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The simultaneous realization of biomass conversion and clean energy hydrogen (Hz) production remains a
desirable but challenging objective. Herein, we present a strategy that simultaneously enables anodic electro-
catalytic xylose oxidation (EXO) coupling with the cathodic hydrogen evolution reaction (HER). In the EXO
process, the hierarchical microcolumn NiMoOy array exhibits excellent performance, achieving 200 and 231 mV
reduction of overpotential compared to the oxygen evolution reaction at 10 and 50 mA cm ™2, respectively, and
an overpotential of 130 mV lower than that of Ni foam at 50 mA cm~2. The mechanism studies reveal that the
OH* are effective active species to facilitate the EXO process. For HER, the P-doped NiMoO4 (P-NiMoO4) elec-
trode exhibits remarkable HER performance, achieving 64 and 197 mV overpotential at 10 and 50 mAecm 2,
respectively. These are far superior to most of the previous studies. The P-NiMoO4 electrode maintains high
durability over 110 h across various current densities. The incorporation of P modifies the electronic environ-
ment of NiMoO4, enhancing the adsorption of H* , and thereby improving HER activity. In the assembled system,
the paired reactions have low voltages of 0.81 and 1.53 V at 10 and 50 mA cm ™2, respectively, a high Faradaic
efficiency of 80 %, and decent durability over 100 h. This work offers a guideline for the sustainable synthesis of
value-added chemicals and clean Hy via paired electrocatalytic biomass refining.

1. Introduction

Exploring clean and sustainable energy alternatives to fossil re-
sources has been recognized as an effective strategy for mitigating the
energy crisis [1-3]. Hydrogen (Hj) has received much attention as a
clean and renewable energy source with sustainable and carbon-neutral
potential recently [4,5]. Electrocatalytic water splitting (EWS) tech-
nology powered by renewable green electricity is an economical and
eco-friendly approach for Hy production [6-9]. However, the inherent
thermodynamic energy barriers (>1.23 V vs. reversible hydrogen elec-
trode, RHE) for the anodic oxygen evolution reaction (OER) severely
hinder the practical application. Moreover, the sluggish kinetics of 0—=0
bond formation in OER leads to the need for high overpotentials to
match the rate of the hydrogen evolution reaction (HER) [10-12]. Thus,
from the point of view of reducing energy consumption and improving

economic efficiency, finding a more favorable alternative for OER at the
anode is essential.

Over the last decades, an attractive system has been proposed with
small molecules (e.g., hydrazine [13-15]. alcohols [16,17], urea
[18-20], biomass platform molecules [21]), which are used as sacrificial
agents for electrochemical oxidation to replace the anodic OER, and
which reduces the anodic reaction potential. Among these systems, the
biomass electrooxidation coupling HER system, which can convert
biomass into valuable chemicals while efficiently producing Hy from
water splitting, represents the most eco-friendly and promising tech-
nology [21]. Monomers from lignocellulosic biomass, such as xylose,
arabinose, fructose, and glucose, can be oxidatively converted to a va-
riety of value-added chemicals [22]. Recently, Wu and co-workers re-
ported the oxidative conversion of glucose to high value-added gluconic
acid using a high entropy hydroxide FeCoNiCu-LDHs catalyst, together
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with a high glucose conversion of ~100 % and glucaric acid yield of
> 90 % [23]. Tang and co-workers developed an efficient electro-
catalytic glucose-to-formic acid (FA) coupled Hy production system.
Among them, the yield of glucose to FA was as high as 62.5 % [21].
Clearly, the selectivity for the conversion of monosaccharide to FA and
the kinetics of the reaction still need to be further improved. Encouraged
by the above facts, replacing the OER with a monosaccharide oxidation
reaction such as electrocatalytic xylose oxidation (EXO) is a promising
strategy to generate more valuable organic acids at the anode while
producing energy-saving Ho at the cathode. This strategy offers a
win-win with biomass conversion being coupled with energy
production.

Xylose is a five-carbon saccharide with one a-OH and multiple pri-
mary alcohols, which is highly reactive and conceivably promises faster
kinetic electrooxidation. Nevertheless, the challenge lies in the complex
electron transfer process, which renders the anode biomass oxidation
reaction rate-limiting and demands highly active catalysts. In addition,
the breakage of the carbon chain of xylose leads to a wide variety of
products, so it is a big challenge to precisely regulate the selectivity of
the products. In recent years, researchers have been focusing on the
development of highly efficient non-precious metal electrocatalysts
[24-26], among which NiMo-based oxides are considered promising
and scalable candidates due to their abundant catalytic sites, high sur-
face area and easy synthesis methods. In particular, the binding of MoO3
to three-dimensional transition metals plays a crucial role in modifying
the hydrolytic dissociation and Hy adsorption capacity [27]. The in situ
generation of metal hydroxides/oxyhydroxides could modulate the
adsorption energy of the substrate [28], thus reducing the reaction en-
ergy barrier to promote EXO. Additionally, heteroatom doping can
adjust the electronic structure of the host material and rearrange the
valence electrons, to optimize the adsorption energy of the H interme-
diate, effectively improving the HER performance of polymetallic
compounds without changing chemical composition [29].

Herein, we have successfully constructed the robust EXO coupling Hy
production system using the electrodes which self-grown hierarchical
microcolumn NiMoO4 (NiMoO4/NF) and P-NiMoO4 on nickel foam (P-
NiMoO4/NF), respectively. In EXO, the pre-synthesized hierarchical
microcolumn NiMoO4/NF electrode shows exceptional catalytic per-
formance to generate the value-added FA using 0.1 M xylose and the
current density of 10 and 50 mA cm 2 can be reached with only 1.33 and
1.39 Vgyg, respectively. The overpotential is 130 mV lower than that of
NF at 50 mA cm 2. In HER, the P-NiMoO,4/NF electrode with the
introduction of heteroatomic P can efficiently and robustly catalyze HER
with a low overpotential of 64 and 197 mV (@10 and 50 mA cm’z),
which are far superior to most previous studies. Particularly, the abun-
dant porous structure over hierarchical microcolumn NiMoO4 array
endowed the catalysts with abundant active sites and enhanced mass
diffusion kinetics. Mechanism studies demonstrated that the OH* and
H* , as essential and effective active substances, promoted EXO and
HER, respectively. The two-electrode system assembled by NiMoO4/NF
and P-NiMoO4/NF electrodes for coupling EXO and HER only requires
low cell voltage of 0.81 and 1.53 V to drive the current density of 10 and
50 mA cm ™2, respectively, which are 760 and 450 mV lower than that
required for traditional overall EWS. High-value product FA and green
Hpy can be generated synchronously and stably over 100 h. This work
provides a promising strategy to achieve valuable biomass refining
coupled-clean H; generation.

2. Experimental section
2.1. Chemical and materials

The following analytical-grade reagents were sourced from National
Reagent Company for this investigation: nickel foam (NF), hydrochloric

acid (HCI), ethanol (C;HsOH), acetone (CH3COCHS3), nickel nitrate
hexahydrate (Ni(NO3)2-6 H20), ammonium molybdate tetrahydrate
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((NH4)gMo07024-4 H50), sodium hypophosphite monohydrate (NaHs.
PO,-H30), and potassium hydroxide (KOH). Commercially available
RuO; and carbon-supported Pt catalyst (Pt/C, 20 wt% metal loading)
were procured from Sigma-Aldrich. All chemical solutions were
formulated using deionized (DI) water (18.2 MQ-cm resistivity) without
further treatment. Notably, all materials were employed in their as-
received condition without undergoing additional purification
processes.

2.2. Preparation of NiMoO4-nH,0 precursor

Firstly, the NiMoO4-nH50 precursor grown on nickel foam was pre-
pared by hydrothermal method. The commercial NF was subjected to
sequential ultrasonication with acetone, ethanol, HCI solution (2.0 M),
and deionized water, each for 30 min. A piece of cleaned NF (1.0 *1.0
crnz) was immersed in the mixture solution (60.0 mL) containing Ni
(NO3)2:6 Ho0 (1.5 mmol) and (NH4)gMo07024:4 H,O (1.5 mmol). Sub-
sequently, the autoclave containing the above mixture was heated in an
oven at a temperature of 150 °C for 6 h. Following the rinse with
deionized water, the NiMoO4-nH»0 precursor was obtained for subse-
quent experiments.

2.3. Preparation of NiMoO4/NF and P-NiMoO4/NF electrode

The obtained NiMoO4-nH30 precursor was treated at 300 °C for 2 h
with a heating rate of 2 °C min~! under Ar atmosphere to get the
NiMoO4/NF electrode. After adding NaH;PO,-H30 as the P source at the
same annealing temperature, the P-NiMoO4/NF electrode can be ob-
tained. Further specifics and dosage of the chemical reagents employed
in this study are compiled within the Supporting Information. The
characterization techniques, electrochemical properties measurements
and product quantification are described in Supporting Information.

2.4. Physical characterization

The crystalline structures of NiMoO4 and P-NiMoO4 were charac-
terized using X-ray diffraction (XRD, UltimalV, RIGAKU) with Cu Ka
radiation. Measurements were performed at 40 kV accelerating voltage
and 40 mA tube current, employing a scanning speed of 2° min~! over
the 26 range of 10-60°. X-ray photoelectron spectroscopy (XPS) was
performed using a Thermo Scientific K-Ala spectrometer equipped with
monochromatic Al Ka X-ray source (40 eV pass energy) to characterize
the valence states of Ni, Mo, O, and P elements. Hydroxyl radical gen-
eration was analyzed using an electron paramagnetic resonance (EPR,
Burker A300) spectrometer with 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as a spin-trapping agent. To ensure sample integrity, all EPR
characterizations were performed under inert argon atmosphere at
ambient temperature. The electrolysis was performed in an H-cell at
1.6 V vs. RHE, and electrolyte samples were taken at 5 min for spec-
troscopic analysis. The microstructural characteristics and crystallo-
graphic features of the sample were analyzed through transmission
electron microscope (TEM) and high-resolution transmission electron
microscope (HRTEM) imaging using an FEI Talos F200x system operated
at 200 kV acceleration voltage, which enabled detailed examination of
lattice arrangements and interfacial structures. The HRTEM point res-
olution was 0.2 nm. The surface structural morphology of the catalyst
was examined through scanning electron microscopy (SEM, Zeiss Sigma
500) operating at 15 kV with a spatial resolution of 0.8 nm. Elemental
distribution analysis was conducted via energy-dispersive X-ray (EDX)
spectroscopy using the integrated detector of the Zeiss Sigma 500 de-
tector at 15 kV beam energy.

2.5. Electrochemical measurement

The Autolab M204 electrochemical workstation and a standard
three-electrode system, comprising a working electrode, Hg|HgO
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reference electrode and platinum wire counter electrode. The electrolyte
consisted of 10.0 mL Ar-saturated alkaline solution containing 1.0 M
KOH and 0.1 M xylose. Electrochemical potentials were referenced to
the reversible hydrogen electrode (RHE) through the following potential
conversion equation: Egyg = E® (Hg|HgO) + 0.0591 x pH + 0.098. The
linear sweep voltammetry (LSV) program was conducted with a
5 mV s! sweep rate across the 0.9-1.7 Vpyp potential window. To
investigate the kinetic behavior of electrode processes, electrochemical
impedance spectroscopy (EIS) measurements were performed under
open-circuit conditions in the frequency range from 10~ to 10° Hz. The
electrochemical surface area (ECSA) was determined through cyclic
voltammetry (CV) measurements performed across scan rates ranging
from 10 to 50 mV s~ . The electrochemical durability of the P-NiMoO,/
NF electrode was evaluated through chronoamperometry (CA) in a
10.0 mL homogeneous mixture containing 1.0 M KOH and 0.1 M xylose
under the stirring rate of 600 rpm.

The turnover frequency (TOF) is determined according to the
following formula:

where j represents the current density under varying overpotentials (mA
cm2), while A denotes the geometric surface area of the working elec-
trode (cm?). The variable n corresponds to the number of electrons
participating in the charge transfer process, F signifies the Faraday
constant (96,485 C mol™), and m quantifies the molar amount of elec-
troactive species in the catalytic system (mol).

2.6. Product quantification

To investigate the substrates and reaction products generated in the
EXO process, 100 pL aliquots were periodically collected from the ho-
mogenized electrolyte mixture using CA. These samples were subse-
quently adjusted with 0.5 M sulfuric acid and brought to a final volume
of 1.0 mL through dilution. To analyze the substrates and products
during the EXO process, 100 pL aliquots were periodically collected
from the homogenized electrolyte mixture by CA. These samples were
subsequently adjusted with 0.5 M HySO4 and brought to a final volume
of 1.0 mL through dilution. The qualitative and quantitative assessments
were conducted by HPLC (Shimadzu Prominence SIL-20A) incorpo-
rating three key components: a SIL-20A autosampler, a Sepax Carbomix
H-NP sugar analytical column, and a UV-differential detection unit. For
chromatographic separation, the eluent consisted of 2.5 mM H2SO4 so-
lution maintained at a steady flow rate of 0.6 mL min! throughout the
analysis. The liquid specimens underwent filtration utilizing a hydro-
philic 0.22 mm porous membrane before analytical procedures. An
automated sample introduction system transferred the processed solu-
tions to the thermostated column compartment maintained at 55 °C.
Detection parameters were optimized with a fixed wavelength setting
(220 nm) on the UV differential detector during the analytical runs. The
conversion (Conv;j) of xylose and the selectivity (S;) of oxidation prod-
ucts were calculated by the following equations:

Co—GC;

Conv; = ( > x 100%

C;
S !

= 100%
Co—CiX 00%

where C; and Cy represents the instant and initial concentrations of
xylose, and C; represents the amount of xylose consumed corresponding
to the products produced, respectively. Concentration values were uni-
formly expressed in mmol L~ ! units (mM).

The following equation calculated the total Faradaic efficiency (FE)
of EXO:
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_ Nproduct X Cproduct x VxF

FE
Qtotal

x 100%

where nproquct Was the number of electron transfers for each product
formation; Cproduct Was the concentration of the product (mM); V was the
volume of the electrolyte; F was Faraday constant (96485 C mol’l);
Qiotal Was the total charge (C) passed during the electrochemical
reaction.

3. Results and discussion
3.1. Material synthesis and characterizations

Firstly, NiMoO4-nH20 precursor self-grown on NF was synthesized
by hydrothermal method, subsequently, the hierarchical microcolumn
NiMoO4 and P-doping NiMoO,4 arrays were obtained by high-
temperature annealing and phosphating of NiMoO4-nHs0 precursor in
Ar, atmosphere, respectively (Figure S1). As prepared NiMoO4/NF and
P-NiMoOjy4/NF electrodes were used for the oxidation of xylose monomer
at the anode and efficient Hy production at the cathode, respectively
(Fig. 1a), which offered a win-win methodology with biomass-derived
monomers upgrading paired with Ho generation. After the synthesis of
these catalysts, various advanced tools were utilized to study their
physical properties. The morphology evolution of catalysts was tracked
by SEM. It was determined that the NiMoO4 microcolumn array self-
grown on NF after hydrothermal treatment (Figure S2). Thereafter,
the hierarchical microcolumn NiMoOj, array with a rich porous structure
was obtained by annealing (Fig. 1b). This porous hierarchical micro-
column structure greatly increased the specific surface area of the ma-
terial, which facilitated the exposure of active sites and the mass transfer
with substrates and products on the catalyst surface, thus improving the
catalytic performance.

Furthermore, the P-NiMoO4 also exhibited microcolumn array
morphology with a rough surface (Fig. 1c). Figure S3 showed the elec-
tronic photographs of each step in the synthesis of NiMoO,4/NF and P-
NiMoOy4/NF electrodes. The microstructure of NiMoO4 and P-NiMoO4
catalysts was further investigated by TEM, showing microcolumn
morphology (Figs. 1d and 1e), consistent with the finding of SEM im-
ages. Furthermore, the internal structure was then analyzed by HRTEM
(Figs. 1f and 1g). As evidenced by the detected lattice fringe with planar
spacing of 0.618 nm in high crystallinity regions of both NiMoO4 and P-
NiMoOy catalysts were 0.618 nm corresponding to the (110) plane of
NiMoO4 well, verifying the crystalline phases of NiMoO4 and the
phosphating process did not create new phases. In addition, the uniform
distribution of Ni, Mo, O and P in the P-NiMoO4 microcolumn was
confirmed by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) coupled with EDX spectroscopy
images (Figure S4). XRD patterns were then utilized to analyze the
crystal structure of the as-prepared NiMoO4-nH0 precursor, NiMoO4
and P-NiMoO, catalysts. As shown in Fig. 1h and Figure S5, the
diffraction peaks in NiMoO4-nH,0 and NiMoOy catalysts correspond to
NiMoO4-nH20 (PDF: 13-0128) and NiMoO4 (PDF: 86-0361), respec-
tively, indicating that the water of crystallization was removed after
annealing [30]. In particular, the absence of discernible diffraction
peaks associated with P-based crystalline structures was noted (Fig. 1h),
indicating that the P was doped into NiMoO4 without forming a new
phase.

To determine the surface chemical state, XPS tests were executed.
The peaks of Ni 2p, Mo 3d, O 1s and P 2p could be identified in the
survey spectrum of NiMoOy4 (Figure S6a). The distinct peak of P 2p at
134.8 eV was only observed in P-NiMoO,4 with an atomic content of
9.8 %, confirming the successful incorporation of P atoms (Figure S6b
and Table S1). The introduced P concentration was not sufficient to
cause obvious lattice distortion or phase transition. This was also the
reason why no obvious peak position shift or new peak appearance is
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Fig. 1. Morphology characterization of NiMoO4/NF and P-NiMoO4/NF. (a) Schematic illustration of the paired EXO and HER system, SEM images of (b) NiMoO4,NF
and (c) P-NiMoOy4/NF, TEM of (d) NiMoO4 and (e) P-NiMoO4, HRTEM analysis of (f) NiMoO4 and (g) P-NiMoOy, (h) XRD patterns of NiMoO4 and P-NiMoOy, high

solution XPS of (i) Ni 2p and (j) Mo 3d.

observed in XRD. The Ni 2p XPS spectra of P-NiMoOy4 (Fig. 1i) displayed
that the characteristic peaks located at 855.1 and 872.7 eV belong to the
Ni 2p 3/2 and Ni 2p 1/2 of Ni%*, respectively. Notably, the binding
energy of Ni 2p in P-NiMoOy shifted positively about 0.92 eV, which was
attributed to the fact that P was more electronegative than Ni, resulting
in a lower electron concentration around the center of Ni after P doping.
For Mo 3d spectra, the two peaks of NiMoO4 at 231.9 and 235.1 eV could
be well indexed to Mo®* (Fig. 1j) [31,32]. The peaks of Mo in Mo 3d XPS
of P-NiMoOy, could be deconvoluted into two components of Mo°* and
Mo®" with the peaks of Mo 3ds,, at 229.6 and 231.6 eV, respectively.
The peaks of Mo®" could be attributed to the reduction of a part of Mo5*
due to the doping of P atoms, the electron-rich Mo®" had stronger
nucleophilic properties, favoring the reduction reaction. In terms of O 1s

(Figure S6c¢), the post-phosphating peaks significantly shifted towards
higher binding energies [30]. The deconvoluted XPS spectrum demon-
strated a dominant spectral component centered at 531.2 eV, corre-
sponding to oxygen vacancy sites. This binding energy shift arises from
the formation of PO3" with more negative charges than MoOZ [33],
which was balanced by the formation of Oy, supporting the formation of
low-valence Mo (Mo®*), and endowing the adsorption of xylose or water
molecule in the electrocatalytic process.

3.2. Performance in EXO

The electrocatalytic properties of NiMoO4/NF electrode were
compared for EXO in 1.0 M KOH with and without 0.1 M xylose using
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the LSV in a three-electrode system (Figure S7). Remarkably, once
xylose was added to the electrolyte, the overpotential was significantly
reduced, which showed the more favorable catalytic reaction thermo-
dynamics of EXO than OER (Figs. 2a and 2b). The EXO performance of
NiMoOy4/NF electrode was then examined using different xylose con-
centrations (Figure S8). When the xylose concentration increased from
0.05 to 0.15 M, it was found that 0.1 M displayed the highest current
density. However, when the xylose concentration increased from 0.1 to
0.15 M, the current density decreased, possibly due to the excessive
xylose preventing the renewal of the active site on the catalyst surface.
Fig. 2¢ further reflected the preference of EXO over OER of NiMoO4/NF
electrode. When the reaction system was operated at a constant poten-
tial, a sudden injection of xylose into the electrolyte resulted in a dra-
matic increase in the reaction current, indicating that NiMoO4/NF
electrode had a rapid and sensitive kinetic response to EXO. As shown in
Fig. 2d, NiMoO4/NF electrode showed the minimum overpotential and
the steepest current response for EXO compared to NF and P-NiMoO4/
NF electrode at the same concentration of xylose. Notably, the over-
potential of NiMoO4/NF electrode was 130 mV lower than that of NF at
50 mA cm ™2, which strongly confirmed the high activity of NiMoO,
catalyst against EXO. Intriguingly, the catalytic activity exceeded that of
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the commercial RuOy (Figure S9). Accordingly, the calculated Tafel
slopes (Fig. 2€) of 32.0 mV-dec™! for NiMoO,/NF electrode was lower
than that of NF (63.4 mV-dec™!) and P-NiMoO4/NF (38.3 mV-dec™)
electrode, implying the better-advanced EXO kinetics [11,34]. This ki-
netic advantage was partly due to the strong adsorption capacity of
xylose on NiMoO4/NF electrode. To obtain the charge transfer capacity
of the electrode-electrolyte interface, the prepared electrodes were then
analyzed by EIS test (Fig. 2f and Figure S10). The charge transfer
resistance (Rqy) of NiMoO4/NF electrode was ~13.7 Q during the EXO
process, which was much smaller than that of NF (~30.8 Q) and
NiMoO4/NF (~21.1 Q) electrode, confirming the stronger charge
transfer properties [35].

The ECSA was obtained using CV to probe the capacitance of the
double layer (Cqp) in a 1.0 M KOH electrolyte within 0.1 M xylose
(Fig. 2g and Figure S11). The Cg value of NiMoO4/NF electrode (188.5
mF cm’z) was larger than that of the NF (53.1 mF cm’z) and P-NiMoOy4/
NF (131.5 mF cm %) electrode, which indicated that NiMoO4/NF elec-
trode has a much higher active surface area and more favorable surface
adsorption kinetics for EXO. The original LSV current densities were
normalized by ECSA (Figure S12), demonstrating that NiMoO4/NF
electrode maintained superior EXO activity compared to reference NF
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Fig. 2. Evaluation of the electrocatalytic EXO performance for NiMoO4/NF electrode. (a) LSV curves of NiMoO,4/NF electrode in 1.0 M KOH without and with 0.1 M
xylose, (b) Corresponding potentials at different current densities of NiMoO,4/NF electrode for EXO, (c) Chronoamperometry curve of NiMoO4/NF electrode in 1.0 M
KOH, (d) LSV curves, (e) Tafel slope, (f) Nyquist plots and (g) Cq of NiMoO4/NF, P-NiMoO4/NF and NF electrodes in 1.0 M KOH with 0.1 M xylose, (h) The
concentration curve of FA and xylose with time on NiMoOy4/NF electrode, (i) Selectivity and FE of FA on NiMoO,4/NF electrode at different potentials.
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and P-NiMoO4/NF electrode. The liquid products of EXO were analyzed
by high performance liquid chromatography (HPLC). All reaction
products were accurately quantified by the standard curve method
(Figure S13 and S14). As shown in Fig. 2h, FA was slowly generated
along with the consumption of xylose. The potential-dependent FA
selectivity and FE showed a volcano trend and were best at 1.6 Vgyg
(Fig. 2i), reaching 82.7 % and 80.5 %, respectively. This is due to the
fact that low potentials are not sufficient to drive the EXO, whereas too
high potential leads to a more violent competition of HER. It is worth
noting that, by combining the results of HPLC and nuclear magnetic
resonance (NMR), it can be seen that in addition to the main product FA,
the presence of by-products glyceraldehyde, lactic acid, and oxalic acid
with low content was also detected (Figure S15). Combined with the
above data and previous works [36,37], a possible reaction path for the
electrooxidation of xylose to FA was reasonably speculated (Figure S16).
Typically, xylose underwent isomerization to form its isomeride, which
was subsequently converted to oxalic acid and glyceraldehyde via a
retroaldol reaction, further oxidizing to FA. To verify the
above-predicted reaction path, electrochemical tests were carried out
with the possible intermediates as the starting substrate under the same
reaction conditions. It can be seen from the obtained LSV curve
(Figure S17) that the possible products exhibited a greater oxidation
potential compared to xylose. Additionally, the results of product
analysis (Table S2) indicated that EXO could finally obtain FA through
the speculated pathway on the NiMoO4/NF electrode. It is noted that
under the action of the strong oxidizing OH* , the a-hydroxyl group of
lactic acid can be oxidized to a ketone group, followed by the cleavage of
the C-C bond and further oxidation decarboxylation to form oxalic acid,
which can eventually also be converted into FA.

To further investigate the active species of NiMoO4/NF electrode in
the catalytic process of EXO, operando EPR experiment was performed
using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a trapping agent of
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hydroxyl radicals (Fig. 3a). The representative quadruple peaks of the
DMPO-OH adduct were detected after holding the potential at 1.6 Vrug
for 5 min, signifying the presence of active OH* intermediates [21].
Noticeably, the addition of xylose resulted in a significant enhancement
of EPR signaling, confirming OH* as a surface-active substance that
promoted EXO [38,39]. In addition, the presence of OH* promoting
EXO was further verified by a rotating ring electrode (RRDE) test
(Figs. 3b and 3c). There was no ring current when no disk current was
applied. While the ring current was 5 pA at a disk current of 200 pA
under 0.1 M xylose conditions (EXO), which was lower than the 30 pA
under the absence of xylose, implying that the OER process was largely
inhibited and more OH* was used to participated the kinetics EXO
process, thus confirming the high FE toward EXO [40-42].

The Bode and Nyquist plots of OER and EXO driven by NiMoO,4/NF
electrodes were obtained from operando EIS (Figure S18). In Bode plots,
it was easy to notice that the EXO response peaks were shifted to a higher
frequency compared to the OER response peaks (Figs. 3d and 3e), which
may be caused by the interaction of OH* easily adsorbed to the NiMoO4/
NF electrode surface [35], consistent with the EPR and RRDE results.
Furthermore, multi-potential step experiments were performed in three
stages (Fig. 3f). First, active species of transition metal hydroxide were
generated when a potential of 1.6 Vgyyg was applied. Then 0.1 M xylose
was injected in the open-circuit potential state, and finally, the potential
was set to 1.2 Vg to analyze the potential chemical interactions be-
tween the metal actives and xylose. The findings indicated that the
current response values remained virtually unchanged following the
xylose addition. This suggested that both the activation of the
metal-active substance and the oxidation of xylose were
non-spontaneous. The production of OH* was concurrent with the
oxidation of the active species, which further worked for the oxidation of
xylose.
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3.3. Performance in HER

The activity of HER was further tested in the above three-electrode
system. As displayed in Fig. 4a, the P-NiMoO4/NF electrode demon-
strated a lower overpotential, needing only 64 mV for 10 mAecm ™2 and
197 mV for 50 oncm’z, which was lower than NF (298 and 517 mV)
and NiMoOy4/NF (148 and 258 mV) electrode. This suggests that the
HER activity of P-NiMoO/NF was improved by P doping, which was
likely due to the fact that P doping adjusted the electronic structure (XPS
demonstrated the appearance of Mo®* after P doping), and the low
valence species facilitated the formation of nucleophilic H, which
affected the adsorption of HER intermediates (H*) [43,44]. This HER
activity was also comparable to that of the state-of-the-art Pt/C and was
only 3 mV higher at 10 mA ecm~2(Figure $19, Supporting Information).
The corresponding Tafel slope of P-NiMoO4/NF electrode
(33.5 mVodec’l) was lower than that of NiMoO4/NF electrode
(39.9 mVedec™) (Figs. 4b and 4c), which suggested that the P doping
was conducive to speeding up HER kinetics [45], this may be related to
the fact that the P-doped hierarchical microcolumn structure could
expose more active sites and promote the desorption of bubbles. In short,
the NiMoOy4/NF electrode possessed largely enhanced activity and
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reaction kinetics compared to the bare NF and NiMoO4/NF electrode, as
well as most of the reported HER catalysts (Fig. 4d and Table S3).

The interfacial charge transfer capacity of the as-prepared P-
NiMoO4/NF electrode was further analyzed by EIS. As shown in Fig. 4e,
P-NiMoO4/NF electrode had the lowest Ret, demonstrating its optimum
charge transfer for HER [11,46,47]. This could be due to the strong
electronic interaction that promoted electron transfer after P doping
[31]. Furthermore, the ECSA was evaluated by the Cq value obtained at
different scan rates of CV curves (Figure S20). The P-NiMoO4/NF elec-
trode exhibited a Cq; value of 75.1 mF cm ™2, much larger than that of NF
(43.2 mF cm ™) and NiMoOy4/NF (52.6 mF em2) electrode (Fig. 4f),
implying that the unique hierarchical microcolumn array with porous
structure together with P doping increased the effective active sites. The
intrinsic activity of normalization by ECSA of P-NiMoO4/NF electrode
was also higher than the NF and NiMoOy4/NF electrode, further indi-
cating the P doping improved HER performance of P-NiMoO4/NF
(Figure S21). Additionally, the intrinsic catalytic activities of different
catalysts also could be evaluated by turnover frequency (TOF). By
calculation, it was found that the P-NiMoO4/NF electrode had higher
TOF values (0.39 s~ ! at an overpotential of 50 mV, and 0.93 s ! at an
overpotential of 100 mV) than that of the NiMoO4/NF electrode
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(0.09 s7! at an overpotential of 50 mV, and 0.20 s~ at an overpotential
of 100 mV), indicating that the P-NiMoO4/NF electrode indeed
possessed higher intrinsic catalytic activity than the NiMoO4/NF elec-
trode (Figure S22). Promisingly, the electrocatalytic activity of
P-NiMoO4/NF electrode remained nearly unchanged after at least 100 h
(Fig. 4g). The inset displayed that the polarization curve after 3000
cycles showed no significant decay compared to the initial HER activity,
demonstrating its high durability. Moreover, chronopotentiometry tests
revealed that the potentials remained nearly constant for up to 110 h at
multiple consecutive current densities ranging from 10 to 100 mA cm ™2
(Fig. 4h), further suggesting high durability.

3.4. Paired system

Inspired by the excellent performance displayed by NiMoO,4/NF and
P-NiMoOy4/NF electrodes in EXO and HER, respectively, we paired these
two discrete reactions to configure a coupled EXO||HER reaction sys-
tem, aiming to concurrently achieve efficient xylose oxidation and Hy
production (Fig. 5a). LSV test results indicated a substantial enhance-
ment in the synchronous reaction performance of the constructed EXO||
HER system when compared to the conventional electrocatalytic water
splitting, i.e., the OER||HER system (Fig. 5b). At a cell voltage of 0.81
and 1.53 V, the EXO||HER system reached a current density of 10 and
50 mA cm 2, respectively, which represented a significant reduction of
760 and 450 mV in the required input voltage compared to the OER||
HER system (1.57 and1.98 V). This conclusively supported the feasi-
bility of employing EXO in place of OER to facilitate highly efficient HER
at the cathode [48]. The coupling performance also surpassed that of the
most reported studies (Table S4). Concurrently, EXO application on the
anode enabled the transformation of xylose into FA, a high-value
chemical product. Within the EXO||HER system, prolonged
constant-potential electrolysis reactions were conducted at a voltage of
1.6 V, with the anolyte being refreshed every 20 h as a run (Fig. 5¢). It
was observable that the trend of current density variation for each re-
action run was essentially consistent, reflecting the high durability.
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Moreover, upon each renewal of the anolyte, a pronounced increase in
the current level back to the initial value was noted. This phenomenon
indicated that the decrease in current density was attributed to the
significant reduction in xylose concentration, demonstrating the high
efficiency of the catalyst in the oxidation of xylose.

Throughout five continuous runs, the conversion of xylose remained
essentially stable, maintaining nearly 80 % (Fig. 5d). Concurrently, the
FE of FA as a product consistently reached up to 80 %, demonstrating
the high efficiency and stability of the NiMoO4/NF electrode in the
anodic EXO within the coupled system. Simultaneously, the Hy pro-
duced by HER at the cathode was collected utilizing drainage
(Figure S23). The results showed that the experimental yield of Hy was
in good agreement with the theoretical results (Fig. 5e). Moreover, FE
was more than 93 % throughout the five runs (Fig. 5f). This fact likewise
confirmed the high efficiency and durability of the P-NiMoO,4/NF elec-
trode in the cathodic HER within the coupled system. SEM, XRD and XPS
analyses demonstrated that the spent electrodes retained in nature with
the preservation of their microcolumn feature and no obvious changes of
chemical composition after EXO and HER tests (Figure S24, S25 and
526), further confirming its excellent robustness. Overall, the con-
struction of a coupled reaction system leveraging the superior capabil-
ities of NiMoO4/NF and P-NiMoOy4/NF electrodes was of significant
importance for the simultaneous oxidation of biomass and Hj
production.

4. Conclusions

In summary, we have successfully constructed the paired system
efficient for electrocatalytic conversion of biomass monomer xylose into
fine chemical FA and green Hy production. The NiMoO4/NF and P-
NiMoOy4/NF electrodes with hierarchical microcolumn structures were
successfully prepared through the hydrothermal tandem and then
annealing methods. The as-prepared NiMoO4/NF electrode exhibited
excellent EXO performance in the alkaline electrolyte, with 200 and
230 mV reduction of the overpotential at 10 and 50 mA cm 2
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respectively, compared to the OER. While the P-NiMoO,4/NF electrode
manifested a gratifying electrocatalytic activity and durability for
alkaline HER with a low overpotential of 64 and 197 mV for 10 and
50 mAecm 2, respectively, and maintaining high durability over 110 h
across various current densities. These are far superior to most previ-
ously reported catalysts. The mechanism studies confirmed that
OH* and H* intermediates are effective active species in promoting EXO
and HER, respectively. By pairing the EXO with HER, the full cell voltage
to reach 10 and 50 mA cm 2 dramatically reduces to 0.81 and 1.53 V,
respectively, for the sustainable synthesis of valuable FA and green Hy
maintaining over 100 h. The coupling performance surpassed that of the
most previously reported studies. This study provides a promising
strategy for biomass refining and green H; generation.
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