
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

4:
18

:1
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Adsorption-med
aState Key Laboratory of Solidication Pro

Engineering, Northwestern Polytechnical U

E-mail: wei.gao@nwpu.edu.cn; dan.wen@n
bResearch & Development Institute of N

Shenzhen, Shenzhen, 518057, P. R. China
cChina CAS Key Laboratory of Materials for

Ceramics, Chinese Academy of Sciences, Sha
dKey Laboratory of Carbon Materials of

Wenzhou, 325035, P. R. China
eInterdisciplinary Research Center of Biolo

Northwestern Polytechnical University, Xi'an

† Haoxin Fan and Xiuming Bu contribute

Cite this: Chem. Sci., 2025, 16, 21094

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 24th July 2025
Accepted 8th October 2025

DOI: 10.1039/d5sc05524e

rsc.li/chemical-science

21094 | Chem. Sci., 2025, 16, 21094–
iated efficient glucose
electrooxidation on transition metal aerogels for
biomass upgradation

Haoxin Fan,†ab Xiuming Bu,†c Ziqi Wan,a Shougang Sun,d Hengwei Lou,a

Xuemei Zhou, d Jie Gao, e JiaoJiao Miao,e Jian Zhang, a Wei Gao *ab

and Dan Wen *a

The electrocatalytic glucose oxidation reaction (GOR) to produce high value-added chemicals is facilitating

the selective conversion and efficient utilization of biomass, while the oxidation products and reaction

pathways associated with different transition metals remain insufficiently explored. Herein, the GOR

performance on Co, Ni, and Cu metal aerogels was systematically investigated, exhibiting the activity

order of Ni > Co > Cu for GOR electrocatalysis. Metal oxyhydroxides (M-OOH) from surface

reconstruction of metal aerogels are identified as the actual active species, and the glucose adsorption

strength on M-OOH correlated to the GOR properties for metal aerogels are elucidated. In situ

characterization studies further revealed the interfacial reaction mechanism and reaction pathway on the

Ni aerogel with high activity and formic acid selectivity. Besides, the efficient GOR properties of the Ni

aerogel further promoted stable water electrolysis at high current densities. Thus, this study offers

constructive guidance for designing high-performance GOR electrocatalysts and establishes a feasible

prototype for biomass upgradation.
1 Introduction

Exploiting renewable biomass resources as alternatives to
conventional fossil resources for fuel and chemical production
represents a crucial approach to promote the green and
sustainable development.1–3 Glucose with abundant oxygen-
containing functional groups has been investigated as a prom-
ising substrate for the production of various carboxylic acid
products because of the low cost and high abundance through
the electrocatalytic conversion, which attracted increasing
concerns in recent years for the upgradation of biomass.4,5

Fundamentally, the electrocatalytic glucose oxidation reaction
(GOR) benets from superior thermodynamics, manifesting in
a lower potential of 0.05 V versus the reversible hydrogen elec-
trode (RHE).6 Thus, the cost-effective and environment friendly
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upgradation of glucose through electrocatalysis is also favored
to combine with electrocatalytic water reduction in water elec-
trolysis for producing hydrogen and high-value-added products
simultaneously.7,8 Nevertheless, the glucose oxidation pathway
featuring alcohol/aldehyde functionalities is intricate with C–C
bond cleavage involved,9,10which poses signicant challenges to
comprehend the reacting process and design catalysts for the
oriented generation of oxidation products with competitive
selectivity.

Lately, transition metal (TM)-based (e.g., Co, Ni, and Cu)
catalysts have demonstrated considerable catalytic activity and
product selectivity toward the GOR, as explicated by recent
research.11,12 Specically, engineering nanostructures (e.g., 3D
porous networks and nanowire/nanosheet arrays) to amplify
specic surface area and active site accelerates GOR kinetics.13

For instance, Yu et al.14 fabricated the bimetallic NiFeOx catalysts
supported on three-dimensional Ni foam, exhibiting an excep-
tionally high Faraday efficiency (FE) in the production of glucaric
acid from glucose. Besides, Renneckar et al.15 synthesized W-
doped nickel–iron phosphide (W-NiFeP) nanosheet arrays via
ion exchange and phosphidation processes, which signicantly
improved proton transfer efficiency and the intermediate
adsorption, thereby exhibiting outstanding GOR performance.
While strategies including alloying,16,17 elemental doping,18–20

heterojunction formation,21 and single-atom design22 improve
TM-based catalysts' intrinsic activity, the role of different metals
in governing glucose oxidation pathways and product selectivity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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is poorly dened. Therefore, elucidating the glucose oxidation
performance and catalytic mechanisms across various metals is
imperative to steer the rational design of advanced electro-
catalysts toward efficient glucose upgradation.

Based on the above considerations, herein, Co, Ni, and Cu
metal aerogels with three-dimensional porous structures were
prepared as representative electrocatalysts, and subjected to
systematic investigation to elucidate intrinsic activity differ-
ences in electrocatalytic glucose conversion. Experimental
results demonstrated the order of Ni > Co > Cu for these metal
aerogels in electrocatalytic GOR activity and Faraday efficiency
for producing formic acid. In situ characterization studies and
theoretical calculations indicated that the surface metal oxy-
hydroxide (M-OOH) species derived from corresponding metal
aerogels served as the active species for the electrocatalytic
GOR, and the activity and selectivity relationships of various
metals were established by using the glucose adsorption energy
as the descriptor. In addition, when employing the Ni aerogel
with the best activity and selectivity for the GOR as the anode
catalyst, the glucose oxidation-assisted water electrolysis system
can operate stably for more than 30 hours at industrial-grade
current density. Therefore, this work elucidated the surface
reaction mechanism of the GOR with different transition metal-
based catalysts, which may provide a signicant guidance for
tailored efficient biomass electrocatalysts.

2 Results and discussion
2.1 Structural characterization

Metal aerogels are known for their hierarchical metallic skel-
eton structures, which facilitate efficient mass transportation
and good electrocatalytic properties, enabling their broad
applications in electrocatalysis.23,24 Herein, the three-
dimensional Co, Ni, and Cu metal aerogels are employed as
the representatives to investigate their performance in the GOR.
All metal aerogels were synthesized by an ultrasonic-assisted
reduction method (Fig. 1a). Specically, the metal cations
(Co2+, Ni2+, and Cu2+) were rapidly reduced by NaBH4 under
ultrasonic cavitation (Fig. S1), subsequently metal aerogels were
obtained by supercritical CO2 drying (Fig. S2). According to
weighing and roughly estimating the volume of several samples,
the densities of Co, Ni and Cu aerogels are 0.0191, 0.0179 and
0.0249 g cm−3, respectively. Representative scanning electron
microscope (SEM) images illustrated the porous morphology
and cross-linked nanowire structures for Co, Ni, and Cu aero-
gels, as depicted in Fig. 1b–d and S3.25 In Fig. 1e–g, typical
transmission electron microscope (TEM) images also exhibited
the assembled nanowire morphology, with the average nano-
particle sizes of 15.0 ± 0.3, 27.7 ± 0.3, and 49.9 ± 0.9 nm for Ni,
Co, and Cu aerogels, respectively (Fig. 1h). Furthermore, high-
resolution TEM (HRTEM) (Fig. 1e–g) displayed the lattice
distances of 0.205, 0.203, and 0.209 nm, belonging to the Co
(111), Ni (111), and Cu (111) crystal planes, respectively.
Besides, X-ray diffraction (XRD) patterns (Fig. 1i) veried the
face-centered cubic structures for different aerogels with the
main diffraction peak indexing to the (111) crystal plane, which
was aligned with the HRTEM observations. Meanwhile, the full
© 2025 The Author(s). Published by the Royal Society of Chemistry
width at half maximum (FWHM) of the peaks for Ni and Co
aerogels was signicantly broader that that for the Cu aerogel to
indicate the smaller particle sizes and lower crystallinity, which
matched the TEM characterization well. X-ray photoelectron
spectroscopy (XPS) analysis (Fig. S4) revealed the surface
chemical states of various aerogels, indicating that the observed
metal oxidation states likely result from atmospheric oxidation
of the metal surfaces.26 Compared with the Cu aerogel, the O 1s
characteristic peaks of Co and Ni aerogels are relatively
stronger, suggesting a higher oxygen content. The oxygen
content of the metal aerogels may inuence the formation of
metal oxyhydroxide to affect the GOR activity. The nitrogen
physisorption based on the Brunauer–Emmett–Teller (BET)
method was conducted to assess the specic surface area and
pore characteristics of the metal aerogels (Fig. 1j). The BET
specic surface areas of Co and Ni aerogels were 42.47 and
43.37 m2 g−1, respectively, whereas the Cu aerogel shows the
lower specic surface area of 24.35 m2 g−1 (Table S1). The cor-
responding pore size distribution curves obtained from
nitrogen desorption data (Fig. S5) further conrm the hierar-
chical micro/mesoporous structures for Co, Ni, and Cu aero-
gels.27 The abundant pore architecture enhances substrate
diffusion kinetics by maximizing accessible active sites.
2.2 Evaluation of electrocatalytic GOR performance

To investigate the electrocatalytic performance of different
metal aerogels for the oxygen evolution reaction (OER) and
GOR, the polarization curves without iR compensation (Fig. 2a)
were evaluated in 1.0 M KOH with and without 0.1 M glucose
solution. Since the GOR has lower thermodynamic potential
compared to the OER, the onset potential for the GOR is much
smaller than that for the OER aer adding glucose into alkaline
electrolyte. Observably, Ni and Co aerogels displayed excellent
electrocatalytic GOR performance compared to the Cu aerogel.
Furthermore, the signicant high current density for the GOR
compared to the OER affirmed the easier oxidation of glucose
(Fig. 2b). In specic, the GOR current density of the Ni aerogel
was 260.9 mA cm−2 at a potential of 1.60 V (vs. RHE), which was
much higher than those of Co (147.4 mA cm−2) and Cu (20.1 mA
cm−2) aerogels. The intrinsic reaction kinetics were elucidated
by the Tafel slope of the GOR (Fig. 2c). The smaller Tafel slope of
the Ni aerogel (90.5 mV dec−1) compared with Cu (199.7 mV
dec−1) and Co (180.5 mV dec−1) conrmed the faster glucose
oxidation kinetics of the Ni aerogel.28 Furthermore, the charge
transfer kinetics of the GOR was evaluated by tting the
electrochemical impedance spectroscopy (EIS) results with an
equivalent circuit, as the Nyquist plots given in Fig. 2d and
tting results shown in Table S2. Compared to the Cu aerogel
with a charge transfer resistance (Rct) of 35.80 U, the lower Rct

values of 2.63 and 3.31 U for Ni and Co aerogels, respectively,
revealed their faster charge transfer properties. The electro-
chemically active surface area (ECSA) of the catalyst is linearly
proportional to the double-layer charging capacitance (Cdl),
which can be evaluated through cyclic voltammetry measure-
ment. The double layer capacitance values of Co, Ni, and Cu
aerogels were 1.19, 1.30, and 1.14 mF cm−2, respectively
Chem. Sci., 2025, 16, 21094–21103 | 21095
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Fig. 1 (a) Schematic illustration of the synthesis of Co, Ni, and Cu aerogels. (b–d) SEM images of (b) Co, (c) Ni, and (d) Cu aerogels, respectively.
(e–g) TEM and HRTEM images of (e) Co, (f) Ni, and (g) Cu aerogels, respectively, and (h) the corresponding particle size comparison diagram. (i)
XRD patterns and (j) nitrogen physisorption isotherms for various metal aerogels.
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(Fig. S6).29 The polarization curves normalized to ECSA are
shown in Fig. 2e, where the higher normalized GOR current
density of the Ni aerogel than those of Co and Cu aerogels
further suggested the greater GOR intrinsic activity.

In addition, the long-term stability of various aerogels was
estimated through the chronopotentiometry method (Fig. S7).
Compared to Co and Cu aerogels, Ni aerogels also displayed
21096 | Chem. Sci., 2025, 16, 21094–21103
long-term stability at a current density of 50 mA cm−2. The
electrocatalytic glucose oxidation properties of different aero-
gels were also evaluated at the same potential (Fig. 2f). Aer
injecting 0.1 M glucose solution, the current density of the Ni
aerogel at 1.5 V (vs. RHE) reached 170.5 mA cm−2, while those of
Co and Cu aerogels were 105.8 and 38.7 mA cm−2, respectively.
The effect of glucose concentration on the GOR properties was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Electrocatalytic glucose oxidation performance in 1.0 M KOH with 0.1 M glucose for various metal aerogels. (a) Polarization curves of the OER
andGOR, (b) the comparison of current densitywith error bars at a potential of 1.6 V (vs.RHE). (c) Tafel plots, (d) Nyquist plots, (e) GOR activity of different
metal aerogels normalized by ECSA, (f) the chronoamperometry at 1.5 V (vs. RHE), (g) glucose conversion, Faraday efficiency and yield of formic acid, (h)
the comparison of GOR potential of the Ni aerogel with previously reported catalysts at a current density of 100 mA cm−2.
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further investigated utilizing the Ni aerogel (Fig. S8a). The GOR
current density of the Ni aerogel increased linearly for the
glucose concentrations ranging from 0 to 50 mM, and then
tended to a maximum value with increasing glucose concen-
tration (Fig. S8b). To further analyze the GOR products of
different aerogels, the i–t test was performed in 1.0 M KOH
containing 10 mM glucose in combination with high-
performance liquid chromatography (HPLC) monitoring
(Fig. S9). Among various products, formic acid was the main
product of the GOR with higher yield (Fig. S10). As derived from
the HPLC results, the Ni aerogel exhibited a glucose conversion
of 94.9%, a Faraday efficiency (FE) of 90.0% and a formic acid
yield of 83.5%, respectively (Fig. 2g). In contrast, Co and Cu
aerogels showed lower glucose conversion (41.6% and 39.4%),
FE (87.0% and 47.4%) and formic acid yield (20.9% and 9.57%),
respectively. The GOR performance of different aerogels is
revealed in Fig. S11 and Table S3. Therefore, the Ni aerogel
exhibited the better GOR properties and formic acid selectivity
than Co and Cu aerogels, showing the GOR catalytic activity
order of Ni > Co > Cu. In addition, the Ni aerogel also exhibits
higher GOR performance compared with the previously re-
ported catalysts, indicating its signicant potential to produce
high value-added products (Fig. 2h and Table S4).
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.3 Identication of the GOR mechanism on various
aerogels

To identify the active species on the surface of metal aerogels,
the catalysts aer the GOR were analyzed by Raman spectros-
copy (Fig. S12). According to previous reports, the sharp peaks
at 457 and 657 cm−1 for the Co aerogel were attributed to the A1g

(stretching vibration) and Eg (bending vibration) modes of Co–
O, while the vibrational bands around 608 and 508 cm−1 were
typically associated with amorphous CoOOH.30,31 Similarly, the
Raman peaks at 450 and 523 cm−1 for the Ni aerogel could be
ascribed to the sharp bands of Ni–O, while the peaks at 476 and
553 cm−1 are corresponded to the Eg and A1g vibrational modes
of Ni3+–O in NiOOH.32,33 Furthermore, the Raman peaks at 450
and 550 cm−1 for the Cu aerogel can also be assigned to the Eg

and A1g vibrational modes of CuOOH.34 These observations
suggested that metal oxyhydroxide (M-OOH) formed on the
aerogel surfaces may serve as the active species for the oxidation
of glucose (Fig. 3a). To investigate the glucose adsorption ability
on different aerogel surfaces, electrochemical glucose stripping
measurements were performed (Fig. S13).35 The oxidation
charge of glucose (Glu) was used to quantitatively determine the
adsorbed amount of glucose. The results (Fig. 3b) showed that
Chem. Sci., 2025, 16, 21094–21103 | 21097
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Fig. 3 (a) Proposed mechanism of the electrochemical GOR over the different aerogels. (b) Values of the oxidation charges (QGlu) for adsorbed
glucose on different metal aerogels. (c) Adsorption energy of glucose on CoOOH, NiOOH and CuOOH. (d) Bader charge analysis on CoOOH,
NiOOH andCuOOH. (e) Corresponding electron localization function evaluations. (f) Crystal orbital Hamilton populations (COHPs) of glucose on
CoOOH, NiOOH and CuOOH. (g) GOR diagram within the anode of the inner Helmholtz layer.
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the charge (Q) values for Co and Ni aerogels (3.47 and 1.66C
cm−2, respectively) are much higher than that (0.16C cm−2) for
the Cu aerogel, indicating the better glucose adsorption ability
for Co and Ni aerogels.

Density functional theory (DFT) calculations were also
employed to compare the glucose adsorption abilities of
CoOOH, NiOOH, and CuOOH.36,37 The optimized stable models
for glucose adsorption on various MOOH are shown in Fig. S14.
The adsorption energies for CoOOH and NiOOH towards
glucose were −0.84 and −0.81 eV, respectively, while that for
CuOOH was only −0.48 eV (Fig. 3c). This result was consistent
with the glucose stripping measurements to illustrate the
stronger adsorption of glucose on the surface of Ni and Co
aerogels. Furthermore, the differential charge diagram (Fig. 3d)
clearly depicted the electronic redistribution at the interface
between glucose and metal oxyhydroxides. Evidently, glucose
on CoOOH and NiOOH surfaces undergo signicant charge
transfer from glucose to the MOOH surface, while insignicant
charge transfer on CuOOH occurs at the aldehyde group of
glucose. Additionally, the local electronic function (Fig. 3e)
indicated that the strong interaction between NiOOH and
glucose facilitates the efficient cleavage of the C–C bonds in
glucose. The bonding between the different metal oxyhydro-
xides and glucose was further analyzed through crystal orbital
21098 | Chem. Sci., 2025, 16, 21094–21103
Hamilton population (COHP) plots (Fig. 3f).38 Theoretical
calculations showed that the -ICOHP value for NiOOH-Glu
(1.16) was higher than that for CoOOH-Glu (1.04) and
CuOOH-Glu (0.14), indicating a stronger bond energy between
NiOOH and glucose. A volcano plot was constructed based on
the glucose adsorption energy and catalytic activity (Fig. S15).
Obviously, the GOR activity of different metals follows the
Sabatier principle. Therefore, the metal oxyhydroxides formed
on the surfaces of Co, Ni, and Cu serve as the catalytically active
species for glucose oxidation (Fig. 3g). The stronger glucose
adsorption ability of CoOOH leads to catalyst poisoning during
glucose oxidation, resulting in the partial blocking of surface
sites with higher activity. Compared with the Ni aerogel, the
strong adsorption and weak desorption of intermediates on the
surface of the Co aerogel resulted in the rapid decay of oxidation
current during the reaction (Fig. S16), leading to the lower
selectivity toward formic acid. In contrast, CuOOH with the
weak glucose adsorption ability displays poor catalytic activity
and product selectivity. Therefore, NiOOH with moderate
glucose adsorption ability and excellent catalytic activity is
benecial for the efficient cleavage of the C–C bond in glucose
and the generation of formic acid.

Since the Ni aerogel outperforms Co and Cu aerogels in
GOR activity due to the moderate adsorption of glucose on its
© 2025 The Author(s). Published by the Royal Society of Chemistry
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surface, operando EIS was employed to probe the electro-
chemical evolution of the electrode interface during the GOR
(Fig. 4a–c).39 Typically, the high-frequency region (101–104 Hz)
in the Bode plots is predominantly indexed to the self-
oxidation of the catalysts, whereas the low-frequency region
(10−2–101 Hz) is corresponded to the oxidation resistance at
the electrode/electrolyte interface.40 The surface electro-
oxidation of the catalyst in the high-frequency region was
visibly apparent at low potentials in Fig. 4a. Elevating the
potential to 1.50 V (vs. RHE) led to the emergence of a transi-
tion peak in the low-frequency region of the Bode plot, and the
progressively decreasing phase angle served as an indicator of
OER activity. Following the introduction of 0.1 M glucose, no
obvious transition peak was observed in the low-frequency
region (Fig. 4b) to suggest the preferential occurrence for the
GOR.41 With increasing applied potential, the phase angle peak
decreased and shied to the higher frequencies, demon-
strating accelerated interfacial charge transfer through rapid
oxidation of glucose molecules. When the potential surpassed
1.50 V (vs. RHE), the phase angle peak subtly shied towards
lower frequencies, indicating interfacial competition between
OER and GOR processes. Furthermore, the relevant equivalent
circuit diagram of the EIS data and corresponding tting
parameters are shown in Tables S5, S6 and Fig. S17.42 As
derived in Fig. 4c, the signicant lower value of interfacial
resistance for the GOR at low potential compared to that for the
OER demonstrated the faster GOR kinetics for the Ni aerogel
(Fig. S18). In particular, the Rct value of the GOR at 1.45 V (vs.
RHE) was 111 times lower than that of the OER for the Ni
aerogel, conrming superior charge transfer efficiency and
accelerated reaction kinetics in the GOR (Fig. 4c).
Fig. 4 (a and b) Bode phase plots of operando EIS on the Ni aerogel in
sponding resistance of electrode interface reaction (Rct). (d and e) In situ
range from OCP to 1.50 V vs. RHE, and (f) the corresponding isotherma

© 2025 The Author(s). Published by the Royal Society of Chemistry
Additionally, surface dynamic reconstruction of the Ni aer-
ogel was probed by in situ Raman spectroscopy during the OER
and GOR processes (Fig. 4d–f).43 In Fig. 4d, the vibrational band
observed at 489 cm−1 under the open circuit potential (OCP)
was assigned to the NiII– O bond, whereas the 798 cm−1 feature
originated from asymmetric stretching vibration of O–Ni–O
bridges.44 In contrast, two emerging peaks at 476 and 553 cm−1

were observed during the GOR when the potential reaches
1.35 V (vs. RHE) (Fig. 4e), attributed to the bending (d) and
stretching (n) vibrations of the NiIII–O bond.45 We speculate that
the presence of glucose may accelerate the dehydrogenation
process and induce the generation of high-valent metal active
sites, thereby enhancing GOR performance. Furthermore, the
corresponding isothermal plots (Fig. 4f) provided a clear visu-
alization of the structure evolution process. The potential-
dependent behavior of the NiOOH peak showed a distinct
maximum in intensity, corresponding to the electrochemical
interconversion process between NiOOH and Ni(OH)2. The
multi-step potential curve was measured to investigate the
glucose oxidation mechanism of the Ni aerogel.46 The Ni aerogel
was initially pre-oxidized at 1.40 V vs. RHE in 1.0 M KOH to
accumulate high-valent Ni3+ species. When the potential rea-
ches OCP, the negative current (yellow line) was observed
(Fig. S19) to reveal the reduction of Ni3+–O into Ni2+–OH. This
discrepancy with the in situ Raman results may be attributed to
the CV pre-activation of the Ni aerogel during the electro-
chemical test, which can be conrmed by the electrochemical
test results and Raman spectra (Fig. S20). Aer injecting 0.1 M
glucose into the electrolyte, the reduction current (red line)
gradually decreased and then turned to the OCP state. However,
when the GOR (blue line) occurs directly, the reduction current
1.0 M KOH (a) without and (b) with 0.1 M glucose, and (c) the corre-
Raman spectra (d) without and (e) with 0.1 M glucose in the potential

l plots for the OER and GOR.
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signal was negligible. Therefore, it is reasonable to speculate
the mechanism of the GOR on the Ni aerogel follows the proton
coupled electron transfer mechanism. The electrochemical
process begins with substrate adsorption at relatively lower
potential, followed by potential-dependent activation: (i)
Ni(OH)2 / NiOOH transformation, (ii) NiOOH-mediated
glucose oxidation to formic acid, and (iii) competitive OER
driven by higher potential.

To reveal the reaction pathway of glucose oxidation to formic
acid catalyzed by the Ni aerogel, the key intermediates during
the GOR were investigated by operando attenuated total reec-
tion surface enhanced infrared spectroscopy (ATR-SEIRAS)
(Fig. 5a).47 The appearance of vibrational bands near
1383 cm−1 was assigned to carboxyl group formation, demon-
strating pronounced potential-induced intensication during
electrochemical operation. In addition, gas chromatography
(GC) results also veried the replacement of the OER by the GOR
and eliminated CO2 (Fig. S21). The *OH absorption peak near
3300 cm−1 was also enhanced with the increase of the potential
(Fig. 5b), suggesting that glucose oxidation was closely related
to OH− at the catalytic interface.48 Furthermore, Fig. S22
displays the alkaline concentration-dependent glucose oxida-
tion performance. The Ni aerogel generated superior current
densities in the electrolyte of 1.0 M KOH relative to 0.1 M KOH
aer introducing 0.1 M glucose. Thus, the principal pathway for
glucose oxidation involves the adsorption of both glucose and
hydroxyl groups at the electrode interface, followed by sequen-
tial dehydrogenation and C–C bond cleavage reactions leading
to formic acid.

To quantitatively assess the GOR product, the FE of formic
acid by the Ni aerogel at different potentials was evaluated by
Fig. 5 (a) In situ ATR-FTIR spectra of the Ni aerogel collected at poten
corresponding intensities of *OH and *COOH signals at different GOR po
(d) corresponding ratios of glucose and formic acid signal at different tim

21100 | Chem. Sci., 2025, 16, 21094–21103
HLPC (Fig. S23). The FE of formic acid for the Ni aerogel in the
potential range of 1.35 to 1.55 V was 99.1%, 98.2%, 94.6%,
86.7%, and 80.1%, respectively. The decrease in FE of formic
acid with increasing potentials may be attributed to the
competitive OER at higher potentials. Quantitative analysis of
formic acid product by the Ni aerogel with different time
periods was obtained by collecting solutions at 1.45 V vs. RHE
(Fig. 5c and Table S7). The signal of glucose decreased gradually
and that of formic acid increased signicantly with longer
reaction times, suggesting the changes in relative concentra-
tions of glucose and formic acid, as shown in Fig. 5d. In addi-
tion, ve consecutive cycles of i–t tests were employed to assess
the stability of the Ni aerogel for formic acid production, and
the glucose conversion rate was retained at 95.4% aer ve
cycles (Fig. 5e). Besides, the Ni aerogel still retained good
catalytic activity and stability aer replacing the fresh electro-
lyte several times during the 100-hour test (Fig. S24). The Ni
aerogel aer the GOR was collected and characterized via TEM
(Fig. S25a). Compared to the initial morphology, the three-
dimensional structure of the Ni aerogel aer the GOR
remained intact, and FTIR characterization conrmed the main
adsorption of glucose on the surface (Fig. S25b).49 The post-GOR
XRD characterization (Fig. S26) conrmed the partial formation
of NiOOH species on the Ni aerogel, corroborating the obser-
vations from in situ Raman spectroscopy. Simultaneously, XPS
analysis (Fig. S27) demonstrated a weaker Ni0 satellite peak for
the Ni aerogel aer the i–t test and a stronger Ni2+ satellite peak
that was negatively shied by 0.5 eV, indicating the surface
reconstruction of the Ni aerogel during the GOR. Therefore,
above electrochemical analyses explained the good activity,
high selectivity toward formic acid, and robust stability of the Ni
tials ranging from 1.0 to 1.6 V vs. RHE with a step of 100 mV, and (b)
tentials. (c) HPLC chromatograms of the electrolyte at 1.45 V (vs. RHE),
es, and (e) cycling stability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic diagram of the glucose oxidation coupled water electrolysis system. (b) Polarization curves of the GOR-assisted AEMWE, (c)
corresponding cell voltages at various current densities with (red bars) and without (blue bars) 0.1 M glucose, and (d) chronopotentiometry test in
which the electrolyte was changed every hour.
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aerogel as the anodic electrocatalyst for the electrocatalytic
conversion of glucose into formic acid.
2.4 Upgradation of glucose in the water electrolysis system

Given the outstanding GOR performance of the Ni aerogel, we
developed an efficient electrochemical system for glucose
upgradation. The anion exchange membrane water electrolyzer
(AEMWE) was assembled by employing the Ni aerogel as the
anode and commercial Pt/C as the cathode, respectively, to
realize the GOR-assisted water splitting at room temperature
(Fig. 6a).50 When replacing the OER with the GOR as the anodic
reaction, the cell voltage required to achieve the ideal current
density was signicantly reduced (Fig. 6b). Remarkably, the
AEMWE device with 0.1 M glucose in 1.0 M KOH solution only
demands voltages of 1.34, 1.52, 1.61, and 1.98 V, to supply the
current densities of 10, 50, 100, and 500 mA cm−2, respectively,
which are lower than those of 1.37, 1.71, 1.79, and 2.16 V for the
overall water splitting (Fig. 6c). In addition, by replacing the
fresh electrolyte every hour, the activity of the GOR-assisted
electrolysis system still remained about 91.8% aer 30 cycles
of operation at a current density of about 300 mA cm−2 (Fig. 6d).
The used Ni aerogel was characterized by TEM, as presented in
Fig. S28. It was observed that the Ni aerogel underwent surface
reconstruction, forming a large amount of hydroxide layer and
NiOOH active species. The cathode and anode products
collected in a short time were determined by GC and HPLC
(Fig. S29), and the FE of hydrogen and formic acid was 99.8%
and 90.8%, respectively. Notably, the Ni aerogel also demon-
strated remarkable universality, enabling electrocatalytic
oxidation of other small organic molecules such as methanol,
ethylene glycol, glycerol, fructose, sucrose, and maltose
(Fig. S30). In general, we disclosed the GOR mechanism
© 2025 The Author(s). Published by the Royal Society of Chemistry
through various metal aerogels, veried the Ni aerogel as the
efficient and stable electrocatalyst for biomass oxidation,
enabled simultaneous energy-efficient hydrogen evolution and
high value-added chemical production.
3 Conclusions

In this study, we uncovered the difference in electrocatalytic
oxidation of glucose for various metal (Co, Ni, and Cu) aero-
gels and comprehended the catalytic mechanism through
experimental and theoretical analyses. Electrochemical tests
showed that the glucose oxidation performance and faradaic
efficiency for formic acid production follow the trend Ni > Co >
Cu. Theoretical calculations conrmed that the glucose
adsorption strength as the reactivity descriptor on the metal
oxyhydroxide catalytic sites for metal aerogels follows the
Sabatier principle, while the Ni aerogel with surface NiOOH
species demonstrated moderate glucose adsorption energy,
resulting in excellent glucose catalytic activity and formic acid
selectivity. Furthermore, in situ characterization reveals the
dynamic active sites and the proton-coupled electron transfer
mechanism during the GOR catalyzed by the Ni aerogel.
Building on these ndings, we efficiently realized the upgra-
dation of glucose into formic acid by constructing a glucose
oxidation-coupled water electrolysis system utilizing Ni aero-
gel anodes, achieving continuous production of hydrogen and
formic acid at near-industrial current densities. Overall, this
work elucidates comprehensive insights into the GOR catalytic
mechanism and demonstrates a rational framework for
developing transition metal-based catalysts for biomass
conversion, offering signicant potential for high-value
biomass applications.
Chem. Sci., 2025, 16, 21094–21103 | 21101
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