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This study demonstrated efficient solar-to-H,O, conversion through a photoelectrochemical (PEC) cell
that maximizes the utilization of solar energy by having double side generation of H,O, on both the
photoanode and cathode. This work was accomplished by preparing (i) efficient BiVO, (BVO)
photoanodes modified with various metal dopants (Mo, W, or Cr), (i) surface-treatment with phosphate
on the as-synthesized photoanodes, and (iii) single-walled carbon nanotube (CNT) electrodes with
anchored anthraquinone (AQ-CNT), a reversible H,O,-evolving catalyst that has been widely used in the
H,O, production industry. The introduction of Mo into BVO and surface phosphate treatment on BVO
(P-Mo-BVO) enhanced the faradaic efficiency (FE) of H,O, production from water oxidation and slowed
the H,O, decomposition kinetics with achieving highly durable PEC reactions over 100 h (90%
photocurrent remained), while bare Mo-BVO experienced the rapid decline of the photocurrent during
irradiation with the dissolution of BiVO4. The utilization of AQ on the cathode made the H,O,
production by oxygen reduction highly selective and suppressed competing H, production completely.
Consequently, the optimized configuration of a BVO photoanode modified with Mo (10 atom%) and
phosphate and an AQ-CNT cathode enabled H,O, production on both electrodes, yielding H,O,
production with FE values of 40-50% and ~100%, respectively, across a broad range of potentials
(0.75 to 2 Vgue) and a net H,O, production rate of 0.66 pmol min™' cm™2 at 1.0 Vgue. This dual

Received 22nd May 2019, electrode system also successfully demonstrated H,O, production under an external bias-free condition
Accepted 14th January 2020 with a net H,O, production rate of 0.16 pmol min~* cm™2 and FE value of ~43% and ~100% for photo-
DOI: 10.1039/c9ee03154e anodic and cathodic production, respectively. To the best of our knowledge, this is the most durable

PEC system for H,O, production obtained using a BiVO4-based photoanode that enabled the simulta-
rsc.li/ees neous photoanodic and cathodic production of H,O,.

Broader context

Hydrogen peroxide (H,O,), a carbon-free energy carrier and an environment-friendly oxidant, has been widely applied in chemical and environmental
processes. While the current industrial production process of H,0O, requires H, gas, toxic organic solvents, and high energy inputs, H,O, production by a
photoelectrochemical (PEC) method that uses sunlight, water and molecular oxygen only is a green and sustainable alternative to the conventional production
method. Herein we develop an efficient PEC-based H,0, production system that utilizes the photocurrent more efficiently by having the single charge pass in
the PEC cell carry out double generation of H,O, on both the photoanode and cathode. The proposed system consists of a modified BivO, photoanode and an
anthraquinone (AQ)-modified carbon cathode. Molybdenum doping and phosphate treatment of BiVO, facilitate the selective oxidation of H,O to H,0, and
improve its durability dramatically over 100 h with preventing the dissolution of BiVO,. On the other hand, AQ anchored on the carbon cathode catalyzes
selective 2-electron reduction of O, to H,O, but suppresses the competing reaction of H, production. The proposed PEC cell that generates H,O, on both the
photoanode and cathode with the maximum current utilization efficiency should be employed for further development of efficient solar PEC-based H,O,
production systems.

“ Division of Environmental Science and Engineering, Pohang University of Science and Technology (POSTECH), Pohang 37673, Korea. E-mail: wchoi@postech.edu
b Department of Civil and Environmental Engineering, Yonsei University, Seoul 03722, Korea. E-mail: hi.kim@yonset.ac.kr

¢ Future City Open Innovation Center, Pohang University of Science and Technology (POSTECH), Pohang 37673, Korea

4 Institute for Convergence Research and Education in Advanced Technology, Yonsei University, Seoul 03722, Korea

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/c9ee03154¢

1730 | Energy Environ. Sci., 2020, 13,1730-1742 This journal is © The Royal Society of Chemistry 2020


http://orcid.org/0000-0003-4079-7985
http://orcid.org/0000-0003-4358-1442
http://orcid.org/0000-0003-1801-9386
http://crossmark.crossref.org/dialog/?doi=10.1039/c9ee03154e&domain=pdf&date_stamp=2020-01-29
http://rsc.li/ees

Published on 16 Qunxa Garablu 2020. Downloaded by Fail Open on 23/07/2025 10:30:50 AM.

Paper

Introduction

Hydrogen peroxide (H,0,) is a highly useful chemical oxidant
and reagent that has been widely employed in many chemical,
environmental, and energy applications.'™ As environmentally
friendly and benign production of H,0, is needed in industry,
the development of a green synthesis method is essential.
In this regard, H,0, production via photocatalytic (PC) or
electrochemical (EC) processes is an attractive and promising
method.*” The oxygen reduction reaction (ORR) is a funda-
mental reaction in electrochemical and photochemical energy
conversion processes. H,O, can be produced through the ORR
(i.e., 05/H,0,, E° = 0.68 V) by a two-electron transfer pathway.®
Of various methods, the EC system has received much attention
as an effective technique that allows on-site production of H,O,
via the direct conversion of O, and water.>'° Another method
that has been proposed is the photoelectrochemical (PEC)
production of H,0, through dioxygen reduction or water oxida-
tion (i.e., H,0,/H,0, E° = 1.76 V).'*"*” Although PEC systems
have been extensively investigated for water splitting for H, and
0, production,'®>? their applications in H,0, production are
few. Bismuth vanadium oxide (BiVO,) is considered one of
the most promising semiconductor materials for photoanodes
owing to the suitable thermodynamic driving force for the
two-electron oxidation of water to H,0,.>**® In addition, the
bicarbonate ion (HCO; ) is essentially needed in the direct
production of H,O, from water oxidation, since the bicarbonate
ion acts as a hole mediator for selective hole transfer."

The anthraquinone (AQ) process is a popular process for the
industrial production of H,0,.2?” A typical AQ process for
H,0, production follows several steps:*® an anthraquinone
(typically 2-ethylanthraquinone) is catalytically hydrogenated
with catalysts (mostly palladium), forming anthrahydroquinone
(AHQ), and the solution containing AHQ is separated from the
catalyst. AHQ reacts with molecular oxygen from injected air and
returns to its original form (AQ), simultaneously producing H,0,.
The AQ process is widely used in the industry at present because
it allows the achievement of high production yields of H,O,.
However, it has some drawbacks including the requirement of
several steps, the need for H,, a noble metal catalyst, and organic
solvent, and the extraction of the produced H,O, from the catalyst
solution.”®?® A possible strategy for addressing the drawbacks of
the conventional AQ process is to combine it with electrochemical
ORR processes. The EC production of H,0, is driven by the
cathodic reduction of O,, so the efficiency is totally dependent
on the performance of the catalysts. Therefore, significant efforts
have been made to discover new electrocatalysts with high
selectivity and efficiency.”*° However, it is a major challenge
to develop new catalysts that meet the requirements of cost
effectiveness, high selectivity, and low onset potential at the
same time. Most catalysts employed in EC systems to achieve
high performance are noble metal-based catalysts; non-
precious metals and metal-free catalysts still suffer from high
onset potential, low activity, and low selectivity.*"**> As an
alternative to developing new catalysts, a well-known AQ process
can be driven in an electrochemical system by adopting an
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AQ-modified electrode as a cathode.**> The AQ cathode can
first be electrochemically reduced into AHQ form, and then
AHQ will revert to the AQ form by reacting with dioxygen in
the solution, generating H,0, at the same time.** This electro-
chemical reaction can persist without a separaie regeneration
step for the AQ-AHQ cycle, which is well suited for its practical
applications. The AQ cathode might be employed in a PEC
system that should produce H,O, selectively.

In this work, we aim to develop a highly durable and selec-
tive PEC system that utilizes the solar photons more efficiently
for the production of H,0,. By developing a Mo-modified
and surface phosphate-treated BiVO, photoanode and an
AQ-modified carbon cathode, both holes and electrons can be
simultaneously used for H,O, production by oxidizing H,O and
reducing O,, respectively, with maintaining the PEC activity
over 100 h (90% photocurrent remained). Although dual elec-
trode processes for PEC H,0, production have been previously
reported,*'® the previous systems lacked practicality because a
chemical bias between the anode and cathode compartments
(even under the electrical bias-free condition) and ice cold
temperature in the electrolyte were required to achieve high
efficiency for H,O, production by preventing decomposition of
H,0, and the photoanode was not stable enough for prolonged
irradiation. By developing a newly modified photoanode and
cathode, not only the efficiency and selectivity of PEC H,O,
production but also the durability could be significantly
enhanced to make the PEC method more practical and realistic
for applications. This dual PEC system is proposed as an
efficient solar process (by utilizing both holes and electrons)
for the sustainable production of H,O, for prolonged irradiation
(>100 h).

Experimental

Synthesis of the metal modified-BiVO, photoanode
and AQ-modified carbon cathode

All reagents and chemicals were purchased from Sigma-Aldrich
(of analytical grade) and used without further purification
unless otherwise stated. The BiVO, photoanodes (denoted as
BVO) were synthesized via a metal-organic decomposition
(MOD) method.***” In this study, typically, 0.1 M Bi(NO;);-5H,0
(98%) and 0.1 M VO(acac), (98%) were fully dissolved in acetyl-
acetone (2,4-pentanedione, >99%) under stirring in the dark over
24 h. The BVO precursor solution was dropped (35 uL cm ?)
on a fluorine-doped tin oxide (F-SnO,: FTO, 10 mm x 30 mm,
Pilkington Co., Ltd) substrate, which was spin coated at 3000 rpm
for 30 s and then annealed at 500 °C for 10 min. This spin
coating-annealing cycle was repeated until the desired thickness
was obtained (typically 10 cycles; ~130 nm). The annealing was
performed for 2 h in the final cycle. For the metal-modified BVO
samples, MoO,(acac), (bis(acetylacetonato)dioxomolybdenum(vi),
>100%), Na,WO,-2H,0 (sodium tungstate dihydrate, 99%), or
Na,Cr,0,-4H,0 (sodium dichromate tetrahydrate, 99%) was
added as a metal source in the BVO precursor solution with a
1:1 stoichiometric ratio of Bi: (V + metal). Surface treatment with
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phosphate on the photoanode was done by a simple drop-casting
and annealing process. A solution containing 0.01 M NazPO,
(sodium phosphate, 98%) in a DW:ethanol (1:9 vol%) mixture
was dropped (10 pL cm2) on the photoanode and annealed at
300 °C for 30 min.

AQ-Modified carbon cathodes were synthesized via a simple
drop-casting method. Typically, 3 mM AQ-2-COOH (anthra-
quinone-2-carboxylic acid, 98%) and 6.3 mg SWCNT (IL JIN
Nanotech., ASA-100) as a supporter and 12 pL Nafion solution
(5 wt% in a mixture of lower aliphatic alcohols and water (40%))
as a binder were dissolved and well dispersed in 1 mL MeCN
(acetonitrile, anhydrous, 98%) by sonication. An aliquot of
40 pL solution was dropped on carbon paper substrates
(CeTech Co., GDS210, 10 mm x 10 mm coating area (total
10 mm x 30 mm), FC international) and then dried at 80 °C for
10 min on a hot plate. The above drop-casting process was
repeated up to 10 times to obtain the final AQ-modified carbon
cathode (denoted as AQ-CNT/C). For comparison, a carbon
cathode without AQ was also prepared using a solution containing
SWCNT and Nafion only (denoted as CNT/C).

(Photo)electrochemical measurements

The (photo)electrochemical performances of BVO, AQ-CNT/C,
or the BVO||AQ-CNT/C configuration were measured in a typical
three electrode system with a two-compartment cell separated
by a Nafion membrane (Nafion Membrane N117) containing
1 M NaHCOj; (99.7-100.3%, pH ~ 7.8 adjusted by HCIlO,)
(see the PEC-I, EC-I, and PEC-II systems in Scheme 1).
If necessary, the Nafion membrane was removed to carry out
one-compartment cell experiments and a Pt electrode sputtered
on an FTO substrate (20 mA for 30 s; Cressington 208HR) was
adopted as a counter electrode. The solutions were purged with
Ar (99.9%) or O, (99.9%) gas for at least 15 min prior to and
during the measurements in the working (anodic) or counter
(cathodic) electrode cells, respectively. If necessary, a two
electrode system with a two-compartment cell was also adopted
(see the PEC-III system in Scheme 1). For linear sweep voltam-
metry (LSV), the potential of the working electrode was swept
from —0.5 to +1.5 V (vs. Ag/AgCl) at a scan rate of 50 mV s "
using an electrochemical workstation (VersaSTAT 3-400,
Princeton Applied Research) in the dark or under AM 1.5G
light (100 mW em™?). For chronoamperometry (CA), a constant
potential of +0.34 V vs. Ag/AgCl (equivalent to +1.00 V vs. RHE)
was applied to the working electrode. For Mott-Schottky ana-
lysis, the potential was swept from —0.5 to —0.1 V vs. Ag/AgCl
at a frequency of 1 kHz in the dark. For electrochemical
impedance spectroscopy (EIS) analysis, +0.34 V vs. Ag/AgCl with
an AC voltage of 10 mV and a frequency ranging from 0.1 kHz to
0.01 Hz was applied to the working electrodes under irradiation.
The measured potentials were converted to the corresponding
potentials vs. RHE using the following equation: V (vs. RHE) = V
(vs. Ag/AgCI) + 0.0591pH + 0.197.

While applying a constant potential to the working electrode,
the amount of produced H,0, was quantified in both the anode
and cathode compartments using the iodometric titration
method. Typically, 0.1 M CgH;KO, (potassium biphthalate, Alfa
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Scheme 1 Schematic illustration of (photo)electrochemical systems for
(a) photoanodic production of H,O, through water oxidation (PEC-I
system) and (b) cathodic production of H,O, through the ORR (EC-I
system), (c) the combined system of photoanodic and cathodic production
of H,O, (PEC-II system), and (d) the combined two electrode system of
photoanodic and cathodic production of H,O, without an external bias
(PEC-IIl system).

Aesar, 98%) solution and 0.4 M KI (potassium iodide, 99.5%)
solution containing 0.06 M NaOH (sodium hydroxide, 1 M) and
0.1 mM (NH,),MoO, (ammonium molybdate, 99%) were
prepared in advance. A sample aliquot of 0.5 mL and 1.5 mL
of purified water was mixed with both biphtalate (0.75 mL) and
iodide solutions (0.75 mL), which was kept under vigorous
stirring for 2 min before measuring the absorbance at 372 nm
using a UV/visible spectrophotometer (Libra S22, Biochrom).
The faradaic efficiency for H,O, production was calculated
based on the typical calculation formula (see page S14 in the
ESIY). In addition, the headspace gaseous products (O, and H,)
in both cells were quantified using a gas chromatograph (GC,
HP6890A) equipped with a thermal conductivity detector (TCD)
and a 5 A-molecular sieve column. Prior to irradiation, the
solutions were purged with Ar gas in the working electrode cell
for 30 min to remove dissolved oxygen. For electrochemical
rotating disk electrode (RDE) voltammetry, a glassy carbon disk
working electrode (3 mm diameter, ALS Co., no. 011169), a Pt
wire counter electrode, and a Ag/AgCl reference electrode were
placed in a single cell containing 0.1 M KOH (pH 13). For LSV,
the potential of the working electrode was swept from —0.1 to
—0.6 V (vs. Ag/AgCl) at a scan rate of 10 mV s ' using an
electrochemical workstation (VersaSTAT 3-400, Princeton
Applied Research) in the dark. The solutions were pre-purged
with Ar gas for at least 15 min prior to and during the
measurements. The rotation speed was varied from 400 to
2400 revolutions per minute (rpm) using a rotating ring disk
electrode rotator (RRDE-3A, ALS Co., Ltd).

This journal is © The Royal Society of Chemistry 2020
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Surface characterization

The morphology of the samples was analyzed by high-resolution
field-emission scanning electron microscopy (HR-FE-SEM;
JEOL JSM-7401F) at the National Institute for Nanomaterials
Technology (Pohang, Korea). Surface elemental composition and
chemical analysis were performed by X-ray photoelectron spectro-
scopy (XPS; Theta Probe AR-XPS system) using monochromated Al
Ko radiation as an X-ray source (1486.6 eV, Busan Center, KBSI,
Korea). X-ray diffraction (XRD) patterns were measured using Cu
Ko radiation (RIGAKU D MAX 2500). The UV-visible absorption
spectra of the BVO samples were obtained using a Shimadzu
UV-2401PC spectrophotometer. The surface functional groups of
the samples were analyzed by attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR; Thermo Scientific
iS50) using a ZeSe crystal with a scan number of 100.

Results and discussion

Surface characterization of modified BivO, and AQ-modified
carbon electrodes

The optimized Mo-modified BiVO, (Mo-BVO) samples exhibited a
porous structure, confirmed by SEM, with an average particle
size of 60-70 nm and a thickness of ~130 nm (Fig. 1a and Fig.
S1d, ESIf). The overall morphology of Mo-BVO changed only
slightly from that of the bare BVO even with the addition
of a high concentration of Mo (10 atom% in vanadium sites)

View Article Online
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(Fig. S1a, ESIY). BiVO, modified with other metal ions (W or Cr)
also showed structures similar to that of Mo-BVO (Fig. S1, ESIT).
The XRD patterns of the bare BVO samples exhibited typical
monoclinic scheelite BiVO, peaks at 20 = 18.7, 28.8, 30.5, 34.5,
35.2, 39.8, 42.5, 46.7, 47.3, 50.3, and 53.3° for (110), (121),
(040), (200), (002), (211), (051), (240), (042), (202), and (161),
respectively (JCPDS ref. no. 14-0688), which is in good
agreement with the literature (Fig. 1b and Fig. S2, ESI{).*8™°
However, the BVO samples modified with any metal (Mo, W, or
Cr) exhibited patterns that differ from that of the bare BVO
sample around 34-36°, where two individual peaks merge to
form a single peak (Fig. 1b). This indicates the phase transition
from monoclinic to tetragonal structure by the high concen-
tration of metal ions contained in the BVO lattice.*’™*?
In addition, separate XRD peaks of MoO3, WO3, or Cr,0; were
observed in each sample (Fig. S2, ESIt), which indicates that
the metal doping level (10 atom%) is high enough to induce the
formation of a separate metal oxide phase during the annealing
process.

The bare and metal-modified BVO samples were analyzed
by XPS to investigate the elemental compositions and the
chemical states of the elements. The O1s band exhibited two
binding energy peaks in all samples, which represent the lattice
oxygen species (Oja) and the adsorbed oxygen species (O.qs),
at ~529.5 and ~532.3 eV, respectively (Fig. 1c).***° All spectra
for the metal-modified BVO samples exhibit a slight shift
(~0.1 eV) to higher binding energy for Oy, indicating the
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Fig. 1 (a) SEM image (top view) of BiVO, (BVO) modified with molybdenum (Mo-BVO). (b) Enlarged XRD patterns of bare BVO, Mo(10 atom?%)-BVO,
W(10 atom%)-BVO, and Cr(10 atom%)-BVO. See Fig. S2 (ESIT) for the full range of XRD patterns. (c) XPS spectra of O 1s for BVO, Mo-BVO, W-BVO, and
Cr-BVO. See Fig. S3 (ESIT) for more XPS spectra (Bi 4f and V 2p). (d) FTIR spectra of SWCNT (CNT) and AQ-modified SWCNT (AQ-CNT). A pure AQ sample

was also measured for comparison.
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incorporation of metal ions into the BiVO, structures with
oxygen bonding. The appearance of the O,gs peak at
~532.3 eV is ascribed mainly to the surface hydroxyl groups,
which can act as a hole scavenger in the photocatalytic reaction
with producing hydroxyl radicals.””*® All metal-modified BVO
samples exhibited stronger O,qs peaks than bare BVO, which
implies that more surface hole trapping sites on BVO are
generated upon metal modification."*”® The metal-modified
BVO samples also exhibited a binding energy shift to higher
energy for the Bi 4f and V 2p peaks (Fig. S3a and b, ESIT), which
was also reported in the literature.>® This shift is ascribed to
the fact that the electronegativity of hexavalent metal ions
(Mo®*, W*', and Cr®") is higher than that of the pentavalent
metal ion (V°*).>' All XPS binding energies provided were
corrected based on the maximum peak (C-C component) of
the C 1s spectra (Fig. S3c, ESIT).

To characterize the AQ-modified carbon electrodes, the
identification of AQ in the as-synthesized AQ-modified carbon
samples was performed using Fourier transform infrared
spectroscopy (FT-IR) on powder samples (Fig. 1d). The IR
spectra of the AQ-modified SWCNT powder samples exhibited
apparent peaks of AQ at 696, 1267, and 1666 cm™ ', which are
not observed in the bare SWCNT powder. This confirms that AQ
is well anchored on the SWCNT support.

View Article Online
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Photoelectrochemical activities of modified BiVO,
(photoanodic H,0, production through water oxidation)

The PEC activity of the bare BVO and Mo-BVO electrodes was
first investigated using linear sweep voltammetry (LSV) in
aqueous sodium bicarbonate solution (1 M; pH ~ 7.8 adjusted
by HCIO,) that was purged with Ar gas (Fig. 2a). The bare BVO
electrode exhibited an onset potential of 0.5 Vgyg for H,0,
production from water oxidation with a faradaic efficiency (FE)
lower than 25% for the tested potential range (+0.5 to +2.0 Vgyg)
(Fig. S4, ESIt). The photocurrent generation was enhanced
by the molybdenum (Mo) modification and the Mo-BVO con-
taining 10 atom% Mo exhibited the highest photocurrent.
When modifying BVO, metal ions with a valence state higher
than V**, such as Mo®" and W®*, are usually added as a dopant to
substitute V** sites in BVO to enhance the electrical conductivity by
increasing the donor density.>”*> The H,0, production and FE
on BVO were also enhanced with Mo modification in BVO, along
with the photocurrent generation (Fig. 2a and Fig. S4, ESIY).
Among various Mo concentrations, a typical concentration of
10 atom% in BVO exhibited the highest activity for photoanodic
production of H,0, with improved photocurrent generation.
To understand the effect of Mo modification on PEC, the
PEC activity of BVO modified with other metal ions (W*" and
Cr®" at 10 atom%) was also measured and compared with
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Fig. 2 (a) Linear sweep voltammograms (LSVs) for bare BVO and Mo-BVO with different concentrations of Mo. [H,O;]4 is the concentration of H,O,

produced through the photoanodic reaction on bare BVO and Mo-BVO measured after 15 min reaction at each potential. (b) LSVs for BVO, Mo-BVO,
W-BVO, and Cr-BVO (bottom, left axis) and [H,O,la (top, right axis) with FE, (top, right-offset axis) for BVO, Mo-BVO, W-BVO, and Cr-BVO at an applied
bias of 1.0 Vgye after 15 min. (c) Mott—Schottky (M-S) plots of BVO, Mo-BVO, W-BVO, and Cr-BVO measured at a fixed frequency of 1 kHz. (d) Nyquist
plots of BVO, Mo-BVO, W-BVO, and Cr-BVO measured at an applied potential of 1.0 Ve in 1 M NaHCOs5 solution (pH ~ 7.8) under AM 1.5G irradiation
(100 mW cm™2). The solid lines in (c) and (d) represent fitting of the plots. The Nyquist plots were fitted to the equivalent circuits (an RC circuit). See
Table S1 (ESIT) for the parameter values estimated by the fitting. The PEC performances of bare and metal-modified BVO were measured (PEC-| system)
in 1 M NaHCOs solution (pH ~ 7.8) in the dark or under AM 1.5G irradiation (100 mW cm™~2). The solution was pre-purged with Ar gas for at least 15 min
prior to the experiments.

1734 | Energy Environ. Sci., 2020, 13,1730-1742 This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9ee03154e

Published on 16 Qunxa Garablu 2020. Downloaded by Fail Open on 23/07/2025 10:30:50 AM.

Paper

View Article Online

Energy & Environmental Science

Table 1 Summary of the (photo)electrochemical H,O, production performances of various electrode configurations

H,0, production rate?

Reaction type Electrodes Applied bias® (umol min~* em ™2 FE (%) Ipn(20)/In(0)°
Photo-anodic BVO 1.0 0.03 15
Mo-BVO 1.0 0.13 35 0.13
W-BVO 1.0 0.018 7
Cr-BVO 1.0 0.0007 0.9
P-Mo-BVO 1.0 0.21 46 0.98
Cathodic? CNT/C 1.0 0.08 26
AQ-CNT/C 1.0 0.32 100
Dual Mo-BVO| CNT/C 1.0 0.21
Mo-BVO| AQ-CNT/C 0.75 0.22
1.0 0.45
1.5 0.57
2.0 1.01
Unbiased® 0.11
P-Mo-BVO| AQ-CNT/C 1.0 0.66
Unbiased® 0.16

% A potential was applied to the photoanode in the three electrode system unless mentioned otherwise. ” The H,0, production rate was
determined after 15 min reaction. ¢ I,5(20): photocurrent after 20 h; I,,(0): initial photocurrent. 9 The cathodic reaction was conducted on a
counter electrode with the Mo-BVO photoanode. ° A two electrode system was adopted for this experiment with no potential bias between the

electrodes.

Mo-BVO (Fig. 2b). The photocurrent generation was enhanced
in all metal-modified BVO electrodes compared to bare BVO.
The enhancement of the photocurrent for metal-modified BVO
is ascribed to the higher electrical conductivity and lower
charge transfer resistance, which were confirmed by Mott-
Schottky (M-S) and electrochemical impedance spectroscopy
(EIS) analysis, respectively (Fig. 2¢, d and Table S1, ESIt). The
electrical conductivity of the samples was estimated by the
Mott-Schottky equation (see page S14 in the ESIt). However,
the H,0, production was enhanced only with the Mo-BVO
electrode, while W-BVO and Cr-BVO exhibited suppressed
activity for H,O, production despite the enhanced photo-
current compared with bare BVO (Fig. 2b), and the results are
summarized in Table 1. The Mo®" modification seems to play a
unique role in enhancing the PEC production of H,0,.

To compare with the PEC production of H,0,, the PEC
decomposition of H,0, was further investigated in phosphate
buffer solution in the absence of bicarbonate ions (Fig. 3). We
observed that the bare and modified BVO did not produce H,O,
at all in the bicarbonate-free solution (data not shown). In the
H,0, decomposition experiments, a constant potential of
1.0 Vryg was applied to the bare and modified BVO working
electrodes in 0.1 M phosphate buffer solution containing an
initial concentration of 1 mM H,O, (Fig. 3a). The decomposi-
tion of H,O, was assessed over 3 h PEC reaction. The amounts
of total charge (Qr) that passed through the PEC cell were
calculated in coulombs (C) for each photoanode based on its
photocurrent generation (Fig. 3b). The amounts of H,0,
decomposition were divided by the total charge passed in the
PEC cell (Fig. 3¢). The amounts of H,0, decomposition relative
to the total charge (—A[H,0,)/Qr) were the lowest on the Mo-
BVO electrode. Although the amounts of decomposed H,O,
were the lowest on the Cr-BVO electrode, the Cr-BVO electrode
exhibited a negligible photocurrent during the measurement

This journal is © The Royal Society of Chemistry 2020

(see the inset of Fig. 3b). As the H,0, molecule is a strong hole
scavengetr, it can be rapidly decomposed by reacting with holes
on the photoanode surface.”® Mo modification seems to be
efficient in retarding the hole-mediated decomposition of
H,0,, thereby enhancing the overall production of H,O,. We
also examined the photoanodic H,0, production using other
semiconductor materials including WO;, TiO,, and Fe,O3
(Fig. S5, ESIt). However, all other materials exhibited lower
FEs for photoanodic H,0, production than Mo-BVO. In this
regard, BiVO, seems to be the best base material among the
materials we investigated for photoanodic H,0, production.

Electrochemical activities of AQ-modified carbon electrodes
(cathodic H,0, production through the ORR)

The electrochemical (EC) activity of the as-synthesized AQ-
modified SWCNT on carbon paper (AQ-CNT/C) electrodes was
also individually investigated by cyclic voltammetry (CV) with a
Pt counter electrode in aqueous sodium bicarbonate solution
(1 M; pH ~ 7.8 adjusted by HCIO,), which was purged with Ar
or O, gas (Fig. 4a). The CV scans for the AQ-CNT/C electrodes
exhibit a typical pattern of the two-electron redox process
of anthraquinone/anthrahydroquinone (AQ-AHQ), showing
the reduction and oxidation peaks at 0.1 and 0.15 Vgyg,
respectively.**>* These peaks do not appear for the bare carbon
paper electrode (C) or the SWCNT-loaded carbon paper electrode
(CNT/C). Under O, purging, AQ-CNT/C exhibited a current onset
potential of ~ 0.4 Vgyg for the ORR while the CNT/C electrode did
not exhibit such an ORR current peak. This indicates that AQ
plays a critical role in the ORR process. The presence of AQ on
the cathode surface markedly facilitated the interfacial charge
transfer process as shown in EIS analysis (Fig. 4b). The charge
transfer resistance can be determined by fitting the plots to the
equivalent circuits (a simple RC model; Fig. S6, ESIt). The charge
transfer resistance for AQ-CNT/C was lower than that for the other
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Fig. 3 (a) The PEC decomposition of H,O, on BVO, Mo-BVO, W-BVO,
and Cr-BVO. (b) Total charge (Q7) passed through the circuit during the
PEC reaction in (a). The inset shows the time-profiled photocurrents
generated on BVO, Mo-BVO, W-BVO, and Cr-BVO. (c) The H,O, decom-
position divided by Qt (—A[H,0,]/Q7) for BVO, Mo-BVO, W-BVO, and
Cr-BVO. The PEC performances of bare and metal-modified BVO
were measured (PEC-| system) in 0.1 M sodium phosphate buffer solution
(pH ~ 7) with 1 mM H,O, under AM 1.5G irradiation (100 mW cm™2) at an
applied bias of 1.0 Vgye. The solution was pre-purged with Ar gas for at
least 15 min prior to the experiments.

W-BVO

electrodes (CNT/C or C) and further lowered by the presence of O,.
This indicates that AQ on the cathode can facilitate intra-
molecular electron transfer and that the ORR is more favored
over the water reduction reaction on the AQ-loaded cathode.
The selectivity of the AQ-loaded electrode for H,O, produc-
tion via O, reduction was examined using the rotating disk
electrode (RDE) technique. The RDE experiments were per-
formed in an aqueous solution containing 0.1 M KOH as this
is the condition usually employed for electrochemical ORR
studies.”>*® Koutecky-Levich (K-L) plots for the ORR on the
RDE were compared for different samples (CNT and AQ-CNT)
(Fig. 4c and Fig. S7, ESIf). The number n of transferred
electrons can be calculated from the K-L plots, which was
found to be 4 and 2 for the CNT and AQ-CNT electrode,
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coated carbon paper (AQ-CNT/C) electrodes. (b) Nyquist plots of C,
CNT/C, and AQ-CNT/C. EIS was conducted at an applied potential of
—1.5 Vgpe. The EC performances of AQ-CNT/C were measured (EC-I
system) in 1 M NaHCOs solution (pH ~ 7.8) in the dark. The solution was
pre-purged with O, gas and Ar gas in the anode and cathode part,
respectively, for at least 15 min prior to the experiments. (c) Koutecky—
Levich plots of CNT and AQ-CNT powder from rotating disk electrode
(RDE) measurements at an applied bias of —0.5 Vag/agciin 0.1 M KOH pre-
purged with O, gas. See Fig. S7 (ESI) for the RDE current—potential curves.

respectively. This indicates that the products of the ORR should
be different on the CNT and AQ-CNT electrodes. The produc-
tion of H,O, through the ORR should be strongly favored on
AQ-CNT through two-electron transfer whereas the ORR on the
CNT electrode should generate H,O through four-electron
transfer instead.

Photoelectrochemical activities of the Mo-BVO| AQ-CNT/C
configuration (dual photoanodic and cathodic H,0,
production)

The PEC behavior of the combined configuration of the
Mo-BVO and AQ-CNT/C electrodes for dual production of

This journal is © The Royal Society of Chemistry 2020
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irradiation (100 mW cm™~2). The solution was pre-purged with Ar gas and
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15 min prior to the experiments.

H,0, was examined across a range of potentials (Fig. 5a). The
amounts of H,0, produced and gaseous products (O, and H,)
evolved in each cell were measured by sampling from the
solution and headspace, respectively. The FE values for each
product were calculated by measuring the concurrent photo-
current. The FE values for H,0, production on the Mo-BVO
photoanode (FE, (H,0,)) varied from 20 to 40%, depending on
the efficiency of the competitive O, evolution reaction. The sum
of the FE values for H,0, production (FE, (H,0,)) and O,
evolution (FE, (O,)) was near 100%. The FE values of slightly
lower than 100% might be due to the immediate decomposi-
tion of in situ produced H,0, on Mo-BVO (Fig. 3). On the other
hand, the FE values for H,0O, generation on AQ-CNT/C
(FE¢ (H,0,)) reached 100% over a wide potential range, and
molecular H, was not evolved at all. As-synthesized C and
CNT/C were also adopted as a counter electrode to examine
the PEC activity with as-optimized Mo-BVO photoanodes
(Fig. S8, ESIT). The photocurrent generation of Mo-BVO varied
with different counter electrodes (AQ-CNT/C, CNT/C, and C),
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showing the highest performance with AQ-CNT/C counter
electrodes under O, gas. To assess the selectivity of AQ for
the ORR, the H,0, production was examined between two
different counter electrodes (AQ-CNT/C vs. CNT/C electrodes)
(Fig. 5b). Various potentials were applied on the Mo-BVO
photoanode (from 0.75 to 2 Vgyg), and the H,O, and H,
produced from the cathode were measured after 15 min. The
amounts of H,O, produced on the cathode were much higher
in the presence of AQ, showing FE values of ~100 and ~30%
for the AQ-CNT/C and CNT/C electrodes, respectively, and the
results are also summarized in Table 1. In addition, H, was not
produced on AQ-CNT/C at all, whereas the amount of H,
produced on CNT/C was much higher than H,0, with FE values
of ~70%. This clearly indicates that AQ has a highly selective
catalytic property for the ORR to produce H,0,. The low
reactivity of the CNT/C electrode for oxygen reduction was
shown in the CV in the experiment (Fig. 4a), which showed
that the EC behavior of the CNT/C electrode under Ar or O, gas
purging was not changed much.

Enhanced PEC activities and durability of phosphate-treated
Mo-modified BiVO, (P-Mo-BVO)

We demonstrated successful H,O, production via a dual
mechanism on the Mo-BVO||AQ-CNT/C configuration, however
Mo-BVO still suffers from low FEs for photoanodic H,O,
production with poor durability, which will be discussed later.
To solve these issues, the surface of the Mo-BVO electrode was
treated with phosphate (adsorbed). The current generation of
Mo-BVO was enhanced by phosphate treatment at positive
oxidation potentials (>2.5 Vgyg) under both dark and irradia-
tion conditions (Fig. 6a). Similarly, it was also observed that the
configuration of phosphate-treated Mo-BVO (P-Mo-BVO) and
AQ-CNT/C electrodes exhibited enhanced photocurrent genera-
tion (Fig. 6b). The FE for photoanodic H,0, production was
also enhanced in the tested potential range (Fig. 6b), which
clearly indicates the positive effect of surface phosphate treat-
ment on Mo-BVO for H,0, production. To find out the effect of
phosphate treatment on Mo-BVO, the PEC decomposition of
H,0, was investigated on P-Mo-BVO (Fig. S9, ESIt). The
amounts of H,O, decomposition relative to the total charge
were highly reduced by phosphate treatment on Mo-BVO,
indicating that the surface phosphate could effectively hinder
the surface adsorption of H,0, molecules on the surface.* The
time-profiled production of H,O0, on the P-Mo-BVO with
AQ-CNT/C configuration was further examined to test the
stability of the reaction in the two-compartment cell (Fig. 6¢).
The experiments were performed at a constant potential of
1 Vgue applied on Mo-BVO for 5 h under AM 1.5G irradiation
(100 mW cm™?). The photocurrent generation of the P-Mo-
BVO||AQ-CNT/C configuration was relatively maintained during
5 h running whereas that of the Mo-BVO||AQ-CNT/C or
Mo-BVO|CNT/C configuration exhibited a gradual decrease
with time, and as a result the overall H,O, production was
highly enhanced with the P-Mo-BVO|AQ-CNT/C configuration.

The durability of the photoanode itself was also examined
and compared between Mo-BVO and P-Mo-BVO in the long-term
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CNT/C and P-Mo-BVO|AQ-CNT/C configurations. Faradaic efficiencies for photoanodic H,O, production (FE,) were measured after 15 min reaction at
each potential. (c) Time-profiled H,O, production in the P-Mo-BVO| AQ-CNT/C configuration at 1.0 Vrye over 5 h in a two-compartment cell. The PEC
performances of the P-Mo-BVO |AQ-CNT/C configuration were measured (PEC-II system) in 1 M NaHCOs solution (pH ~ 7.8) under AM 1.5G irradiation
(100 mW cm2). The solution was pre-purged with Ar gas and O, gas in the photoanode and cathode parts, respectively, for at least 15 min prior to the
experiments. For comparison, the Mo-BVO|AQ-CNT/C and Mo-BVO|CNT/C configurations were also compared. (d) The time-profiled photocurrent
generation on Mo-BVO and P-Mo-BVO over 100 h. The PEC performances of Mo-BVO and P-Mo-BVO were measured (PEC-I system) in 1 M NaHCOs
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the experiments. XPS spectra for Mo-BVO (fresh and used) and P-Mo-BVO (fresh and used) of (e) survey, (f) Bi 4f and V 2p, (g) P 2p and Sn 3d, and (h) O 1s.

over 100 h (Fig. 6d). The photocurrent of the untreated Mo-BVO
photoanode was gradually reduced and became negligible within
20 h, indicating possible dissolution of BiVO,.”” However, the
photocurrent of the P-Mo-BVO photoanode remained 90% of
its initial value over 100 h, which indicates that the surface
phosphate-treatment played an important role in enhancing
the stability of the photoanode. Since the long-term durability
of BiVO, in an electrolyte containing bicarbonate for H,O,

1738 | Energy Environ. Sci., 2020, 13,1730-1742

production systems has not been investigated so far, the
development of P-Mo-BVO as a practical and durable photo-
anode represents a significant advance for sustainable PEC
H,0, production.

To understand the origin of the phosphate effect, the
behaviors of the Mo-BVO and P-Mo-BVO electrodes were further
compared by measuring the variation of the open circuit potential
(OCP) upon spiking H,0, under both dark and irradiation

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Open circuit potential (OCP) of Mo-BVO and P-Mo-BVO (a) in the
dark and (b) under irradiation conditions. H,O, was spiked during the OCP
measurements. The total concentration of H,O, in the solution increased
by 1 mM upon each spike. The PEC performances of bare Mo-BVO and
P-Mo-BVO were measured (PEC-I system) in 1 M NaHCOs solution
(pH ~ 7.8) under AM 1.5G irradiation (100 mW cm™2). The solution was
pre-purged with Ar gas for at least 15 min prior to the experiments.

conditions (Fig. 7). When H,0, was injected into the electrolyte
solution at the open-circuit condition, the OCP of Mo-BVO
was significantly shifted to the positive direction while that of
P-Mo-BVO was much less affected. The change of the OCP
indicates charge transfer between the electrode surface and
adsorbed molecules (in this case, H,0,).>® That is, the H,0,-
induced positive shift of the OCP implies that the introduc-
tion of H,0, induces the oxidative dissolution of the BVO
electrode.’” The fact that P-Mo-BVO exhibited a much smaller
change of the OCP upon H,0, addition implies that the surface
phosphate treatment inhibits the interaction between Mo-BVO
and H,0, (with retarding the PEC decomposition of H,O,
as shown in Fig. S9a, ESIY) and subsequently retards the
H,0,-induced oxidative dissolution of BVO. Therefore, further
reactions of in situ photogenerated H,0, with the Mo-BVO
electrode material should be hindered by the phosphate treat-
ment of the photoanode. This should explain why P-Mo-BVO is
more stable than Mo-BVO during prolonged PEC operation.
The durability of BiVO, was further examined by surface
analysis after continuous PEC reactions for 100 h. The mor-
phology of BiVO, was significantly changed, showing that the
porous structure of BiVO, was seriously damaged and even the
bare FTO substrate was exposed at the surface (compare
Fig. S10c and d, ESIt), whereas the morphology of phosphate-
treated BiVO, remained stable (Fig. S10a and b, ESIt). The XPS
survey spectra also show that the surface elemental composi-
tions of P-Mo-BVO were not changed even after 100 h PEC
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operation (Fig. 6€) and that the cation (sodium) ions associated
with the phosphate remained stable during the PEC operation,
which reconfirms the PEC stability of the phosphate-treated
Mo-BVO electrode. Comparison of the Bi 4f and V 2p XPS
spectra shows clearly that the intensities of both peaks in
Mo-BVO were markedly reduced after 100 h PEC operation
whereas the XPS spectra for P-Mo-BVO remained unchanged,
indicating that the dissolution of BiVO, was prevented by
phosphate treatment (Fig. 6f). The Mo 3d XPS spectra also
exhibited similar results, showing that the peak intensity for
Mo-BVO was reduced after the PEC reactions (Fig. S10e, ESIT).
The dissolution of BiVO, induced the exposure of the bare FTO
substrate, which was also confirmed by XPS analysis that shows
the appearance of the Sn 3d XPS peak on Mo-BVO after the PEC
reactions (Fig. 6g). On the contrary, P-Mo-BVO maintained its
composition even after 100 h PEC reaction with not exposing
the FTO substrate and retaining P elements on its surface
(Fig. 6g). The phosphate speciation on P-Mo-BVO could be
characterized by XPS O 1s band analysis (Fig. 6h). The phos-
phate treatment clearly induced additional peaks in the O 1s
band in comparison with bare Mo-BVO, which are attributed to
a double bonded oxygen with phosphorus (P—O0; non-bridging
oxygen), an oxygen bound to the surface of Mo-BVO (P-O; non-
bridging oxygen), and an oxygen bonded with two phosphorus
atoms (P-O-P; bridging oxygen) at 529.3, 530.9, and 535.7 eV,
respectively.®® In addition, the P 2p XPS spectra for both the
fresh and used P-Mo-BVO samples show the typical charac-
teristic of a PO,-tetrahedral structure at 132.5 eV (Fig. 6g).°%°"

Finally, we tested the production of H,O, on the two
electrode system without an external potential bias (the PEC-III
system). Comparing the LSV scans of the C, CNT/C, AQ-CNT/C,
Mo-BVO, and P-Mo-BVO electrodes that were conducted sepa-
rately on a three-electrode system, we found that the photo-
current of P-Mo-BVO and the current of AQ-CNT/C have an
intersection (operation) point at 0.19 mA and a potential of
0.45 Vgyg, indicating that the configuration can be operated
without an external bias (Fig. 8a). The photocurrent generation
of P-Mo-BVO (or Mo-BVO) and AQ-CNT/C (or CNT/C, C) in a
two-electrode system was examined by applying a constant
potential of 0 V between the electrodes (which is equivalent
to a system with no external bias) (Fig. 8b). The Mo-BVO
coupled with C, CNT/C, and AQ-CNT/C and P-Mo-BVO coupled
with AQ-CNT/C configurations exhibited a photocurrent
generation of ~0.01, ~0.70, ~0.15, and ~0.19 mA, respectively.
The time-profiled dual PEC production of H,0O, on the
Mo-BVO|AQ-CNT/C and P-Mo-BVO||AQ-CNT/C configurations
was successfully demonstrated over 5 h under the external bias-
free condition (Fig. 8c). H,O, was produced on both electrodes,
with a net H,O, production rate of 0.11 and 0.16 pmol min~*
cm ™2, respectively, and the solar-to-H,0, conversion efficiency
for the system (P-Mo-BVO||AQ-CNT/C) under the external bias-
free condition was determined to be 0.27%. It should be also
noted that the photocurrent rapidly declined in Mo-BVO||AQ-
CNT/C but was maintained in the P-Mo-BVO|AQ-CNT/C
configuration. The PEC performances of the various electrode
configurations tested in this work are summarized in Table 1.
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C configurations in a two electrode system without an external bias.
(c) Time-profiled H,O, production for the P-Mo-BVO or Mo-BVO with
AQ-CNT/C configuration over 5 h in a two electrode system under the
external bias-free condition. The PEC performances of the P-Mo-BVO
(or Mo-BVO)||[AQ-CNT/C (CNT/C or C) configuration were measured
(PEC-IIl system) in 1 M NaHCO3 solution (pH ~ 7.8) under AM 1.5G
irradiation (100 mW cm™2). The solution was pre-purged with Ar gas and
O, gas in the photoanode and cathode parts, respectively, for at least
15 min prior to the experiments.

In addition, these performances and durability are also
compared to those in previous studies (see Table S2, ESIt).

Conclusions

Most studies of electrochemical, PEC, and photocatalytic
production of H,0, have employed the cathodic process of O,
reduction. In this work, PEC H,O, production using dual
electrode processes was proposed and explored by combining
a photoanode of modified BiVO, (BVO) and an anthraquinone-
modified CNT cathode (AQ-CNT/C). The dual electrode process
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should utilize the photocurrent more efficiently for H,O,
production since a single charge pass in the PEC cell carries
out double generation of H,O, on both the photoanode and
cathode. Although dual electrode processes (employing a BVO
photoanode) for PEC H,0, production have been previously
reported, this study developed a highly durable and efficient
photoanode and a highly selective cathode, which are com-
bined to construct a practical and robust PEC system for
sustained H,0, production. The introduction of Mo dopants
into BVO along with the phosphate treatment of the BVO
surface (P-Mo-BVO) markedly enhanced the anodic FE, of
H,0, production (40-50%) and slowed the H,0, decomposition
kinetics. In addition, P-Mo-BVO is highly durable during the
PEC reaction over 100 h (90% photocurrent maintained) while
bare Mo-BVO experiences the rapid decline of the photocurrent
(80% reduction in 12 h) during irradiation with the accompa-
nying dissolution of BiVO,. As for the cathode part, anchoring
AQ on the CNT electrode dramatically enhanced the selectivity
of H,0, to an FE. of 100% through the ORR with suppressing
H, production completely. As a result, the combined configu-
ration of P-Mo-BVO and AQ-CNT/C successfully achieved the
PEC production of H,0, under both biased and unbiased
conditions. This dual PEC approach can be employed as an
ideal strategy for sustainable production of H,0, as a solar fuel,
which should maximize the photocurrent utilization efficiency
under solar irradiation conditions. However, the challenging
part is the concentration of a milli-molar level of photogenerated
H,0, for practical utilization, which should cost additional
energy. An ideal solution should be the use of the dilute H,O,
solution as is. The most plausible application is to employ dilute
H,0, directly as an oxidant for environmental remediation such
as Fenton oxidation, disinfection, and other advanced oxidation
processes.
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