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Heterogenous Ni(OH),/NiOOH redox mediator on
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Replacing the kinetically demanding O, evolution reaction (OER) in photoelectrochemical (PEC) water
splitting  with  the biomass-derived  5-hydroxymethylfurfural (HMF) to
2,5-furandicarboxylic acid (FDCA), a key building-block chemical for polymer synthesis, offers a compelling
strategy to improve both process efficiency and economic viability of solar-driven H, production. Although

anodic  oxidation of

thermodynamically more favourable than the OER, direct HMF conversion is hindered by sluggish kinetics
and high overpotential requirement, often necessitating redox mediators such as TEMPO to facilitate the
conversion, which however introduces extra cost, process complexity and safety concerns. This study
demonstrates that a Ni(OH), nanoweb, electrodeposited on BiVO,, functions as an effective solid-state
redox mediator via photo-induced formation of NiOOH for PEC HMF oxidation. 48 hours of prolonged
operation confirmed the formation of FDCA along with oxidation intermediates. Kinetic analysis revealed
an apparent activation energy of 17.2 kJ mol™ for HMF oxidation by NiOOH, significantly lower than that of
conventional thermocatalytic processes. The Ni(OH), coating also mitigated photocorrosion of BiVOy,
showing excellent stability of the heterostructured photoanode. These findings highlight the dual
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functionality of the electrodeposited Ni(OH), as both a redox mediator for HMF oxidation and a protective
layer for the photoelectrode, offering a stable and cost-effective alternative to existing PEC organic
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1. Introduction

With the advances in semiconductor technologies,
photoelectrochemical (PEC) water splitting has emerged as a
promising sustainable strategy to directly store solar energy
in the form of chemical fuels. In a typical PEC system, the H,
evolution reaction (HER) is performed at the cathode, coupled
with the O, evolution reaction (OER) at the anode to complete
the circuit. However, the OER is kinetically sluggish owing to
its high overpotential requirement and yields O,, which has
limited economic value and poses additional safety concerns
upon product crossover.'” Therefore, replacing the OER with
alternative anodic reactions that are both kinetically more
favourable and produce value-added products can be
beneficial to the efficiency and economic viability of PEC

systems.
Among the various reactant candidates,
5-hydroxymethylfurfural (HMF) is an easily accessible,

biomass-derived organic feedstock that can be oxidised to
2,5-furandicarboxylic acid (FDCA), an important precursor for
bio-based polymer synthesis.*> This conversion proceeds via
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a multi-step reaction pathway, as illustrated in Fig. 1, and is
conventionally achieved through thermocatalytic aerobic
oxidation involving the use of noble metal catalysts under
elevated temperature and high-pressure O,.° In contrast, PEC
oxidation of HMF offers milder reaction conditions. It also
has a lower thermodynamic barrier than the OER, potentially
enabling the reaction to proceed with reduced energy
input.”®

Based on these concepts, Choi et al. pioneered the PEC
conversion of HMF to FDCA  using  2,2,6,6-
tetramethylpiperidine-1-oxy (TEMPO) as a redox mediator. In
a BivVO, photoanode system, a near-quantitative FDCA yield
and a faradaic efficiency (FE) of 93% were achieved. Building
on these exciting results, surface modification of BiVO, with
a co-catalyst such as Co-Pi’ and, more recently, NiFe-LDH"’
has been demonstrated, reporting comparable FDCA yields
with lower external potential required. In addition to BiVO,,
a wide variety of n-type semiconductors including Fe,O; (ref.
11 and 12 and TiO, (ref. 13) have also been validated to
effectively activate TEMPO, affording remarkable selectivity
toward FDCA and high FE. All the studies above employed
TEMPO, an established catalyst for alcohol and aldehyde
oxidation, to scavenge the photogenerated holes from the
surface of the photoanodes and mediate the transfer to the
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Fig. 1 Schematic illustration of the multi-step oxidation pathway from HMF to FDCA.

organic substrates. The presence of TEMPO also effectively
suppresses the OER and thereby the formation of by-
products by limiting the generation of -OH radicals."*
However, the practical application of TEMPO-mediated
systems remains limited due to several inherent drawbacks
including its extra cost, poor solubility in aqueous
electrolytes, and genotoxicity to human cells.">'® The
requirement for additional product separation steps
increases the process cost and complexity. Moreover, TEMPO
is found to be prone to degradation under prolonged
operation, compromising long-term stability.""” Direct
oxidation of HMF on photoanodes has rarely been achieved
due to the sluggish kinetics on the electrode." Lhermitte
et al.'’ demonstrated the unique ability of WO; to directly
oxidise HMF. However, the FDCA yield remained below 1%
after 60 hours, with HMF predominantly converted into by-
products.

Direct HMF oxidation without a homogeneous redox
mediator has been  previously demonstrated in
electrochemical systems using noble metal catalysts, such as
Pt,"® Ru' and Au-Pd alloy,”® at the anode. More recently,
efforts have shifted toward the development of earth-
abundant alternatives, particularly Ni-based catalysts such as
Ni(OH),,>">* owing to their reversible and electroactive redox
transition between Ni** and Ni*". Among the proposed
mechanisms,*>*° the latter in the form of NiOOH is widely
recognised for its high catalytic activity toward HMF
oxidation and its potential to act as a heterostructured redox
mediator at the electrode surface. Although this Ni(OH),/
NiOOH redox couple has not been explored in a PEC HMF
oxidation system, largely due to a prevailing assumption that
NiOOH, a well-established OER catalyst on photoanodes,
would favour the competing OER over the desired HMF
oxidation,! surface modification of BiVO, photoanodes has
been widely investigated as an effective strategy to regulate
interfacial charge transfer and improve product selectivity.
Recent work employing a SnO, overlayer on BiVO,
demonstrated that such surface modification can suppress
the OER by steering the hole transfer path, thereby
enhancing the selectivity toward the desired water oxidation
to H,0,, which subsequently facilitated propylene
epoxidation.””*® Building on the established oxidative
reactivity of NiOOH toward HMF in electrocatalytic systems
as well as the effect of surface modification on the electrode

Catal. Sci. Technol.

kinetics, it was hypothesised that integrating Ni(OH), with
photoanodes to form a heterostructured photoelectrode could
enable its transformation to NiOOH by the photogenerated
holes in a PEC setting. The resulting NiOOH would
subsequently oxidise HMF at the electrode-electrolyte
interface to form FDCA while being reduced back to Ni(OH),,
as illustrated in Fig. 2.

In the present work, the long-term stability of a typical
TEMPO-mediated PEC system was first evaluated. The redox
activity of the Ni(OH),/NiOOH couple and its catalytic
reactivity toward HMF oxidation were investigated. An
indirect electrodeposition approach was then developed and
optimised to synthesise a conformal Ni(OH), nanoweb on
BiVO,, an n-type semiconductor selected based on its
adequate stability and suitable band alignment. Prolonged
PEC operation with the proposed system was later performed
to demonstrate the viability of the proposed Ni(OH),/NiOOH-
mediated HMF oxidation, followed by detailed product
analysis. Furthermore, kinetic studies were carried out by
independently varying the substrate concentration,

temperature, and electrolyte flow rate to identify the rate-
limiting step and determine the activation energy. Lastly, the
stability =~ of
examined

the
through

electrochemical and  structural
heterostructured photoelectrode was

Fig. 2 Schematic illustration of the PEC system for HMF oxidation
mediated by the Ni(OH),/NiOOH redox couple.

This journal is © The Royal Society of Chemistry 2025
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repeated cycling tests and material

characterisation.

post-reaction

2. Experimental section
2.1. Materials

The following chemicals were used as received without
further purification. VO(acac), (98%), Bi(NO3);-5H,0 (98%),
HNO; (69%), DMSO (99.5%), H3BO; (=99.5%), Ni(NO;),-6H,-
O (=98.5%), Na,SO; (=98) and fluorine-doped tin oxide-
coated glass slides (FTO, surface resistivity ~8 Q sq™') were
purchased from Sigma-Aldrich. HMF (98%) and KI (=99.5%)
were purchased from Fisher Scientific. Absolute ethanol
(99.8%) and 1,4-benzoquinone (99%) were purchased from
Thermo Scientific. FDCA (98%) and TEMPO (=98%) were
purchased from Alfa Aesar. DFF (95%), HMFCA (95%) and
FFCA (98%) were purchased from Fluorochem. NaOH
(=98.5%) and KCl (99.5%) were purchased from VWR
International. Deionised water (DI, <18 MQ cm) was used to
prepare aqueous solutions.

2.2. Preparation of BiVO, photoelectrodes

BivO, photoelectrodes were synthesised by adopting a
previously reported two-step method with modifications.*® 50
mL of aqueous solution A containing 0.4 M KI and 0.04 M Bi
(NOj3); was prepared. The pH of the solution was adjusted to
1.67 by adding concentrated HNO; prior to the addition of
the bismuth source to ensure complete ionisation of Bi*'.
Solution prepared by dispersing 0.23 M
1,4-benzoquinone in 20 mL of ethanol. The electroplating
solution was completed by mixing solution B into solution A
dropwise under vigorous stirring to prevent premature
precipitation. A three-electrode setup consisting of a fluorine-
doped tin oxide (FTO)-coated glass working electrode, a Pt
plate (10 mm x 10 mm) counter electrode and an Ag/AgCl
reference electrode was used for electrodeposition. The Ag/
AgCl electrode (purchased from Beijing Jingke) was filled
with 3 M KCI solution upon receipt and stored in the same
solution when not in use. Conversion between the potentials
versus the reference electrode and the reversible hydrogen
electrode (RHE) refer to eqn (1) and (2).

B was

E(vs. RHE) = E(vs. Ag/AgCl) + EQgagct + PH X 0.0591V (1)
ERg/agal = 0.210 V vs. NHE at 25 °C for 3 M KCL (2)

The FTO-coated glass substrates were ultrasonically
cleaned with deionised (DI) water and isopropanol before
masking the active area (14 mm x 14 mm) using Kapton tape.
The BiOI precursor was electrodeposited on FTO substrates
at a constant potential of —0.1 V vs. Ag/AgCl for 5 minutes
using an EZstat-pro potentiostat. 200 uL of DMSO solution
containing 0.2 M VO(acac), was subsequently drop-cast onto
each BiOI-coated sample followed by annealing at 450 °C for
2 hours (ramp rate of 2 °C min™") in a muffle furnace. Excess
V,05 was removed by soaking the resulting samples in 1 M
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NaOH for 30 minutes under gentle stirring to obtain the
pristine BiVO, photoelectrodes.

2.3. Synthesis of Ni(OH), on FTO and BiVO,

A similar three-electrode configuration was employed to
electrochemically deposit Ni(OH), on FTO substrates. The
aqueous electroplating solution contained 10 mM Ni(NO3),
and the pH was adjusted to fall within the range of 7 + 0.2 by
adding either diluted HNO;3; or NaOH. The plating solution
was purged with N, for 30 minutes and stored in a sealed
container before use. Cathodic deposition was conducted
potentiostatically at —0.7 V vs. Ag/AgCl for durations ranging
from 5 to 20 minutes. The as-prepared samples were rinsed
with DI water and dried with N,.

In order to synthesise Ni(OH), on BiVO, electrodes, the
same procedure was followed except that the FTO substrates
were replaced with BiVO,-coated samples as the working
electrode. The electrochemical cell was purposely kept in the
dark during deposition to avoid side reactions resulting from
the photogenerated electrons.

2.4. Material characterisation

The crystal structure and the compositional purity of the
Ni(OH), film were examined using the X-ray diffraction (XRD)
patterns  obtained with ~a  PANalytical Empyrean
diffractometer equipped with a Cu anode and a binary Ka
source (Agq1 = 1.5406 A and g, = 1.5444 A) operated at 40
kv and 40 mA. To observe the surface and the cross-sectional
morphologies of the electrodes, scanning electron
microscopy (SEM) was performed using a Zeiss Gemini
Sigma-300 microscope with the accelerating voltage of the
field emission gun set at 5 kV. All samples for SEM imaging
were coated in advance with a 15 nm thick Cr film using a
Q150T Quorum sputter coater to increase the surface
conductivity. XPS analyses were performed to investigate the
elemental composition, bonding environment and the
oxidation state of the electrodes. Measurements were carried
out suing a Thermo Fisher K-Alpha+ spectrometer equipped
radiation The
instrument base pressure was maintained below 8 x 107°
mbar during the spectra collection. Pass energy was set to 20
eV when collecting high-resolution spectra. The binding
energies were calibrated with respect to the C 1s peak at
284.8 eV.

with a monochromatic Al Ka source.

2.5. Electrochemical and photoelectrochemical
measurements

All electrochemical and PEC measurements were controlled
using the EZstat-pro potentiostat in a standard three-
electrode configuration, with the prepared electrode
(specified individually) as the working electrode, a Pt plate as
the counter electrode and an Ag/AgCl (3 M KCl) electrode as
the reference electrode. The borate buffer used in this study
refers to the aqueous solution containing 0.5 M H;BO; and
approximately 0.2 M NaOH to adjust pH to 9.2. Such
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conditions were selected since it is considered the most
suitable long-term operation,®® as BiVO, undergoes
photocorrosion and chemical etching in strongly acidic and
alkaline medium. Active species of HMF (5 mM, 50 mM, 100
mM), DFF (5 mM), FFCA (5 mM), and TEMPO (7.5 mM) were
added to the electrolyte for specific studies. All electrolytes
were purged with N, for 30 minutes prior to any
electrochemical analyses and prolonged operations. A
customised undivided cell that was suitable for both
electrochemical and PEC applications was implemented. The
working electrode was embedded in the cell, forming part of
the cell wall. The opposite wall was made of quartz to allow
for in situ optical measurements. The active working
electrode area was 0.79 c¢cm?; all reported current densities
were normalised to this area in this study. The counter and
the reference electrodes were inserted into the electrolyte and
kept at fixed positions for consistent ion path length in the
bulk solution.

An Abet Technologies Sun-2000 solar simulator equipped
with an AM 1.5 G filter was used to provide the irradiation
required for PEC analyses. The working electrode was back-
illuminated, and the incident light intensity reaching the
surface of the electrode (before penetrating the FTO
substrate) was calibrated to 100 mW cm™ (equivalent to 1
sun) using an International Light Technologies ILT-1400
photometer. To monitor the in situ optical changes and
assess the reversibility of the Ni(OH),/NiOOH redox couple, a
UV-visible spectroscopic setup was assembled by placing a
B&W TEK BWS-005 spectrometer behind the quartz window
to capture the light transmittance through the cell. The data
presented were normalised and converted to absorbance
according to the Beer-Lambert law.

Linear sweep voltammetry (LSV) and cyclic voltammetry
(CV) scans were performed at scan rates of 10 mV s and 20
mV s, respectively, starting with a positive direction unless
specified otherwise. For all CV scans, at least three cycles
were collected and the results shown correspond to the third
cycle. To ensure a uniform initial oxidation state of the
Ni(OH), electrodes, two preparatory CV scans were conducted
at the start of each measurement. For prolonged PEC
reactions, the cell was filled with 12 mL electrolyte, and a
constant potential of 0.3 V vs. Ag/AgCl (1.05 V vs. RHE) was
applied for 48 hours.

2.6. Product quantification

During the prolonged PEC reactions, 100 pL of electrolyte
samples were withdrawn from the cell at regular intervals.
Samples were diluted to 1 mL with DI water prior to being
analysed using a Shimadzu LC-2030C high-performance
liquid chromatography (HPLC) instrument. The detector unit
was a diode array detector (DAD) set at a monochromatic
wavelength of 265 nm. The separation was achieved using a
300 mm x 7.8 mm Supelcogel C610H column. The mobile
phase consisted of 6 mM H,SO,, run at a flow rate of 0.5 mL
min . The column temperature was maintained at 55 °C,
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and the injection volume was 10 pL. The identification and
quantification were obtained from calibrated curves prepared
by running standard samples of known concentrations. HMF
conversion, oxidation product yield and FE were calculated
following eqn (3)-(5).

mol of consumed HMF
mol of initial HMF

Conversion (%) = x100%  (3)

mol of product
mol of initial HMF

Yield (0/0) = %X 100% (4]

mol of products-n-F

FEproduct (0/0) = X 100% (5)

QTotaI

where 7 is the number of electrons involved in the reaction
(e.g., 2 for HMF oxidation to DFF and 6 for HMF oxidation to
FDCA) and F is Faraday's constant. The total FE was defined
as the sum of efficiencies calculated for each identifiable
HMF-derived product.

A Shimadzu ISR-2600 Plus spectrophotometer
employed as a supplement to identify the absorption
wavelengths as well as to quantify TEMPO in the electrolyte.
The absorbance spectra of TEMPO were recorded within the
range of 350-550 nm and the baseline was corrected by using
borate buffer as the reference solution. Calibration curves
were constructed by adding TEMPO into borate buffer at
various concentrations.

was

2.7. Kinetic studies

Kinetic studies were conducted in a custom-designed
undivided PEC flow cell, allowing for flow rate variation and
external temperature control. The system setup and electrode
configuration were identical to those used for batch
reactions, except that the Pt plate counter electrode was
replaced by a Ni sheet, and the size of the working electrode
was enlarged to 1.96 cm?. The counter electrode also formed
part of the cell wall alongside the working electrode, instead
of being immersed in the electrolyte, creating an unbaffled
laminar flow chamber. The electrolyte leaving from the outlet
(at the top of the flow chamber) was recirculated to the inlet
(bottom), passing through a 50 mL electrolyte reservoir.
Electrolyte flow was driven by a peristaltic pump.
Temperature control was achieved by soaking the reservoir in
a water bath. PVC tubing was wrapped in aluminium foil
when necessary to minimise heat loss, enabling more
accurate thermal operation. To investigate the effect of
temperature on the reaction rate, current densities were
monitored after establishing steady operation for 15 minutes
at 1.05 V vs. RHE. The current densities reported represent
average values recorded over a duration of 20 seconds. The
activation energy was determined using the Arrhenius
equation.

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion

3.1. Evaluation of homogeneous redox mediators for HMF
oxidation

The oxidation reactions of HMF and its oxidation
intermediates (i.e., DFF, HMFCA and FFCA) have lower
reduction potentials than that of the competing OER. This
suggests that HMF oxidation is thermodynamically more
favourable on the photoanode, and lower bias is required to
activate the reaction. To assess the necessity of adding redox
mediators and the effectiveness of TEMPO in catalysing HMF
oxidation, voltametric analyses were performed in borate
buffer (pH 9.2) with and without the addition of HMF and
TEMPO (Fig. 3). From the linear sweep voltammetry (LSV) of
the electrolyte containing neither HMF nor TEMPO, a clear
onset potential was observed at 0.5 V vs. RHE, and the
photocurrent steadily increased with the applied potential.
This behaviour in consistent with previously reported OER
characteristics on the BiVO, photoanode.”® Upon the
addition of 5 mM HMF into the electrolyte, the onset
potential did not shift significantly, indicating that the OER
was still the dominant reaction. Moreover, the photocurrent
that responded to the increasing potential was lower in
magnitude than that without the presence of HMF. This
result contradicts the expectation that the HMF oxidation
would have a lower thermodynamic barrier than the OER.
Such divergence was presumably due to competitive
adsorption between the OH™ ions and the hydroxyl groups of
HMF on the anode surface, which is considered crucial for
catalytic OER and alcohol oxidation.”*' The adsorbed HMF
molecules could not be readily oxidised owing to the high
overpotential required, resulting in a blockage of binding
sites for OH™ ions and suppressing the rate of the OER. A 48
hour prolonged reaction was carried out at a constant applied
potential of 1.05 V vs. RHE. Only 2.8% HMF conversion was
observed, accompanied by negligible formation of oxidation
products (SI Fig. S1), indicating a minimal activity of HMF on
the surface of bare BiVO,.

Following the combined introduction of 7.5 mM TEMPO
and 5 mM HMF, cyclic voltammetry (CV) revealed a negative

—— Borate buffer
—— 5 mM HMF
1 —— 5 mM HMF + 7.5 mM TEMPO

Current Density (mA cm?)

T
0.2 0.4 0.6 0.8 1.0
Potential (V vs. RHE)

Fig. 3 Photocurrents of BiVO, photoanodes. LSV and CV with
electrolyte with and without 5 mM HMF and 7.5 mM TEMPO. Scan rate
=10mVs™t
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shift of onset potential by 0.4 V and a remarkable
enhancement of the photocurrent compared to HMF alone.
The high photocurrent was attributed to the oxidation of
TEMPO to TEMPO" cations by the photogenerated holes and
the simultaneous regeneration while receiving electrons from
the organic species." The regenerated TEMPO molecules
reinforced the PEC reaction at the electrode surface. These
results confirm the enhanced PEC activity of TEMPO on the
electrode surface as well as the subsequent oxidation of HMF
by the TEMPO" cations. Additionally, no cathodic peak was
detected during the reverse CV scan, suggesting rapid
consumption of TEMPO" via fast reaction with HMF.

To evaluate the efficacy of producing desired oxidation
products and the stability of TEMPO as a redox mediator,
prolonged PEC reaction was carried out in a custom-built
flow cell by applying a constant potential of 1.05 V vs. RHE.
50 mL borate electrolyte solution (pH 9.2) containing 5 mM
HMF and 7.5 mM TEMPO was circulated through the reactor
chamber at a flow rate of 3 mL min™ in order to minimise
pH and concentration gradient build-up.***® In view of the
ohmic resistance, instability and the cost associated with
commercial anion exchange membranes,* the flow cell used
in this study adopted a membrane-free undivided
configuration. Product crossover and the cathodic reduction
of the oxidation products could be effectively alleviated by
establishing laminar flow between the parallel electrodes.*
The electrolyte samples were regularly taken and analysed
using HPLC throughout the 48 hour PEC operation, and the
evolution of product composition is shown in Fig. 4a. At the
initial stage of the reaction, HMF was primarily oxidised into
DFF and no formation of HMFCA was detected. This shows
agreement with the widely recognised mechanism in which
the hydroxyl group on HMF is more susceptible to oxidation
than the aldehyde group at pH <13.>**” Correspondingly, the
formation rate of FDCA was limited by the slow oxidation of
aldehyde groups, and a considerable amount of FFCA
remained at the later stage. After 48 hours of reaction, the
HMF conversion and the yield of FDCA reached 98.8% and
63.4%, respectively. Nevertheless, the total FE, calculated
based on all identifiable products, remained as low as 57.3%.
In addition to the known factors such as the competing OER
and potential reduction of some oxidation products at the
cathode, it was postulated that the decomposition of the
oxoammonium cations, formed from oxidised TEMPO, via
over-oxidation also contributed to the low FE.*®

The transformation of TEMPO was investigated by
performing UV-vis spectroscopy on the electrolyte collected
after the reaction. Fig. 4b compares the sample spectra of the
post-reaction electrolyte with standard TEMPO (max. abs
425-435 nm)*° spectrum of various concentrations. The
absorbance in the lower-wavelength region (<425 nm),
resulting from the oxidation products such as FDCA and
FFCA, was normalised using a reference solution prepared
with the same product composition as determined by the
HPLC results (see SI Fig. S2 for detailed normalisation). A
TEMPO concentration of 7.5 mM, representing the pristine
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—— After 48h reaction
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Fig. 4 Product analyses of a 48 hour TEMPO-mediated PEC reaction. (a) HMF conversion (started with 5 mM) and yields of the oxidation products.
(b) Normalised UV-vis spectrum of post-reaction electrolyte compared to standard TEMPO solutions (100% represents 7.5 mM at the start of the

reaction).

electrolyte before the reaction, is denoted as 100%. After the
48 hour reaction, a reduction of over 80% in TEMPO
concentration was observed. While the absorbance decay and
associated loss of FE can result from decomposition of over-
oxidised oxoammonium cations, it may also reflect the
inevitable disproportion of TEMPO during the catalytic
reaction, yielding the hydroxylamine species TEMPOH, which
exhibits negligible absorbance within the tested UV-vis
range.”” TEMPOH remains inert even upon the presence of
0O,; the reactivation of TEMPOH generally necessitates the
addition of a strong oxidant such as NO, , which brings
about additional processing complexity.*’

This finding raises concerns about the long-term stability
of TEMPO as a redox mediator in PEC applications.
Combining other limitations, particularly the low solubility
of TEMPO in aqueous solution, it appears unsuitable for up-
scaled PEC systems. Identifying a more suitable alternative
would therefore be conducive to improving the process
efficiency.

3.2. Synthesis and characterisation of Ni(OH),

The Ni-based redox mediator can be constructed on an
electrode via the electrodeposition of either NiOOH or
Ni(OH), from a Ni**-containing plating solution. NiOOH is
typically obtained by electrochemically oxidising Ni*" to a
transient ion of Ni**, which subsequently precipitates in the
form of solid NiOOH by coordinating with OH™ ions.*!
However, this conversion requires high overpotentials, and
the metastability upon air exposure gives rise to difficulties
for storage and ex situ characterisation.*” On the other hand,
Ni(OH), is usually produced through an indirect method that
electrochemically raises the local pH at the electrode
surface.”** The most common reactions involve the
reduction of water (eqn (6)) or NO*~ (eqn (7)), which increases
the local concentration of OH', thereby leading to the
nucleation of Ni(OH), (eqn (8)).

H,O +2e — H, +20H E°=-0.83V (6)

NO,™ + H,0 + 2¢” — NO,” + 20H" E°=0.01V )

Catal. Sci. Technol.

Ni** + 20H™ — Ni(OH),! (8)

Due to the less restrictive requirements for the
characterisation techniques and improved control over film
morphology, the synthesis of Ni(OH), is deemed more
practical and was therefore employed in this study. Ni(OH),
was electrodeposited under potentiostatic conditions at —0.7
V vs. Ag/AgCl (-0.077 V vs. RHE). This applied potential was
determined from a control experiment (SI Fig. S3) to ensure
that Ni** reduction does not occur concurrently. In addition
to the deposition potential, the pH of the plating solution
was also found to play a critical role in current densities,
hence the rate of Ni(OH), formation. To ensure
reproducibility, a near-neutral condition (pH = 7 + 0.2) was
maintained in this study, as it resulted in a moderate
deposition rate that affords better control over film thickness
and surface morphology.

Ni(OH), was first synthesised on FTO substrate for
corroborative examination of its physical properties and its
redox activity. SI Fig. S4 presents SEM images confirming the
formation of uniform and continuous Ni(OH), nanofibres on
FTO. Following a 10 minute electrodeposition, XRD showed
no perceptible diffraction peaks from the FTO substrate (SI
Fig. S5). This is presumably attributable to the formation of
the amorphous o-Ni(OH),, which exhibits higher surface
reactivity and superior electrocatalytic performance compared
to its more crystalline B-form counterpart.®™*® XPS was
performed to further substantiate the formation of the
Ni(OH), coating, and the binding energy spectra are
presented in Fig. 5. Fig. 5a displays the spectrum of Ni 2p,
where the deconvoluted components were fitted with two
pairs of doublets and two individual satellite peaks. The
main peaks at 855.4 eV (Ni 2p;,) and 573.1 eV (Ni 2pq)
show strong agreement to the commonly reported binding
energies for Ni(OH),.*>*° Two additional shoulder peaks at
857.0 eV and 874.9 eV were designated to Ni**, which is often
found coexisting with Ni** in the synthesised Ni(OH),
samples.*®*®°! This is due to the presence of Ni vacancies on
the electrode surface®® resulting from the excess amount of
OH" ions generated during the indirect electrodeposition and
a local deficit of Ni*" that reinforces the formation of

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 XPS spectra of the fitted (a) Ni 2p and (b) O 1s regions obtained from the electrodeposited Ni(OH), coating and the corresponding (c) Ni 2p
and (d) O 1s regions of the electrochemically oxidised NIOOH sample, including the deconvoluted components. The NiOOH sample was prepared

by anodic oxidation of the Ni(OH), coating at 1.49 V vs. RHE for 1 minute.

Ni(OH),. The absence of an elemental Ni peak (typically
around 852.6 eV) provides additional validation of the
selected electrodeposition potential. To further verify the
coating composition, the O 1s spectrum was also obtained
and is displayed in Fig. 5b. Apart from the 532.1 eV peak
assigned to the organic contaminations, a solitary peak at
530.7 eV supports the compositional uniformity of the
Ni(OH), film.>°

3.3. Electrochemical redox behaviour of Ni(OH),/NiOOH

To examine the electrochemical redox activity of the as-
prepared Ni(OH), coating, a CV scan was conducted in 1 M
KOH solution using a custom-designed cell where in situ UV-
vis spectra were collected synchronously. As demonstrated by
the CV analysis (black line) in Fig. 6a, two nearly symmetric
peaks were obtained at 1.41 (peak A) and 1.31 V vs. RHE
(peak D) for anodic and cathodic scans, respectively. These
two peaks correspond to electrochemically reversible
oxidation state transition of Ni*"/Ni** in the form of Ni(OH),
and NiOOH (eqn (9)).

Ni(OH), + OH™ « NiOOH + H,0 +e~ E°=1.40V  (9)

A second oxidation peak (peak B) was observed at 1.56 V vs.
RHE, indicative of the phase transition from B-Ni(OH), to
B-NiOOH.’*** This suggests a mixed-phase composition of
the electrodeposited coating, with a relatively smaller
proportion of B-Ni(OH), present. Integration of the oxidation

This journal is © The Royal Society of Chemistry 2025

and reduction peaks shows that the overall charge of peak D
is closely equivalent to the summation of peaks A and B,
lending further support to the described phase transition.

As the applied potential increases, the Ni species undergo
transitions to higher oxidation states, such as Ni*" and Ni®",
which subsequently catalyse the OER. The exact mechanism
of electrocatalytic OER on Ni is known to depend on factors
such as the supporting electrolyte and pH conditions.>®
Based on the obtained CV pattern, the transition mechanism
is deduced to follow a widely accepted sequence proposed in
previous studies (eqn (10)-(12)).>*¢

NiOOH + OH™ — NiO(OH), + 2e” (10)
NiO(OH), + 20H™ « NiOO, + 2H,0 + 2¢~ (11)
NiOO, + OH™ — NiOOH + O, + e~ (12)

At higher potentials, NiOOH is initially oxidised to a hydrous
Ni oxide (NiO(OH),) (eqn (10)) and sequentially undergoes
further reconstruction to form Ni peroxide (NiOO,) (eqn
(11)), which then facilitates the formation of O, through an
anodic reduction process back to NiOOH (eqn (12)). This
reaction is kinetically fast and irreversible, leading to a sharp
current spike beyond 1.6 V vs. RHE (denoted as C). Moreover,
no corresponding cathodic peak was observed, suggesting a
complete regeneration of NiOOH.

The electrochemical transition between Ni(OH), and
NiOOH is accompanied by a distinct optical change due to

Catal. Sci. Technol.
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Fig. 6 Electrochemical redox characteristics of electrodeposited Ni(OH),. (a) Overlay of the synchronous CV scan and the corresponding in situ
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their different UV-vis absorption characteristics. Ni(OH),
absorbs primarily in the UV region and appears visually
transparent in thin films, whereas NiOOH exhibits visible
light absorption, with wavelength centred around 590-620
nm.’* As a result, the electrode surface turns dark upon the
formation of NiOOH. In situ UV-vis spectroscopy was
employed to monitor changes in Ni oxidation states and the
coordination environment, and the absorbance profiles at
570 nm are demonstrated in Fig. 6a and b. As shown in
Fig. 6a (red line), the absorbance begins to rise at ~1.4 V vs.
RHE, which is in line with the onset of NiOOH formation
and the corresponding colouration. A brief plateau was
reached between 1.5 and 1.6 V vs. RHE owing to the
depletion of Ni(OH),. Beyond this point, the absorbance
increases further due to the evolution of visually apparent O,
bubbles on the electrode surface, which partially scatter the
incident light. During the backward scan, an inverse
absorbance decline starting from 1.4 V vs. RHE was also
found to be correlated with the cathodic regeneration of
Ni(OH),, and it eventually returned to the starting point as
the current offset. The stability and reproducibility of the
redox couple was further assessed by extending the CV

Catal. Sci. Technol.

measurement for an additional 20 cycles, with the in situ
absorbance profiles of the last 5 cycles exemplified in Fig. 6b.
A well-defined and stable periodicity with reasonably
consistent absorbance peak and trough values are illustrated
by the dotted line (in red), indicating good cycling stability
and reversibility of the Ni(OH),/NiOOH redox couple. The
secondary absorbance increases, observed as shoulder
features during the colouration step, were also found
synchronous with the O, evolution (peak C) in Fig. 6a.

To provide evidence for the formation of NiOOH by
electrochemical oxidation of Ni(OH),, ex situ XPS spectra of
Ni 2p (Fig. 5¢) and O 1s (Fig. 5d) were obtained following
potentiostatically oxidising Ni(OH), coating at 1.49 V vs. RHE
for 1 minute. Although a Ni*" peak at 857.0 eV was
deconvoluted in the Ni 2p spectrum, the main peak at 855.4
eV, which is typically associated with the binding energy of
Ni** in Ni(OH),, remained dominant. The overall spectral
profile showed no substantial difference from the spectrum
obtained for Ni(OH), (Fig. 5a). Therefore, the Ni 2p spectrum
alone appears inadequate for reliably distinguishing the
redox transition between Ni(OH), and NiOOH.>” In contrast,
the O 1s spectrum discloses intriguing components with

This journal is © The Royal Society of Chemistry 2025
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lower binding energies than Ni(OH), (530.7 eV), which are
uniquely present in the NiOOH sample when compared with
Ni(OH), (Fig. 5b). Due to the metastable nature of NiOOH,
the exact interpretation of the O 1s characteristics of the ex
situ XPS remains ambiguous. While some researchers report
a single O 1s peak above 530 eV for NiOOH,>""*° the results of
this study clearly support the perspective that NIOOH gives
rise to two separate peaks with lower binding energies,
attributed to 0>~ and OH", respectively.”>>’” Accordingly, the
additional shoulder features in the O 1s spectrum were fitted
with two peaks at 530.4 and 529.1 eV. The area ratio of these
two peaks was constrained to 1.0 + 0.1, assuming ideal
stoichiometry of NiOOH. The dominant signal at 530.7 eV
was nevertheless ascribed to Ni(OH),, confirming that the
spontaneous reduction of NiOOH indeed occurs readily upon
exposure to water or air.>

Another important preliminary before
employing the redox mediator in the targeted organic
oxidation reaction is to confirm the chemical reactivity
between the electrochemically produced NiOOH and HMF
along with other relevant intermediates. Accordingly, CV
measurements were performed in 1 M KOH in the absence
and presence of 5 mM of each organic species (Fig. 6c-e).
Fig. 6c illustrates the influence on the current profile
upon the addition of HMF. An increase in anodic current
was observed during the forward scan, attributed to the
concurrent regeneration of Ni(OH), via chemical oxidation
of HMF, which reinforces the electrochemical reaction. As
a result, additional charge was required to fully convert
Ni(OH), to NiOOH. Conversely, a diminished -cathodic
current was recorded during the reverse scan, as a fraction
of the NiOOH had been chemically reduced back to
Ni(OH), prior to the onset of the electrochemical
reduction. It is also noted that during the forward scan,
the onset of the anodic current shifted slightly (~0.01 V)
toward a more positive potential. This is due to the
adsorption of HMF onto Ni** sites, introducing further
thermodynamic barriers to the electrochemical oxidation.*?
The B-Ni(OH), transition also appears as a second anodic
peak at 1.56 V wvs. RHE, although the magnitude
enhancement in response to HMF is less pronounced than
that of the first anodic peak, indicating a higher
electrocatalytic activity with the a-phase than the B-phase.
Once the potential was swept beyond 1.6 V vs. RHE, the
formation of Ni*" and Ni®" led to the OER becoming the
prevailing factor contributing to the current rise. This
suggests that although Ni sites may still retain oxidative
activity toward HMF, the adsorption of HMF on Ni sites is
substantially less favourable relative to OH’, particularly
under high pH conditions.”® Furthermore, a broad anodic
wave was observed during the reverse scan, which is
superficially atypical in CV measurements. This insightful
feature reflects the continuing chemical oxidation of HMF
by NiOOH during the CV scan, and the anodic current
during the reverse scan results from the re-oxidation of
the chemically reduced Ni(OH),.

evaluation
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For a complete oxidation path from HMF to FDCA, it is
essential to ascertain the reactivity of NiOOH toward other
oxidation intermediates. Based on the previously discussed
reaction sequence under moderately alkaline conditions,
NiOOH must also exhibit oxidative activity toward DFF and
FFCA. Accordingly, analogous CV analyses were conducted in
the presence of each intermediate. As shown in Fig. 6d and e,
the CV features for DFF and FFCA closely resemble those
observed for HMF, which are attributable to the same redox
mechanism discussed above. This supports the conclusion
that the Ni(OH),/NiOOH redox couple is capable of driving
the complete oxidation of HMF to FDCA. A notable
distinction, however, is a secondary current between 1.45 and
1.55 V vs. RHE in the anodic profile of HMF. In contrast, the
anodic currents associated with DFF and FFCA appear as
well-defined and stand-alone peaks. A previous study defined
this secondary anodic current as a potential-driven hydride
transfer from the a-carbon of the alcohol moiety to the Ni**
sites, resulting in the reduction of Ni'" to Ni*".** It was
further proposed that this hydride transfer pathway was more
prominent in the case of HMF owing to the presence of the
alcohol group, whereas the indirect oxidation pathway was
the governing mechanism for DFF and FFCA. This
interpretation is further substantiated by the CV results
presented in this work.

3.4. Photoelectrochemical HMF oxidation

For the PEC reaction, an n-type nanoporous BiVO,
photoanode prepared on a FTO substrate through a well-
established synthesis method was employed as the
photoanode.?® The Ni(OH), redox catalyst was subsequently
electrodeposited onto the BiVO, substrate following the same
procedure developed earlier in this study, with the only
modification being the replacement of the FTO working
electrode with the BiVO, electrode. This approach is based
on the hypothetical premise that Ni(OH), would uniformly
coat the surface of the BiVO, nanoparticles, as obtained with
FTO, while preserving its nanostructured morphology. This
hypothesis was validated by examining the BiVO, electrodes
using SEM (Fig. 7). Compared to the pristine BiVO, surface
prior to electrodeposition (Fig. 7a), the post-deposition image
(Fig. 7b) reveals ultrafine nanoparticles uniformly distributed
on each BiVO, grain. The BiVO, particles acquire a visibly
roughened texture relative to their original smooth surface.
The morphology of the Ni(OH), coating is herein referred to
as a nanoweb structure, highlighting its consistent, porous,
and conformal coverage across the surface of the BiVO,
electrode.

The PEC configuration was assembled using the Ni(OH),-
decorated BiVO, as the photoanode, illuminated by an AM
1.5 G light source (100 mW cm™). The proposed PEC
mechanism for HMF oxidation over the Ni(OH),-modified
BiVO, photoanode is illustrated in Fig. 8. Upon illumination,
incident photons are absorbed by BiVO,, generating
electron-hole pairs that are promptly separated. The
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Fig. 7 SEM images of the BiVO,4 nanoparticles (a) before and (b) after electrodeposition of Ni(OH), at -0.7 V vs. RHE for 15 minutes.

photogenerated holes in the valence band migrate toward the
BiVO,-Ni(OH), interface, initiating the oxidation of Ni(OH),
to NiOOH (eqn (13)). The migration direction of
photogenerated holes across the BiVO,-Ni(OH), junction and
the sequential participation in Ni(OH), oxidation was verified
by control experiments with the introduction of 1 M Na,SO;
as a hole scavenger, and the corresponding results are
provided in SI Fig. S6. The resulting NiOOH subsequently
acts as chemical oxidant that facilitates the conversion of
HMF to FDCA through sequential oxidation steps at the
electrode-electrolyte interface (eqn (14)). Simultaneously, the
photogenerated electrons are directed to a Pt cathode
through an external circuit, where they participate in the
hydrogen evolution reaction (HER) (eqn (15)). To mitigate the
effect of dissolved O, on the desired PEC reactions, the
electrolytes were purged with N, for 30 minutes before each
measurement.

Anode: 6Ni(OH), + 6h" + 60H™ — 6NiOOH + 6H,0  (13)
6NiOOH + HMF + 6H,0 — 6Ni(OH), + FDCA (14)
Cathode: 6H,0 + 6e” — 3H, + 60H" (15)

LSV scans were conducted in borate buffer with and
without the addition of 5 mM HMF, and the resulting

cB
2.45¢eV
®
vB

Fig. 8 Schematic illustration of the proposed photoelectrochemical
mechanism for HMF oxidation on the Ni(OH),-modified BiVO,4
photoanode. Competing side reactions including the direct OER on
the exposed BiVO, at the anode and the ORR at the cathode are
shown in red.

Catal. Sci. Technol.

photocurrent responses are presented in Fig. 9a. Unlike in
electrochemical systems, where the applied bias directly
provides the overpotential to drive the reactions, the
photocurrent in PEC systems originates from the
photogenerated charge carriers that participate in the
reactions. Therefore, the photocurrent is only determined by
the bandgap and the band-edge positions of the
semiconductor photoelectrode, while the applied potential
merely serves to assist the charge separation. The BiVO,
photoanode employed in this study features a valence band
position (~2.4 V vs. RHE)*® that is substantially more positive
than the standard potentials for either the OER (1.23 V) (eqn
(16)) and Ni(OH), oxidation (1.40 V). As a result, the
photocurrent obtained in the low-potential region in the
absence of HMF (black line) arises from the combined
contributions of both Ni(OH), oxidation and the competing
OER occurring at the uncoated regions of the BiVO, surface,
as illustrated in Fig. 8. Accordingly, the photocurrent
increases steadily with increasing potential, approaching a
plateau at 0.5 V vs. RHE, at which point Ni(OH), starts
depleting and the OER dominates the anodic reaction. In the
absence of a membrane separator, the O, generated at the
photoanode can dissolve into the electrolyte and can
potentially diffuse toward the cathode, where it may undergo
the cathodic O, reduction reaction (eqn (17)) owing to its
more favourable thermodynamics compared to the HER. The
possible occurrence of these side reactions during the PEC
operation is therefore recognised.

40H +4h" — 0, + 2H,0 (16)

0, + 2H,0 + 4e" — 40H~ (17)
At applied potentials exceeding 0.9 V vs. RHE, a secondary
current rise is observed, reflecting the growing influence of
dark current. This suggests a transition from predominantly
photo-driven processes to potential-dependent
electrochemical reactions. In comparison, the introduction of
5 mM HMF leads to a distinct enhancement of photocurrent
within the low potential region, corresponding to the
concurrent HMF oxidation and chemical regeneration of
Ni(OH),, as previously discussed. At higher applied
potentials, the photocurrent difference between the presence

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Photocurrent response of Ni(OH),-decorated BiVO, photoanodes under AM 1.5 G illumination (100 mW cm™). (a) LSV scans of a 15 minute
electrodeposited electrode measured in borate buffer with (red) and without (black) 5 mM HMF. The dotted line represents the net photocurrent
obtained by subtracting the baseline response in buffer alone. (b) LSV scans of BiVO, electrodes electrodeposited with Ni(OH), for various
deposition times from 5 to 30 minutes, measured in borate buffer with 5 mM HMF. (c) LSV scans in 5 mM HMF measured at different electrolyte
flow rates using a laminar flow cell. (d) LSV responses recorded with varying HMF concentrations in a batch reactor with agitation. Scan rate = 10

mV s,

and the absence of HMF diminishes and the net contribution
from the HMF oxidation (with the borate buffer baseline
subtracted) stabilises at approximately 0.06 mA cm™>. This
consistent interval indicates the sustained and steady
regeneration rate of Ni(OH), via the interfacial chemical
reaction between NiOOH and HMF.

To evaluate the influence of the quantity of Ni(OH),
coating on the photocurrent response, LSV scans were
performed in the 5 mM HMF solution using working
electrodes prepared with varying electrodeposition times.
Since the electrodeposition of Ni(OH), proceeds via an
indirect mechanism, where particle precipitation is induced
by a cathodically driven pH increase, the amount of Ni(OH),
deposited does not follow a direct proportion with the charge
passed during the deposition. Although the exact quantity of
Ni(OH), cannot be accurately determined using Faraday's
law, a general positive correlation between the charge passed
and the Ni(OH), quantity is anticipated. For clarity and more
intuitive demonstration, the amount of deposited Ni(OH), is
thus expressed in terms of deposition duration from 5 to 30
minutes. As shown in Fig. 9b, comparison of electrodes with

deposition times
overall trend of

deposition times.

surface coverage

enhancement remains

of 5, 10, and 15 minutes reveals a clear
increasing photocurrent with extending
This is evidently due to the increased
of Ni(OH),. Notably, the photocurrent
pronounced even following the

This journal is © The Royal Society of Chemistry 2025

depletion of Ni(OH),, indicating that the quantity of the
initial Ni(OH), coating also has an effect on the PEC rate of
the OER. Since the CV analyses (Fig. 6 and 8) demonstrated
that the electrochemically formed NiOOH exhibits limited
intrinsic catalytic activity for OER, the observed current
increase is believed to result from the generation of Ni*" and
Ni®*, driven by the sufficiently positive valence band of
BiVO,. These species are known to facilitate the OER, thus
contributing to the overall photocurrent.

Interestingly, a significant decline in overall photocurrent
is observed when the deposition time reaches 20 minutes.
The reduction in dark current at a high-potential region is
also evident. However, further increases in deposition time
beyond 20 minutes result in only marginal decreases in
current. This phenomenon is most plausibly caused by the
increasing surface coverage of Ni(OH),, which leads to a
blockage of the active sites. In addition, excessive
accumulation of NiOOH may exacerbate the charge
recombination at the BiVO,-NiOOH interface, which is a
known limitation in such heterojunction systems.”® The
calculated charge separation efficiencies (SI Fig. S7) reveal a
clear decrease at 1.0 V vs. RHE for the Ni(OH),-coated
electrode compared to pristine BiVO,, confirming the
intensified interfacial charge recombination effect at the
Ni(OH),-BiVO, junction. Therefore, a 15 minute deposition
time was adopted for all further experiments to ensure an
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Fig. 10 Product analyses following a 48 hour PEC oxidation of 5 mM
HMF using a Ni(OH),-decorated BiVO, photoanode. Error bars indicate
maximum deviations across three trials.

optimal reaction rate. Furthermore, shoulder photocurrents
were generally observed closely prior to the dominant peak
and became increasingly pronounced with increasing
electrodeposition time. This feature is attributed to the
formation of multilayer Ni(OH), particles, where the outer
domains are not in direct contact with the underlying BiVO,.
As a result, the photogenerated holes need to travel a longer
distance before reaching the electroactive Ni** species,
overcoming a greater charge recombination effect. A higher
electric field is therefore required to drive the charge
separation, leading to delayed Ni** oxidation at the outer
layer, manifested as shoulder photocurrents.

Prolonged PEC reactions were carried out on the Ni(OH),-
mediated photoanode system over an extended period of 48
hours. A constant potential of 1.05 V vs. RHE was applied to
ensure sufficient driving force for charge separation while
preventing direct electrochemical oxidation reactions. HMF
conversion and product yields were quantified through HPLC
analysis of aliquots periodically withdrawn from the
electrolyte (Fig. 10). Compared to the trace conversion
observed with a pristine BiVO, photoanode, a clear HMF
conversion was achieved with the Ni(OH),-coated electrode
and increased as the reaction proceeded (SI Fig. S8). DFF
emerged as the primary product in the early stage of the
reaction and was surpassed by FFCA after 24 hours. No
detectable amount of HMFCA was observed throughout the
operation, consistent with the established oxidation pathway.
Although the FDCA yield remained low at 0.23% after 48
hours, the formation of key intermediates, DFF and FFCA,
with respective yields of 3.1% and 5.2% supports the viability
of the proposed Ni-mediated oxidation mechanism. It is
noted that the amount of HMF consumed was 12% more
than the combination of all the quantified products,
suggesting the occurrence of side reactions which produce
molecules that are difficult to analytically detect and identify.
Among the plausible by-products, humin, formed through
polymerisation and condensation, has been frequently
mentioned in the literature as a coexistent outcome of HMF
oxidation.”®®* Upon a total charge of 2.29C passed over the
course of the 48 hour reaction, a total FE of only 67% was
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recorded. While the presence of some Ni species that
remained in their oxidised form at the time of final sampling
as well as the unidentifiable oxidation by-products may
account for the loss of effective FE, the relatively low value
indicates that the OER, either via direct oxidation at the
BiVO,-electrolyte interface or through sequential oxidation
by high-valent Ni species, plays a substantial role in the
anodic PEC reactions. A control experiment without HMF
confirmed that the OER is a substantial competing reaction,
with 1.39C of charge passed under identical operating
conditions. After excluding the first hour, during which
photocurrents were presumably dominated by Ni(OH),
oxidation in both cases, the charge passed without HMF still
accounted for 59% of that with HMF. Although competitive
adsorption between HMF and OH ions prevents a simple
quantitative deconvolution, these results indicate that the
OER accounts for a major part of the observed FE loss.

3.5. Kinetic analysis

To improve process efficiency and provide insight for rational
catalyst design, it is important to gain a detailed
understanding of the reaction kinetics occurring on the
photoanode. In the present system, the overall reaction series
proceeds through a hybrid mechanism involving both photo-
induced solid-state charge transfer and subsequent chemical
oxidation at the electrode-electrolyte interface. As these two
steps happen in a sequential manner, the charge transfer
step (CTS) and the interfacial chemical step (ICS) are
conceptually decoupled to investigate the rate-limiting step
and elucidate the governing kinetic regime.

Three potential rate-limiting factors are identified in the
overall PEC process: the kinetics of the CTS, the kinetics of
the ICS, and the mass transfer associated with the ICS. To
determine the dominant rate-limiting step, controlled
experiments were conducted by systematically varying the
flow rate and substrate concentration. To first assess the role
of convective mass transfer, the flow rate of the HMF-
containing electrolyte was varied in a custom-designed
laminar flow cell while maintaining constant illumination
and substrate concentration. Since the flow cell features
different dimensions, such as the electrolyte chamber
volume, electrode sizes, and interelectrode spacing, the
photocurrents obtained under flow conditions are not
directly comparable to those measured in the batch reactor.
As shown in Fig. 9c, by varying the volumetric flow rate from
static to 20 mL min ', the resulting photocurrent exhibited
minimal variation across the tested range, indicating that
mass transfer from the bulk solution to the electrode surface
is not the rate-limiting factor under these conditions. In fact,
a slight positive shift in the potential required when laminar
flow was induced and a reduction in photocurrent with
increasing flow rate were observed. This is hypothetically due
to the disruption of surface adsorption equilibria between
HMF and NiOOH active sites, which controls the ICS kinetics.
Although further investigation, such as through rotating disk

This journal is © The Royal Society of Chemistry 2025
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electrode or electrochemical impedance spectroscopy, is
needed to validate this hypothesis, it can be reasonably
concluded that the overall reaction rate is limited by the
kinetics of either the CTS or the ICS instead of the mass
transfer from the bulk solution to the electrode surface.

The influence of substrate concentration on the reaction
kinetics was assessed by varying the HMF concentration in
the bulk electrolyte from 5 mM to 100 mM under otherwise
consistent conditions (Fig. 9d). Due to the slow kinetics of
the initial HMF oxidation step, the rest of the consecutive
steps are deemed to be negligible, and the ICS is considered
to be dominated solely by HMF oxidation. Comparing the
photocurrent response when increasing the concentration
from 5 mM to 50 mM, a moderate decrease in photocurrent
was surprisingly depicted in the low-potential region. This
seemingly indicates that higher substrate concentration may
counterintuitively hinder the PEC process. However, an
apparent drop in photocurrent at low potentials is more
likely attributed to the suppression of the OER due to the
competitive adsorption between HMF and OH™ ions at the
photoanode interface. The photocurrent in the high-potential
region, where Ni(OH), is depleted, is a closer representative
of the steady-state kinetics of HMF oxidation, which clearly
exhibited an enhancement with increased HMF
concentration. Similar results were concluded upon further
increasing the substrate concentration to 100 mM. When
analysing the net current induced by HMF (ie., after
subtracting the buffer baseline), the current established in
the high-potential region appears to scale nearly
proportionally with HMF concentration. This trend suggests
that the interfacial HMF oxidation follows pseudo-first-order
kinetics with respect to HMF, in agreement with assumptions
commonly adopted in the literature.'”**** HMF conversions
were monitored over the PEC operations via HPLC at
different initial concentrations, and the resulting linear In(C,/
Co) vs. t plots (SI Fig. S9) further support the pseudo-first-
order behaviour of the reaction. Accordingly, the overall
interfacial reaction rate can be expressed as follows:

7 = k-Bnioon[HMF; (18)
where k is the reaction rate constant of the interfacial
reaction, Onioon is the fractional surface coverage of active
NiOOH sites, and [HMF]; is the surface concentration of
HMTF, which is approximately equal to [HMF],, when the mass
flux to the surface is significantly faster than the rate of
consumption (eqn (19)).

[HMF], = <1 + ki) [HMF], (19)

m
where the mass transfer coefficient, k,, is much greater than
the reaction rate constant (k,, > k). The monotonic
dependence of the reaction rate on substrate concentration
discloses that the kinetics is limited by the ICS. The
photogenerated holes should always be in excess to supply

This journal is © The Royal Society of Chemistry 2025
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the CTS within the tested range of substrate concentration.
Thus, fnioon is considered constant and the rate expression
can be simplified to eqn (20), where k' represents a
rearranged kinetic constant.
r = k'[HMF], (20)
To quantify the kinetic barrier associated with the rate-
limiting ICS, temperature-dependent PEC analyses were
conducted over an operating range from 25 to 55 °C. The
temperature was externally controlled in an electrolyte reservoir
before entering the laminar flow chamber at a constant flow
rate of 5 mL min". To ensure that mass transfer did not
become the ratelimiting step at elevated temperatures,
additional experiments were performed by increasing the flow
rate, which produced no further photocurrent enhancement.
Average current densities were recorded under potentiostatic
conditions after allowing sufficient duration for steady-state
operation, thereby better reflecting the intrinsic kinetics of the
ICS. The monitored current densities can be seen in SI Fig.
$10. A general increasing trend in photocurrent density was
manifested with elevating temperature, suggesting that the
overall reaction rate is thermally active. The steady-state current
densities (j) are directly proportional to the rate of the ICS
according to Faraday's law. As a potential-independent
chemical reaction, the temperature dependence of the ICS can
be described by the Arrhenius equation (eqn (21)). The
logarithm plot is shown in SI Fig. S11.

= nFA-exp (— ;%) [HMF], (21)

From the slope of the Arrhenius plot, an activation energy of
17.2 kJ mol™ was extracted, which corresponds to the energy
barrier for the chemical reaction between NiOOH and HMF at
the photoanode surface. Existing kinetic studies of HMF
oxidation in the literature primarily focus on thermocatalytic
processes involving the use of noble metal catalysts at elevated
temperatures, where activation energies typically range from 29
to 77 kJ mol".%>%® The lower activation energy reported in this
study highlights that the NiOOH-mediated reaction proceeds
with a comparatively modest energy requirement, enabling
HMF oxidation under ambient conditions. However, the
relatively slow kinetics may result from the limited availability
of active sties on NiOOH, which in turn affect chemisorption.**
Further enhancement of the performance of the NiOOH-
mediated system could be achieved by engineering the
electrodeposition process to optimise other structural
properties such as the aggregation array,>* which, along with
particle size and morphology,®” is evident to have an impact on
their catalytic activity for HMF oxidation.

3.6. Long-term stability of the heterostructured photoelectrode

The crystal structure mismatch and density variation
between Ni(OH), and NiOOH are widely considered
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responsible for the instability during electrocatalytic
application,’®®® as the phase transition is usually

accompanied by a volume change that may lead to
structural collapse over time.** The consistent current
density observed in the aforementioned CV and in situ
UV-vis analyses (Fig. 6b) reveals the high stability of the
electrodeposited Ni(OH),/NiOOH couple during cyclic
transformation over 20 CV cycles. To further evaluate its
resistance to chemical dissolution and catalyst poisoning
under continuous PEC operation, the photoanode was
recovered and examined after a 48 hour reaction. The
electrolyte temperature was raised to 55 °C and delivered
through the flow cell at 5 mL min~" in order to accelerate
the reaction kinetics and also assess the mechanical and
thermal stability of the catalyst film. A stable current
density was established after 5 hours of operation and
remained steady throughout the operation. Hence, the
reaction is expected to continue in a comparable rate if
extended for an even longer duration. The total charge
passed reached 6.02C at the time the reaction was actively
ceased after 48 hours.

Post-reaction SEM imaging taken on the recovered
photoanode confirms that the electrode retains excellent
morphological consistency when compared to the pre-
reaction state (SI Fig. S12). The LSV measured in freshly
prepared 5 mM HMF electrolyte shows no substantial
deterioration compared to the LSV collected prior to the
reaction (SI Fig. S13). Instead, a slight negative potential shift
suggests that the very subtle surface reconstruction may, in
fact, be benign to the catalytic performance of NiOOH. In
addition, photocorrosion of BiVO, due to interfacial charge
accumulation during extended operation is a well-recognised
limitation in PEC systems.”® The Ni(OH), coating developed
in this study not only exhibits structural and electrochemical
stability but also mitigates the degradation of the underlying
BiVO, substrate. This highlights the dual functionality of
Ni(OH), as both a redox mediator and a protective layer for
the photoanode, which reduces direct contact with the
electrolyte and helps bypass the accumulation of the
photogenerated holes.”

Building on the observation of this protective effect, a
preliminary PEC experiment was performed by adjusting
the electrolyte pH to 13 through the addition of NaOH to
evaluate the stability of the photoanode under strongly
alkaline conditions, which are widely reported to enhance
the kinetics of HMF oxidation.”>”® The results, shown in
SI Fig. S14 and discussed subsequently, provide early
evidence that the Ni(OH), overlayer offers partial
protection against alkaline etching while also revealing the
challenges associated with BiVO, deactivation and HMF
degradation under strongly alkaline conditions. Future
optimisation of the protective overlayer during the
electrodeposition and the reaction environment could
enable PEC operation under more alkaline conditions,
offering opportunities to improve both reaction kinetics
and product selectivity.
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4. Conclusion

In summary, this study demonstrates the effectiveness of the
electrodeposited Ni(OH), nanoparticles as a solid-state redox
mediator for the PEC oxidation of HMF by forming a
heterostructured photoanode with BiVO,. Ni(OH), is locally
oxidised to NiOOH by the photogenerated holes and
subsequently oxidises HMF and regenerates Ni(OH),. After 48
hours of PEC operation, HMF was successfully converted to
FDCA, albeit with a modest yield (0.23%) and Faradaic
efficiency (67%), with the majority of products comprising
partially oxidised intermediates (8.3%). Kinetic studies
identified that the overall reaction rate is limited by the
interfacial chemical step between NiOOH and the surface-
absorbed HMF, with the apparent activation energy determined
to be only 17.2 k] mol™, notably lower than those typically
reported for thermocatalytic HMF  oxidation. The
heterostructured = photoanode  also stable
performance after extended operation under flow and elevated
temperature conditions, highlighting the dual functionality of
Ni(OH), as both a redox mediator and a protective layer that
mitigates photocorrosion of BiVO,. Notably, a near-neutral pH
was selected to ensure the long-term stability of the BiVO,
photoanode. Owing to the protective functionality of the
Ni(OH), overlayer, future investigations
optimising  operating conditions in
environments, where electrocatalytic FDCA production is well
established, in order to further enhance the product yield and
selectivity. Further performance improvements in the NiOOH-
mediated system could also be achieved by engineering the
electrodeposition process to optimise the particle properties of
Ni(OH),, which is believed to have a significant influence on
the catalytic activity toward HMF oxidation.
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