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1 Methods

1.1 Materials and chemicals.

Commercial Cu foam was purchased from Canrd Chemical Technology.
Potassium hydroxide (analytical reagent, AR), hydrochloric acid (AR), isopropanol,
potassium halide, sodium hydroxide, ammonium sulfateacetone and ammonium
formate (HPLC) were purchased from Macklin Chemical Reagent. Ethanol and
Copper (II) Sulfate Pentahydrate were purchased from General-Ragent Chemical
Reagent. 5-Hydroxymethyl-2-furaldehyde, Methanol (HPLC) were purchased from
Aladdin Chemical Reagent, 5-Hydroxymethyl-2-furancarboxylic acid were purchased

from Bide Chemical Reagent.

1.2 Synthesis of catalysts

1.2.1 Pretreatment of Cu foam (CF)

Copper foam was sonicated with acetone, 3 M HCI, absolute ethanol, and
deionized water for 5 min respectively. Then, the cleaned copper foam was blowing

dry with nitrogen.

1.2.2 Pretreatment of Carbon paper (CP)

Carbon paper was sonicated with isopropyl alcohol, absolute ethanol, and
deionized water for 5 min respectively. Then, the cleaned copper foam was blowing

dry with nitrogen.

1.2.3 Synthesis of CuX (X=ClI, Br, I, OH)



Firstly, a 3.6um Cu film was plated on CP by hot evaporation named Cu-CP.
Then, a mixed solution of copper halide was prepared (40mL) including CuSO,4 0.1M,
H,SO,4 IM and KX 0.5M. After ultrasonic stirring for 30 minutes, soak CP for 30
minutes, take it out, rinse it with ethanol and water, and blow dry it with nitrogen.
CuOH-CP was obtained by soaking Cu-CP in alkaline solution for the same time. The
solution formula was that 1.6g NaOH and 0.456g (NH,4),S,0g were dissolved in 21mL
water. After this, we can get CuX-CP. For CF substrate, the halogenation time
changed to 5 minutes, and CuX-CF were prepared. Particularly, for the first step of
preparation for ID-n%s-Cu (CP), n of 0.49, 2.5, 5.4, 6.4 and 6, corresponding to
halogenation duration of 1, 5, 10, 30 and 40 minutes, respectively. For ID-n%s-Cu
(CF), the corresponding halogenation time is shortened to 1/6 of CP.

1.2.4 Synthesis of XD-Cu (X=CI, Br, I, OH)

The XD-Cu was electroreduced by a three-electrode system. The electrolyte was
CO;-satuated 0.1M KHCO;, whose pH was 6.85. The CuX-CF/CP was used as
working electrode, AgCl electrode was used as the reference electrode, Pt electrode
was used as the counter electrode, the reduction was at -1.1V vs AgCl for 10 minutes.
1.2.5 Synthesis of Cu,0O-Cu

The Cu,O-CF was synthesized by electrochemical activation. Specifically, the
CF was used as working electrode, Hg/HgO electrode was used as the reference
electrode, the oxidation was completed under the CV test of the three-electrode
system between -0.1 and 1.2 V vs RHE in 1M KOH for 5 cycles at a scan rate of 5

mV/s. After that, the CF that completed activation was soaked in KOH for 13 h. Next,



the sample was reduced at - 0.3 V vs RHE for 600 s. Finally, the obtained Cu,O-CF
was washed with ethanol and dried with nitrogen.
2 Characterization and tests

2.1 Characterization

The morphology and microstructure of all the electrodes were investigated SEM
(Hitachi, SU5000). The high-resolution morphology of these materials was observed
by TEM (FEI Tecnai G2 F20). XRD was employed on a Rigaku SmartLab SE
diffractometer with a Cu Ka source. Diffraction data were collected for 2e from 10 to
90 °. The Raman spectra was recorded at room temperature on a WiTech alpha 300R
with an argon ion laser operating at 488 nm. For PDF test, the total scattering patterns
(Bragg diffraction patterns and diffuse scattering data) were acquired with two-
dimensional (2D) detectors (PZ Medical 6557 a-Si 2D image plates) at the BL13HB
beamline of the Shanghai Synchrotron Radiation Facility (SSRF) (40.44 keV beam
energies). u2D images were converted into 1D Q-space versus intensity plots by using
the Dioptas program with a CeO, calibration standard, and PDF patterns (G(r)) were
obtained with the PDFgetX3 software. The XPS was performed on an Thermo
Scientific K-Alpha X-ray photoelectron spectrometer using Al as the excitation source
(hv=1486.6¢eV). In-situ FT-IR measurements of HMF adsorption was carried out over
Bruker infrared spectrometer (Transmission cell) in the reaction cell. The IR reaction
cell was equipped without window and a typical three electrodes system was operated

(Pt wire as counter electrode and Hg/HgO as reference electrode).

2.2 Electrochemical measurements



The linear sweep voltammetry (LSV) and cyclic voltammetry (CV) was recorded
in an H-type electrochemical cell with 1 M KOH and various quantities of HMF at
room temperature at a scanning rate of 5 mV/s. The synthesized ID-Cu, OD-Cu, CD-
Cu, BD-Cu, a graphite rod, and a Hg/HgO electrode (1 M KOH) were utilized as the
working, counter, and reference electrodes, respectively. The anode and cathode
chambers were separated by a Nafion membrane. The recorded potential was
normalized with respect to the reversible hydrogen electrode (RHE) according to the

following procedure:

Erur=E°(Hg/HgO) + 0.059xpH-+ 0.098. (1)

ECSA was studied based on the electrochemical double-layer capacitance of
various electrocatalysts at non-faradaic overpotentials. By plotting the difference of j
between the anodic and cathodic sweeps (ja—jc) at 0.08 V vs. RHE against the scan
rate, a linear trend was observed. The slope of the fitting line is equal to twice the
geometric double layer capacitance (Cg). The specific capacitance (C;) for a flat
surface is normally taken to be 40 pF/cm?. Generally, the ECSA of the catalyst can be

calculated by the following function:

ECSA =Cq/C, )

2.3 HPLC analysis

HPLC (1260 Infinity II) with a UV detector was used to analyze HMF oxidation
liquid phase products. The UV detector was adjusted to a wavelength of 265 nm. The

mobile phase for HPLC was a mixture of ammonium formate and methanol, and the
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flow rate wasl mL/min. A 4.6 mmx350 mm CI18 column was used. The electrolyte
was diluted to pH=13 before HPLC analysis. The quantification of HMF and its
oxidation product was calculated based on the calibration curves of standard
compounds with known concentrations. The FE of products was calculated on the

basis of the following equations:

Faraday efﬁCienCy (%):nexperimentally produced/ 1'ltheoretically produced>< 100 (3)

where n is the mole number of the substrate. The theoretically produced amount

was calculated based on

ntheoretically produced — Q/ (n X F) (4)

where Q is the transferred charge, n is the number of electrons transferred for

each product molecule and F is Faraday’s constant (96485 C/mol).

Selectivity (%) = 100% * n (a certain product) /n (all the detected products)

2.4 DFT calculations

We have employed the Vienna Ab Initio Package (VASP)!to perform all spin-
polarized density functional theory (DFT) calculations within the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE)? formulation. We
have chosen the projected augmented wave (PAW) potentials® “to describe the ionic
cores and take valence electrons into account using a plane wave basis set with a
kinetic energy cutoff of 450 eV. Partial occupancies of the Kohn—Sham orbitals were

allowed using the Gaussian smearing method and a width of 0.05 eV. Electronic



energy was considered self-consistent when the energy change was smaller than 1073
eV. Geometry optimization was considered convergent when the force change on
each atom was smaller than 0.02 eV A~!. The vacuum spacing in a direction
perpendicular to the plane of the structure is 18 A. The weak interaction was
described by DFT+D3 method using empirical correction in Grimme’s scheme?.
When performing the calculation, we fixed the atoms in the bottom two layers and
allowed the relaxation of other atoms for structural optimization. To consider the
strong correlation effects of transition metal in structure, all calculations were carried
out by using the spin-dependent GGA plus Hubbard correction U method®, and the
effective Ueff parameters are 4.0 eV for Cu in model2(Cu-O(111)) and
model3(Stretched Cu-O(111)). The Dipole correction taken into account for this

calculation.

The Gibbs free energy change (AG) of each chemical reaction was calculated by Eq. 1,

A G=AE+ AZPE-TAS (1)
where E is the calculated total energy, ZPE is the zero-pointenergy, T is the

temperature, and S is the entropy.

Supply Figures
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Figure S1. SEM images of CP.
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Figure S2. SEM images of (a-b) CuCl-CP and (c-d) CD-Cu-CP.
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Figure S3. SEM images of (a-b) CuBr-CP and (c-d) BD-Cu-CP.
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Figure S4. SEM images of (a-b) Cul-CP and (c-d) ID-Cu-CP.
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Figure S5. SEM images of (a-b) CuOH-CP and (c-d) OD-Cu-CP.



Figure S6. TEM images of ID-Cu-6.4%s.



Figure S7. TEM images of CD-Cu.



Figure S8. Capacitive currents at 0.08 V vs RHE as a function of the scan rate for (a)
OD-0%s-Cu, (c) ID-5.4%s-Cu, (¢) ID-6.4%s-Cu, (f) ID-2.5%s-Cu and (h) ID-6%s-Cu.
CV curves for (b) OD-0%s-Cu, (d) ID-5.4%s-Cu, (e) ID-6.4%s-Cu, (g) ID-2.5%s-Cu
and (i) ID-6%s-Cu.

Assuming that the active site density of the flat Cu electrode used in this study is 1015,
According by TOF calculation formula, the TOF value of ID-6.4%s-Cu is
0.07A/(1 X 10'3X2600 sites X 96485 C mol1)=0.07X6.022X10%3/(1 X 10" X 2600
sites X 96485 C mol1)=0.168 s-!. In the same way, we can calculate the TOF value of
ID-6%s-Cu, ID-5.4%s-Cu, ID-2.5%s-Cu and OD-0%s-Cu are 0.11 s'!, 0.13 s°!, 0.09 s
I'and 0.02 s, respectively. Thus, tensile strain accelerated the HMFOR reactions in

unit time and unit active site on Cu electrode, significantly improved HMFOR activity.
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Figure S9. XRD patterns of (a, c-e) CuCl-CP, CuBr-CP, Cul-CP and CuOH-CP. XRD

patterns of (b) CD-Cu-CP and BD-Cu-CP.
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Figure S10. Calibration of the HPLC for (a) HMFCA. (b) FDCA. (c) FFCA. (d) HMF.

(e) DFF.
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Figure S11. Pair distribution function (PDF) data of OD-0%s-Cu, ID-2.5%s-Cu, ID-

5.4%s-Cu, 1D-6%s-Cu, 1D-6.4%s-Cu, CD-Cu and BD-Cu. Pair distribution function

(PDF) can better capture the change of bond length and crystal information of Cu sites.

As shown in Figure S11(a), 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 increasing, the tensile degree of Cu lattice

is enhanced, resulting 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. Figure S11(b) shows that CD-Cu-30 has the similar

crystalline structure as pure Cu, while BD-Cu has the similar crystalline structure as

ID-6.4%s-Cu, which contains some coordination environment of Cu-O.
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Figure S12. (a) Cu K-edge XANES spectra and (b corresponding FT EXAFS spectra
of of ID-6.4%s-Cu, BD-Cu, CD-Cu, OD-0%s-Cu, BD-Cu, CD-Cu, Cu foil, CuO and
Cu,0. Fitted FT EXAFS spectra of (c) ID-6.4%s-Cu, (d) CD-Cu, (e) BD-Cu, (f) OD-

0%s-Cu.
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Figure S13. Raman spectra of (a) CuCI-CP and CD-Cu, (b) CuBr-CP and BD-Cu, (c)
CuOH-CP and OD-0%s-Cu, (d) Cul-CP and ID-6.4%s-Cu. (¢) Raman spectra of Cu,
CD-Cu, BD-Cu, OD-0%s-Cu and ID-6.4%s-Cu.

As shown in Figure S13(a-d), the Cu-I, Cu-Br, Cu-Cl bond present at 125cm!,
176cm™! and 230cm’!, respectively’10. After electro-reduction, OD-Cu, ID-Cu, BD-
Cu and CD-Cu show the characteristics of Cu-O bond'!. 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 S14. Auger electron spectra of (a) CuCl, CuBr, Cul, CuOH and (d) CD-Cu,
BD-Cu, ID-6.4%s-Cu, OD-0%s-Cu. XPS spectra of (b) CuCl, CuBr, Cul, CuOH and
(c) CD-Cu, BD-Cu, ID-6.4%s-Cu, OD-0%s-Cu. XPS spectra of (e¢) Cu. XPS spectra
of (f) I element, (g) Br element and (h) Cl element.

The Cu 2p spectrum of pure Cu-CP is presented in Figure S14(e). The peak observed
at 932.5 eV corresponds to Cu 2ps, of Cu’, and the absence of a satellite peak
indicates the lack of Cu?' species. Figure S14(a) displays the Cu LMM spectra of
CuX (X = Cl, Br, I), showing a main peak near 916 eV attributable to Cu’. The
narrow-scan Cu 2p spectra of these samples are shown in Figure S14(b), all exhibiting
a characteristic peak at approximately 932.6 eV, which is also consistent with Cu*. In
contrast, both the Cu LMM and Cu 2p spectra of CuOH-CP confirm the presence of
Cu?*. Following electroreduction, the XD-Cu (X = Cl, Br, I, OH) samples exhibit
spectral features indicative of mixed Cu’ and Cu" states. Specifically, a Cu® peak
emerges at around 918 eV in the Cu LMM spectra, while the Cu 2p spectra shows a
single peak near 933 eV. Figure S14(f) presents the I 3d XPS spectra. For pristine Cul,

the peak at 618 eV is assigned to I". After electroreduction, the intensity of the I signal



decreases substantially, accompanied by a peak shift, suggesting gradual leaching of
iodine during the reduction process. The XPS spectra of Br and CI are shown in
Figure S14(g) and (h), respectively. Peaks at approximately 70 eV (Br 3ds;) and
198.5 eV (Cl 2p;,) are observed for the halide precursors. Their significant
attenuation after reduction further supports the conversion of copper halides to

metallic Cu®.
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Figure S15. In situ Raman spectra in an electrolyte of 1.0 M KOH and 0.05 M HMF
solution at different voltages of (a) Cu-CP, (b) ID-0.49%-Cu, (c) CD-Cu and (d) ID-

6.4%s-Cu.
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Figure S16. (a) In situ FTIR spectra of CF in KOH, HMF, HMFCA, mixed HMF and
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Figure S21. XRD patterns of ID-6.4%s-Cu NWs.



Figure S22. (a) HRTEM and (b) SEM images of ID-Cu(1min).
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Table S1. EXAFS fitting parameters at the Cu K-edge for various samples.

Sample Shell N R(A) c? R factor
CD-Cu Cu-Cu 11.4 2.539 0.0081 0.0057
Cu-O 0.2 1.867 0.0032
BD-Cu Cu-Cu 9.4 2.543 0.0082 0.0064
Cu-O 0.4 1.887 0.0022
ID-6.4%s-Cu Cu-Cu 6.4 2.544 0.0086 0.0374
Cu-O 1.3 1.867 0.0032
OD-0%s-Cu Cu-Cu 10.53 2.538 0.0081 0.005

N: coordination numbers; R(A): bond distance; ¢ 2: Debye-Waller factors; R factor:

goodness of fit.



Table S2. Ion chromatography of CD-Cu, BD-Cu, ID-Cu.

Concentration
ClL, mg/g Br, mg/g I, mg/g
Samples
CD-Cu 0.2866 / /
BD-Cu / 119.2719 /

ID-Cu / / 3.722755




Table S3. HPLC performance of OD-0%s-Cu, ID-6.4%s-Cu, ID-2.5%s-Cu, ID-6%s-

Cu

Performance
HMFCA
HMF conversion rate
Samples HMFCA yield (%) formation rate
(%)
(mmol h-')
OD-0%s-Cu 8.6 5.97 0.59
ID-2.5%s-Cu 15.5 9.24 0.77
ID-6%s-Cu 17.3 10.12 0.85
ID-6.4%s-Cu 19.6 10.97 0.92

HMF conversion (%) = [n (HMF consumed)/n (HMF initial)] X 100
HMFCA yield (%) = [n (HMFCA formed)/ n (HMF initial)] X100

HMFCA formation rate (mmol h-')=n (HMFCA formed)/ Time



Table S4 Summary of the low potential organic oxidation performance by Cu-based

catalysts in 1M KOH.

Oxidation  Onset potential Current density

Anode substrate @ 1 mA/cm? @ 0.3V vs RHE Ref
\%2) (mA/cm?)
Cu IM HCHO 0.025 12 12
IM
Cu,O 0.5 50 12
CH;CHO
PtCu 0.2M FF 0.04 150 13
0.05M
CF@Cu-NS -0.07 85 14
HCHO
CuAgglv/C
0.2M FF 0.11 18 13
u
OD-Cu 0.2M FF 0.14 16 13
Cu NPs/Cu 0.2M FF 0.21 3 13
MV Cu 0.05M FF 0.02 115 16
Cu-
modified 0.05M HMF 0.15 0.7 17

glass carbon



Cu-
modified 0.05M FF
glass carbon

Cu,O@CF  0.IM HCHO

CF 0.1M HCHO
CuAu 0.2M FF
CuAg 0.2M FF
CuPd 0.2M FF

CF 0.2M FF

Cu 0.05M FF

Rh;Cu 0.03M FF

Cuneedles 0.05M HMF

An-Cu,0O-
0.05M HMF
AC NWAs
Cu(OH),/C
0.1M FF
F

Cu/CF 0.03M BzH
Cu,O/CF 0.03M BzH
Ag-

0.03M BzH
Cu,O/CF

0.25

-0.05

0.15

0.12

0.07

0.05

0.16

0.02

0.01

0.05

0.03

0.15

0.12

0.06

0.04

1.9

150

20

80

75

77

123

60

115

50

12.5

45

74

17

18

18

19

19

20

21

22

23

23

24

24

24



ID-6.4%s- 0.125M
0 180 This work
Cu NWs(3) HMF




Table S5. HPLC performance of ID-6.4%s-Cu (CF) under three cycles.

HMF

Performance
HMFCA yield FEHMFCA  Selectively

conversion rate

(%) (%) (%)
(%)
ID-6.4%s-Cu
34.9 22.5 103.8 100
(Cyclel)
ID-6.4%s-Cu
33.5 20.1 102.3 100
(Cycle2)
ID-6.4%s-Cu
33.9 21 100.5 100

(Cycle3)
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