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Electrocatalytic hydrogenation (ECH) of 5-hydroxymethylfurfural (HMF) to 2,5-bis(hydroxymethyl)furan
(BHMF) is regarded as a green synthesis strategy for generating high quality bio-based chemicals.
However, simultaneously regulating both the hydrogen (H) coverage and the adsorption behavior of
HMF presents a significant challenge, particularly in unraveling the intricate structure—activity relationship
and achieving a selective target product. Here, we enhance the availability of hydrogen (H*) and
modulate surface electronic interactions with 5-hydroxymethylfurfural (HMF) to facilitate selective
electrochemical hydrogenation (ECH) of HMF by introducing palladium as an auxiliary component. Pd—
Cu dual sites synergistically enhanced H* supply and HMF activation while suppressing the competing
hydrogen evolution reaction. The optimized electrocatalyst exhibits notable catalytic performance,
attaining a selectivity of 99.3% and a faradaic efficiency of 97.5% for BHMF at a potential of —1.15 V (vs.

. 416t A 2025 Ag/AgCl). Density functional theory (DFT) calculations demonstrate that Pd doping is crucial for
eceive th August . . " . . . .
Accepted 19th December 2025 enhancing the adsorption of H* and HMF* intermediates, thereby promoting the hydrogenation of HMF

through the Langmuir—Hinshelwood (L—H) mechanism under neutral conditions. This work establishes
DOI: 10.1039/d55c06257h a catalyst design paradigm where atomic-level dopant engineering regulates multistep protonation

rsc.li/chemical-science kinetics, offering fundamental insights into biomass electrorefining.
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Introduction

With the depletion of traditional fossil resources and increasing
demand for fine chemicals and polyester materials, the
conversion of biomass into platform chemicals is getting
increasing attention due to their relevance in sustainable
development. Featuring both hydroxyl and aldehyde functional
groups, HMF serves as a versatile precursor that can be trans-
formed into high-value derivatives through selective chemical
modifications."” The directional catalytic reduction of the
aldehyde group of HMF yields 2,5-bis(hydroxymethyl)furan
(BHMF), a dihydroxy-containing compound, which serves as
a key precursor for pharmaceutical intermediates and advanced
polymer materials.>® Current industrial processes predomi-
nantly employ conventional thermal catalysis for HMF hydro-
genation under high-pressure H, and elevated temperature
conditions, which is accompanied by excessive hydrogenolysis
and hydrogenation of the furan ring.'®* This has driven
research interest in developing alternative hydrogenation
methods that operate under milder conditions without gaseous
H,. Electrochemical hydrogenation is considered a promising
approach, utilizing H from H,O under ambient conditions,
thereby eliminating the need for external H, supply.”** This
green and eco-friendly synthesis strategy enables selective
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production of BHMF through direct electron transfer processes,
aligning with sustainable energy utilization principles.** What's
more, the electrocatalytic hydrogenation reaction can achieve
better target product selectivity by controlling the catalyst and
potential.™

The prevailing mechanism for electrochemical hydrogena-
tion of HMF is the L-H mechanism, which involves water
splitting to produce H adsorbed on the electrode surface
(denoted as H*), followed by the reaction of H* with HMF* to
produce BHMF.'*** Mostly, Cu-based catalysts exhibit inferior
activity for the electrocatalytic hydrogen evolution reaction
(HER) while exhibiting superior selectivity for hydrogenation
due to their abundant d-orbital electrons, which are regarded as
potential catalysts for the efficient electrosynthesis of
BHMF."?° Nevertheless, studies find that pure Cu species
struggle to balance HMF activation and H* supply capability
simultaneously. As a result, the intermediate products (HMF¥)
generated from electrochemical adsorption are not hydroge-
nated promptly, leading to HMF dimerization. To address this
challenge, researchers have developed various Cu-based cata-
lysts, including Ga-doped Ag-Cu,** PMo,,/Cu,”* RhCu,* Cu/
MOx Cu,» and CuFeOx/CF,” all demonstrating enhanced
HMF hydrogenation performance in aqueous media under mild
conditions. These designs primarily aim to optimize the
balance between HMF adsorption and H* availability through
synergistic effects from secondary components. While
increased H* surface coverage proves critical for efficient
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hydrogenation, a paradoxical competition emerges: excessive
H* tends to recombine into H, gas, significantly reducing the
faradaic efficiency toward BHMF production.”* This funda-
mental trade-off highlights the necessity for precision engi-
neering of catalysts. Therefore, introducing suitable proton
supplying sites might provide H* with appropriate protonation
capability, which facilitates efficient and selective hydrogena-
tion of HMF to BHMF.

Pd is a group VIII element known for its strong O-H activa-
tion and proton affinity. Among transition metals, it is located
at the top and center-left of the hydrogen evolution reaction
(HER) volcano plot, highlighting its potential as an ideal
element to generate sufficient *H without causing excessive
HER. In addition, Pd-based materials were usually used to
activate HMF.***” Therefore, introducing Pd atoms into Cu-
based catalysts may balance H* supply ability and HMF
adsorption behavior of the catalysts, significantly improving
their electrocatalytic HMF hydrogenation performance.

Herein, we report a rationally designed Pd-Cu hetero-
structure catalyst supported on three-dimensional carbon
matrices (denoted as x%Pd-Cu@3DC, where x indicates Pd
molar fractions) for electrochemical conversion of HMF to
BHMF. The optimized 3%Pd-Cu@3DC electrocatalyst demon-
strates exceptional performance metrics at an applied potential
of —1.45 V (versus Ag/AgCl), achieving 97% HMF conversion
efficiency, 99.3% BHMEF selectivity, and 97.5% faradaic effi-
ciency, substantially outperforming monometallic Cu catalysts
and other Cu-based catalysts. Mechanistic analysis reveals two
interdependent functions facilitated by atomic-level Pd incor-
poration. On one hand, Pd sites synergistically promote water
splitting to generate reactive hydrogen species (H*), enabling
rapid hydrogenation of the critical C¢H,03* intermediate. On
the other hand, the interaction between Cu and Pd atoms could
also modulate the electronic structure of the catalyst, which
enhances the adsorption of HMF and the selective protonation
of *CHO.?® This catalyst design strategy certifies that suitable
proton-supplying sites can effectively regulate multiple
protonation steps to facilitate the conversion of HMF to BHMF.

Results and discussion

Catalyst synthesis and characterization

The Pd-Cu@3DC catalysts were fabricated through a modified
lyophilization-calcination synthesis strategy (Fig. 1a).”° Initially,
a homogeneous precursor solution was prepared by dissolving
PdCl,, Cu(NOs3),, glucose, and NaCl in deionized water. This
solution subsequently underwent freeze-drying at —20 °C for
20 h, followed by thermal annealing at 700 °C for 2 h under an
H,/Ar atmosphere. The resulting carbonaceous composite was
then subjected to thorough aqueous washing to eliminate NaCl
templates, ultimately yielding hierarchically porous honeycomb
architectures ~ with  atomic-level Pd-Cu  coordination
nanoparticles.

Microstructural characterization reveals critical morpholog-
ical features of the Pd-Cu@3DC catalyst. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
analyses (Fig. S1 and Fig. 1b) demonstrate the formation of

3594 | Chem. Sci,, 2026, 17, 3593-3604

View Article Online

Edge Article

three-dimensionally interconnected ultrathin carbon skeletons
with hierarchical porosity, establishing continuous conductive
pathways for efficient electron transfer and electrolyte infiltra-
tion. Through a spherical Aberration Corrected Transmission
Electron Microscope (AC-STEM) in Fig. 1c, distinct isolated
bright spots were identified. We measured the interplanar
spacing and found that it increased by 0.02 nm compared with
that of the (200) plane in the standard Cu reference card (0.181
nm). The presence of a single Pd atom within a column of Cu
atoms indicates that the Pd atom exists in a single-atom form.
Energy-dispersive spectroscopy (EDS) mapping images (Fig. 1d)
showed that the distribution contours of Cu and Pd elements
highly overlapped with the STEM images, suggesting partial
substitution of Cu atoms by Pd. Crystallographic analysis of the
Pd-Cu@3DC catalysts was performed through X-ray diffraction
(XRD) patterns. The XRD patterns (Fig. S2a) display character-
istic diffraction peaks at 43.3°, 50.4°, 74.1°, and 89.9°, indexed
to the (111), (200), (220), and (311) planes of face-centered cubic
(fcc) Cu (JCPDS 04-0836). Additional reflections at 35°, 36.4°,
37°, and 62° are in good agreement with the peaks of mono-
clinic CuO (JCPDS 44-0706), and the peak at 36.4° corresponds
to Cu,O (JCPDS 05-0667), which arises from surface oxidation
during ambient exposure. Notably, substituting smaller ions
with larger counterparts induces lattice expansion, which in
turn increases the interplanar spacing d. As dictated by Bragg's
law (nA = 2d sin 6), with a fixed X-ray wavelength (1), an increase
in d inevitably leads to a decrease in sin §. This phenomenon
consequently results in a shift of the diffraction angle () toward
lower values. All Cu-related peaks exhibit a systematic negative
shift of 0.15-0.23° compared to pristine Cu@3DC (Fig. 1le),
indicative of lattice expansion caused by partial substitution of
smaller Cu atoms (7 = 0.128 nm) with larger Pd atoms (r = 0.137
nm). This, together with the AC-STEM results, indicates that Pd
is incorporated into the catalyst as single atoms. Fig. S2b shows
the Raman spectra of 3%Pd-Cu@3DC, where two prominent
peaks appear at 1350 and 1580 cm ', corresponding to the D
peak (amorphous carbon) and G peak (crystalline graphite),
respectively. The peak intensity ratio (Ip/Ig) of 3%Pd-Cu@3DC
is about 0.14, reflecting that the high graphitization degree of
the samples is due to the catalytic role of Cu. As shown in
Fig. S13, the XRD patterns of 3%Pd-Cu@3DC before and after
reduction reveal that the characteristic diffraction peaks corre-
sponding to CuO and Cu,O have vanished. Given that the
catalyst was supported on carbon paper for XRD measurements,
several extra characteristic diffraction peaks of carbon paper are
detected in comparison with other XRD patterns.

X-ray photoelectron spectroscopy (XPS) characterization was
performed to identify the chemical valence states of the Pd-
Cu@3DC catalysts. As shown in Fig. 1f and g, the characteristic
peaks of Cu 2p and Pd 3d are located at the same position in the
four samples. The Cu 2p high-resolution XPS spectra can be
divided into four subpeaks, representing Cu®/Cu’ species (2ps/,
933.8 €V; 2p1 5, 954.4 eV) and Cu®" species (2ps/2, 935.7 €V; 2P1 /2,
955.8 eV), respectively. Notably, Cu atoms show a slight surface
oxidation in the Pd-Cu@3DC. With the increasing Pd doping,
the valence state of Cu atoms transforms from +2 valence to +1/
0 valence. Moreover, the Pd 3d XPS spectra of Pd-Cu@3DC

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06257h

Open Access Article. Published on 20 December 2025. Downloaded on 6/12/2026 4:26:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
a (" Cu C6H1206
® Pd NaCl
®C

Freeze-drying

L

View Article Online

Chemical Science

Distilled water
Dried

H,/Ar 700°C :

o i i Cu2p g |s% pe-cugane Pd3d
= g 5% Pd-Cu@3DC >
2 Gl Cu*/Cue @R Pd3dws  pd3dy,
- ? 5 laa ps )
-~ 3 % Pd-Cu@3DC a e C“@3D°/
= e 2> . -~
.. > & R
= 3 » . 2 — -
2 3 |14 pa-co@anc 5 Pd
8 3% Pd-Cu@3DC £ = "
k= 4
Pd@3DC \/"
Cu@3D e
40 A 48 s> 970 965 960 955 950 945 940 935 930 350 345 340 335 330
2 Theta (") Binding energy (eV) Binding energy (eV)

Fig.1 Synthetic routes and structural characterization for Pd-Cu@3DC. (a) Illustration of the synthetic routes. (b) TEM image and (c) AC-STEM
image. (d) EDS mapping images of 3%Pd-Cu@3DC. (e) XRD patterns of 3%Pd-Cu@3DC. High-resolution XPS spectra of (f) Cu 2p and (g) Pd 3d of

3%Pd-Cu@3DC.

exhibit an obvious oxidized state compared to monometallic
Pd@3DC. These results indicate the successful incorporation of
Pd into the Cu nanoparticles and electron transformation from
Pd to Cu within the alloy structure.

Electrocatalytic hydrogenation performance

Before assessing the catalytic performance of Pd-Cu@3DC
towards HMF hydrogenation, the CuO and Cu,O on the surface
of Pd-Cu nanoparticles were first reduced into metal by the
galvanostatic method. Then, the linear sweep voltammetry
(LSV) curves were recorded in 0.5 M KHCOj; solution (pH~8.17)
with or without adding 50 mM HMF. As shown in Fig. 2a and b,
incorporation of the Pd atom into Cu significantly reduces the
overpotential of the HER. Moreover, the presence of HMF
further decreases the overpotential of the reaction process,
which indicates that Pd-Cu@3DC is active in the electrocatalytic
HMF hydrogenation. The catalytic kinetic curves of the catalyst
for the HER and HMF hydrogenation are shown in Fig. 2c as

© 2026 The Author(s). Published by the Royal Society of Chemistry

Tafel plots derived from polarization curves.** The Tafel slopes
of Cu@3DC and 3%Pd-Cu@3DC for the HER were 271.99 and
504.52 mV dec ™, respectively, illustrating that the Volmer step
dominates the HER rate.** Meanwhile, as demonstrated by the
attenuated total reflection surface-enhanced infrared absorp-
tion spectroscopy (ATR-SEIRAS) spectra in Fig. S12a and b, the
complete absence of the adsorbed hydroxyl (OH*) stretching
band at 3256 cm ' provides definitive evidence that H* is
generated via the Volmer step (H,O +e~ — H*+ OH ™), with the
generated OH~ transferring to the electrolyte solution.* For the
HMF hydrogenation reaction, the Tafel slopes of Cu@3DC and
3%Pd-Cu@3DC were measured to be 302.05 and 132.97 mV
dec™?, respectively. Both values are lower than those obtained
by the HER. These results suggest that the HMF hydrogenation
process holds a greater advantage over the HER process.

The electrocatalytic hydrogenation performance was
systematically evaluated through chronoamperometric analyses
in 50 mM HMF electrolyte, with reaction products quantified via
HPLC (Fig. 2d and S3). Fig. 2e and S4 compare the potential-
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Fig. 2 Electrochemical performance of the catalysts. (a) LSV curves, (b) potential comparison (at 10 mA cm™2) and (c) Tafel slopes of Cu@3DC
and 3%Pd-Cu@3DC in 0.5 M KHCO3 solution with and without 50 mM HMF. (d) HPLC chromatograms of the electrolyte at different electrolysis
times. (e) Potential screening of chronoamperometric electrolysis of HMF on 3%Pd-Cu@3DC. (f) Performance comparison of different Pd-
Cu@3DC catalysts. (g) Catalysis performance of 3%Pd-Cu@3DC at different HMF concentrations. (h) Cycling electrolysis stability of 3%Pd-
Cu@3DC. (i) Performance comparison with the literature (data obtained from Table S1).

dependent activity profiles of Cu@3DC and Pd-Cu@3DC cata-
lysts. The monometallic Cu@3DC catalyst exhibits limited
conversion efficiency (<25%) and faradaic efficiency (FE < 30%)
across the tested potential window (—1.1 to —1.3 V vs. Ag/AgCl),
despite retaining 95-98% BHMF selectivity. The 3%Pd-
Cu@3DC catalyst demonstrates superior catalytic performance.
As the potential increased, the efficiency of H* generation
improved. As a result, the catalytic performance gradually
improved. When the potential reached —1.15 V (vs. Ag/AgCl),
3%Pd-Cu@3DC achieves near-complete (97%) conversion effi-
ciency, 97.5% FE, and 99.3% BHMTF selectivity, outperforming
Cu@3DC under identical conditions. Further increases in the
potential lead to a decline in HMF conversion and FE due to
intense competition from the HER. A multivariate radar chart
(Fig. 2f and S4) highlights the tripartite performance superiority
(conversion, selectivity, and FE) of 3%Pd-Cu@3DC over other
Pd-Cu@3DC catalysts, establishing its optimal catalytic func-
tionality. To gain deeper insights into the origin of the electrode
performance for HMF hydrogenation, the electrochemical

3596 | Chem. Sci, 2026, 17, 3593-3604

active surface area (ECSA) was evaluated based on the double-
layer capacitance (Cq) at different scan rates (Fig. S11).
Compared with Cu@3DC (2.4 mF cm ?), the Cq of 3% Pd-
Cu@3DC (13.2 mF cm ™ ?) is significantly increased, exhibiting
more accessible active sites for HMF adsorption. To accurately
evaluate the intrinsic catalytic capability of the synthesized
materials, the electrochemical performance was normalized by
the ECSA, considering that the apparent activity could be
affected by the difference in the ECSA. As shown in Fig. S11d,
the normalized current density of 3%Pd-Cu@3DC reaches
—0.0042 MA cmgesy ~ at —1.15 V (vs. Ag/AgCl), which is 1.5
times that of Cu@3DC, indicating the enhanced intrinsic
catalytic activity induced by Pd doping.

In addition to the potential, the influence of concentrations
on conversion and FE was also evaluated, as shown in Fig. 2g.
Concentration-dependent studies reveal a positive correlation
between HMF concentration (20-50 mM) and ECH efficiency for
3%Pd-Cu@3DC, with maximum values reaching 97% conver-
sion and 97.5% FE at 50 mM HMF. This enhancement stems

© 2026 The Author(s). Published by the Royal Society of Chemistry
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from suppressed hydrogen evolution reaction (HER) kinetics at
elevated substrate concentrations, where competitive HMF
adsorption dominates active sites. Notably, 3%Pd-Cu@3DC
exhibits exceptional operational stability, preserving 99.1%
BHMF selectivity even at 100 mM HMF, though with moderate
efficiency declines (conversion: 94.2%, FE: 92.5%). These
reductions arise from mass transport limitations and insuffi-
cient H* under high substrate concentrations. Interestingly,
bis(hydroxymethyl)hydrofuroin (BHH) was not observed
throughout the entire reaction process, which is different from
previous reports. According to previous reports, if the catalyst
interacts with the HMF through the oxygen coordination
configuration, it prefers to promote the two-electron production
of -CH,OH via an R-CH,-O¥* intermediate.333*

Long-term stability is critical for electrocatalysts intended for
industrial applications. Consecutive chronoamperometric
electrolysis was performed to evaluate the stability of the 3%Pd-
Cu@3DC catalyst. As shown in Fig. 2h, the 3%Pd-Cu@3DC
catalyst displays robust performance throughout 13 successive
electrolysis experiments. The HMF conversion and FE remain
consistently above 95% during all cycles, suggesting the excel-
lent stability of 3%Pd-Cu@3DC. In comparison with analogous
reports in the literature, the 3%Pd-Cu@3DC catalyst exhibits
outstanding hydrogenation performance for HMF (Fig. 2i and
Table S1).

Reaction kinetics analysis

Kinetic experiments were conducted to get insights into the
reaction process for the electrochemical hydrogenation of HMF

View Article Online
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over Cu@3DC and 3%Pd-Cu@3DC. We tracked the concentra-
tion, selectivity, and FE of BHMF during HMF electrochemical
hydrogenation. As presented in Fig. 3a, HMF was gradually
consumed in the electrolyte, while BHMF quickly increased
with the reaction proceeding. Correspondingly, selectivity and
FE remain up to 95% during the electroreduction process. On
account of these experimental results, a simplified reaction
model was developed to investigate the kinetics of the electro-
chemical hydrogenation of HMF over Cu@3DC and 3%Pd-
Cu@3DC (Fig. 3b and S5).* The kinetic behavior was hypothe-
sized to be the pseudo-first order reaction for this reaction step
in which the H,O concentration was constant, and the kinetic
equation can be seen in Fig. 3b. Notably, after the introduction
of Pd atoms, the reaction rate constant (k) of 3%Pd-Cu@3DC
significantly increased compared with that of Cu@3DC, indi-
cating that the Pd dopant could promote the electrochemical
hydrogenation reaction. To better comprehend catalytic reac-
tions, it is crucial to determine the apparent activation energy
(E,)- Then, Arrhenius plots derived from k estimated at three
different temperatures (20-60 °C) are shown in Fig. 3¢ and Séc.
All curves were fitted with a correlation coefficient above 0.99,
suggesting a good linear correlation.*® E, values were obtained
from the slope of the Arrhenius plots, while the pre-exponential
frequency factor corresponds to the intercept. Obviously, the E,
for Cu@3DC is 2.1 k] mol™*, while the E, for 3%Pd-Cu@3DC
significantly decreased down to 1.45 k] mol~". The lower energy
barrier is beneficial for accelerating the reaction.

Charge transfer kinetics at the electrode interface plays
a crucial role in electrocatalytic reactions. Nyquist and Bode
plots were further collected through operando electrochemical
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Fig. 3 Reaction kinetic analysis of the ECH. (a) HPLC quantitative results at —1.15 V vs. Ag/AgClon 3%Pd-Cu@3DC. (b) Reaction rate constant k at
reaction temperature from 20-60 °C on 3%Pd-Cu@3DC and Cu@3DC. (c) E, of electrochemical HMF hydrogenation on 3%Pd-Cu@3DC and
Cu@3DC. (d-f) EIS characterization of 3%Pd-Cu@3DC and (d) Nyquist and (e and f) Bode plots.
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impedance spectroscopy (EIS) within the potential window of
1.0-1.3 V. As displayed in Fig. 3d, the semicircles of 3%ZPd-
Cu@3DC catalyzed HMF electrochemical hydrogenation are
notably smaller than those of the blank group without HMF
under the same operating conditions, indicating that HMF
addition has reduced the resistance at the reaction interface.
This trend is more apparent for 3%Pd-Cu@3DC than Cu@3DC,
as shown in Fig. S6a. Subsequently, the charge transfer behav-
iors were investigated using the Bode plots (Fig. 3e and f). The
peak of the blank group in the low frequency region corre-
sponds to the Volmer step. Owing to the slow kinetics of the
Tafel step and Heyrovsky step at low potentials, the H* on the
surface of the catalyst hardly generates H, and the Volmer step
easily achieves dynamic equilibrium, which leads to no electron
transfer occurring on the reaction interface. After introducing
the HMF, the peak intensity weakens significantly and the peak
position shifts to a higher frequency, attributed to the
consumption of H* by the aldehyde groups in the HMF, which
breaks the dynamic equilibrium of the Volmer step and the
HMF hydrogenation step predominates the next reaction.*”
When the potential increases to 1.2 V, the peaks of both blank
and experimental groups shift to a higher frequency, showing
less difference between the two peaks. This is attributed to the
HER, which predominates the main reaction at high operation
potential.

Electrocatalytic reaction mechanism

As the H* availability plays a vital role in determining the
kinetics of HMF hydrogenation, especially for its selectivity and

IS
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FE, cyclic voltammetry (CV) tests were carried out in KHCO;
electrolyte to investigate the H* coverage on the catalyst surface.
As shown in Fig. 4a, the curves show a pair of redox peaks in the
anodic scan for 3%Pd-Cu@3DC, which correspond to H*
adsorption and desorption.*® 3%Pd-Cu@3DC exhibits an
apparent H* desorption peak, indicating the existence of a large
amount of H* on the surface of the electrode, which will lead to
additional HER and lower FE. After the addition of HMF, the
desorption peaks of H* became smaller and were completely
suppressed in both samples at 20 mM HMF. Meanwhile, the
adsorption peaks shift towards positive potential, implying that
HMF adsorption occurred prior to H* adsorption, which may
occupy the sites of H*. Thus, the decreased H* adsorption can
be attributed to the consumption by HMF reduction and the
HMF adsorption.*

The local pH evolution during HMF electrochemical hydro-
genation was quantitatively monitored using a rotating ring-
disk electrode (RRDE) system through ring open-circuit poten-
tial (OCP) measurements (Fig. 4b).**** A calibration curve was
first established by correlating OCP (vs. Ag/AgCl) with bulk
electrolyte pH, which coincides with the Nernst equation in
response to the change in pH (Fig. S7). RRDE analysis revealed
significant interfacial pH variations between 3%Pd-Cu@3DC
and Cu@3DC catalysts. For 3%Pd-Cu@3DC, the electrode-
electrolyte interface pH increased from 8.9 to 9.4 as the applied
potential shifted from —1.1 V to —1.2 Vvs. Ag/AgCl, indicative of
rapid formation of reactive hydrogen species (H*) and OH™
through splitting of H,O. In contrast, the pH values of the
Cu@3DC surface are much lower than those of 3%Pd-Cu@3DC,
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reflecting sluggish OH™ production. This pH gradient differ-
ence provides direct mechanistic evidence for the enhanced H*
availability on Pd-Cu@3DC, where atomic Pd sites facilitate
water dissociation (H,O + e~ — H* + OH™) (Fig. 4c). The
synergistic effect creates a self-sustaining alkaline microenvi-
ronment that accelerates HMF — BHMF conversion kinetics
while suppressing competitive H, evolution through localized
OH™ accumulation.

In order to further validate the supposition, ter¢-butyl alcohol
(¢-BuOH) was used to scavenge the H* species.*> As shown in
Fig. 4d, a notably decreased HMF-to-BHMF conversion can be
found after t-BuOH was introduced into the system, because H*
was partly consumed by ¢-BuOH rather than reacting with HMF.
This indicates that the H* generated through the Volmer step
plays an essential role in the electrochemical hydrogenation of
HMF.*” To further explore the reaction mechanism, we investi-
gated the dependence of the reaction rate on HMF concentra-
tion. According to the work by Lopez-Ruiz,* the reduction of
HMTF via the ECH process, HMF hydrogenation subsequent to
H* formation—follows the Langmuir-Hinshelwood (L-H)
mechanism, which is indicative of competitive adsorption
between HMF and H,O. Consequently, a negative reaction order
with respect to HMF is anticipated at higher concentrations. As
depicted in Fig. S10, a negative reaction order was observed over
the catalyst with increasing HMF concentration. This observa-
tion, consistent with the t-BuOH H* species scavenging exper-
iment, collectively confirms that the reaction indeed adheres to
the Langmuir-Hinshelwood (L-H) mechanism. Then, the
reaction energetics were modeled under operando neutral
conditions (0.5 M KHCOj3, pH = 8.17), where the L-H mecha-
nism dominates through surface-adsorbed hydrogen (H¥)
intermediates.**

Density functional theory (DFT) calculations were systemat-
ically performed to elucidate the atomic-scale mechanism gov-
erning HMF hydrogenation and competing hydrogen evolution
reaction (HER) pathways on Pd-Cu@3DC. Surface slab models
of Cu(111) and Pd-doped Cu(111) surfaces were constructed
based on the experimental results, and the Gibbs free energies
of H* (AGy~+) and HMF* adsorption (AGye+) were also calcu-
lated. The pristine Cu(111) surface exhibits a AGy+ value of
—3.53 eV on the Cu sites, which suggests weak affinity for the H*
atom. Interestingly, the Cu site near the Pd atom of the Pd-Cu
model exhibits a relatively lower AGy+ of —3.58 eV, demon-
strating the crucial role of Pd doping in affording Cu active sites
for H* adsorption (Fig. 5a). It is noteworthy that the catalyst
must facilitate the activation and dissociation of H,O to
produce adsorbed H* species on its surface during the L-H
mechanism. Therefore, we also assess the free energy change
during the formation of OH™ and H* from H,O. As shown in
Fig. 5b, the calculated energy barrier for each step of H,O
conversion to OH™ and H* on the Pd-Cu model (1.23 eV) is
lower than that on the Cu model (1.54 eV).

Generally, the changes in open circuit potential (OCP) reflect
the HMF adsorption ability on the catalyst surface.** As depicted
in Fig. 5¢, as the Pd doping content increases, the magnitude of
the OCP elevation following the introduction of 50 mM HMF
also increases. For Pd@3DC, the OCP increases by 0.1338 V

© 2026 The Author(s). Published by the Royal Society of Chemistry
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after HMF introduction, which is approximately five times that
of Cu@3DC (0.0266 V), demonstrating that Pd exhibits
a specific affinity for HMF adsorption. In addition, the calcu-
lated AGump«(Fig. 5d) results suggest that HMF prefers to
adsorb on the Pd site with a AGyump+ of —0.85 eV, while it is
weakly adsorbed on Cu (—0.68 eV). The longer C=0 bond
length (1.25 A) of HMF molecules on the surface of Pd-Cu than
on Cu (1.24 A) also indicates that Pd—Cu exhibits a stronger
activation effect toward HMF. The potential-dependent in situ
ATR-SEIRAS spectra of 3%Pd-Cu@3DC (Fig. 4e and f) exhibit an
intensified C=0 stretching band at 1668 cm " and a stronger
C=C stretching band at 1523 cm ' compared to Cu@3DC,
which demonstrates the strong adsorption of HMF on the
catalyst surface.*® Fig. 5e shows the optimized free energies of
the hydrogenation pathway from HMF to BHMF on both model
surfaces. It is evident that the hydrogenation of HMF is an
energy uphill process with a AG of 0.79 eV for Pd—-Cu, which is
smaller than that of Cu (0.90 eV). The results imply that HMF
hydrogenation could be energetically more favored on Pd-Cu,
further revealing the crucial role of Pd doping. Pd exhibits
a much stronger adsorption affinity for HMF than Cu. However,
poor product desorption may compromise its HMF hydroge-
nation efficiency (Fig. S4c). In contrast, pure Cu exhibits inferior
water dissociation capability, failing to generate sufficient H*
species and thus rendering HMF hydrogenation inefficient
((Fig. S4a). Thus, we propose that in the present system, Pd sites
generate H* via the Volmer step, while synergizing with Cu to
adsorb HMF molecules, thereby accelerating the hydrogenation
process.

Therefore, a reaction mechanism is proposed herein
(Fig. 5f). Initially, a H,O molecule is acquired to adsorb on the
electrode. Driven by electrons and the active sites, H,O was split
to generate H*. Meanwhile, HMF is adsorbed on the Pd site to
form HMF*, and the -CH=O0 was activated. Subsequently, the
HMF hydrogenation process proceeds via initial hydrogenation
on the C site and subsequently on the O site in the aldehyde
group.***” Additionally, the HER is discerned as the main
competing reaction in this process, due to the coupling of H* to
form H,. Consequently, it is crucial to optimize the reaction
conditions and achieve a balance between the HMF hydroge-
nation reaction and the HER by adjusting parameters such as
the HMF concentration, electrolytic potential, and even the
catalyst materials.

BHMF production and application

Considering the superior performance of 3%Pd-Cu@3DC, we
further explored its successive production capability for the
HMF electrochemical hydrogenation by applying a proton
exchange membrane (PEM)-based flow reactor. As shown in
Fig. S14, a photograph of the PEM flow reactor for the contin-
uous electroreduction of HMF to BHMF is presented. HMF
solution is fed into the cathodic chamber, transported to the
catalyst surface and electrochemically reduced to the targeted
BHMF (Fig. 6a). As shown in Fig. 6b, the conversion and FE
increase as the applied potential increased from —1.6 to —2.4 V.
When the potential was increased to —2.4 V, a maximum BHMF
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of HMF electrochemical reduction on 3%Pd-Cu@3DC.

conversion of 91% was achieved, with a current of —60 mA and
an FE of 99%. Once the potential continues to increase, FE will
decrease due to the competing HER. The stability was also
preliminarily evaluated at —2.4 V, retaining an FE of above 95%
and a conversion of 90% during 12 h of electrolysis (Fig. 6¢). The
BHMF was obtained from the effluent by an evaporation crys-
tallization-extraction-evaporation  crystallization  strategy
(Fig. S8). As shown in Fig. S8, the obtained product is similar to
the BHMF purchased from Aladdin, with a purity of 99%.
Next, to assess the techno-economic viability of successive
production for electrocatalytic conversion of HMF into BHMF,
we proposed an integrated process model, encompassing an
electrolyzer and evaporation crystallization and extraction
systems (Fig. 6d). The model aligned operating parameters with
experimental results from the PEM electrolyzer. The system

3600 | Chem. Sci., 2026, 17, 3593-3604

produces 1 ton (t) per day of BHMF using 1.16 t per day HMF. As
shown in subdivided cost evaluation (Fig. 6e), BHMF can be
produced at the cost of $626.4 per t via the cascade process.
Among the costs, separation equipment accounts for 17.5%,
followed by electrolyzer (16.7%) and catalyst-membrane costs
(16.5%). In addition, economic analysis showed a 20-year net
present value (NPV) of $40 million and a 2-year payout period
(Fig. 6f). These results reveal that using renewable energy for
electrocatalytic HMF hydrogenation to prepare BHMF possesses
high economic feasibility.

Finally, we demonstrated the downstream application of
BHMF as a versatile building block for producing bio-based
polyester. Poly(2,5-furandimethylene succinate) (PFS) was
synthesized by solution condensation polymerization between
BHMF and succinic acid (Fig. 62). GPC results confirmed that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the molecular weight (M,,) of the obtained PFS was ~10 861 and
the polydispersity was 1.78 (Fig. S9a and Table S1). Additionally,
DSC analysis illustrates that the obtained PFS exhibits a T,
(glass transition temperature) of 50.6 °C and a T,, (melting
onset temperature) of 85.2 °C (Fig. S9b). These characteristics
illustrate the high potential of the renewable PFS to play a role
in a sustainable and circular plastic market.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Conclusion

In summary, novel Pd-Cu@3DC catalysts were constructed by
a salt template space-confined strategy. The unique atomic-level
doping with internal charge transfer provides sites for
enhanced adsorption and activation of H,O molecules to facil-
itate H* generation. Interestingly, the obtained Pd-Cu@3DC
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catalyst exhibits high BHMF selectivity and FE of 99.3% and
97.5%, respectively, at —1.15 V (vs. Ag/AgCl), and remains stable
for 13 cycles without obvious decay. The mechanistic study
reveals that Pd doping enhances the adsorption of H* and
HMF* and promotes the hydrogenation steps by lowering the
energy barrier of the crucial step. These results describe a novel
method for further applications while providing an in-depth
understanding of dopant engineering in electrocatalysts to
regulate electrocatalytic activity and selectivity.
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