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Zihui Ning, Huan Wen* and Shibin Yin *

Efficient electrooxidation of 5-hydroxymethylfurfural (HMF) is essential for the production of valuable

chemicals from biomass. However, the sluggish interfacial proton transfer kinetics during the reaction

significantly hinder its progress. This study proposes that the introduction of Brønsted bases on cobalt-

based catalysts can enhance HMF oxidation by modulating interfacial proton transfer kinetics. Density

functional theory calculations, in situ spectroscopy, and experimental results demonstrate that

phosphate (Pi) groups on the cobalt surface shorten the distance between the proton donor and

acceptor, effectively promoting interfacial proton transfer during the dehydrogenation of HMF.

Consequently, the Pi-functionalized catalyst shows a 6.5-fold increase in current density compared with

the unmodified cobalt catalyst and achieves near 100% selectivity for 2,5-furandicarboxylic acid, attaining

a current density of 1000 mA cm−2 at 1.41 VRHE for efficient HMFOR. This work provides insights into

designing efficient catalysts for industrial applications through surface site functionalization.
Introduction

Electrocatalytic reneries offer a promising alternative to
traditional fossil fuel-based reneries, enabling the conversion
of biomass feedstocks into valuable fuels and chemicals.1–3 5-
Hydroxymethylfurfural electrooxidation reaction (HMFOR) is
a green route to produce high-value biomass-derived chemicals
and has garnered signicant attention.4,5 The development of
efficient nonprecious metal catalysts is crucial for increasing
catalytic efficiency.6–15 Cobalt-based catalysts have attracted
considerable attention owing to their favorable onset potential,
but their limited electron–proton transfer capacity hinders
reaction rates and product selectivity for the electrooxidation of
5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid
(FDCA).16 To address these limitations, strategically modifying
the properties of cobalt-based materials and elucidating their
catalytic mechanisms are essential.

HMFOR occurs at the catalyst surface or interface through
a dehydrogenation process involving the activation and break of
C–H/O–H bonds and associated electron–proton transfer
processes.17–19 Specically, the catalyst (acting as a proton
acceptor) facilitates proton transfer from the reactant molecules
(proton donor) to the product side via the transition state, with
associated electron transfer stabilizing the process,20 as illus-
trated in Fig. 1a. Owing to the signicant kinetic disparity in
transport between electrons and protons, electron transfer is
nergy Materials, School of Chemistry and
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generally faster than proton transfer, making the latter the rate-
determining step (RDS).18,19 Consequently, understanding and
optimizing the interfacial proton transfer kinetics is crucial for
developing highly efficient HMFOR catalysts.

The kinetic core of the proton transfer process fundamen-
tally depends on the overlap of the vibrational wave functions of
the proton donor and acceptor, which is a quantummechanical
phenomenon that controls the probability of proton
tunneling.21,22 The increase in the binding strength between the
proton donor and acceptor leads to a shortness of the distance,
which signicantly increases the wave function overlap and
enhances the proton tunneling effect, thereby reducing the
proton transfer energy barrier and promoting the break of the
chemical bond.22 According to Brønsted–Lowry acid–base
theory, a Brønsted base can act as an effective proton acceptor
by combining with proton to form conjugate acid, which is
a process governed by its pKa value.23 Among various Brønsted
base groups, the phosphate (PO4

3−, denoted as Pi) group, with
its high pKa value,24,25 is particularly attractive for promoting
rapid proton transfer kinetics during HMFOR processes.

Inspired by this idea, this work proposes a strategy to regu-
late the interfacial proton transfer kinetics over cobalt nano-
wires through Brønsted base (Pi) functionalization (Fig. 1b).
Density functional theory (DFT) simulations and experimental
approaches conrm that the functionalized Pi group provides
additional equivalent hydrogen sites that act as effective
carriers for proton transfer, shortening the distance between
the proton donor (HMF) and acceptor (Pi-Co) and increasing the
overlap of their proton vibration wave functions. This facilitates
proton transfer from the reaction molecules to the catalyst
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic diagram of hydrogen proton transfer at the catalyst interface. The red and cyan curves represent the proton potential and
proton wave function (shaded curve) in the ground state of the reactant and product, respectively, which are functions of proton coordinates; (b)
schematic diagram of the proton coordination and proton transfer energy barriers between the proton donor (HMF) and the acceptors (Co and
Pi-Co).
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surface, reducing the energy barrier for the dehydrogenation of
the RDS and thereby improving the kinetics and selectivity of
HMFOR. Consequently, the Pi-functionalized catalyst shows
a 6.5-fold increase in current density compared with the
unmodied cobalt catalyst and achieves near 100% selectivity
for FDCA, attaining a current density of 1000 mA cm−2 at 1.41
VRHE for efficient HMFOR.
Results and discussion

As shown schematically in Fig. 2a, a Co nanowire precursor is
grown on nickel foam (NF) through a simple hydrothermal
treatment (Fig. 2b). Subsequently, it undergoes phosphating
treatment and cyclic voltammetry activation to obtain catalysts
functionalized with Pi groups. The obtained catalyst with a Pi
content of 2.77 mmol% is determined by ion chromatography
(Fig. 2c and S1). The Co sample is prepared for comparison.
Scanning electron microscopy (SEM) images show that both the
Co and Pi-Co samples exhibit nanowire morphologies (Fig. S2).
X-ray diffraction (XRD) patterns indicate that the composition
of Pi-Co is similar to that of metallic Co (PDF #05-0727; #15-
0806) (Fig. 2d), suggesting that the structure of metallic Co is
well preserved, even aer phosphating treatment. Furthermore,
transmission electron microscopy (TEM) reveals an amorphous
region with a thickness of 2–4 nm on the nanowire surface
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Fig. 2e), which may be attributed to the introduction of Pi
groups. The lattice fringes with interplanar spacings of
0.204 nm and 0.217 nm are indexed to the (111) and (100)
planes of metallic Co (Fig. 2e and f), respectively. Energy-
dispersive X-ray mapping images demonstrate the presence of
Co, P, and O in the catalyst (Fig. S3).

X-ray photoelectron spectroscopy (XPS) is performed to study
the chemical properties of the samples.26 The XPS survey spec-
trum conrms the presence of Co, P, and O in Pi-Co (Fig. S4).
The Co 2p spectra are deconvoluted into two peaks corre-
sponding to Co0 (778.0/793.4 eV) and Co2+ (781.1/796.5 eV)
(Fig. 2g), respectively, and the oxidation state is attributed to the
inevitable surface oxidation.10,27 Compared with that of the Co
sample, the intensity of the Co0 peak is lower because of the
introduction of Pi groups on the Co surfaces. The appearance of
a P 2p3/2 peak (133.6 eV) and a P 2p1/2 peak (134.4 eV) in the P 2p
spectra corresponds to PO4

3− (Fig. S5a).28 Notably, the PO4
3−

ligand has a strong coordination effect and can form P–O–M
bonds with metal sites, which is conrmed by the P–O–Co
linkage (531.2 eV) of O 1s spectra (Fig. S5b) and the P–O–Co
vibrations (1055 cm−1) of Fourier transform infrared spectros-
copy (FTIR) (Fig. S6).29,30 Furthermore, the chemical composi-
tion of the catalyst at different depths is examined via XPS in
conjunction with Ar+ sputtering. Fig. 2h–j shows that the peak
intensity of Co0 in the Co 2p spectra notably increases with an
Chem. Sci., 2025, 16, 15666–15675 | 15667
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Fig. 2 (a) Schematic illustration of the synthetic route of the Pi-Co catalyst; (b) SEM image of the Co precursor nanowire; (c) ion chromatography
for different concentrations of PO4

3− and Pi-Co catalyst; (d) XRD patterns of the Pi-Co and Co catalysts; (e and f) TEM and HRTEM images of Pi-
Co catalyst; (g) Co 2p XPS spectra of Pi-Co and Co catalysts; XPS depth profile for (h) Co 2p, (i) P 2p and (j) O 1s of Pi-Co catalyst.
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Ar+ sputtering depth of 5 nm. Conversely, the peak intensities of
PO4

3− and P–O–Co linkages in the P 2p and O 1s spectra almost
disappear. By combining the above results, it can be inferred
that the Pi groups are successfully functionalized on the Co
nanowires surface.

The electrocatalytic study of HMFOR is then performed in
a three-electrode electrolyzer with 1.0 M KOH/50 mM HMF.
Compared with the Pi-Co and Co samples, the contribution of
bare NF to the electrocatalytic activity is negligible and will not
be discussed later (Fig. 3a). Pi-Co catalyst only needs a small
potential of 1.08/1.16/1.41 VRHE to reach a current density of 10/
100/1000 mA cm−2, respectively, which is signicantly lower
than that of the Co sample (1.17/1.36/1.65 VRHE) and competi-
tive with the reported catalysts (Fig. 3b and Table S1).31–38

Notably, the current density of Pi-Co is 6.5 times that of Co
catalyst at 1.40 VRHE (Fig. 3c), conrming that the
15668 | Chem. Sci., 2025, 16, 15666–15675
functionalization of Pi is benecial for HMFOR. Additionally,
the HMFOR LSV curves are normalized by the electrochemical
surface area (ECSA), which is determined by the double-layer
capacitance (Cdl) method, and the results indicate the better
intrinsic activity of Pi-Co than that of Co sample (Fig. S7).

During the electrooxidation process of HMF, the OER
emerges as the primary competitive reaction. Therefore,
a comparative analysis of the HMFOR and OER processes is
conducted. Fig. S8 shows that the addition of 50 mM HMF
results in a substantially lower onset potential and a higher
current density compared to 1.0 M KOH, demonstrating that
the oxidation of HMF is dominant, while OER occurs at more
positive potentials than 1.45 VRHE. Subsequently, the HMF
conversion tests are conducted in the potential of 1.25 to 1.45
VRHE over the Pi-Co catalyst. The results indicate that 1.35 VRHE

is appropriate for electrooxidizing HMF to FDCA since it
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) HMFOR LSV curves of Pi-Co and Co catalysts; (b) comparison performance with reported catalysts; (c) performance of Pi-Co and Co
catalysts at 1.40 VRHE; (d) HMF conversion rates of Pi-Co and Co catalysts at 1.35 VRHE for 3600 s; (e) concentration changes of reaction
molecules at different charges; (f) in situ ATR-FTIR spectra of Pi-Co catalyst at different potentials; (g) schematic diagram of the AEM-based
electrolyzer and (h) the corresponding LSV curves at different temperatures.
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simultaneously achieves high FDCA selectivity, formation rate,
and energy conservation (Fig. S9 and S10). Aer electrolysis for
3600 s, the Pi-Co sample exhibits greater FDCA selectivity,
faradaic efficiency (FE), and formation rate (98.8%, 98.5%, and
0.0274 mmol s−1) than Co sample (16.1%, 50.3% and 0.00387
mmol s−1) (Fig. 3d and S11). This suggests that the introduction
of Pi leads to a signicant improvement in the reaction rate and
FDCA selectivity. The electrolyte could be acidied to generate
a precipitate and isolate FDCA (Fig. S12), allowing for effective
product separation. Additionally, Pi-Co exhibits good conver-
sion rates, product selectivity, and FE for furfuryl alcohol (FFA)
and furfural (FF) (Fig. S13), respectively, demonstrating its
potential application prospects in biomass oxidation.

To elucidate the underlying reaction mechanisms, the
pathways on a Pi-Co catalyst are investigated (Fig. S14 and S15).
Fig. 3e and S16 illustrate that the concentration of HMFCA is
consistently greater than that of 2,5-diformylfuran (DFF)
throughout the electrolysis process, suggesting that the oxida-
tion of HMF on the Pi-Co catalyst predominantly follows the
HMFCA pathway. To verify this distinction, in situ attenuated
total reectance FTIR (ATR-FTIR) spectroscopy is employed to
identify the reaction intermediates (Fig. 3f).39 As the potential
© 2025 The Author(s). Published by the Royal Society of Chemistry
increases, the intensities of the bands at 1460, 1507, and
1558 cm−1 gradually decrease, whereas the intensities of the
bands at 1358, 1544, 1627, and 1734 cm−1 increase signicantly.
This trend demonstrates the consumption of HMF and the
simultaneous generation of 5-hydroxymethyl-2-furan carboxylic
acid (HMFCA) and FDCA, conrming that the HMFOR is carried
out through the HMFCA pathway.

To investigate the practical application of the Pi-Co catalyst,
an anion exchange membrane (AEM)-based electrolyzer is
assembled for the oxidation of HMF (Fig. 3g and S17). In this
setup, Pi-Co and NF are employed as the anode and cathode
respectively. For an electrolyzer with an active area of 1 cm2 (1×
1), the onset potential for the overall water splitting is measured
at 1.50 V in a 1.0 M KOH solution at 30 °C. Aer adding 50 mM
HMF, current densities of 500 and 1000mA cm−2 are attained at
potentials of 1.53 and 1.79 V (Fig. S18), respectively. Notably,
when the temperature is elevated to 80 °C, the 1 cm2 device
achieves a remarkable current density of 2000 mA cm−2 at
a potential of only 1.72 V (Fig. 3h). Additionally, the system
operates stably for 70 h at a current density of 200 mA cm−2

while maintaining high FDCA selectivity (>90%) (Fig. S19),
showing promising industrial application potential.
Chem. Sci., 2025, 16, 15666–15675 | 15669
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Fig. 4 (a and b) Link between the potential of Pi-Co and Co catalysts and the KIE value; (c and d) LSV curves of Pi-Co and Co catalysts in solutions
with different concentrations of K2CO3 (pH = 13.46), the inset is the correlation between logjjj and log[K2CO3]; (e and f) proton inventory
experiments of Pi-Co and Co catalysts: the correlation between jn/j0 and n; (g) initial (IS), transition (TS), and final state (FS) optimized config-
urations of hydrogen proton transfer from HMF to Pi-Co and Co surfaces and (h) the corresponding energy changes.
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To gain insight into the structural evolution of catalysts, in
situ Raman spectroscopy is performed at different potentials.
Fig S20 reveals that both Pi-Co and Co catalysts exhibit a Co3+–O
peak at 503 cm−1 within the potential range of 1.05–1.45
VRHE,40,41 indicating the formation of CoOOH during the
HMFOR. The structural integrity of the Pi-Co catalyst aer HMF
conversion tests is also investigated (Fig. S21). SEM images
show that the nanowire structure is well preserved, and its
surface becomes rough (Fig. S22). XPS characterization in
conjunction with Ar+ sputtering indicate that the Co0 peak on
the surface of the Pi-Co catalyst disappears, and a new Co3+ peak
emerges,42,43 while the P–O peak remains prominent. When the
sputtering depth reaches 5 nm, the Co0 peak reappears, and the
P–O peak almost vanishes (Fig. S23). These results indicate that
the metallic Co on the surface undergoes reconstruction, while
the Pi component remains basically stable in the surface, and
the internal metallic Co still exists in the catalyst.

Then, to verify the effects of CoOOH on the catalytic activity
of HMFOR, multi-potential step experiments are employed. The
experimental procedure is as follows: rst, a potential of 1.40
15670 | Chem. Sci., 2025, 16, 15666–15675
VRHE is applied in 1.0 M KOH to generate Co3+ on the catalyst
surface. Subsequently, HMF solution is added to the system
under open-circuit potential (OCP) conditions. Finally, a reduc-
tion potential of 0.6 VRHE is applied, and the change in reduc-
tion current density is monitored. Fig. S2 reveals that the
chemical reaction between the activated catalyst and HMF
proceeds relatively slowly below 1.40 VRHE (Fig. S24(a)). In
addition, electrochemical tests of the Co sample aer activation
show that the formation of CoOOH on the Co sample slightly
improves the catalytic activity and FDCA selectivity (Fig. S24(b)).
These results collectively demonstrate that CoOOH is not the
key active species promoting the efficient conversion of HMF to
FDCA and thus is not further discussed below.

To elucidate the internal reasons for the increase in HMFOR
activity, the deuterium kinetic isotope effects (KIEs) are inves-
tigated.44,45 When the KIEs value is greater than 1.5, it is
generally regarded as clear evidence that proton transfer is
involved in or affects the RDS.18 The KIEs experiments are per-
formed in a 1.0 M NaOD/10 mM HMF D2O solution (Fig. S25).
The Co sample has an H/D effect of 3.36–4.42 (Fig. 4a),
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Optimized configurations of I HMF*, II HMFCA*, III FFCA*, and IV FDCA* on the Pi-Co and Co surfaces; (b) Gibbs free energy profiles of
HMF dehydrogenation over Pi-Co and Co; (c) –COHP of the C–H bond of HMF on Pi-Co and Co; (d) reaction rate constants of HMF, HMFCA and
FFCA over Pi-Co and Co; (e) schematic diagram of the interaction between Zn2+ and PO4

3− sites of Pi-Co; (f) LSV curves and Tafel slopes (inset)
of Pi-Co with/without 0.5 mmol of Zn2+; (g) link between the potential of Pi-Co with/without Zn2+ and the KIEs value; (h) HMF conversion rate of
Pi-Co with/without 0.5 mmol of Zn2+.
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indicating that the RDS of HMFOR over the Co sample involves
C–H/O–H bond cleavage.46 For the Pi-Co sample, the H/D effect
(1.96–3.07) becomes weaker (Fig. 4b). The overlap of proton
vibration wave functions plays an important role in determining
the rate of proton transfer reactions and KIEs, and the degree of
this overlap strongly depends on the distance between the
proton donor and acceptor.18 The smaller KIEs value of Pi-Co
indicates that the Pi groups near the catalytic site shorten the
proton donor–acceptor distance, thereby promoting the break
of C–H/O–H bonds and improving the kinetics and selectivity of
HMFOR.

When the RDS of HMFOR involves proton transfer, the
Brønsted base in the solution can act as a proton acceptor to
reduce the energy barrier of the reaction, affecting the overall
reaction kinetics.47,48 The relationships between the catalytic
activities of the Pi-Co and Co samples and the concentration of
the additional base (K2CO3) are studied. As shown in Fig. 4c and
© 2025 The Author(s). Published by the Royal Society of Chemistry
d, the current density of the Co sample increases with K2CO3

concentration increasing, whereas the activity of Pi-Co is nearly
unaffected. In addition, the additional base order of Pi-Co (0.04)
is signicantly smaller than that of the Co sample (0.57) (Fig. 4c
and d inset), indicating that the proton transfer process in the
additional base solution is inhibited. This is because the proton
affinity of the phosphate group is greater than the carbonate
group, which effectively offsets the deprotonation of K2CO3 in
the electrolyte and greatly improves the efficiency of proton
transfer on the catalyst surface. These results demonstrate that
the Pi groups, as efficient carriers of proton transfer, accelerate
the proton transfer kinetics of HMFOR.

To gain a deeper understanding of the promotional effect of
Pi on proton transfer, an electrochemical proton inventory
study is conducted. This method explores the number of
exchangeable hydrogen sites and their impact on proton
transfer kinetics by measuring the reaction rate as a function of
Chem. Sci., 2025, 16, 15666–15675 | 15671
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D2O concentration in a D2O/H2O mixed solvent (Fig. S26).49,50

Fig. 4e reveals that the Pi-Co sample exhibits a distinct
nonlinear arc pattern with a large Z value (1.78) and a small f
value (0.22). This nding indicates that the Pi groups improve
the efficiency of proton transfer by providing additional equiv-
alent hydrogen sites, which is closely related to the polymer
reverse isotope effect in the RDS. In contrast, the Co sample
without the Pi groups has a smaller Z value (0.85) and a slightly
larger f value (0.24) (Fig. 4f) and has a negligible effect on the
proton transfer kinetics. These ndings suggest that Pi groups
affect proton transfer in the RDS through their equivalent
hydrogen sites, thereby improving the proton transfer efficiency
of the Co catalytic center.

The proton transfer energy barrier in the step of HMF
dehydrogenation on Co and Pi-Co surfaces is further investi-
gated via DFT simulations (Fig. 4g). For the Co sample, the
hydrogen proton in the HMF is transferred to the Co site.
However, aer the introduction of the Pi groups, the hydrogen
proton is preferentially transferred to the O position of Pi. This
leads to a reduction in the proton donor–acceptor distance from
5.86 Å for Co to 4.56 Å for Pi-Co. Consequently, the energy
barrier for proton transfer from the HMF molecule to the
surfaces of Co and Pi-Co is signicantly decreased from 2.70 eV
to 1.75 eV (Fig. 4h). This conrms that the introduction of Pi
shortens the distance between the proton donor and acceptor
and promotes the proton transfer kinetics during the dehy-
drogenation of HMF.

The specic reaction process of HMFOR is studied to reveal
the RDS step of the dehydrogenation of HMF to FDCA (Fig. 5a).
The calculated results indicate that the RDS of both the Pi-Co
and Co samples are the dehydrogenation of HMF* to
HMFCA* (Fig. 5b). For the Co sample, the Gibbs free energy for
the formation of HMFCA* is 0.65 eV. The presence of Pi on the
Co surface signicantly decreases the Gibbs free energy for
HMFCA* (0.35 eV), suggesting that introducing Pi on the Co
surface is more energetically favorable for the dehydrogenation
process. To elucidate the mechanism underlying this
phenomenon, the adsorption energies of key reactant mole-
cules are calculated. The results reveal that the adsorption
energy of HMF* on Pi-Co (−2.29 eV) is signicantly negative
than that on Co (−1.61 eV) (Fig. S27), demonstrating that Pi
functionalization effectively enhances the adsorption of HMF.
Furthermore, crystal orbital Hamilton population (COHP)51

calculations show that the –ICOHP value of the C–H bond on
the Co sample (6.13) is more positive than that on Pi-Co (5.46)
(Fig. 5c), suggesting a relatively weak C–H strength of HMF* on
Pi-Co. These results indicate that the introduction of Pi
promotes the adsorption of the reaction molecules and the
break of the C–H bonds in the RDS process, which is benecial
for improving the kinetics and selectivity of HMFOR.

The oxidation rate constants of HMF, HMFCA, and FFCA
over the catalysts are examined to validate the RDS (Fig. S28).52

Fig. 5d shows that the rate constant of HMF is signicantly
lower than those of HMFCA and FFCA, conrming that the RDS
is the conversion of HMF to HMFCA. Notably, the HMF,
HMFCA, and FFCA rates of Pi-Co are 5.33, 4.43, and 2.84 times
greater than Co sample, respectively, further demonstrating
15672 | Chem. Sci., 2025, 16, 15666–15675
that the introduction of Pi groups improves the reaction rates
and optimizes the RDS during HMFOR.

Furthermore, to obtain additional evidence for the vital role
of Pi during HMF oxidation, zinc ions (Zn2+) are introduced into
the solution to block the surface Pi groups through strong
interactions between the Zn2+ and PO4

3− sites (Fig. 5e).53 Fig. 5f
and the inset reveal a notable decrease in the current density
and an increase in the Tafel slope aer the addition of Zn2+.
KIEs experiments show that the current density of the Pi-Co
blocked with Zn2+ decreases, and the H/D effect increases to
3.48–4.02 (Fig. 5g and S29), demonstrating that interfacial
proton transfer is inhibited when surface Pi sites are blocked.
HMF conversion tests indicate that the FDCA selectivity, FE, and
formation rate signicantly decrease to 24.0%, 66.5%, and
0.00691 mmol s−1 (Fig. 5h and S30), respectively. These ndings
provide further evidence for the crucial role of surface Pi species
in promoting HMF oxidation.
Conclusions

In summary, this work enhances the interfacial proton transfer
between the catalyst and the reactant molecules by functional-
izing Co nanowires with Pi groups. The Pi-functionalized cata-
lyst signicantly enhances the HMFOR performance, reaction
rate, and FDCA selectivity. Computational and experimental
methods demonstrate that the ease of proton transfer plays an
important role in the RDS of dehydrogenation during the
HMFOR process, and the introduction of Pi groups on the Co
surface facilitates proton transfer from the reaction molecules
to the surface of the catalyst to achieve rapid dehydrogenation,
thereby improving the reaction kinetics and product selectivity.
This study provides an understanding of the key role played by
the proton transfer process in biomass electrooxidation, thus
facilitating the development of efficient electrocatalytic rening
catalysts.
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