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Facile construction of a BiVO4/CoV-LDHs/Ag
photoanode for enhanced photo-electrocatalytic
glycerol oxidation and hydrogen evolutionf

 and Jiang Jiang (& *@®

Zhengzhe Xie,® Xiaoyuan Liu,®® Pengpeng Jia,”® Yu Zou
Replacing water oxidation by the thermodynamically more favorable glycerol oxidation reaction in a
photoelectrochemical (PEC) cell is highly desirable, which can not only improve the energy efficiency of
hydrogen evolution, but also produce value-added chemicals, given that glycerol is easily accessible as a
major byproduct from the biodiesel industry. Herein, a BiVO,/CoV-LDHs/Ag photoanode has been
fabricated via a simple electrodeposition and redox strategy, which exhibits excellent PEC activity toward
glycerol oxidation. A high photocurrent density of 7.15 mA cm~2 can be achieved at 1.23 V vs. reversible
hydrogen electrode, in 0.5 M Na,SO,4 solution with 0.1 M glycerol under AM 1.5G illumination, which is
2.7 times that of the pristine BiVO,4 photoanode. The significantly enhanced PEC performance can be
attributed to the narrowed optical band gap, and improved charge separation and injection efficiencies
after surface deposition of CoV-LDHs/Ag on the BiVO, photoanode. As a result, greatly improved
hydrogen production efficiency has been achieved by coupling the photo-electrochemical glycerol
oxidation on the BiVO,/CoV-LDHs/Ag photoanode, with the evolved hydrogen gas (123.5 mmol m~2 h™Y

rsc.li/energy-advances

Introduction

Photoelectrochemical (PEC) water splitting for hydrogen pro-
duction has emerged in recent years as a promising strategy to
store intermittent solar energy as chemical energy."> However,
efficient hydrogen production via water splitting is hindered by
the kinetically sluggish oxygen evolution reaction (OER) at the
photoanode. Therefore, it is highly desirable to replace the OER
with thermodynamically more favourable anodic reactions
(such as the oxidation of small organic molecules) for enhanced
PEC hydrogen generation along with high value-added chemi-
cals generation, which is not only beneficial for the more
efficient production of hydrogen, but also significant for the
upgrading of biomass resources.® Glycerol, a by-product of the
biodiesel industry, has been paid attention as a promising low-
cost resource (~0.11 USD kg™' of crude glycerol) to produce
high value-added chemicals (e.g. ~110 USD kg ' of formic
acid and ~150 USD kg ' of dihydroxyacetone) through PEC
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nearly double that when using the pristine BiVO4 photoanode.

routes,” " which is also thermodynamically significantly more
favourable than the water oxidation reaction.

Commonly used semiconductors working as photoanodes in
a PEC electrolyser include TiO,,”> WO,,"* o-Fe,05,"*'* Zn0O"
and BivO,.*"®" Among them, BiVO, (abbreviated as BVO
thereafter) is considered to be one of the best photoanodes
owing to its low cost, non-toxicity, chemical stability, and
appropriate band-structure.’®>' However, the severe electron-
hole recombination, low charge carrier mobility, and sluggish
kinetics for the oxidation reaction on pristine BVO result in a
considerably lower photocurrent density than its theoretical
maximum value.

To overcome the above-mentioned inherent drawbacks of
the pristine BVO photoanode, numerous strategies*>>* such
as morphological tailoring,>>*® interface engineering,””*® ele-
mental doping,”*™* and surface modification®*’ have been
proposed. In particular, surface modification of BVO with hole-
storage and oxidation co-catalysts has been paid much atten-
tion as an effective approach to promote the PEC performance
of the BVO photoanode, mainly attributed to the boosted sur-
face oxidation dynamics and the provision of abundant active
sites.*® Recent studies have shown that transition metal hydro-
xides (TMHSs) can effectively promote the PEC performance of
the BVO photoanode owing to their ultrathin 2D structure,
adjustable chemical composition, and unique water oxidation
catalytic activity.’*™*® For instance, Yue et al. synthesized CoAl

© 2023 The Author(s). Published by the Royal Society of Chemistry
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layered double metal hydroxides (CoAl-LDHs) and decorated
them on porous BVO films by using a simple hydrothermal and
plasma treatment strategy.*> The BVO/CoAl-LDHs photoanode
provided a photocurrent of 3.5 mA cm™ 2 at 1.23 V, which was
about 3.2 times that of the bare BVO photoanode. Noble metal
nanocrystals supporting localized surface plasmon resonances,
such as Au and Ag, can act as photo-sensitizers to improve
visible to near-infrared light absorption,*’ ™ and promote
efficient charge separation/transport through direct hot elec-
tron transfer or plasmon-induced resonant energy transfer.>°~>?
Yet, to date, utilizing both a plasmonic metal and TMH co-
catalyst to enhance interfacial charge carrier dynamics and
efficiency is still at an early stage.>*>°

Herein, we describe the preparation of a semiconductor/
TMH/metal (BVO/CoV-LDHs/Ag) photoanode via simple elec-
trodeposition and redox reaction, which have shown excellent
activity toward glycerol oxidation reaction. A high photocurrent
density of 7.15 mA cm ™2 can be achieved at 1.23 V vs. reversible
hydrogen electrode (RHE), in 0.5 M Na,SO, solution with 0.1 M
glycerol under AM 1.5G illumination, which is 2.7 times that
of the pristine BiVO, photoanode. Surface deposition of
CoV-LDHs/Ag on the BVO photoanode improves visible light
utilization, as well as the charge separation and injection
efficiencies. The applied bias photon-to-current efficiency of
the BVO/CoV-LDHs/Ag photoanode reached a maximal value
of 0.99% at 0.71 V, in contrast to only 0.12% at 1.00 V for
pristine BVO. As a result, greatly improved hydrogen produc-
tion efficiency has been achieved by coupling the photo-
electrochemical glycerol oxidation on the BVO/CoV-LDHs/Ag
photoanode as compared to that on the BVO photoanode.

Experimental

Materials

Cobalt nitrate hexahydrate (Co(NO3),-6H,0, >98.5%), nickel(u)
nitrate hexahydrate (Ni(NOj3),-6H,0, >98.0%), iron(m) nitrate
hexahydrate (Fe(NO3);-9H,0, >98.5%), copper(u) nitrate trihy-
drate (Cu(NO;),-3H,0, 99.0-102.0%), ammonium metavana-
date (NH,VO;, 99.0%), cobalt sulfate heptahydrate (CoSO,-
7H,0, >99.0%), and nickel sulfate hexahydrate (NiSO,-6H,0,
98.0%), were purchased from Shanghai Aladdin Biochemical
Technology Co. Ltd. Bismuth nitrate pentahydrate (Bi(NOj)s-
5H,0, >99.0%), potassium iodide (KI, >99.0%), p-benzo-
quinone (C¢H40,, >98.0%), vanadyl acetylacetonate (VO(acac),,
99.0%), vanadium(m) chloride (VCls, 97%), copper sulfate penta-
hydrate (CuSO45H,0, >99.0%), iron(u) sulfate heptahydrate
(FeSO,-7H,0, 99.0-101.0%), silver nitrate (AgNO3, >99.8%), ethanol
(CH60, 99.7%), acetone (C3HgO, 99.5%), glycerol (C3HgO3, 99.0%),
nitric acid (HNOj;, 65.0-68.0%), and dimethyl sulfoxide (DMSO,
99.5%) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. FTO coated glass (sheet resistance <15 Ohm sq’, transmit-
tance > 83%) was obtained from Zhuhai Kaivo Optoelectronic
Technology Co., Ltd. The deionized water was obtained from a
Millipore system.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Preparation of the nanoporous BiVO, electrode

The pristine nanoporous BVO photoanode was fabricated via
electrodeposition and chemical conversion procedures accord-
ing to the previously reported method.>® Firstly, BiOI nano-
arrays were grown on FTO by the electrodeposition method.
1.66 g KI was dissolved in 25 mL of deionized water under
magnetic stirring, with the pH value adjusted to 1.7 by adding
30 pL HNO3, and 0.485 g Bi(NO3);-5H,0 together with 20 mL of
0.23 M p-benzoquinone ethanol solution then added in. Sub-
sequent cathodic electrodeposition was performed using a
three-electrode system (—0.1 V vs. Ag/AgCl). After 5 min, the
BiOI electrodes were taken out and rinsed thoroughly, followed
by dropping 40 pL of DMSO solution (containing 0.4 M
VO(acac),) on each BiOI electrode surface, and then heating
to 450 °C in a muffle furnace for 2 h (ramp rate 2 °C min~"). The
as-obtained electrode was soaked in 1 M NaOH solution for
30 min to remove excess V,0s, and then the electrode was
rinsed with deionized water and dried in air.

Synthesis of powdery layered double hydroxides (LDHs)

Powdery Co-based and Ni-based LDHs were synthesized by
hydrothermal reactions. Taking CoV-LDHs as an example,
Co(NO;),-6H,0 (3 mmol), NH,VO; (1 mmol), CO(NH,),
(5 mmol), and NH,F (2 mmol) were dissolved in 50 mL of
deionized water under magnetic stirring. The obtained brown
solution was transferred into a 100 mL Teflon-lined stainless
steel autoclave. After that, the autoclave was sealed and
heated to 120 °C for 12 h. Then, the sample was centrifuged,
washed with absolute ethanol, and dried in a vacuum oven at
60 °C for 12 h. Other LDHs were prepared similarly using
the respective metal precursors (Ni(NO3),-6H,0, Fe(NOj)s-
9H,0, Cu(NO;),-:3H,0), keeping the starting molar ratio of
Co(Ni):M at 3:1.

Fabrication of the BVO/LDHs photoanode

Drop-casting and electrodeposition methods were both used to
synthesize the BVO/LDHs photoanode.

For the drop-coating process, a certain weight of hydrother-
mally synthesized LDHs (1 mg) was first dispersed into 500 puL
of ethanol by sonication. Then, 50 puL of the dispersed solution
was drop-cast onto the surface of the BVO photoanode and
dried naturally. The drop-casting and drying procedure was
repeated until all of the dispersed solution was used.

For the electrodeposition procedure, amorphous CoM-
LDHs (M =V, Ni, Cu, Fe) were deposited onto the surface of
the BVO electrode by electrodeposition. Taking CoV-LDHs
as an example, an aqueous solution of dissolved sulfates
C0S0,-7H,0, and NH,VO; (total metal ion concentration
0.2 M) and benzoquinone (20 mM) was used as the electro-
lyte. The LDH was deposited at 0.7 V vs. Ag/AgCl for 300 s
with a Co:V molar ratio of 3:1, 5:1, or 10:1. Other amor-
phous CoM-LDHs were prepared similarly using the respec-
tive metal sulfate precursors (NiSO,-6H,O, CuSO,-5H,O0,
and FeSO,-7H,0).

Energy Adv, 2023, 2,1366-1374 | 1367
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Preparation of the BVO/CoV-LDHs/Ag photoanode

The BVO/CoV-LDHs/Ag photoanode was obtained by a sponta-
neous redox reaction method. Typically, the BVO/CoV-LDHs
photoanode was immersed in 20 mL of AgNO; (15 mM)
solution for a certain period of time, followed by washing with
copious deionized water and drying naturally.

Material characterizations

The crystalline structure was identified by X-ray diffraction
(XRD, Bruker D8 advance, 40 kV and 40 mA). The morphology
and microstructure of the photoanodes were examined by
scanning electron microscopy (SEM, JEOL JSM-7500F, 10 kV).
Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images were acquired using a FEI Tecnai G2 F20
S-Twin (200 kV). The UV-vis diffuse reflectance spectra were
obtained by a UV-3600Plus (Shimadzu) spectrometer.

Photoelectrochemical measurements

Photoelectrochemical measurements (PEC) of all electrodes
were conducted on a CHI 760E electrochemical workstation
(Shanghai Chenhua Instrument Co., Ltd) in a three-electrode
configuration, using Hg/HgO (1 M KOH) as the reference
electrode, a platinum plate (1 cm x 1 cm) as the counter
electrode, and BVO-based photoanodes as the working elec-
trode. The light source (300 W Xenon lamp, Beijing PerfectLight
Technology Co. Ltd, PLS-SXE300D) equipped with an AM 1.5G
filter was chosen as simulated solar illumination (with power
density adjusted to 100 mW cm™2). The total illuminated area
of the working electrode was 1 cm?® (1 cm x 1 cm). The applied
potential was adjusted to reversible hydrogen electrode (RHE)
according to the Nernst equation: E(RHE) = E(Hg/HgO) +
0.059 x pH + 0.098. Electrochemical impedance spectroscopy
(EIS) was performed at 0.1 V (vs. RHE) with a small AC
amplitude of 5 mV in the frequency range from 10 kHz to
0.01 Hz under AM 1.5G illumination.

PEC measurements with Na,SO; as the hole scavenger were
recorded in 0.5 M Na,SO, with the addition of 0.1 mol L™}
Na,SO;. The efficiency of charge injection (;,;) was calculated
by the following equation:

Ninj = Ju,0l/Na,50, X 100% (1)

in which Jy o is the photocurrent density obtained in the PEC
water oxidation experiment, while Jxa,so, is the photocurrent
density obtained in the PEC measurements with Na,SO; as the
hole scavenger.

The charge separation efficiency (ys,) was calculated
according to the following equation:

Nsep :JNEZSO3/.]abs X 100% (2)

where J.,s is the photocurrent density resulting from the
complete conversion of the absorbed light, which for BiVO,-
based photoanodes was calculated to be 7.5 mA cm > under
100 mW cm ™ irradiation.
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Applied bias photon-to-current efficiency (ABPE) was calcu-
lated using the following equation:

ABPE (%) = % 100% 3)

Jx (1.23 = Vyp)
R
where J is the photocurrent density (mA cm™?), V,,, refers to the
applied bias vs. RHE (V), and P is the total light intensity of AM
1.5G (100 mW cm ™ ?).

Incident photon-to-current efficiency (IPCE) measurement
was performed at 1.23 V vs. RHE using a 150 W tungsten
halogen lamp (Osram 64610) equipped with a monochromator
(Zolix, Omni-k300).

IPCE was then calculated using the following equation:

IPCE (%) = X 1240

=——x 100 4
A X Piigh X 100% )

where J, /, and Pyigp, are the photocurrent density (mA cm™?),
wavelength of incident light (nm), and power density obtained
at a specific wavelength (mW cm™?), respectively.

Calculation of band gap energy and carrier density

The band gap energy of the catalyst was calculated from its
UV-vis spectra by using the Tauc equation as below:

ahv = A(hv — Eg)" (5)

where «, h, v, A, and E, are the absorption coefficient, Planck’s
constant, light frequency, a constant, and the band gap energy,
respectively. The value of the coefficient n depends on the type
of optical transition in the semiconductor, which is equal to 1/2
for BiVO,.

The formula for calculating carrier concentration is as
follows:

Na = (2/geeo) x [d(1/C?)idV] ™" (6)

where electron charge g and the vacuum permittivity ¢, are
1.6 x 107'° C and 8.85 x 10" F cm™ ', respectively. ¢ is the
relative permittivity of BiVO, (¢ = 68), and d(1/C*)/dV is the slope
of the Mott-Schottky plots.

Product analysis

The products from glycerol oxidation reactions over different
photoanodes were separated and quantitatively analyzed by
high-performance liquid chromatography (HPLC, UltiMate
3000, Thermo Fisher Scientific). For each HPLC measurement,
500 pL of the electrolyte solution was sampled from the H-type
cell and diluted to 1.5 mL with 0.5 M H,SO,, and then 20 pL of
the diluted sample was directly injected into a ChromCore
Sugar-10H column. 5 mM H,SO, solution was used as the
eluent with a constant flow rate of 0.5 mL min '. For each
oxidation product, calibration curves were obtained using a
known concentration of the individual standard sample solu-
tions, which were provided in our previous report.”**’

Calculations of the Faradaic efficiency (FE) of glycerol oxida-
tion are based on the following balanced half-reactions, corres-
ponding to the conversion of glycerol into individual products
in the electrolyte:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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C3H3O;5 (glycerol) + 2 OH™ — C3HgOj3 (glyceraldehyde)
+2H,0+2e" (7)

C3HgO; (glycerol) + 2 OH™ — C3H¢O; (dihydroxyacetone)
+2H,0+2e" (8)

C3HgO; (glycerol) + 13/2 OH™ — 3/2 C,H;0; (glycolate)

+5H,0+5e" (9)
C;3H30; (glycerol) + 14 OH™ — 3/2 C,0,> (oxalate)
+11 H,0+11e”  (10)
C3H0; (glycerol) + 11 OH™ — 3 HCOO™ (formate)
+8H,0+8¢e” (11)

The overall FE toward all products is calculated based on the
following equation:

FEproduct = (eproduct X Cproduct XV x F)/Qtotal x100% (12)

where eproquce is the number of required charges to oxidize
glycerol toward the specific product, Cproduce iS the product
concentration (mol L™ %), V is the volume of the electrolyte solution
(0.025 L), F is Faraday’s constant (96485 C mol "), and Qo is
the total charge (C) passed during the electrolysis reaction.

Results and discussion

The electrodeposited BiOI nanostructures on the FTO substrate
appeared to be closely arranged thin nanoflakes with lateral
dimension over pum in size, as shown in their SEM image
(Fig. S1a, ESIf). The X-ray diffraction peaks (Fig. S1b, ESIT) that
appeared at 29.6°, 31.7°, 45.4°, 51.3°, and 55.2° correspond to
the (102), (110), (200), (114), and (212) crystal planes of BiOI
(JCPDS 10-0445), respectively, suggesting the successful for-
mation of tetragonal phase BiOI. After reacting with vanadyl
acetylacetonate at elevated temperature, the BiOI nanoflakes
were converted to porous BVO nanostructures. When imaged
under SEM, as shown in Fig. S2a and b (ESIt), the BVO
nanostructures were composed of stacked worm-like BVO
grains. From the side-view SEM image shown in Fig. S2c (ESIT),
the BVO film thickness was determined to be around 1 um. To
confirm the successful synthesis of BVO, the XRD pattern was
acquired from the pristine BVO photoanode (shown in Fig. S2d,
ESIT), which displayed diffraction peaks at 28.9°, 30.5°, 34.5°,
and 35.2°, corresponding to the (121), (040), (200), and (002)
planes of monoclinic BivVO, (JCPDS 14-0688), respectively.
Next, for comparative purposes, the BVO/LDHs photoanode
was prepared by a simple drop-casting method using hydro-
thermally synthesized powdery Ni-based and Co-based LDHs,
so that their PEC performances can be easily screened. XRD
patterns for the synthesized Co-based and Ni-based LDHs were
displayed in Fig. S3 (ESIf), showing mainly Co(OH), and
Ni(OH), diffractions, in accordance with our previous study.’®
By dispersing the powdery LDHs into solution form, drop-
casting the solution onto the surface of the BVO photoanodes,
and letting them be dried naturally, BVO/LDHs photoanodes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with well-defined co-catalyst loading amounts were prepared.
Taking the BVO/Co(OH), photoanode as an example, the
morphology of the as-prepared sample photoanode was char-
acterized by SEM, as shown in Fig. S4 (ESIt), with the large
flower-like Co(OH), dispersed on the BVO surface. To evaluate
the PEC performances of the various BVO/LDHs photoanodes
toward glycerol oxidation, linear sweep voltammetry (LSV)
under AM 1.5G illumination (100 mW cm ™ ?) was conducted
in a three-electrode configuration, in 0.5 M Na,SO, solution
with 0.1 M glycerol. The PEC performances of the pristine BVO
and BVO/TMH photoanodes were also examined under the
same experimental conditions, which served as the control
samples. As shown in Fig. S5a (ESIT), the BVO/CoNi-LDH and
BVO/CoV-LDH exhibited enhanced photoelectrical currents,
compared to that of BVO, while BVO/CoCu-LDH and BVO/
CoFe-LDH displayed decreased photoelectrical currents. Simi-
larly, BVO/NiV-LDH also exhibited the best PEC performance
among the various Ni-based LDH co-catalyst modified BVO
photoanodes (Fig. S5b, ESIt). The respective current densities
at 1.23 V for various BVO/LDHs photoanodes were extracted
from the polarization curves and summarized in Fig. S5c¢ and d
(ESIt). The results showed that the BVO/CoV-LDHs photoanode
exhibits the best PEC performance, with a 27% increase in the
photoelectrical current density compared to that of pristine BVO.

After establishing that the CoV-LDHs were the better ones
among the various tested LDH co-catalysts, the electrodeposi-
tion method was then adopted to modify the BVO photoanodes
with CoV-LDHs, which can induce a thin coating with improved
mechanical adhesion and minimized interfacial resistance. As
shown in Fig. S6a (ESIt), the SEM image revealed that the
BVO photoanode was homogeneously wrapped by ultrathin
CoV-LDHs nanosheets with smooth surfaces. The XRD pattern
of the BVO/CoV-LDHs photoanode (Fig. S6b, ESIt) displayed all
the characteristic diffraction peaks corresponding to the
BVO and FTO substrate, with no characteristic peaks from
CoV-LDHs detected, suggesting that the electrodeposited
CoV-LDHs were likely amorphous, consistent with other litera-
ture reports describing the formation of amorphous LDHs on
the BVO electrode.*® For comparison purposes, other Co-based
TMH and LDHs were prepared similarly via the electrodeposi-
tion method, including Co(OH),, CoNi-LDHs, CoFe-LDHs, and
CoCu-LDHs. The polarization curves showed a similar trend,
with CoV-LDHs as the best co-catalyst on BVO (Fig. S7, ESIt),
showing a similar activity trend to those BVO/CoM-LDHs
photoanodes prepared by the drop-casting method using crys-
talline LDHs (Fig. S5a, ESIT). Moreover, the influence of relative
Co and V contents in CoV-LDHs was also evaluated by varying
the starting Co:V molar ratios during the electrodeposition
step. Fig. S8 (ESIf) shows that Co:V = 10:1 displayed a
prominently larger photocurrent density, as compared to those
made with starting feeding ratios of 5:1 and 3:1. Therefore,
CoV-LDHs prepared with a Co:V feeding molar ratio of 10:1
were used for our subsequent studies.

Given that the redox potential of Ag'/Ag (Ag" + e~ — Ag,
E = 0.80 V) is higher than that of Co(OH);/Co(OH), (Co(OH); +
e~ — Co(OH), + OH, E = 0.17 V), Co(OH), can be used to

Energy Adv., 2023, 2,1366-1374 | 1369
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(a) Schematics of the fabrication process in making the BVO/CoV-
LDHs and BVO/CoV-LDHs/Ag photoanode. (b) SEM and (c) HRTEM images
of the BVO/CoV-LDHs/Ag photoanode. (d) HAADF-STEM image and the

corresponding EDX mapping images for Bi, O, V, Co, and Ag elements in
BVO/CoV-LDHs/Ag.

Fig. 1

reduce Ag" directly. Therefore, Ag nanoparticles (NPs) were
formed and deposited on the BVO/CoV-LDHs electrode surface
via a spontaneous redox reaction between Ag" and CoV-LDHs
(schematically shown in Fig. 1(a)). The micro-nanostructures of
the synthesized BVO/CoV-LDHs/Ag photoanode were then
examined under electron microscopes. The SEM image of the
BVO/CoV-LDHs/Ag photoanode (Fig. 1(b)) shows that the ultra-
thin CoV-LDHs maintained their structures after Ag NP deposi-
tion. However, the original smooth surface texture became
rougher, owing to the redox chemical reaction occurring on
the ultrathin CoV-LDHs, and the formation of small Ag NPs. Ag
NP formation was further revealed by high-resolution TEM
(HRTEM) analysis, with the clearly measured lattice spacings
of 0.475 nm and 0.236 nm assigned to the (101) and (111)
planes of BVO and Ag, respectively (Fig. 1(c)). In addition, the
HAADF-STEM image shows that Ag NPs were evenly distributed
on the BVO/CoV-LDHs surface (Fig. 1(d)), and the elemental
mapping images clearly reveal the homogeneous distribution
of Bi, surrounded by V, O, Co, and Ag elements along the edges
(Fig. 1(d)), confirming the uniform dispersion of CovV-LDHs and
Ag over the BVO surface. Moreover, the line-scan profiles of the
nanocomposite also show the respective spatial distributions of
Bi, V, O, Co, and Ag elements (Fig. S9, ESIt), corroborating the
structure of the formed BVO/CoV-LDHs/Ag nanocomposite. The
XRD pattern of BVO/CoV-LDHs/Ag was similar to that of BVO
(Fig. S10, ESIt), with no clear diffraction peaks from Ag
observed, likely due to the masking effect of the strong diffrac-
tions from the BVO crystals, and the relatively low Ag loading.

With BVO/CoV-LDHs/Ag successfully obtained, its PEC activity
was then investigated in a single-compartment cell using a stan-
dard three-electrode system under AM 1.5G (100 mW cm ?)
illumination, in the presence of 0.1 M glycerol. Due to the poor
carrier transport property of BVO, backlight illumination (from the
FTO side) was adopted, which showed larger photocurrent densi-
ties than that of the front illumination configuration (Fig. S11,
ESIt). Considering that the water oxidation reaction (OER) is the
main competing reaction, the OER was also evaluated under the
same conditions (with no glycerol added) for comparison.

LSV curves recorded from the BVO-based photoanodes in
0.5 M Na,SO, aqueous solution, in the presence or absence of
0.1 M glycerol under light illumination, are shown in Fig. 2(a).
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Fig. 2 (a) LSV curves of different photoanodes measured in 0.5 M Na,SO4

solution with (solid lines) and without (dashed lines) 0.1 M glycerol under
AM 1.5 G illumination (100 mW cm™2); scan rate 10 mV s~ (b) Comparison
of the photocurrent density at 1.23 V for different photoanodes under GOR
and OER conditions. (c) Applied bias photon-to-current efficiency (ABPE)
and (d) incident photon-to-current efficiency (IPCE) of the BVO, BVO/
CoV-LDHs, and BVO/CoV-LDHs/Ag photoanode.

As can be seen from the figure, the BVO/CoV-LDHs/Ag photo-
anode is highly active toward the glycerol oxidation reac-
tion (GOR), reaching a geometric photocurrent density of
7.15 mA cm ? at 1.23 V (vs. RHE, unless otherwise noted).
In the absence of glycerol, BVO/CoV-LDHs/Ag can also be used
for photoelectrochemical water oxidation, but the photo-
current density was lower in the entire potential range, reach-
ing only 4.89 mA cm ™~ at 1.23 V. The photocurrent density was
found to follow the order of BVO < BVO/CoV-LDHs < BVO/
CoV-LDHs/Ag, for both GOR and OER in the potential window
from 0.3 to 1.25 V. In Fig. 2(b), the photocurrent densities of
the BVO, BVO/CoV-LDHs, and BVO/CoV-LDHs/Ag photo-
anodes at 1.23 V for the GOR and OER were compared,
illustrating the promotional role of CoV-LDHs/Ag deposition
on BVO for enhancing its PEC performance, with a 43.6%
increase in GOR current density on BVO/CoV-LDHs/Ag com-
pared to that on BVO/CoV-LDHs. The LSV curves recorded
in the dark (Fig. S12, ESIt) showed that BVO/CoV-LDHs/Ag
can also improve the electrocatalytic performance of BVO
and BVO/CoV-LDHs toward the GOR, with cathodic shift
(80 mV) of the onset potential and larger current density.
Different mass loading of Ag NPs can be achieved by varying
the redox reaction time between Ag' and CoV-LDHs, and
the results displayed in Fig. S13 (ESIf) show that there
was an optimal loading amount for achieving the best
PEC performance. The photocurrent density first increased
then decreased when the reaction time between the BVO/
CoV-LDHs photoanode and AgNO; solution was prolonged.
LSV screening results show that the BVO/CoV-LDHs/Ag photo-
anode exhibited the largest photocurrent density when the
BVO/CoV-LDHs photoanode was immersed in AgNO; solution
for 15 min, likely due to balanced loading and exposed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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active sites. When the immersion time was further extended to
25 min, the thus obtained BVO/CoV-LDHs/Ag photoanode
performed even worse than that of BVO/CoV-LDHs. The opti-
mal PEC performance reported herein for GOR on the BVO/
CoV-LDHs/Ag photoanode surpasses that of many recently
reported photoanodes, including WO3,"> Ta:BiVO,4,>® Bi, 03/
TiO,,° and W:BiVO,-NiO,(OH),.'” A more complete list of
comparisons can be found in Table S1 in the ESL}

Next, the photoelectric conversion capability of BVO/
CoV-LDHs/Ag was quantitatively evaluated. The applied bias
photon-to-current efficiency (ABPE) was first calculated from
the LSV curves to quantitatively analyze the solar energy con-
version efficiency under externally applied bias (Fig. 2(c)). The
ABPE of the BVO/CoV-LDHs/Ag photoanode reached a maximal
value of 0.99% at 0.71 V, which is higher than that of BVO/CoV-
LDHs (0.54% at 0.80 V) and BVO (0.12% at 1.00 V). The external
quantum efficiency was analyzed by calculating the incident
photon-to-current efficiency (IPCE). As shown in Fig. 2(d), the
IPCE of the pristine BVO photoanode was rather low (less than
20%). After surface modification with CoV-LDHs and CoV-
LDHs/Ag co-catalysts, the IPCE values increased to 22.4% and
43.1% at 380 nm, respectively. The BVO/CoV-LDHs/Ag photo-
anode exhibits the highest IPCE values in the whole photon-
responsive range, demonstrating significantly better solar
energy conversion efficiency after Cov-LDHs and CoV-LDHs/
Ag co-catalyst modification on the BVO photoanode.

To better understand the effect of Ag NPs on the BVO/
CoV-LDHs photoanode, we compared the optical properties of
the three photoanodes, by measuring their respective UV-vis
diffuse reflectance spectra. As shown in Fig. 3(a), the electro-
deposition of CoV-LDHs on BVO extended its optical absorp-
tion beyond 500 nm, and after loading Ag NPs, the sample of
BVO/CoV-LDHs/Ag exhibited a strong and broad light absorp-
tion spectrum, likely due to the oxidized CoV-LDHs and
coupled Ag NPs. The optical band gaps of the photoanodes
can be obtained from the respective Tauc plots (Fig. 3(b)),
which were calculated to be 2.28, 2.19, and 2.00 eV for
BVO, BVO/CoV-LDHs, and BVO/CoV-LDHs/Ag, respectively.
The apparently reduced optical band gap energy of BVO/
CoV-LDHs/Ag would be beneficial for better utilization of the
solar spectrum.

Apart from the optical band gap modification, the contribu-
tions of CoV-LDHs and CoV-LDHs/Ag toward charge separation
efficiency (sep) and injection efficiency (;n;) were also investi-
gated, by adding a hole scavenger Na,SO; into the electrolyte,
which is approximated to be 100%. The LSV curves measured in
Na,SO, electrolyte with and without Na,SO; are shown in
Fig. S14 (ESI}), which were used for calculating #ge, and #ip;
based on eqn (1) and (2). As shown in Fig. 3(c), the values of #p,
decreased in the order of BVO/CoV-LDHs/Ag > BVO/CoV-LDHs
> BVO, revealing that Ag NPs are able to enhance the charge
separation efficiency of BVO/CoV-LDHs in the entire applied
bias window. Fig. 3(d) shows the calculated #;y; values, showing
the same trend as 1., on various photoanodes. 7;,; was 68.3%
for the BVO/CoV-LDHs/Ag photoanode at 1.23 V, higher than
the values displayed on the BVO/CoV-LDHs and BVO samples at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV-vis diffuse reflectance spectra and (b) Tauc plot of different

photoanodes. (c) The charge separation efficiency and (d) charge injection
efficiency of different photoanodes. (e) Nyquist plots of EIS measurements
and (f) Mott—Schottky plots of the BVO, BVO/CoV-LDHs, and BVO/
CoV-LDHs/Ag photoanode.

44.2% and 31.8%, respectively. The above experimental results
demonstrated that the surface modification with Ag NPs not
only improved charge separation, but also facilitated hole
injection, resulting in the observed significantly enhanced
PEC performance. This could be due to the strong interface
bonding between Ag and LDHs, as observed by Yan and
Xiang et al.®® In addition, the kinetics of the charge transfer
process at the photoanode/electrolyte interface was also eval-
uated by electrochemical impedance spectroscopy (EIS).
Fig. 3(e) shows the Nyquist plots of the tested photoanodes,
with data points from EIS measurements performed at 1.23 V,
and the solid lines were the fitting results using the equivalent
circuit model (Fig. 3(e) inset). The R, R and CPE in the
equivalent circuit diagram represent solution internal resis-
tance, charge transfer resistance and phase shifting element,
respectively. The semicircle arc was related to the charge
transfer kinetics at the photoanode/electrolyte interface, and
the sizes of the arc increased in the order of BVO/CoV-LDHs/Ag
< BVO/CoV-LDHs < BVO, indicating that the interfacial
charge transfer was facilitated by the surface modification of
the co-catalysts. More specifically, the R.. of BVO/CoV-LDHs/Ag
is only 115 Q, which is significantly lower than that of BVO/
CoV-LDHs (371 Q) and BVO (2472 Q), indicating that the charge
transfer process on the BVO/CoV-LDHs/Ag photoanode was
much faster. Furthermore, Mott-Schottky analysis was
implemented to assess the concentration of charge carrier
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density (Ng). The Ny of the BVO photoanode was calculated to
be 3.72 x 10" ecm ™ from the slope of the straight line (using
eqn (6)) in the Mott-Schottky plots, as shown in Fig. 3(f), which
increased slightly to 5.49 x 10" and 6.67 x 10"° cm > respec-
tively, after BVO photoanodes were modified by CoV-LDHs and
CoV-LDHs/Ag. Taken together, the above electrical and photo-
electrical characterization results revealed that surface deposi-
tion of CoV-LDHs/Ag on the BVO photoanode enhanced the
solar energy conversion efficiency by narrowing the apparent
optical band gap, and improved charge separation and injec-
tion by accelerating the charge transfer kinetics at the photo-
anode/electrolyte interface.

Finally, the PEC performance for the BVO/CoV-LDHs/Ag
photoanode toward selective glycerol oxidation was evaluated,
by conducting the chronoamperometry tests of the three photo-
anodes at a constant potential of 0.8 V. The solution oxidation
products were then collected and quantitatively analyzed using
HPLC, when the reaction time reached 2, 4, and 6 h. The
representative HPLC chromatogram of the collected solution
products after PEC glycerol oxidation on the BVO/CoV-LDHs/Ag
photoanode is shown in Fig. S15 (ESIt). Five liquid oxidation
products can be identified in the chromatogram, with elution
peaks appearing at retention times of 10.4, 13.7, 14.4, 15.4, and
16.0 min, which correspond to oxalic acid (OA), glyceraldehyde
(GLAD), glycolic acid (GA), dihydroxyacetone (DHA), and formic
acid (FA), respectively. By creating a calibration curve for each
oxidation product using the respective pure chemicals with a
series of concentrations, the yield and Faradaic efficiency for all
the detected solution oxidation products can be calculated. As
shown in Fig. S16 (ESIt), at the applied potential of 0.8 V, DHA,
OA, and FA were found to be the main products for PEC driven
glycerol oxidation on the three photoanodes. During the first
2 h of the reaction, OA was the main oxidation product,
displaying the highest yield among all of the main products,
regardless of the type of photoanode used. Upon prolonging the
duration of photo-electrocatalysis, the yield of OA decreased,
while the yield of FA and DHA increased gradually. The
calculated Faradaic efficiency of the detected solution oxidation
products on the BVO/CoV-LDHs and BVO/CoV-LDHs/Ag photo-
anode was 88.7% and 81.4% after 2 h of photo-electrocatalysis
at 0.8 V (Fig. 4), which decreased to ~60% after 6 h of photo-
electrocatalysis. The reason behind the similar Faradaic effi-
ciencies after Cov-LDHs/Ag co-catalyst loading is not clear yet.
When prolonging the photoelectrolysis duration, the Faradaic
efficiencies for individual solution oxidation products
remained nearly constant, except for OA, suggesting potential
over-oxidation of OA to CO,. To rule out the possible contribu-
tion of the OER to the lost Faradaic efficiency, the gaseous
products were collected and analyzed using gas chromatogra-
phy, where no O, had been detected, implying that the extent of
oxygen evolution was minimal under current experimental
conditions. Considering the detected solution oxidation pro-
ducts and their temporal evolutions, we propose the possible
photo-electrocatalytic oxidation pathway of glycerol, as shown
in Fig. S17 (ESI{). DHA and GLAD were first formed via 2- and
terminal hydroxyl group oxidation of glycerol, and GLAD can be
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oxidized to GA and FA upon C-C bond breakage. The thus
formed GA can be further oxidized to OA, or to FA and CO,,
while OA can be mineralized to CO, eventually. The yield of
various oxidation products on the BVO/CoV-LDHs/Ag photoa-
node at different applied potentials was also quantified at 0.8 V,
1.0 V, and 1.2 V over 4 h photo-electrocatalysis. As shown in
Fig. S18 (ESIt), the yield of FA increased from 11.1 pmol at 0.8 V
to 18.1 umol (1.0 V) and then increased to 21.6 pmol at 1.2 V.
DHA increased from 8.6 umol at 0.8 V to 15.7 umol and then
increased to 16.5 pmol at 1.2 V. On the other hand, the yield of
OA decreased upon increasing the externally applied potential,
similar to the trend observed under extended photo-electro-
catalytic duration at fixed potentials (Fig. S16, ESIt). The above
experimental results indicated that glycerol was quickly oxi-
dized to OA, which can be mineralized completely to CO, upon
accumulation on the BVO photoanodes under current experi-
mental settings. However, the reason behind the relative ease of
OA mineralization compared to other solution species is not yet
clear. The stability of the BVO/CoV-LDHs/Ag photoanode was
evaluated by chronoamperometry with a constant applied
potential (Fig. S19, ESIt), which remained rather stable after
a 10 h continuous test.
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Fig. 5 Measured hydrogen gas and the Faradaic efficiencies of hydrogen

evolution on various photoanodes at 1.2 V under AM 1.5 G illumination; the
electrolyte was 0.5 M Na,SO,4 solution with 0.1 M glycerol.
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In addition, we performed a quantitative analysis of the
hydrogen generated by the three different photoanodes during
the PEC reaction in an H-cell configuration (Fig. 5, left and
right axis displaying H, evolution and Faradaic efficiency,
respectively). After 4 h, the actual yields of H, on the BVO,
BVO/CoV-LDHs, and BVO/CoV-LDHs/Ag photoanodes were
24.8, 25.4, and 49.4 pmol, respectively. The calculated Faradaic
efficiencies are all above 95%, indicating efficient usage of
photogenerated electrons for hydrogen evolution reaction.

Conclusions

In summary, we have successfully synthesized a BVO/
CoV-LDHs/Ag photoanode via an electrodeposition and redox
strategy. The as-synthesized BVO/CoV-LDHs/Ag photoanode
has shown outstanding activity in catalyzing glycerol oxidation
in a PEC electrolyzer, achieving a high photocurrent density of
7.15 mA cm™? at 1.23 V vs. RHE, in 0.5 M Na,SO, solution with
0.1 M glycerol under AM 1.5G illumination. Through systematic
investigation using electrochemical and photoelectrochemical
characterizations, we have unveiled that surface deposition of
CoV-LDHs/Ag on the BVO photoanode can enhance the solar
energy conversion efficiency by narrowing the apparent optical
band gap, and improve charge separation and injection by
accelerating the charge transfer kinetics at the photoanode/
electrolyte interface. By coupling the photo-electrochemical
glycerol oxidation with hydrogen evolution reactions, greatly
improved energy-efficient hydrogen production has been
achieved when using BVO/CoV-LDHs/Ag as the photoanode,
with the evolved hydrogen gas (123.5 mmol m~> h™") nearly
double that using pristine BVO as the photoanode. This work
may provide guidance for future endeavours in designing
efficient photoanodes for biomass oxidations and PEC cells
for better solar energy utilization and conversion.
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