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ABSTRACT 2,5-dihydroxymethylfuran (DHMF), obtained from 5-hydroxymethylfurfural
(HMF) by electrochemical method, is a promising building block for polymers. However,
one challenge of this process is to reduce initial potential and improve catalytic selec-
tivity. In this work, the PdCu bimetallic catalyst is prepared with an onset potential of
-0.05 Vrye and a selectivity of 99%. Compared with the single Cu electrocatalyst, the
adsorption of HMF and proton is improved by introducing of Pd, which is demonstrated
by the electrochemical results and hydrogen production rate. This work provides an ef-
fective strategy to improve the selectivity of Cu-based electrocatalyst and builds a rela-
tionship between the adsorption capacity and the electrocatalytic performance.
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n INTRODUCTION

Biomass conversion is becoming an effective way to alleviate the
energy crisis and pollution in social development.['l Biomass (lig-
nin, sugar monomer, bio-oil, etc.) is the only renewable carbon
source that can extract liquid fuels, chemicals, and polymeric ma-
terials in nature.?% 5-hydroxymethylfurfural (HMF), which can be
produced by dehydration of either glucose or fructose, is one of
the most critical intermediates of biomass conversion. 2,5-dihy-
droxymethylfuran (DHMF) and 2,5-dimethylfuran (DMF), as ideal
fuel or polymer premises, can be generated from the selective hy-
drogenation of HMF.*8l The thermal hydrogenation process is
usually required under high temperature, high pressure, and ad-
ditional H,."! Meanwhile, electrochemical conversion has irre-
placeable advantages: a) the replacement of petrochemical-
derived molecular H; by protons generated via water splitting, and
b) the reaction rate and product selectivity can be easily controlled
by tuning the potential. However, the electrochemical hydrogena-
tion process of HMF still stuffs from high initial potential and low
catalytic efficiency.®-"!

Cu is a classical and widely used catalyst for the reaction of
electrocatalytic reduction of organic compounds. For example,
Koper et al. investigate the performance of electrocatalytic HMF
hydrogenation (HMF ECH) on the Cu electrode in neutral and
acidic electrolytes.['>"3 Li et al. took a systematic study and
proved that the electrocatalytic furfural hydrogenation on Cu elec-
trodes has two different pathways: 1) electrocatalytic hydrogena-
tion and (2) direct electroreduction. Since the reaction pathway of
HMF ECH is complicated, the product selectivity is usually low. In
order to solve this problem, bimetallic alloys were prepared to en-
hance product selectivity.[' Anne et al. synthesized a CuAg alloy
by electrochemically depositing Ag on the surface of nanoporous
Cu precursor, which can realize the high selectivity of 92% for
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DHMF.I'S! Furthermore, Fan et al. successfully realize the reaction
of electro-catalytic reduction of HMF to synthesize DMF with the
selectivity of 91.1% using CuNi alloy.l"® Compared with a single
metal, the selectivity of Cu-based electrocatalyst was increased
by introducing the second metal.l'”l However, the conversion po-
tential of HMF on these alloys is relatively high, and the role of
different components in bimetallic alloys is not clear.'®!

Herein, we prepared a Pdo 3Cu electrocatalyst with high activity
and revealed the reason for the enhanced performance. The bi-
metallic PdCu catalysts show superb HMF hydrogenation activi-
ties with an HMF conversion of 89%, high DHMF selectivity of
99%, and excellent stability by introducing the Pd element. The
role of Pd in the ECH of HMF was studied by the electrochemical
measurements and XPS. The improved adsorption capacity of
HMF and H on the PdCu alloy was attributed to the enhanced
electrocatalytic performance.

n RESULTS AND DISCUSSION

The PdCu alloys were prepared by NaBH4 reduction (Figure
1a).l' Figure 1(b) shows the XRD patterns of Cu nanoparticles,
Pdy3Cu, and Pd nanoparticles. The XRD patterns of Cu and Pd
nanoparticles fit well with the standard Cu (PDF#04-0836) and Pd
(PDF#46-1643) crystal structure. XRD pattern of PdCu alloy dis-
played a single set of diffraction peaks assignable to a body-cen-
tered cubic structure.?®! Each was located between correspond-
ing peaks of pure Pd and Cu, evidencing the formation of PdCu
alloy rather than phase separation.?'! The reason for the different
diffraction peak positions is that the diameter of the Pd atom is
different from that of the Cu atom. After Pd is mixed into Cu, the
spacing between crystal planes will increase. According to the
Bragg formula (2dsin® = 2A), the diffraction peak position of the
alloy will be smaller than that of Cu crystal.??!

The TEM image shows that Pd, 3Cu consists of interconnected

2205063



ARTICLE

@ Ve N\
L2 > = >
Cu(Ac), Pd(Ac), SRR
u(Ac), dropwise filtration z&&%&&%&&&}
LL; o NaBH, Annealing in H, ycu © Pd
acetone black precipitate PdCu alloy

o] ©

G
=~
'Ein
*
»
*  TIO

Intensity (a.u.)

| : 5
Cu . % : 8§ PdosCu(111)

10 20 30 40 50 60 70 80
2Theta (degree)

e

50nm

Figure 1. (a) Diagram of the synthesis of PdCu alloys. (b) XRD patterns
of Cu nanoparticles, Pdo.3Cu and Pd nanoparticles. (c) TEM and (d) HR-
STEM images of Pdo.3Cu.

crystalline features with a particle size of about 50 nm (Figure 1c).
The high-resolution TEM (HRTEM) image shows that the (111)
plane of Pdo3Cu was mainly exposed to the nanoarrays, contri-
buting to the high surface area and reaction activity (Figure 1d).
Furthermore, according to the TEM-EDS pattern and EDS ele-
mental mapping, there are only Pd and Cu in the catalyst, and
they are evenly distributed throughout the nanoparticles (Figure
S1a-d). In addition, the ICP-AES result shows that the atomic ratio
of Pd to Cuis 0.3:1.

In order to verify the influence of alloy composition on the sur-
face electronic structure and electrocatalytic performance, a se-
ries of alloys with different Pd content were synthesized, and their
crystal structures and microstructures were studied. The XRD
patterns of Pd,Cu are shown in Figure S2. When the ratio of Pd
to Cu is less than 0.5, the diffraction peaks are similar to pure Pd
and Cu. As the atomic ratio of palladium to copper increases to
0.5 and 0.6, the XRD patterns showing some subtle changes are
matched well with the ordered B2 structure (ICDD: 01-078-4406)
in which alternatively arranged Cu and Pd atoms reside on neigh-
boring sites in a bcc-based lattice.[?324 Bimetallic nanocrystals
synthesized by solution method at room temperature usually have
random alloy structures. Thermal annealing of the alloy structure,
usually in a reducing or inert atmosphere, at a disordered transi-
tion temperature, can cause the two metal atoms to diffuse and
arrange evenly to form intermetallic compounds, ordered al-
loys.?¥ It indicates the ordered structure formation for the Cu and
Pd atoms. The SEM images of synthetic materials are all dis-
played in Figure S3 and S4. Cu nanoparticles consist of spheres
with a particle size of about 20 nm, while Pd nanoparticles are
composed of smaller spheres with a particle size of about 5 nm.
Owing to the formation of Pd-Cu alloy, Pd«Cu alloys consist of
nanoparticles with a particle size of 20-50 nm. With the change of
palladium content, the size of bimetallic nanocrystals does not
change much, and they are all composed of about 50 nm nano-
particles.

The specific surface elements and their valence states of bime-
tallic Pd«Cu alloys, Cu nanoparticles, and Pd nanoparticles were
further characterized by X-ray photoelectron spectroscopy (XPS)
(Figure 2). All peaks were corrected to C 1s (284.8 eV). The Cu
2p32 XPS spectra of Cu nanoparticles (Figure 2a) can be divided
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Figure 2. (a) High-resolution Cu 2p and (b) Pd 3d XPS spectra of PdxCu.
(c) Surface valence bands of PdxCu. All the spectra are background-
corrected. The white bars indicate the center of gravity. For comparison,
the upper limit of integration is fixed to -10.0 eV in binding energy.

into two peaks at 932.38 and 934.69 eV, respectively, assigned
to Cu® and Cu?*. The Cu?* may be caused by the oxidation of Cu
nanoparticles in air atmosphere. The peaks at ~942.0 eV are satel-
lite peaks of Cu?*, and the Cu® peak is the dominant peak among
them. In addition, compared with mono-metal catalysts, the bind-
ing energies of Cu 2p3, show a negative shift for PdCu alloys,
which may be due to the charge transfer between Pd and Cu dur-
ing alloying.?®! Meanwhile, as shown in Figure 2(b), the Pd 3d
XPS spectrum of Pd nanoparticles and bimetallic Cu-Pd alloys
demonstrated the peak of 335.3-340.7 eV (Pd 3ds,2) could be as-
signed to Pd® and Pd?* in the corresponding catalyst. Similarly,
compared with Pd nanoparticles, the binding energies of Pd 3ds,
also show a negative shift.?"!

The relationship between XPS binding energy of Pd and Cu and
Pd content in the alloy is shown in Figure S6. This shift of binding
energy further indicates that the PdCu alloy nanoparticles were
successfully formed due to the incorporation of Pd atoms into the
Cu lattice, which is consistent with the results of XRD and TEM.
Owing to the minor electron negativity of Cu than that of Pd, the
transfer of Cu electrons to Pd leads to a positive charge of Cu,
which is more conducive to the adsorption of oxygen atoms of
HMF molecules on the catalyst surface.?®?% In addition, due to
the excellent hydrogen adsorption capacity of Pd, the synthesized
PdCu alloy has a high HMF hydrogenation performance.

Furthermore, the surface valence bands of those samples were
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Figure 3. (a) LSV curves and (b) the conversion of HMF and the selecti-
vity of DHMF of Cu nanoparticles, Pdo.3Cu and Pd nanoparticles in PBS
without/with HMF. The conversion of HMF and the selectivity of DHMF (c)
at various potentials on Pdo3Cu electrode. (d) Using Pdo.3Cu for five suc-
cessive electrolysis cycles and (e) of PdxCu alloy with various Pd content.
(f) LSV curves normalized by ECSA of Cu nanoparticles, Pdo3Cu and Pd
nanoparticles.

calculated by the XPS data (Figure 2c). It verified the electronic
interaction between the Pd and Cu since the centers of gravity
gradually shifted with the growing amounts of Pd in Cu, indicating
the enhanced adsorption capability of H and organic molecule for
PdyCu. Therefore, the Pd,Cu with different compositions behaves
with tunable surface properties.*-%2 The change of the d-band
center further indicates that the formation of alloy can adjust the
electronic structure of the catalyst surface. Previous work shows
that the adsorption energy is closely related to the electronic
structure of surface atoms of electrocatalysts.®*** Therefore, ad-
justing the adsorption energy by adjusting the surface electronic
structure is a practical method to improve the catalytic activity of
electrocatalysts. According to Sabatier's principle, the adsorption
of reactive species cannot be too strong or too weak to limit the
product desorption or reactant activation, respectively. Therefore,
only appropriate Pd content can maximize the catalytic activity.

The HMF ECH performance of Cu nanoparticles, Pd 3Cu, and
Pd nanoparticles was measured in PBS electrolyte. As shown in
Figure 3(a), in the absence of HMF, the applied potential of HMF
hydrogenation to reach the current density of 10 mA cm on
Pdo3Cu is -0.47 Vrue. However, with the existence of HMF, the
applied potential reduces to -0.31 Vrye to achieve the same cur-
rent density, indicating that the hydrogenation of HMF on the
PdosCu electrode is much easier than HER. In addition, by com-
paring with Cu nanoparticles (-0.3 Vgrue) and Pd nanoparticles
(-0.32 Vgrpe), Pdo 3Cu shows more positive onset potential for HMF
hydrogenation and higher current response, indicating that the
formation of alloys significantly improves the HMF ECH perfor-
mance of Cu-based electrocatalyst. The corresponding Tafel
slopes which were calculated to evaluate HMF hydrogenation ki-
netics are shown in Figure S7. The Tafel slope of Pdy3Cu is 208
mV dec', which is smaller than that of Pd (229 mV dec™') and Cu
(226 mV dec™), showing a faster electron-transfer rate.

The HMF electro-hydrogenation over Pdy 3Cu was subjected to
potentiostatic electrolysis in a divided cell with PBS containing
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HMF at different electrode potentials to identify and quantify the
hydrogenation products. The potential used in this work is chosen
based on the results of LSVs. After reduction, the products in
electrolyte were analyzed and quantified by HPLC. As shown in
Figure 3(b), the selectivity (%) of DHMF is 99% at four applied
potentials, suggesting that DHMF is the primary product for elec-
trocatalytic HMF hydrogenation on Pdg3Cu. Other reduction pro-
ducts may be 2,5-dimethylfuran, 2,5-dihydroxymethyltetra-hydro-
furan, 5-methylfurfural, 5-methylfurfuryl alcohol, etc. However,
only DHMF selectivity is discussed because it has small content
and is not the focus of this paper. Under the same conditions, the
electrocatalytic HMF reduction performance of Pd and Cu is much
lower than that of Pdo3Cu. In addition, the electrolysis of Pdy3Cu
under different potentials was studied. As shown in Figure 3(c),
the selectivity of DHMF is 99% at five applied potentials, which
means DHMF is the primary product for the electrocatalytic HMF
hydrogenation PdosCu. It is worth noting that the conversions of
HMF at-0.2, -0.25, and -0.3 Vrue approximately approach to 89%,
which decreases to 75% at -0.35 Vgue. The results of HPLC for
HMF hydrogenation catalyzed by Pdo 3Cu at -0.20 Vgue are shown
in Figure S18. The causes of performance degradation may be
that the reaction rate of HER gradually increases as the applied
potentials become negative, which may occupy more active sites
on the surface of Pdy3Cu. Meanwhile, to study the catalytic sta-
bility of the PdysCu electrode, the same PdosCu electrode was
reused in the electro-catalytic hydrogenation of HMF for five con-
tinuous potentiostatic electrolysis cycles (Figure 3e). The conver-
sion of HMF remains 81%, and the selectivity (%) of DHMF keeps
99%, suggesting excellent stability for Pdo 3Cu in electrocatalytic
HMF hydrogenation. TEM characterization was performed on
Pdo3Cu after reaction in PBS solution, as shown in Figure S11. It
can be found that the morphology and element distribution of the
catalyst hardly change before and after the reaction, which shows
that the alloy material has good stability.

To investigate the performance of electrocatalytic hydrogena-
tion of HMF with different Pd contents, a series of comparative
experiments were carried out by varying the Pd content (as shown
in Figure S8). According to the data, the following conclusions can
be drawn: 1) for all the catalysts used, the performance of electro-
catalytic hydrogenation of HMF is superior to that of HER; 2)
among the synthetic alloys with different Pd content, the onset
potential of electrocatalytic hydrogenation of HMF on Pdo3Cu is
more positive than that on Pdp 1Cu, PdysCu, and PdysCu. Simi-
larly, the potentiostatic electrolysis experiment of Pd,Cu was also
carried out at -0.25 Vrye, as shown in Figure 3(d). The conversion
of HMF and the selectivity of DHMF on the Pdy 3Cu electrode are
both higher than that on other electrodes, which further suggests
that Pdo3Cu is the most excellent and economical electrocatalyst
for the electrocatalytic HMF hydrogenation. Interestingly, the con-
version (%) of HMF and the selectivity (%) of DHMF first increase
and then decrease with the gradual increase of Pd content. The
results show that adding appropriate Pd can effectively improve
the hydrogenation performance of HMF, while excessive Pd con-
tent will lead to excessive HER reaction, which is not conducive
to the reduction of HMF.

Moreover, the active electrochemical areas (ECSA) of Cu na-
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Figure 4. (a) Bode phase plots of (a) Cu, (b) Pdo.3Cu and (c) Pd at various
applied potentials in PBS with HMF. (d) TOF of hydrogen production in
PBS with and without HMF of Cu and Pdo.sCu. (e) CV curves of Cu, Pdo.sCu
and Pd in PBS. (f) OCP curves of Cu nanoparticles and Pdo.3Cu in PBS
and HMF was injected subsequently.

noparticles, PdyCu, and Pd nanoparticles were measured to in-
vestigate the effect of Pd content on the intrinsic activity, as shown
in Figure S9 and S10. PdosCu (6.18 mF cm™) has the highest
ECSA, while the ECSA of Cu and Pd nanoparticles are the lowest.
With increasing the Pd content, the ECSA of alloys first increases
and then decreases, suggesting that adding appropriate content
of Pd can effectively improve the ECSA of catalysts and expose
more active sites on the surface. In addition, the ECSA was used
to normalize the corresponding LSV, as shown in Figure 3(f). The
current density of Pdo 3Cu is higher than the value for Cu and Pd
nanoparticles, suggesting the intrinsic activity of Pdo3Cu is much
higher than that of the bare Cu and Pd nanoparticles. By this to-
ken, Pdo3Cu is the most excellent and economical electrocatalyst
for electrocatalytic HMF hydrogenation.

The in situ electrochemical impedance spectroscopy (EIS)
measurements are performed at various potentials to investigate
further the catalytic kinetics of electrochemical hydrogenation of
HMF on the as-obtained electrode and the electronic transfer be-
tween electrodes and the electrolyte. The Bode phase plots (in
HMF) of Cu nanoparticles, Pdo3Cu, and Pd nanoparticles are
shown in Figure 4(a-c). The phase angle in the Bode phase dia-
gram could imply the reaction rate. Compared with Cu, the phase
angle of Pdo3Cu and Pd decreased at the potential of 0.05 Vg,
which is much earlier than that of Cu (-0.25 Vgrue), indicating the
reaction rate on Pd-containing electrocatalyst is much easier than
on Cu electrode. The possible reason is that the Pd atom attracts
H more readily than Cu, which will induce the hydrogenation re-
action in a small onset potential. Moreover, the phase angle of
PdosCu is smaller than that of Pd, implying the alloy electrocata-
lyst has a faster reaction rate. The enhanced electrocatalytic per-
formance would be contributed to the optimized surface electronic
structure of the alloy.®>3"1 It is worth noting that in the Bode phase
diagram of Cu, a wave appears at the x-coordinate of -0.5, which
should be the reduction of Cu?*. Moreover, the Nyquist plots of Cu
nanoparticles, Pdo3Cu and Cu nanoparticle catalysts were com-
pared in PBS with HMF at -0.15 Vgrue, as shown in Figure S13.

The Nyquist plot of PdosCu is a semicircle, while that of Cu

2205066

© 2022 fjirsm, CAS, Fuzhou

S Chinese Journal of
tructural Chemistry
nanoparticles is a straight line. Evidently, the onset potential of
Pdy3Cu is more positive than that of Cu nanoparticles and further
indicates that the electrical conductivity of Pdo 3Cu is more excel-
lent than that of Cu nanoparticles and Pd nanoparticles. Figure
S14(d) shows the Nyquist plots of Pdo 3Cu catalyst at various ap-
plied potentials (from 0.2 to -0.4 Vgrue) in PBS without HMF. At the
potential of -0.1 Vgrue, the Nyquist plots are close to the straight
line. When the potential reaches -0.15 Vgrug, @ semicircle is ob-
served, marking the beginning of HER. After adding HMF to the
electrolyte (Figure S14e), the semicircle is observed at -0.1 Vg,
indicating that the onset potential of the electrocatalytic HMF hy-
drogenation is earlier than that of HER on Pdy 3Cu, which is con-
sistent with the hydrogenation potential obtained from the LSV
curve. In addition, the Nyquist plots and Bode phase plots of Cu
nanoparticles in PBS with and without HMF are displayed in Fig-
ure S14a-b. A similar trend can be observed from Cu nanoparti-
cles, except for the onset potential of HER and ECH. The Nyquist
plots and Bode phase plots of Pd nanoparticles in PBS with and
without HMF are displayed in Figure S15. The equivalent circuit
and the parameters of the equivalent circuit are presented in Fig-
ure S12 and Table S1. According to Table S2, the R1 (Q) of
Pdo3Cuis 151.6 Q, which is far less than that of Cu nanoparticles
(2092 Q) and Pd nanoparticles (1469.8 Q). Therefore, the electri-
cal conductivity of Pdg 3Cu is more excellent than that of Cu nano-
particles.[3839

Meanwhile, the rate of H, production is measured to prove the
effectiveness of the Pd atom. As shown in Figure S16, in the ab-
sence of HMF, H; is produced at -0.1 Vrye. When HMF is added
to the solution, the potential of hydrogen production correspond-
ingly negatively shifts and the rate of hydrogen production de-
creases significantly. With the Pd ratio increasing to 0.3, the po-
tential of hydrogen production is moved to 0 Vryxe. The above phe-
nomenon shows that the presence of Pd can enhance the adsorp-
tion capacity of hydrogen (Hags) on the catalyst surface. CV curves
of Pd, Pdo3Cu, and Cu were tested in PBS electrolyte, and the
hydrogen region rose with Pd, indicating the ability of the electro-
catalyst to adsorb hydrogen atoms increased. This result further
indicated that incorporating Pd could promote the adsorption ca-
pacity of hydrogen atoms of the catalyst.*% Moreover, the Hags
significantly promoted the reaction of electrocatalytic reduction of
HMF. The phenomenon of cyclic voltammetry in Figure S17 proves
the Hads peak in the presence of HMF is weaker than that in the
absence of HMF.#" In addition, the open-circuit potential (OCP),
which reflects the variation of absorbates in the Helmholtz layer,
was recorded to evaluate the HMF adsorption behavior on the
catalysts (Figure 4(f). When injecting HMF, a more significant de-
crease of OCP of the electrochemical cell with the Pdo3Cu elec-
trode (69.6 mV) was observed than that with the Cu electrode
(-4.4 mV), suggesting stronger surface adsorption of HMF on
PdoA3CU.[42]

n CONCLUSION

In summary, a Pdo3Cu alloy was successfully synthesized
through a simple NaBH, reduction method. The XRD, XPS, and
TEM data show that the as-prepared catalyst has formed an alloy
and the atoms of Pd and Cu are arranged evenly. Also, the LSV,
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EIS and ECSA data show the overpotential of the electrocatalytic
HMF hydrogenation to achieve a current density of 10 mA cm2 on
the Pdy3Cu electrode is only -0.31 V (vs. RHE). DHMF is the domi-
nant product on the used catalysts. The conversion of HMF is
85%, while the selectivity of DHMF approximately approaches to
99%. The bimetallic Pdy 3Cu electrode shows excellent electrocata-
lytic activity and stability during the electrochemical hydrogena-
tion of HMF. Moreover, the reason for its excellent properties is
that the presence of Pd can enhance the adsorption capacity of
hydrogen (Haqs) and the surface adsorption of HMF on the catalyst
surface.

n EXPERIMENTAL

Materials. 5-hydroxymethylfurfural (HMF, analytical grade), 2,5-
dihydroxymethylfuran (DHMF, analytical grade), 5-methylfurfural
(5-MF, analytical grade), 5-methylfurfuryl alcohol (5-MF, analytical
grade), 2,5-dimethylfuran (DMF, analytical grade), palladium(ll)
acetate (Pd(OAc),, 99%), copper(ll) acetate (Cu(OAc),, 99%) and
2-ethoxyethanol (99%) were purchased from Innochem.
NaBHs(analytical grade), acetone (C;HgO, analytical grade) and
acetonitrile (CH3CN, HPLC grade) were purchased from Sino-
pharm Chemical Reagent Co. Ltd. (Shanghai, China). All chemi-
cals were used as received without further purification. Deionized
water 18.2 MQ cm was used to prepare all the solutions.

Synthesis of PdosCu. Pdo3Cu was obtained by reducing the mix-
ture of palladium(ll) acetate and copper(ll) acetate (with molar ra-
tio of Cu(Il):Pd(ll) = 10:3) with NaBH4 and annealing in 0.1 MPa
Hz. In detail, 0.45 mmol Pd(OAc), and 1.5 mmol Cu(OAc), were
added to 250 mL acetone and ethoxyethanol for stirring, respec-
tively. After stirring for half an hour, the two solutions were mixed
and stirred for another five minutes. 20 mL aqueous solution of
NaBH4 (30 mmol) was added to the mixed solution, followed by
stirring for five minutes at room temperature. The solution
changed to brown black immediately, indicating the formation of
alloy. The obtained brown black solution was filtered and washed
with water for ten times and ethanol twice. And it was dried over-
night under vacuum at 60 °C.

After that, the powder obtained above was placed in a tube fur-
nace, and heated at 573 K for 2 h with a heating speed of 5 °C
min-' in H, atmosphere, thus obtaining Pdo3Cu.

Synthesis of PdsCu (x = 0.1, 0.3, 0.5, 0.6, 1) Alloys. The Pd«Cu
alloys with different molar ratios were synthesized following simi-
lar steps, except that the variant amount of Pd(OAc), was used.

Synthesis of Cu and Pd Nanoparticles. 3 mmol Cu(OAc); or 30
mL acetone solution of Pd(OAc), (3 mmol) was dissolved to 250
mL 2-ethoxyethanol for stirring 30 minutes. After that, 20 mL aque-
ous solution of NaBH4 (30 mmol) was added dropwise to the mix-
ture and stirred for another 5 minutes. The resulting product was
collected by filtration and washed with water for ten times and eth-
anol twice. Then, it was dried under vacuum overnight at 60 °C.

Characterization. X-ray powder diffraction (XRD, Bruker D8 Ad-
vance diffractometer) was used to characterize the crystalline
structures of the obtained materials. All samples were scanned
from 10 degree to 80 degree (2theta angles) with a scan rate of
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12 degree min'. The morphology and microstructure were per-
formed by transmission electron microscopy (TEM, Tecnai G2
F20) and scanning electron microscope (SEM, Hitachi, S-4800).
The X-ray photoelectron spectroscopy (XPS) analysis was rec-
orded on a Shimadzu AXIS SUPRA photoelectron spectrometer.
The element contents of Pd and Cu were determined by induc-
tively coupled plasma optical emission spectroscopy (ICP-OES,
Agilent 7700).

Electrochemical Measurements. All the electrochemical mea-
surements were performed with a CHI 760e electrochemical ana-
lyzer, expect for electrochemical impedance measurement. Elec-
trochemical impedance measurement was tested on Autolab. Un-
less noted otherwise, all the tests were performed with a three-
electrode system, in which a glass carbon electrode or a carbon
paper (CP) was used as the working electrode (WE), a graphite
rod as the counter electrode (CE) and a standard Hg/HgCl, as the
reference electrode (RE). The catalyst ink was prepared as fol-
lows: the as-prepared catalysts (5 mg) were dispersed in 500 pL
isopropanol, 450 pL deionized water, 450 pL ethanol, and 50 pL
Nafion solution (5 wt.%, Dupont) under sonication for 30 minutes
to form a homogeneous ink. Then 10 uL of the catalyst ink was
dropped onto the surface of the glass carbon electrode (diameter:
5 mm) (while 200 pL for the carbon paper (CP)). LSV was mea-
sured with the scan rate of 10 mV s in a divided cell. Meanwhile,
constant potential electrolysis test was measured in a divided cell,
which was separated by Nafion 117 membrane. All the tests were
tested in 1.0 M phosphate buffer (PBS) electrolyte solution. Ex-
cept for the EIS, agitation was maintained throughout all electro-
chemical tests.

HPLC analysis. The products of HMF hydrogenation were ana-
lyzedy using HPLC (Shimadzu Prominence LC 2030C system,
Japan) with a C18 column (4.6 mmx150 mm Shim pack GWS 5
pUm) and an ultraviolet-visible detector. Specifically, 50 yL of elec-
trolytes was sampled during the potentiostatic electrolysis and di-
luted to 2 mL with ultrapure water and analyzed by HPLC. The
wavelength of the UV detector is set to 223 nm, mobile phase A
is acetonitrile and phase B is ultrapure water, with the ratio of A:B
to be 2:8. The flow rate is 0.9 mL min"' and each separation lasts
for 15 minutes.
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