
367 measurement every S5 h. The j—V curves under illumination
368 were measured and optical micrographs of the electrode were
369 taken after each time interval. The results are shown in
370 Supporting Information, Figures S10—S12. The gradual
371 decrease of the photocurrent can be ascribed to the overall
372 mechanical degradation of the film, with preferential detach-
373 ment of the Ag/Ag;PO, nanoparticles, as evidenced by the
374 disappearance of the Ag*/Ag” peak in the j—V curves in Figure
375 S10b. Postmortem SEM analysis after 24 h measurement also
376 showed some smoothing of the surface of the electrode by
377 photocorrosion (Supporting Information, Figure $12), which is
378 consistent with BiVO, deactivation to Bi,O; as previously
379 reported.” Figure 5b shows the theoretical and experimental
380 oxygen evolution during the chronoamperometric measure-
381 ment, together with the Faradaic efficiency. Remarkably, almost
382 100% Faradaic efficiency was obtained after 3 h measurement.
383 The scattering on the calculated values are related to the
384 manual sampling process.

—

Moreover, the stability of the Ag;PO,—Zr—BiVO, electrode
was also tested in a borate buffer at pH 9.2 as an electrolyte
(Supporting Information, Figure S13). A fast decay of the
current density is observed during the first 2 h of operation,
which suggests that probably the Ag;PO, nanoparticles are fully 389
removed from the surface, making these conditions not suitable
for further studies.

Comparing to other studied water oxidation catalysts such as
Co—Pi,*° FeOOH-NiOOH," Co—Fe Prussian blue,” and 393
Fe,0; nanoparticles,”® Ag/Ag,PO, provides enhanced light-
harvesting efficiency, which is a strong asset for achieving 395
photoanodes with high photocurrents. Additionally, together 396
with Co—Fe Prussian blue, and FeOOH-NiOOH, its
promising stability may provide a technologically exploitable
solution of water oxidation photoanodes based on metal oxides.
A detailed review of the performance and stability of 400
photoanodes based on BiVO, reported in the last three years 401
is included in Supporting Information, Table S3. In the light of 402
these reports, the results obtained in the present study can be 403
properly contextualized. In particular, for photoanodes without 404
a hole mirror layer (SnO,, TiO, or WOj), our photocurrents
are competitive with the most advanced system reported. In 406
terms of stability, only very few studies report chronoampero-
metric measurements beyond 4 h; consequently, the reported 408
25% photocurrent loss can be considered as a promising result.

Bl CONCLUSIONS
In summary, Ag;PO,—Zr—BiVO, heterostructures have dem-

onstrated competitive performance for water oxidation, with 412

notable photocurrents of 2.3 mA-cm™ at 1.23 V versus RHE
and Faradaic efficiency ~100%, promising stability, and ~25%
photocurrent loss after 24 h of operation. This behavior stems
from the synergistic optical enhancement due to both Zr
doping and Ag deposition, reflected as increased above-band
gap absorbance, 100 nm red shift of the photocurrent onset in
IPCE measurements, and the significant reduction of surface
losses as evidenced by the notable increase of the catalytic
efficiency up to 90%. Incremental optimization of the
performance and stability of this heterostructure may provide
a technologically exploitable solution of water oxidation

photoanodes based on metal oxides. 424
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429 EDS analysis, cyclic voltammetry measurements showing
430 the formation of the Ag;PO, nanoparticles, j—V curves of
431 the different tested samples under continuous illumina-
432 tion, optimization of the deposition method for the
433 Ag;PO, nanoparticles, tables with the integrated currents
434 from IPCE, and optical absorption measurements.
435 Review of performance indicators for BiVO,-based
436 photoanodes in the last three years (PDF)
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