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Abstract DOI: 10.1039/D5TA09547F

The electrochemical conversion of biomass is a promising route to sustainable fuels and
chemical feedstocks but is often limited by sluggish catalyst kinetics at low overpotentials. Here,
we demonstrate that tensile strain engineering of Cu can substantially enhance its electrocatalytic
activity toward the oxidation of biomass-derived 5-hydroxymethylfurfural (HMF). Transmission
electron microscopy (TEM) and pair distribution function (PDF) analyses confirmed that continuous
tensile strain (0—6%) was introduced into Cu nanoparticles through electroreduction of copper—
iodide precursors. The optimized strained Cu catalyst (ID-Cu, 6% strain) achieved a high current
density of ~100 mA cm™ at 0.3 V vs. RHE, with nearly 100% selectivity toward 5-hydroxymethyl-
2-furancarboxylic acid (HMFCA) and a Faradaic efficiency of 99%. In situ Raman and FTIR
measurements revealed that the adsorption of the key *OCHO intermediate strengthened
progressively with increasing strain. Density functional theory (DFT) calculations further showed
that tensile strain modulates the Cu d-band center, enhancing the binding energy of *OCHO by 0.9
eV. This work establishes a new paradigm for designing efficient electrocatalysts via lattice strain

engineering.
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Introduction DOI: 10.1039/D5TAQ9547F

The electrochemical conversion of biomass holds significant potential in providing green
chemical feedstocks and fuels without the need for external energy input, presenting a promising
approach to address global energy and environmental challenges'. The realization of large-scale
industrial applications for biomass electrochemical conversion requires systematic optimization of
catalyst kinetics under low overpotentials >7. Among various catalysts, copper-based catalysts are
currently the only effective ones capable of efficiently catalyzing aldehyde substrates such as 5-
hydroxymethylfurfural (HMF), achieving >50 mA cm™ current density at overpotentials of 0.1-0.3
V #11_ Although this has reduced the potential by about 1V compared with the conversion of HMF
to high-value products of FDCA at traditional high potential'?-17, the kinetics remain far from ideal,
making fine-tuning of the Cu electronic structure a central challenge in advancing this field 8.

The catalytic activity of HMF oxidation (HMFOR) is strongly dependent on the regulation of
Cu electronic structure. While Cu® can adsorb the HMF reactant, both experimental and theoretical
studies indicate that the intrinsic binding ability of Cu® to OCHO* intermediates is relatively weak
compared to the ideal value® 19-1%-20 requiring assistance from Cu* for substrate dissociation. This
delicate Cu®/Cu* balance is difficult to control and prone to deactivation under high voltage

operating conditions 2'-23 . Although tailoring catalyst morphology and nanostructures can tune local

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

valence states to enhance Cu-substrate interactions and activity, such approaches still face

significant limitations?426, Conventional morphology control often lacks sufficient tunability and
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clear correspondence with electronic structure, hindering systematic catalyst optimization.

(cc)

Strain engineering offers a compelling alternative, as lattice expansion or contraction can
quantitatively modulate the metal d-band center and thereby tune substrate binding energies®’. This
approach has been successfully applied in fields such as the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER)? 2. For instance, it has been reported that nano-alloy of CoRu
can introduce tensile lattice for Co, leading to faster interfacial electron transfer kinetics for
hydrogen evolution reaction?. Core-shell structure can also introduce lattice strain due to the lattice
mismatch of core-shell structure, which was applied to P-doped core-shell structure to strengthen
the adsorption of OH* and H*3!. Other methods, such as ligand modification or intercalation in

metal-organic frameworks and 2D materials, have also been used to impose strain®> 33, However,
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these strategies often rely on ultrasmall nanostructures that deactivate under harsh conditioisl@i9/D5TA09547F

introduce foreign elements that disrupt intrinsic activity3+-3°. Thus, there is a critical need to design
robust schemes that can stably and quantitatively introduce strain in Cu without compromising its
intrinsic surface activity toward HMFOR, to systematically analyze the relationship between the d-
state electronic structure and catalytic performance.

In this work, we report a halogenation—electroreduction strategy to introduce controllable
tensile strain into nanostructured Cu. Complete iodination of Cu, followed by reduction, produced
small Cu nanocrystals encircled in Cu,O, where interfacial lattice mismatch generated tensile strain.
Characterization by TEM, PDF, and XAFS confirmed the presence of strain from 0.4% to 6.4%,
which correlated directly with enhanced catalytic activity: strained Cu achieved a current density of
100 mA cm™ at 0.3 V vs. RHE with nearly 100% HMFCA selectivity. In situ Raman and IR
spectroscopy showed progressively stronger *OCHO adsorption with increasing strain, while DFT
calculations revealed that tensile strain raises the Cu d-band center, strengthening *OCHO binding
and accelerating the rate-limiting step of HMF conversion. This study demonstrates a robust and
tunable strategy for strain engineering, providing mechanistic insights into how lattice strain

governs Cu’s electronic structure and catalytic performance in biomass electrooxidation.

Results and discussions

We employed a two-step synthesis to prepare strain-engineered Cu catalysts via controlled
halogenation followed by electrochemical reduction. In the first step, metallic Cu substrates were
iodinated for varying durations (1-60 min). Subsequent electrochemical reduction effectively
converted the iodinated layers back to metallic copper, producing a series of iodide-derived copper
samples, designated as ID-x%s-Cu (x = measured strain). For comparison, hydroxylation-,
chlorination-, and bromination-derived Cu catalysts were also synthesized, designated as OD-Cu,
CD-Cu, and BD-Cu.

SEM images revealed that the halogen species strongly influenced the resulting morphologies
(Figure 1 and Figure S1-5)37-3%, Cul samples exhibited characteristic micro-sheet structures with
crystal size increasing with iodination time. CuOH, CuCl and CuBr samples have micro-wire,

micro-particle and micro-cone morphologies, respectively (Figure S1-5). After electrochemical
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reduction, the corresponding OD-Cu, CD-Cu, and BD-Cu samples transformed into nanoeolumiiso/D5TA09547F
nanocubes, and nanoparticles, respectively. Notably, ID-Cu samples exhibited nanoparticle
morphologies with reduced crystallite sizes and porous features. ICP test exhibits that the residual

amount of halogen ions is 1-2%, indicating nearly complete reduction of copper halides during post-

treatment.

High-resolution TEM (HRTEM) further revealed that iodination duration directly influenced
lattice parameters, with OD-Cu as reference. It is worth noting that with the increase in iodination
time, the Cu crystalline domains obtained after reduction become significantly smaller, which is
consistent with the reduction in particle size observed in SEM results. The HRTEM image in Figure
1f shows a lattice parameter of 2.02 A in the OD-Cu nanocolumn, consistent with unstrained Cu
(111) planes. By contrast, ID-Cu samples displayed progressively larger lattice spacings with
increased iodination time, expanding from 2.03 A (iodination for 1 min) to 2.15 A (iodination for
30 min), corresponding to tensile strains up to 6.4% (Figure 1g-j, Figure S6). The successful
introduction of lattice strain could be further confirmed by the X-ray diffraction (XRD) patterns as
shown in Figure 2 and Figure S9. As shown in Figure 2a, with the increase of iodination time, the
Cu (111) crystal plane at 43.3°becomes broader, indicating that iodination hindered the crystalline

process of Cu during electrochemical reduction (Figure 2b). The position of Cu (111) crystal plane

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

shift from 43.5°to 43.1°with the prolonged iodination time, confirming the introduction of tensile

strain, which is the same trend like TEM calculated by Bragg equation®: 4!,
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ID-2.5%s-Cu ID-5.4%s-Cu ID-6%s-Cu H)—6.4%§m

Figure 1. SEM images of (a) OD-0%s-Cu, (b) ID-2.5%s-Cu, (c) ID-5.4%s-Cu, (d) ID-6%s-Cu

and (e) ID-6.4%s-Cu. HRTEM images of the (111) plane of the (f) OD-0%s-Cu, (g) ID-2.5%s-Cu,

(h) ID-5.4%s-Cu, (i) ID-6%s-Cu and (j) ID-6.4%s-Cu, respectively.

Pair distribution function (PDF) analysis further validated the Cu—Cu bond elongation in ID-
Cu samples (Figure 2¢ and Figure S11). It can be clearly seen that the pure Cu has the Cu-Cu bond
of 2.3A, the Cu-Cu bond value of OD-0%s-Cu is same as pure Cu, illustrating the same structure of
single Cu of OD-0%s-Cu. As the degree of iodination increases, the tensile degree of Cu lattice is

enhanced, resulting in the Cu-Cu bond of ID-6.4%s-Cu increased to 2.5 A compared to the 2.35 A

of ID-2.5%s-Cu. Another important difference is that the Cu-O bond is evident in the ID-Cu samples.

During electrochemical reduction, copper halide is nearly completely consumed. Therefore, the
Cu,0 in the ID-Cu sample most likely formed from natural oxidation in air or water, facilitated by
the small grain boundaries of the Cu. This difficulty in achieving large Cu particles is likely due to
an increase in lattice defects caused by I-doping. Combined with the TEM images, it can be found
that the longer the iodination time, the smaller the Cu grains wrapped in Cu,0, and the Cu-Cu bond
length gradually changes from 2.3A to 2.5A. The Cu valence state is evaluated based on the position
of the absorption edge in the Cu K-edge X-ray absorption near-edge structure (XANES)
spectroscopy (Figure 2d-f and Figure S12) 4243, The absorption edge position of compound derived
Cu follows the order of Cu,O > ID-Cu > BD-Cu > CD-Cu > OD-Cu > Cu foil, consistent with the
observation that Cu crystalline is encircled in Cu,O. Further fitting of extended X-ray absorption

fine structure (EXAFS) result for ID-Cu shows that the Cu-Cu bond length is increased by 0.2%

Ol: 10.1039/D5TA09547F
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compared with that of the standard metal Cu, and there is an obvious disorder. This is GoRsiSterHd/DSTA09547F
with the hypothesis that the tensile stress stems from the Cu,O/Cu interfacial mismatch, as
evidenced by our Raman and XPS data (Figure S13-14). As shown in Figure S13(a-d), the Cu-I,
Cu-Br, Cu-Cl bond present at 125cm’!, 176cm! and 230cm™!, respectively**+’. After electro-
reduction, OD-Cu, ID-Cu, BD-Cu and CD-Cu show the characteristics of Cu-O bond*3. With the
increase of lattice tensile strain of Cu, the mode of Cu-O bond (280cm™) is gradually dominated,

which corresponds to the unsaturated Cu coordination.
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Figure 2. (a-b) XRD patterns of OD-0%s-Cu, ID-0.49%s-Cu, ID-2.5%s-Cu, ID-5.4%s-Cu, ID-6%s-
Cuand ID-6.4%s-Cu. (c) Pair distribution function (PDF) data of OD-0%s-Cu, ID-2.5%s-Cu, ID-
5.4%s-Cu, ID-6%s-Cu and 1D-6.4%s-Cu. (d-e) Cu K-edge XANES spectra of ID-6.4%s-Cu, BD-
Cu, CD-Cu, OD-0%s-Cu, Cu foil, CuO and Cu,O. (f) Corresponding FT EXAFS spectra of ID-

6.4%s-Cu, BD-Cu, CD-Cu, OD-0%s-Cu, Cu foil, CuO and Cu,0O.

Performance

The impact of tensile strain on HMF oxidation (HMFOR) was evaluated in 1 M KOH
electrolyte with 50 mM HMF using an H-cell configuration. Strained Cu catalysts exhibited
significantly improved activity compared to strain-free Cu. The onset potential decreased from 0.12
V (OD-Cu) to 0.02 V (ID-6.4%s-Cu), and the current density at 0.3 Vgyg reached 70-100 mA cm™

depending on strain level (Figure 3a—c). Among all samples, ID-6.4%s-Cu delivered the best
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performance, achieving an overpotential of only 44 mV at 1 mA cm?2, outperforming OD=Cul(11d@/D5TA09547F

mV) and moderately strained samples (55-50 mV).

To clarify the intrinsic activity of different catalyst configurations, we measured the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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electrochemical active areas (ECSA) of each catalyst (Figure S8). The results show that the relative
ECSA values of ID-2.4%s-Cu, ID-5.4%s-Cu, ID-6%s-Cu, and ID-6.4%s-Cu compared to the OD-
0%s-Cu sample are 70, 95.2, 102, 104 and 101, respectively. After normalizing for specific surface
area factors (Figure 3b), the catalytic current density of Cu still exhibited a strong positive
correlation with strain. The current density per unit area of I1D-6.4%s-Cu reached 0.02
mA/cm?@0.2V, which is five times higher than that of the OD-0%s-Cu sample. Importantly, all
Cu-based catalysts achieved nearly 100% selectivity toward HMFCA with Faradaic efficiencies of
~99% across the potential range of 0.1-0.3 Vgyg (Figure 3d, S10). It should be noted that OD-0%s-

Cu only measures the potential of 0.2-0.3 Vgyg, because the potential of 0.1 Vyyg cannot provide

Selectivety (%)
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degree (x) is 2.4%, 5.4%, 6.4% and 6% in an electrolyte containing 1 M KOH and&01audds/D5TA09547F
HMF. (c) Anat 1 mA/cm? and j at 0.3 V vs RHE of OD-0%s-Cu and ID-x%s-Cu. (d) FE of
HMFCA and selectivity for OD-0%s-Cu and ID-6.4%s-Cu under various potential in an

electrolyte containing 1 M KOH and 50 mM HMF.

To probe the reaction mechanism, in situ Raman and FTIR spectroscopy were performed
(Figure 4, Figure S15-16). Under the OCP condition, no significant Raman signals were observed
for any Cu sample in the frequency range of 1200-2000 cm™!. Upon applying potentials of 0.1-0.3
V, distinct bands at 13001400 cm™! appeared, corresponding to the O—C—O symmetric stretching
of the *OCHO intermediate,*-3° which is usually considered as a key HMFOR intermediate for the
reaction pathway via gem-diol ion’!- 2, while bands at 15201600 cm™' were assigned to C=0 and
C=C vibrations of the furan ring (Figures 4a—c).>3 3% The intensity of the *OCHO band increased
with tensile strain, following the order ID-6.4%s Cu > OD-Cu > Cu, indicating that strain promoted
accumulation of *OCHO intermediates (Figure 4c). In addition, the peak strength of C=0O peak
presents a similar trend to *OCHO, illustrating a strong adsorption capacity for substrates as strain
stretching.

Similarly, in situ FTIR spectra confirmed enhanced *OCHO adsorption on strained Cu (Figures

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

4d-f). The peak at 1350-1400 cm™' can be assigned to *OCHO, which is evidence for ID-Cu and

OD-Cu during operation, showing a rapid transfer from HMF to *OCHO. The peak at 1600-1650

Open Access Article. Published on 10 March 2026. Downloaded on 3/11/2026 8:04:08 PM.

cm™! is related to the C=0 stretching of the furan ring>> 3, which can be observed at OCP, indicating

(cc)

the intrinsic adsorption intensity of HMF on catalysts. In OCP state, Cu foam cannot effectively
adsorb HMF, so there is no C=0 stretching in Figure 4f. However, obvious C=0 adsorption peaks
could be detected for ID-Cu, OD-Cu, and they moved to negative with the strain stretching, which

indicated that the introduction of strain effectively reduced the adsorption potential barrier of HMF.
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Figure 4. In situ Raman spectra in an electrolyte of 1.0 M KOH and 0.05 M HMF solution at
different voltages of (a) OD-0%s-Cu, (b) ID-6.4%s-Cu and (c) Enlarged In situ Raman spectra. In
situ FTIR spectra of CF, ID-6.4%s-Cu and OD-0%s-Cu in an electrolyte of 1.0 M KOH and 0.05

M HMF solution at (d) 0.3 V and (e) OCP. (1) Enlarged In situ FTIR spectra.

Next, we conducted density functional theory (DFT) calculations to analyze the influence of
tensile strain on catalytic activity (Figure5 and Figure S17). As shown in Figure 5a, interaction
between adjacent Cu atoms decreases with the tensile strain, leading to the narrowing of d-band and
upshift of d-band center. According to the d-band theory, the enhanced d-band center can improve
the adsorption capability of Cu catalyst for substrates>”- 3. HMF is unstable in alkaline solution, it
absorbs hydroxyl to become gem diol rapidly, and then removes OH- to become HMFCA and
produces H, at the same time>4. Previous research indicates that C—H bond cleavage is the rate-
limiting step (RDS) of HMF conversion to HMFCA on the catalyst surface, and the binding strength
of HMF on Cu® is considered to be weaker than optimal value!'®2°. As the result of tensile strain,
ID-6.4%s-Cu sample exhibited a much stronger binding energy between Cu and substrate than that

of the OD-0%s-Cu sample, consistent with the improved catalytic kinetics observed experimentally.

DOI: 10.1039/D5TA09547F
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Figure 5. Theoretical determination of the essential HMF oxidation reaction pathway. (a)
Calculated density of states of OD-0%s-Cu and ID-6.4%s-Cu with respect to the Fermi level. (b)
Free energy profiles of HMFOR on OD-0%s-Cu and ID-6.4%s-Cu on Cu(111) surface. The reaction

pathway of HMFOR on (c) OD-0%s-Cu and (d) ID-6.4%s-Cu based on DFT calculation.
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active sites via strain engineering. The (111) exposed facets of Cu and Cu,O possess similar atomic

(cc)

arrangements but differ in lattice constant by 16%. By utilizing residual I~ from the Cul precursor
to suppress Cu domain growth during reduction, we achieved small-sized Cu nanocrystals.
Encapsulated by Cu,0, these nanocrystals develop tensile strain within the Cu lattice due to
interfacial lattice mismatch, reaching a maximum lattice strain of 6.4%. Compared with
conventional core-shell structure and intercalation method, our strain engineering method can
realize controllable strain and maintain the intrinsic activity of Cu.

By applying this strategy to the best electrode Cu nanowires (Cu NWs) from our previous work
can obtain Cul-E-CF NWs with large roughness. Cul-E-CF NWs exhibits ultra-high activities and
the current density is as high as 180 mA cm™ at 0.3 Vzyg while there is only 70 mA cm for

Cu,O/CF (Figure 6a). Performance tests for low-potential HMF oxidation clearly demonstrate that
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the 6% strained Cu catalyst exhibits a two-fold increase in TOF compared to the straimdie® (Owo/D5TA09547F

catalyst. Besides, ID-6.4%s-Cu with tensile strain has excellent stability (Figure 6b). Comparing the
low potential HMFOR with OER and HER, it can be found that the voltage input of HMFOR and
HER paired system is more than 1.5V less than that of traditional water splitting. Moreover, the low
initial potential and strong dynamic characteristics of low potential HMFOR enable it to form a new
fuel cell with ORR (Figure 6¢). Therefore, strain engineering samples with good morphology have

strong dynamic advantages and show excellent application prospects.

(a) M KOH-50 mM HMF (b) 300 [ 1D-6.4%s-Cu
160 4—@—1D-6.4%s-Cu NWs ) )
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Figure 6. (a) LSV curves and of ID-6.4%s-Cu NWs and Cu,0O-CF. (b) Stability test of ID-
6.4%s-Cu in IM KOH and 0.125M HMF. (c) LSV curves of ORR in 0.1M KOH by Fe single atom
for Zn-air battery, HER in 1M KOH by Pt foil, OER in 1M KOH and HMFOR in 1M KOH with

0.125M HMF by ID-6.5%s-Cu.

Conclusions

In this work, we demonstrated a generalizable halogenation—reduction strategy to introduce

controllable tensile strain in Cu catalysts, enabling highly efficient electrooxidation of HMF to
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HMFCA. By utilizing residual I” from the Cul precursor to suppress Cu domain growflodufingd/D5TA09547F
reduction, we achieved small-sized Cu nanocrystals. Encapsulated by Cu,0O, these nanocrystals
develop tensile strain within the Cu lattice due to interfacial lattice mismatch, reaching a maximum
lattice strain of 6.4%, confirmed by XAFs, TEM, and PDF. The strained Cu catalysts exhibited
markedly enhanced activity, with an overpotential as low as 44 mV at | mA c¢cm, and nearly 100%
Faradaic efficiency. The concept was successfully extended to Cu nanowires, achieving industrially
relevant current densities (180 mA cm at 0.3 V) with excellent durability. In-situ Raman and FTIR
spectroscopy reveals that highly strained Cu nanocrystals significantly enhance HMF binding
strength, overcoming the widely recognized drawback of weak HMF binding on conventional Cu
catalysts. DFT calculations further revealed that strain-induced d-band upshifts strengthened
intermediate binding and lowered the C—H bond cleavage barrier. In summary, this study provides
fundamental insights into strain-mediated electronic tuning and establishes a versatile approach for
designing next-generation Cu-based catalysts for biomass valorization and sustainable energy

conversion.
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