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SUMMARY

Recently, valorization of biomass to value-added chemicals has drawn increasing attention due to
carbon neutrality and sustainability. 5-Hydroxymethylfurfural is an important lignocellulose-derived
biomass molecule. Herein, we have demonstrated the efficient electrocatalytic hydrogenation of
5-hydroxymethylfurfural to value-added 2,5-bis(hydroxymethyl)furan. An optimized electrolyzer with a
highly electrolyte-permeable Pd cathode well balanced the selectivity, faradaic efficiency, and productiv-
ity. We have achieved high selectivity (97%) and faradaic efficiency (72%) at 50 mA cm�2 current density,
and a record high productivity of 0.923 mmol cm�2$h�1 at 100 mA cm�2 current density, �2 times
advanced compared with the best productivity in prior reports. We applied in situ infrared reflection-ab-
sorption spectroscopy to investigate the electrode-potential-dependent reaction pathways and mecha-
nism, confirming that the highly selective hydrogenation of HMF is due to the tilted adsorption geometry
through carbonyl group bonding to the surface of electrode. This work offers an opportunity for the sus-
tainable electrocatalytic valorization of renewable lignocellulose-derived biomass with superior produc-
tivities approaching industrial level.

INTRODUCTION

Biomass resources are the only renewable organic carbon resources in nature, which have extensive sources but remain underutilized. Con-

version of biomass provides a promising alternative to fossil feedstocks to produce fuels and valuable chemicals,1–4 which helps mitigate

greenhouse gas (e.g., CO2) emission and fulfill the goal of carbon neutrality.5–7 Each year, more than 40million tons of inedible plantmaterials

are thrown away, such as wheat stems, corn stover, and wood shavings.8 It is a huge appeal to converting these discarded plants into ligno-

cellulosic biomass, and then further valorization to high value-added chemicals.9–11 5-Hydroxymethylfurfural (HMF) is a widely used organic

feedstock in the industry (Figure 1A), which can be derived from lignocellulose.12–14 HMF is an unsaturated furan ring with hydroxyl group

(-OH) and carbonyl group (-C=O), which can be selectively hydrogenated to dialcohols or aldehydes, e.g., 2,5-bis(hydroxymethyl)furan

(BHMF), 2,5-bis(hydroxymethyl)tetrahydrofuran, 2-hydroxymethyl-5-methylfuran (HMMF), 5-methylfurfural (MF), and 5,50-bis(hydroxymethyl)

hydrofuroin (BHH) (Figure S1).12,15 Especially, BHMF is an important pharmaceutical intermediate and industrial feedstock, as solvent, surfac-

tant, and monomer for making functionalized polyethers, polyurethanes, and polyamides.16,17 Investigation shows that the market prices of

HMF and BHMF are $5 and $20 per kg, respectively, implying a potential economic value adding for hydrogenation of HMF to BHMF.

Up to now, thermocatalytic hydrogenation (TCH) is mostly studied and applied for the transformation of HMF to BHMF, and noble metal

catalysts have been mostly employed.18–24 However, for the TCH process, high temperature (100�C–150�C) and high pressure (6–65 bar) are

required, and ‘‘gray hydrogen’’ gas is used, which causes substantial CO2 emissions.25,26

Alternatively, electrocatalytic hydrogenation (ECH) has been considered as a sustainable route owing to its mild conditions (e.g., room

temperature and ambient pressure), especially when powered with green electricity produced by solar and wind energy.25,27,28 Moreover,

ECH utilizes water as the hydrogen source, avoiding the capital cost and complexity of production and transfer of hydrogen gas.25,26

Previous ECH studies for HMF to BHMF have achieved fairly good faradaic efficiencies (FEs) and selectivity (SE), but with low current den-

sities (<50 mA cm�2).29–32 Very recently, Prof. Duan’s group used a Ru1Cu single-atom alloy catalyst for ECH of HMF to BHMF and achieved

high FE and SE with a productivity of 0.470 mmol cm�2$h�1 (average current density %42 mA cm�2).33 However, for industrially relevant

production, larger current densities are needed to achieve higher production efficiency and lower capital costs per unit of productivity.
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Herein, we report selective and efficient ECH of HMF toward BHMF with a superior productivity over Pd nanoparticles supported on a

graphite felt (GF) as shown in Figure 1B. Our well-optimized ECH system delivers a record-high productivity of 0.923 mmol cm�2$h�1 at a

current density of 100 mA cm�2 (Table S1), which is about twice as high as the best productivity reported previously.33 High FE (72%) and

SE (97%) have been obtained at a current density of 50 mA cm�2, comparable to the best prior study.33 Moreover, in situ infrared reflec-

tion-absorption spectroscopy (IRRAS) was employed to investigate the mechanism of ECH reaction, revealing that the resulting high SE of

BHMF is due to a tilted adsorption geometry of HMF that favors hydrogen attack at the carbonyl group over the furan ring. A techno-eco-

nomic analysis (TEA) was carefully conducted, and it indicates that our ECH system is feasible for ECH of HMF to BHMF at current densities of

50–100 mA cm�2. In contrast to previous studies, our work demonstrates a superior productivity that approaches industrial level, realized by a

readily accessible ECH system.

RESULTS AND DISCUSSION

Structural characteristic of catalyst

Initially, the architecture of the obtained Pd/GF catalyst was analyzed by scanning electron microscopy (SEM) (Figure S3A). SEM energy

dispersive spectrometer analysis suggests a nearly uniform Pd species throughout the GF surface (Figures S3B‒S3D). The X-ray photoelec-

tron spectroscopy (XPS) spectrum (Figure S3F) shows the metallic Pd with a slightly oxidized Pd, due to air oxidation, and the oxides were

removed by running hydrogen evolution reaction (HER) for 30 min before ECH reaction every time.34–39 Inductively coupled plasma mass

spectroscopy with atomic emission spectrometry indicates 18.63 wt % of Pd on a 1-cm2 GF (57.4 mg), indicating a Pd loading of

10.69 mg cm�2.

X-ray diffraction (XRD) (Figure S4A) depicts a sharp peak of 26.21� and a weak peak of 43.66�, which are, respectively, assigned to the

(002) and (100) planes of sp2-hybridized graphite carbon.40,41 The XRD pattern of Pd/GF catalyst exhibits four sharper peaks at 40.16�,
46.70�, 68.17�, and 82.15�, respectively, corresponding to the plane reflections of (111), (200), (220), and (311) crystal planes from metallic

palladium (JCPDS No. 46-1043).42 Transmission electron microscopic (TEM) analysis further confirms random scraped Pd nanoparticles

Figure 1. Scheme of ECH system

(A) Electrocatalytic hydrogenation of HMF and potential product BHMF.

(B) Schematic illustration of the H-cell system for the ECH of HMF.

(C) Schematic illustration of a flow cell system with a BPM separator. BPM, bipolar membrane.
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from Pd/GF catalyst (Figures S4B and S4C). The image shows crystalline nanoparticles, and the lattice fringes have two interplanar spacings

of 2.11 and 1.98 Å, corresponding to the Pd crystal planes of (111) and (200) (JCPDS No. 46-1043), respectively. The cyclic voltammetry

diagram (Figure S5) for the underpotential deposition of Cu shows that the electrochemically active surface area (ECSA) of Pd/GF is about

0.76 m2 g�1, which was calculated using the formula ECSA = QCu/q
s
Cu and assuming the charge density of a monolayer of Cu requires

407 mC cm�2.43,44

Catalytic performance for ECH of HMF

We initially screened catalysts were evaluated for ECH of HMF to BHMF, i.e., Rh, Pt, Pd, and Au nanoparticles supported on GF prepared

through the wet-chemical method then by calcination. The cathodic electrolyte was 0.05 M HMF and 0.2 M NaClO4 (pH 4.52) soluble in

pure water, whereas the anodic electrolyte consisted of 1 M KOH solution (Figure 1B). The reaction was performed at 50 mA cm�2 for 0.5

h. As shown in Figure 2A, the Pd/GF catalyst with 15 mg/mL Pd2+ loading shows the best FE and SE toward the desired BHMF product

from the ECH of HMF when their preparation conditions and the reaction conditions are consistent. Accordingly, the Pd/GF catalyst appears

to be a suitable catalyst for ECH of HMF to BHMF. We investigated the electrochemical reduction of HMF with or without HMF in 0.2 M

NaClO4. Linear sweep voltammetry curves in Figure 2B show that Pd/GF catalyst exhibits enhanced current density after adding 50 mM

HMF, indicating that the ECH of HMF is more preferred and HER is significantly suppressed, evidenced by the FE to BHMF as 72%. ECH

of HMF is easier than HER on our Pd/GF catalyst, in terms of lower (more positive) overpotentials, which is also confirmed by IRRAS, where

ECH can even occur at positive potentials (vs. reversible hydrogen electrode [RHE]).

The ECHof HMFwas performed in a three-electrodeH-cell at 50mA cm�2 and 100mA cm�2 for 0.5 h, and then the solutions were analyzed

by high-performance liquid chromatography to identify the ECH products, corresponding to Figure 2C groups 1 and 2, respectively. For

group 1, we confirmed a total FE of organic compound of 76%, indicating HER was well suppressed by Pd/GF catalyst. The partial FE for

each monomer, i.e., BHMF, BHH, MF, and HMMF, was estimated as 72%, 1%, 1%, and 2.0%, respectively, whereas the SE for BHMF, BHH,

MF, and HMMF was estimated to be 97%, 1%, 1%, and 1%, respectively. In addition, the productivity of BHMF at 50 mA cm�2 was estimated

Figure 2. Screening of catalysts and catalytic results

(A) FE (blue border columns) and SE of the ECH of HMF over different metal catalysts.

(B) Linear sweep voltammetry curves of Pd/GF in 0.2 M NaClO4 with or without 50 mM HMF.

(C) FEs (shaded columns) and SEs (bright columns) of each product resulting by the ECH of HMF. Groups 1 and 2 were carried out in an H-cell system at a current

density of 50 mA cm�2 and 100 mA cm�2, respectively. Group 3 was carried out in a flow cell system at 50 mA cm�2. Columns with diagonal sections suggest FEs,

and columns without diagonal sections indicate SEs.

(D) Stable chronopotentiometric operation of Pd/GF at a current density of 50 mA cm�2 with the optimum FE toward BHMF by using a flow cell system. The error

bar is the standard deviation calculated from several experimental data.

ll
OPEN ACCESS

iScience 26, 108003, October 20, 2023 3

iScience
Article



to be 0.669mmol cm�2$h�1, superior to any previous report (Table S1). It demonstrated the outstanding capability of our ECH system for HMF

to BHMF with a nearly 100% SE and high FE. In contrast to previous studies only running at < 50 mA cm�2, we here conducted 100 mA cm�2

current density, to approach the potential for industrial production with our ECH system. It resulted in 50% FE and 81% SE to target product

with a high productivity of 0.923 mmol cm�2$h�1. The lower but acceptable FE is due to a stronger competing HER. However, more impor-

tantly for the industrial-level production, the current density and productivity here have been enhanced by 2-fold compared with previously

reported studies for the ECH of HMF (Figure S6; Table S1).

The group 3 in Figure 2C was carried out in a flow cell system (Figure 1C) at 50 mA cm�2 for 0.5 h, showing a 76% FE and 92% SE toward

BHMF. Compared with H-cell at 50 mA cm�2 for 0.5 h in group 1 in Figure 2C, the FE to BHMF increases (72%–76%) but SE decreases (97%–

92%) for the flow cell.We explain it as follows. HER is suppressed in flow cell systemmore significantly than that in H-cell system,which leads to

the increase for the portions of BHMF and other by-products (i.e., BHH, MF). However, the increase of by-products is even a little more than

that of BHMF. That is why FE of BHMF increases but SE of BMHF decreases in the way opposite.

We investigated the stability of our ECH system. Initially, we used a flow cell system (Figure 1C and S7B) to duplicate the previous operation

at 50mA cm�2 over the achieved 15Pd/GF catalyst. Here, we used a flow cell system in a 720mL solution to performECHofHMF instead of the

H-cell system because of the limitation of mass transport in the continuous ECH of HMF. FE shows a slight fluctuation during the 24-h contin-

uous ECH of HMF and maintains �55% toward BHMF at a current density of 50 mA cm�2 (Figure 2D). And the cathodic potential declines

(becomes more negative) a little for 24 h of continuous operation, due to the reduction of reactant concentration in the reaction. Moreover,

the characterization of SEM, XPS, and TEM shows the Pd/GF catalyst after the stability test with a negligible change (Figure S8). These results

illustrate that our system equipped with the Pd/GF electrode is durable for ECH of HMF to produce BHMF.

To implement high performance for the ECH of HMF, we conducted comparative experiments on the FE and SE of BHMF.We studied the

effects of Pd2+ loading for the ECH of HMFbased on the screening of the noblemetallic catalysts, and these results are depicted in Figure 3A.

Both BHMFFE and SE increasedwhile increasing the Pd2+ content from 5 to 15mg/mL.More than 96%of BHMFSE and 72%of BHMFFEwere

achieved over the Pd/GF catalyst with 15mg/mL Pd2+ loading.With a further increase of Pd2+ loading to 25mg/mL, the BHMF FE was slightly

reduced; however, the SE decreased more significantly. As the Pd2+ loading increases to a certain extent, the active sites increase and the

catalytic performance is enhanced.When the Pd2+ loading continues to increase, the calcined Pd small particles agglomerate and active sites

are reduced, leading to the decline of catalytic performance. Pd/GFwith 25mg/mL catalyst specificity to BHMFwas not as high as Pd/GFwith

15 mg/mL Pd2+ loading, and the portions of by-products (e.g., BHH, MF) increased and the amount of BHMF decreased in the reaction. The

Figure 3. Catalytic performance tests

(A) FE and SE over different loading of Pd2+ on GF. 5Pd means 5 mg/mL Pd2+ loading, and so on.

(B) FE and SE for ECH of HMF with different electrolytes with the same concentration on 15Pd/GF catalyst.

(C) FE and SE at different current densities over the achieved 15Pd/GF catalyst.

(D) FE and SE at 50 mA cm�2 on 15Pd/GF catalyst for a 2-h continuous reaction.
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increase for the portions of by-products is even a little more than the decrease for the portions of BHMF. This led to the BHMF SE decreasing

more significantly over the Pd2+ loading of 25 mg/mL. Thus, these results demonstrate that the 15 mg/mL Pd2+ loading is optimum for this

reaction.

We also tried ECH of HMF in different electrolytes over the optimized Pd/GF catalyst (15Pd/GF), and these results are summarized in

Figure 3B. Initially, the ECH of HMF was conducted in NaCl, NaClO4, and Na2SO4 with a concentration of 0.2 M; the pH of the three so-

lutions with electrolytes is consistent (pH: 4.52�4.61) measured by pH meter (Ohaus STARTER3100). A higher FE and SE of BHMF was

achieved in NaClO4 than the others. It is reported that SO4
2� decreases the activity of Pd surfaces due to its strong adsorption at active

sites.45 Cl� shows a general adsorption on all types of active sites, whereas ClO4
� and SO4

2� show adsorption on specific active sites.46

ClO4
� is the optimal anion due to its weak adsorption on Pd catalyst active sites. The different current densities for the ECH of HMF are

shown in Figure 3C. At a current density of 50 mA cm�2, the highest FE of 72% and SE of 97% were achieved. This is possibly because

increasing the current density can accelerate the transfer rate of electrons between the electrode and HMF so that the hydrogenation

of HMF is accelerated. However, when the current density increases to a certain value, the catalytic performance decreases with the in-

crease of the current density, due to stronger competing HER and other by-products generation. We found the current density of 100

mA cm�2 delivers balanced FE and productivity. Moreover, we conducted ECH of HMF at 50 mA cm�2 for a 2-h continuous experiment

(Figure 3D). Up to 1.5 h, FE was maintained at 68%�71%, whereas FE became 62% after 2 h. Meanwhile, SE remained nearly 100% during

the continuous reaction. The conversion of HMF (Figure S9) reached the value of 86% at a current density of 50 mA cm�2 after a 2-h contin-

uous ECH of HMF.

Here in our work, we pursued the superior productivity to the target value-added BHMF.We find the productivity is actually proportional to

the partial current density to target product, which is FEmultiplied by the total current density (supplemental information). Therefore, we need

to run ECH experiments at large current densities, and simultaneously maintain the FE to target product high. Large current densities require

high potentials (here more negative), but high potentials lead to stronger competing HER and cause FE to decrease. So, it is of crucial impor-

tance to balance the current density and FE, to optimize the partial current density. We designed our ECH system to unite contradictive cur-

rent density and FE and achieved superior partial current density, i.e., productivity (Table S1).

HMF comprises a reactive C=O and an unsaturated furan ring; however, the bond energy of C=C in the furan ring is lower than that

of C=O, so that the hydrogenation of the C=C group should be preferential as opposed to that of the C=O group.47–49 Intuitively, the

ECH of HMF should not preferentially lead to BHMF. We hypothesize it is due to the titled geometry of HMF molecule adsorbed on Pd

surface via carbonyl group, leading to selective production of BHMF. To test the hypothesis and get a deep understanding of the

Figure 4. In situ IRRAS test

(A) In situ IRRAS configuration for the ECH of HMF. Pd coated on graphite felt, Ag/AgCl, and Pt mesh as the work, reference, and counter electrode, respectively.

(B) In situ IRRAS configuration for the ECH of HMF in 0.2 MNaClO4 electrolyte containing 50 mMHMF in a potential range of�0.2 V and�1.6 V vs. Ag/AgCl (with

saturated KCl).

(C) Adsorption of HMF on Pd.
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reaction mechanism, we monitored the ECH of HMF on the catalyst surface by in situ IRRAS (Figure 4A). As shown in Figure 4B, starting

at �0.2 V vs. Ag/AgCl, the growing downward band at 1,690 cm�1 (C=O)50,51 is attributed to the disappearance of side-chain carbonyl

group (C=O) adsorbed on Pd electrode because of ECH of HMF to BHMF.52 Meanwhile, the growing upward band centered at

1,080 cm�1 (C-OH vibration)53 is attributed to the appearance of new C-OH transformed from hydrogen addition to carbonyl group

(C=O). No signal related to the evolution of furan ring is found always up to �1.6 V (vs. Ag/AgCl), indicating that ECH selectively occurs

at carbonyl group instead of furan ring, in line with electrochemical experimental results. Thus, IRRAS reveals the ECH reaction pathway

to BHMF: HMF molecule is adsorbed on the Pd surface with titled geometry via carbonyl group, and hydrogen attacks the carbonyl

group to form BHMF and then desorbs from Pd surface into the solvent.54 It shows that Pd/GF electrode catalyzes the ECH reaction

in a wide potential range starting at a positive overpotential vs. RHE (�0.2 V vs. Ag/AgCl), indicating that ECH of HMF preferentially

occurs over the competing HER. The evolution of infrared spectra proves selective hydrogenation of side-chain carbonyl group instead

of C=C in the unsaturated furan ring, which is determined by the tilted geometry of the adsorbed HMF molecule on Pd/GF (Figure 4C).

This finding agrees with a recent study about TCH of furfural molecule on Pd.55 Combining preferential ECH over HER and high SE to

the desired product BHMF, IRRAS experiment well explains the resulting high FEs. Owing to the resulting high FEs, larger current den-

sities are accessible, leading to a balanced performance and superior productivity via our ECH system.

Techno-economic analysis

We performed a preliminary TEA for ECH of HMF to estimate the plant-gate levelized cost of BHMF in an H-cell system (see details in

the supplemental information text and Figure S10). The plant-gate levelized cost of BHMF mainly attributes to its FE and current den-

sity. In this work, we have achieved an average FE of 72% for BHMF at a current density of 50 mA cm�2, and the corresponding TEA

result revealed that the plant-gate levelized cost of ECH technology for BHMF is about $9.28 per kg, profitable compared with its mar-

ket price of $20 per kg (Figure 5). In the case of 100 mA cm�2, TEA results indicate that the plant-gate levelized cost is �$9.68 per kg, a

slight increase compared with 50 mA cm�2. However, the productivity is enhanced significantly, implying more profits in a unit period

for larger current densities.

The electricity price that we used here is 14.04 c/kWh, which is double the US industrial electricity price of 7.02 c/kWh in 2022. Furthermore,

the price of renewable electricity is only 3.3 c/kWh for the generation cost of onshore wind electricity from the report of International Renew-

able Energy Agency’s report. What is more, there is still a downward trend for the prices of renewable electricity in the near future accom-

panying increasingly available renewable electricity. Also, the separation cost is assumed to be 20% of the total electricity cost.56 The sepa-

rated solvent is assumed to be recyclable. Therefore, the electricity cost in TEA will be reduced significantly if we replace the electricity cost

with renewable electricity.

Conclusions

In summary, we report an FE of 72%, SE of 97%, and a current density of 50 mA cm�2 over a Pd/GF catalyst toward a value-added BHMF by

ECH of HMF. The record-high productivity of 0.923 mmol cm�2$h�1 at a current density of 100 mA cm�2 is highlighted in contrast to previous

studies. In situ IRRAS results elaborate the ECH reaction mechanism and explain the high SE and FEs. A preliminary TEA indicates that our

ECH system has the techno-economic feasibility to upgrade HMF to BHMF. This work demonstrates a promising strategy to electrocatalytic

upgrade of lignocellulose-derived HMF to value-added chemicals ideally without any CO2 emission.

Figure 5. Preliminary TEA evaluation

Breakdown of cost on Pd/GF catalyst at a current density of 50mA cm�2 and 100mA cm�2; plant-gate levelized cost of BHMFwas calculated by a preliminary TEA.
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Materials availability

All reagents were purchased from commercial sources and used without purification unless otherwise mentioned. All materials generated in

this study are available from the lead contact without restriction.

Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

General information

The equipment for valuation of electrocatalytic hydrogenation (ECH) was a H-cell vessel with a magnetic stirring. Products were qualitatively

and quantitatively analyzed by the Agilent 1260 high performance liquid chromatography (HPLC) equipped with Poroshell 120 SB-Aq column

and a variable wavelength detector (VWD). The faradaic efficiency, selectivity, conversion and productivity of products were calculated with

internal standard method. The commercial standard samples and the Agilent LC1290-6550 liquid chromatography-mass spectrometry (LC-

MS) were used to confirm the structure of product.

Catalyst preparation

Graphite felt (GF, 1 cm3 1.5 cm) was slightly extruded to exhaust bubble with 0.5 M hydrochloric acid in advance and then dried for standby.

First, we prepared 0.025 g PdCl2 soluble in 0.5 M hydrochloric acid of 1 mL (corresponding to 15 mg/mL Pd2+ loading in Figure 4A). After

heating for 5 minutes at 70�C, a homogeneous aqueous solution was obtained. Then inject the solution of 100 uL onto the GF (1 cm 3

1 cm) evenly with a pipette and take it to dry. Repeat the above steps until all solution was injected into the GF uniformly and finally dried.

Finally, the GF loading the precursors was heated from 30�C to 500�C under an argon flow of 50 mL/min in a tubular furnace for 47 min at a

heating rate of 10�C/min and thenmaintained at 500�C for 1 h, finally cooled down to room temperature. This catalyst was denoted as the Pd/

GF catalyst.

Catalyst characterization

The metal content was analyzed with an inductively coupled plasma mass spectroscopy (ICP-MS, Agilent 720S). The morphological analysis

and elemental distribution were studied by a scanning electron microscope (SEM, Thermo Scientific Apreo 2C) equipped with an energy

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

5-Hydromethylfurfural (HMF, 98%) Innochem CasNo: 67-47-0

Palladium (II) chloride (PdCl2, Pd 59–60%) Innochem CasNo: 7647-10-1

5-Methyl-2-furanmethanol (HMMF, 95+%) Innochem CasNo: 3857-25-8

Ammonium formate (HCOONH4, 99%) Innochem CasNo: 540-69-2

Acetonitrile (CH3CN, >99.9%) Innochem CasNo: 75-05-8

Sodium sulfate (Na2SO4, 99%) Innochem CasNo: 7757-82-6

5-Methylfurfural (MF, 98%) Aladin CasNo: 620-02-0

Sodium perchlorate (NaClO4, R98.0%) Aladin CasNo: 7601-89-0

2, 5-Furandimethanol (BHMF, R98.0%) Alfa Aesar CasNo: 1883-75-6

Potassium hydroxide (KOH, 98%) Macklin CasNo: 1310-58-3

Hydrochloric acid (HCl, 36%�38%) Guangzhou Chemical Reagent Factory CasNo:7647-01-0
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dispersive spectroscopy detector. The morphology of Pd/GF catalyst was carried out using a transmission electron microscope (TEM, Talos

F200S G2). X-ray diffraction (XRD, Copper target, Rigaku Smartlab) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha+)

were employed to characterize the crystal structure and elemental state of Pd/GF catalyst. In-situ infrared reflection�absorption spectroscopy

(IRRAS, Thermal Scientific Nicolet is50 FT-IR), equipped with an A-type mercuric cadmium telluride (MCT) detector, was employed to inves-

tigate the mechanism of the ECH reaction.

General procedure for the electrocatalytic hydrogenation

The ECHof HMFwas performed in a H-cell vessel with amagnetic stirring. A saturatedAg/AgCl electrode (with saturated KCl) was used as the

reference electrode, and a Pt mesh was used as the counter electrode. The two chambers were separated by a bipolar membrane. The typical

step is as follows: 30 mL cathodic solution (50 mMHMF, 0.2 MNaClO4, pH 4.52) is added to the cathode chamber, and 30mL anodic solution

(1 M KOH) is added to the anode chamber. Clip the Pd/GF catalyst with an electrode clamp and make the exposed catalyst area 1 3 1 cm2.

The working electrode and Ag/AgCl electrode are on the side of the cathode chamber, while the Pt electrode is on the side of the anode

chamber. Adjust the position of the three electrodes on the cover so that they are in a straight line and the three electrodes are parallel

to the bipolar membrane. After adjusting the position of the three electrodes, the electrochemical workstation (CHI760E) is utilized for the

chronopotentiometry test at room temperature. Especially, the stability test for ECH of HMF was performed in the flow cell system equipped

with a IrO2 contact electrode. Beforehand, the Pd/GF catalyst was reduced for 30 min with both chambers filled with 0.2 M Na2SO4 solutions.

When the reaction is completed, the cathodic solution is transferred to tumbler and the obtained products are detected by the Agilent HPLC.

Product analysis

Products as shown in Figure S1 were qualitatively and quantitatively analyzed by high performance liquid chromatography (HPLC, Agilent

1260 Infinity Series) equipped with a variable wavelength detector (VWD) at 230 nm. The column (InfinityLab Poroshell 120 SB-Aq, 4.6 3

250 mm) was operated at 25�C with a binary gradient pumping method containing CH3CN and H2O with 10 mM ammonium formate at a

flow rate of 1 mL/min. The CH3CN fraction was kept at 10% (v/v) until 6.50 minute and then increased from the initial 10% (v/v) to 28%

over 6.5 � 9 minute, then was increased from 28% to 60% over 15 �18 minute. BHMF and HMF were eluted around 4.25 and 5.34 minute,

respectively. The HMF dimer, BHH, was eluted at a retention time (4.11 minute). Other products including HMMF and MF were eluded at

8.57 and 10.19 minutes, respectively. The standard samples of HMF and ECH products were purchased for qualitative and quantitative anal-

ysis, except for BHH. Qualitative analysis of BHH (Figure S2) was conducted by liquid chromatography-mass spectrometry (LC-MS, Agilent

LC1290-6550 QTOF). Since a commercial BHH sample was not available, the quantitative calibration was estimated as twice that of

BHMF, the same method applied in the previous literature.57 Guaiacol was selected as an appropriate internal standard for the quantitative

analysis. The faradaic efficiency, the selectivity and productivity of hydrogenation products and conversion of HMF were calculated based on

the following equations:

j =
I

A

Faradaic efficiency ðFEÞ =
ni � Zi � F

I � t 3 100%

Selectivity ðSEÞ =
niP
ni
3100%

Conversion =
moles of HMF consumed

initial moles of HMF
3100%

Productivity =
ni

area of GF � t

where j is current density; I is current; A is area of catalyst; ni is the number ofmole of product i formed; Zi is the number of electrons transferred

for the corresponding reduction process fromHMF to product i, Z = 2 for BHMF, MF, BHH, and H2, Z = 4 for HMMF; F is the Faraday constant

(96485.333 C/mol). Here, area of GF in the productivity formula represents the geometrical area of Pd/GF electrode as 1 cm2.
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