
  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

 

Paired Electrolysis of 5-(Hydroxymethyl)furfural in Flow Cells with 
High-Performance Oxide-Derived Silver Cathode 

Hengzhou Liu,a Ting-Han Lee,a Yifu Chen,a Eric W. Cochran,a* Wenzhen Lia* 

Electrocatalytic upgrading of biomass-derived feedstocks driven by renewable electricity offers a greener way to reduce the 

global carbon footprint associated with the production of value-added chemicals. In this respect, a key strategy is the 

electrocatalytic hydrogenation (ECH) reaction, which is typically paired with the anodic oxygen evolution reaction (OER) with 

sluggish kinetics, producing O2 with little value. Here we prepared an oxide-derived Ag (OD-Ag) electrode with high activity 

and up to 98.2% selectivity for the ECH of 5-(hydroxymethyl)furfural (HMF) to 2,5-bis(hydroxymethyl)furan (BHMF), and such 

efficient conversion was achieved in a three-electrode flow cell. The excellent BHMF selectivity was maintained over a broad 

potential range with long-term operational stability. We then considered the oxidation of HMF to 2,5-furandicarboxylic acid 

(FDCA) and hydrogen (to water) as more efficient and productive alternatives to the OER. In HMF-to-BHMF paired with 

2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO)-mediated HMF-to-FDCA conversion, a markedly reduced cell voltage from ~7.5 

V to ~2.0 V was observed by transferring the electrolysis from the H-type cell to the flow cell, corresponding to more than 

four-fold increase in energy efficiency in operation at 10 mA. A combined faradaic efficiency of 163% was obtained to BHMF 

and FDCA. Alternatively, the anodic hydrogen oxidation reaction on platinum further reduced the cell voltage to only ~0.85 

V at 10 mA. These paired processes show the potential for integration of renewable electricity and carbon for green and 

economically feasible distributed chemical manufacturing.  

 

Introduction 

Electrocatalytic conversions of biomass-derived feedstocks, 
particularly driven by renewable electricity sources from wind and 

sunlight, have attracted enormous attention.1 Replacing fossil-based 
processes with renewable energy reduces the emission of 

greenhouse gases and helps mitigate their adverse impact on the 
environment.2 The driving force of electrochemical reactions is the 

electrode potential instead of thermal energy, with “clean” electrons 
as the reducing and oxidizing agents rather than toxic reductants and 

oxidants. However, in many circumstances, the complementary 
reaction at the counter electrode has sluggish kinetics and yields low-

value products.3 For instance, the anodic four-electron oxygen 
evolution reaction (OER) is unfavorable both thermodynamically and 

kinetically, and produces O2 with little value. Indeed, it was found 
that the anodic OER consumes ~90% of the full cell voltage and 

energy consumption in CO2 electro-reduction processes.4 
Pairing two desirable electrochemical half-reactions in one 

reactor can achieve the co-generation of valuable chemicals and 
fuels at both cathode and anode, which is regarded as a promising 

approach to increase energy efficiency and economic feasibility.5 

Ideally, a 200% theoretical faradaic efficiency (FE) to desired 

products can be obtained, doubling the conventional cells with only 
one desirable half-reaction. Moreover, pairing one electrochemical 

half-reaction more favorable than OER at the anode or hydrogen 
evolution reaction (HER) at the cathode can significantly lower the 

cell voltage, and hence, the overall energy consumption, as 
suggested by the recent techno-economic study.6 Some examples of 

paired electrolysis have been demonstrated, such as CO2 reduction 
coupled with organic oxidations4, 7-11 or oxidative treatment of 

nitrogenous wastes,12 and co-electrolysis of two organics.13-16 To 
date, reports of paired electrolysis have mainly been proof-of-

concept studies conducted in H-type reactors in order to evaluate 
electrolysis performances ;13, 17 however, the high energy cost and 

operational inefficiencies associated with the H-cells  are critical 
barriers to further development of the economically feasible scale-

up design of such processes.18 In this regard, continuous operation in 
a flow reactor can greatly reduce the ohmic loss, thus improving the 

energy efficiency. In addition, the enhanced mass transport would be 
desirable for scale-up studies for economically-feasible 

electrosynthesis.   
5-(hydroxymethyl)furfural (HMF) has been listed as one of the 

“top 10” biobased chemicals by the U.S. Department of Energy as a 
platform for value-added products.19, 20 Its hydrogenation product 

2,5-bis(hydroxymethyl)furan (BHMF) is an essential precursor for the 
production of polyesters and resins.21 Its oxidation product 2,5-

furandicarboxylic acid (FDCA) is a feedstock to produce renewable 
polymers such as polyethylene 2,5-furandicarboxylate (PEF) as a 

promising alternative to polyethylene terephthalate (PET).22 
Electrochemical conversions of HMF have been studied in recent 

years, such as its electrocatalytic hydrogenation (ECH) to BHMF on 
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Ag-based catalysts ,17, 23 and electrocatalytic oxidation (ECO) to FDCA 

via a redox mediator24 or on Ni- and Co-based catalysts in alkaline 
electrolytes.25-28 Our previously reported Ag/C catalyst with nano-

sized Ag showed higher activity than Ag foil, but the carbon support 
was found to interfere with the HMF reduction pathway, leading to 

the generation of undesirable dimer product [5,5′-
bis(hydroxymethyl)hydrofuroin, BHH] at higher overpotentials.17, 23 

Moreover, co-electrolysis by pairing ECH and ECO of HMF in one cell 
has rarely been reported, especially in flow electrolyzers with 

optimized cell voltage. 
Herein, we demonstrated the significant enhancement in ECH 

activity for the HMF-to-BHMF reaction on an oxide-derived silver 
(OD-Ag) electrode compared to Ag foil, alongside 90+% BHMF 

selectivity in a wide potential range. The excellent performance on 
OD-Ag is due to its wave-like surface morphology, which provides 

more active sites and lowers the energy barriers for hydrogen and 
HMF adsorption. HMF conversion and BHMF selectivity were further 

improved in a three-electrode flow cell for long-term operations as 
compared with the H-type cell. Coupling the ECH (HMF-to-BHMF) 

reaction on OD-Ag with the ECO (HMF-to-FDCA) reaction mediated 
by (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO), a significantly 

reduced cell voltage from ~7.5 V in the H-type cell to ~2.0 V in the 
flow cell was achieved, corresponding to more than four-fold 

increase in energy efficiency at 10 mA. The total FE to BHMF and 
FDCA of up to 163% was obtained for the co-electrolysis of HMF. The 

same ECH reaction was also coupled with hydrogen oxidation 
reaction (HOR) on Pt/C, resulting in a cell voltage of only ~0.85 V at 

10 mA. Our paired electrolytic system will facilitate further 
advancements in coupled processes for efficient and sustainable 

utilization of bio-derived molecules to produce value-added 

chemicals with lower energy inputs. 

Results and Discussion 

Synthesis and characterization of OD-Ag electrocatalyst 
 

OD-Ag was prepared by treating Ag foil with high-frequency (500 
Hz) square-wave voltammetry (SWV) followed by constant-potential 

electrolysis at −1.3 VAg/AgCl (VAg/AgCl: V vs. Ag/AgCl, hereinafter). The 
color of Ag foil periodically changes between white and black during 

the SWV operation, and a yellow surface was finally obtained after 
the constant-potential electrolysis (Fig. S1a). These black and yellow 

layers were AgOx and OD-Ag, respectively, confirmed by the cyclic 
voltammogram (CV) under the same alkaline system and the 

Pourbaix diagram of silver (Fig. S1b–c).29 XRD patterns (Fig. 1a) 
confirmed the mono-constituent Ag0 in OD-Ag. XPS (Fig. 1b) 

exhibited the same binding energies of Ag 3d3/2 (374.1 eV) and 3d5/2 
(368.0 eV) for OD-Ag and Ag foil. SEM imaging (Fig. 1c) shows that 

OD-Ag has a rough surface consisting of around 100-nm particles. 
AFM analysis (Fig. 1d) revealed that OD-Ag has a periodic wave-like 

morphology with ± 250 nm of surface depth, in contrast to the 
smooth surface of Ag foil (Fig. S2). The above characterization results 

clearly demonstrate the successful preparation of the OD-Ag 
electrode.  

 
 

 

   
ECH of HMF on OD-Ag in H-type cell 

It is known that metal electrodes subjected to oxidation-
reduction treatment may possess nanostructured surfaces, which 

could enhance their electrocatalytic performances.30, 31 Such 
enhancement has yet been reported for HMF reduction.  

We first performed CV in the electrolyte with 20 mM HMF (Fig. 
2a–b). Compared to Ag foil, OD-Ag showed 240 mV of positive shift 

in onset potential (defined as the potential at −1.0 mA cm−2 in the 
negative scan). The current density on OD-Ag was 2–3 times higher 

than Ag foil in the measured potential range. Besides, half-hour CA 
tests showed that OD-Ag delivered not only higher HMF conversion 

but also higher BHMF selectivity than Ag foil at potentials more 
negative than −1.25 VAg/AgCl (Fig. 2c): 90+% of BHMF selectivity was 

obtained on OD-Ag, in contrast to 67.0–82.9% of selectivity on Ag foil. 
At −1.25 VAg/AgCl, the selectivity to dimer product BHH was 10.2% on 

OD-Ag, much lower than that of 17.3% on Ag foil. In addition, the 
chemical state of Ag in OD-Ag was unchanged after ECH of HMF (Fig. 

1a–b). 

Fig. 2. ECH of HMF in the H-type cell. (a) Schematic illustration of the H-type cell for ECH 

of HMF. (b) Cyclic voltammograms of Ag foil and OD-Ag in 0.5 M borate buffer (pH 9.2) 

with 20 mM HMF. The geometric area of the electrode was 2 cm2 and the scan rate was 

20 mV s−1. Onset potential was defined as the potential at −1.0 mA cm−2 in the negative 

scan. (c) Product selectivity and conversion of HMF in 0.5 M borate buffer (pH 9.2) with 

20 mM HMF on Ag foil (left columns) and OD-Ag (right columns) at different applied 

potentials for half-hour electrolysis. 
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Fig. 1. Physical characterization of OD-Ag electrocatalyst. (a) XRD patterns and (b) 

XPS Ag 3d spectra of Ag foil, freshly-prepared OD-Ag, and OD-Ag after electrolysis. (c) 

SEM image of OD-Ag. (d) AFM image of OD-Ag. The inset graph is the height profile of 

a 6-m section (the white horizontal line). 
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Selectivity depicts the distribution of HMF reduction products 

based on the carbon balance, while FE is defined by the fraction of 
total charges to produce a certain product. As shown in Fig. 2c and 

Fig. S4, the selectivity of BHMF increased in line with the increased 
FE of H2 (from HER) as the potential became more negative on OD-

Ag. Also, the observed FE of H2 on OD-Ag outperformed that on Ag 
foil. Such parallel behavior could be attributed to the common 

reaction intermediate (Hads, generated from H+ + e− → Hads) of ECH 
and HER; thus, higher coverage of Hads on the electrode surface 

would increase the BHMF selectivity, and simultaneously sacrifice 
some charges for Hads–Hads combination to form H2.32 Apparently, 

binding of Hads is intrinsically more favorable on the surface of OD-Ag 
compared to Ag foil. Accordingly, the dimer product BHH becomes 

less favorable on OD-Ag. As the mechanisms suggested in previous 
studies,33, 34 BHH is formed by one adsorbed H coupled with one 

adsorbed HMF molecule, followed by rapid desorption as free 
radicals for dimerization before the addition of the second Hads to 

BHMF. The lower BHH selectivity on OD-Ag could be due to the 
appropriate binding energy of HMF and its reduction intermediates 

on the surface for two Hads addition to BHMF instead of one Hads 
addition to radicals. The above observations essentially stem from 

the wave-like morphology and higher surface area of OD-Ag, which 
reduce the energy barriers for the adsorption of both H and HMF. 

 

ECH of HMF on OD-Ag in the three-electrode flow cell 

A three-electrode flow electrolyzer was designed to reduce the 
limitation of mass transport in the continuous ECH of HMF. As shown 

in Fig. 3a, the catholyte was fed into a PTFE spacer with the Ag/AgCl 
reference electrode, and the anolyte was fed via a flow-field plate to 

a catalyst-supported gas diffusion electrode attached to the anion 
exchange membrane. 

The ECH performances in different cell configurations are 
compared in Fig. 3b. Both HMF conversion and BHMF selectivity are 

higher in the flow cell, following the sequence: OD-Ag in flow cell > 

OD-Ag in H-type cell >> Ag foil in flow cell > Ag foil in H-type cell. In 
the flow cell, HMF conversion and BHMF selectivity were also higher 

on OD-Ag than that on Ag foil (HMF conversion: 28.9% vs. 22.1%; 
BHMF selectivity: 95.3% vs. 68.8% at −1.25 VAg/AgCl for half-hour 

electrolysis), showing the same trend with the measurements in the 
H-type cell. In addition, with the same electrode of OD-Ag for a half-

hour electrolysis, HMF conversion in the flow cell has outperformed 
the performance in the H-type cell (28.9% vs. 24.0%), benefiting from 

the enhanced mass transport in the flow reactor.  
The superior ECH activity and BHMF selectivity on OD-Ag can be 

maintained in a broad potential range. As shown in Fig. 3c–d, in 3-
hour continuous measurements, the BHMF selectivity maintained 

80+% in the potential range of −1.05 to −1.35 V. The high HMF 
conversion has achieved over 90% at potentials more negative than 

−1.15 V, which also revealed the superior capability of the flow 
reactor for continuous ECH of HMF with minimal external mass 

transport limitations. In addition, the consistent activity obtained on 
OD-Ag confirmed the high durability and robustness of the system 

under testing conditions, without significant performance drop 
issues.   

 
ECH-ECO paired electrolysis in the flow cell 

The above experiments were carried out with OER as the anodic 
reaction, which is known to be thermodynamically and kinetically 

sluggish. Thermodynamic calculations of the ECH-OER electrolytic 
system also suggest that the energy consumption is mainly 

attributed to OER (Eqs. 1–3):  
 

Cathode:  
HMF + 2e− + 2H2O → BHMF + 2OH−  ΔG°  = −23 kJ mol−1               (1) 

Anode: 
2OH− → H2O + 0.5O2 + 2e− ΔG° = 237.10 kJ mol−1                                         (2) 

Overall:  
HMF + H2O → BHMF + 0.5O2  ΔG° = 214.10 kJ mol−1                       (3) 

 

Alternatively, by replacing anodic OER with the ECO of HMF to a 

value-added product FDCA (noted as ECH-ECO paired electrolysis), 

Fig. 3. ECH of HMF in the flow reactor. (a) Schematic illustration of the three-electrode 

flow cell, where Ag/AgCl was placed in the cathodic spacer to control the applied 

potential. ECH of HMF was performed on OD-Ag. The anodic reaction was OER. (b) 

Comparison of product selectivity and HMF conversion on different electrodes and cell 

configurations at −1.25 VAg/AgCl for half-hour electrolysis. (c) HMF conversion and (d) 

BHMF selectivity in three-electrode flow cell on Ag foil and OD-Ag at different potentials 

for 3-hour electrolysis. The samples were quantified in half-hour intervals. The 

electrolyte was 0.5 M borate buffer (pH 9.2) with 20 mM HMF. Error bars represent the 

standard deviation of the mean value from at least three measurements. Detailed 

experimental setup is shown in Fig. S3.   Fig. 4. Comparison of ECH-OER and ECH-ECO paired electrolytic system in the flow 

reactor. (a) Schematic illustration of ECH-ECO paired electrolytic system, with HMF 

reduction to BHMF at the OD-Ag cathode and TEMPO-mediated HMF oxidation at the 

anode. Two possible HMF oxidation pathways17, 24 are shown in the dotted box. (b) 

Calculated thermodynamic cell potentials (|E0| = |−ΔG°cell/nF|) of the ECH-OER system 

and the ECH-ECO system. (c) Linear sweep voltammograms of the ECH-OER and ECH-

ECO systems in 0.5 M borate buffer (pH 9.2) with 20 mM HMF. The scan rate was 5 mV 

s−1. 
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the required energy input can be largely brought down, as 

demonstrated by the decrease in the thermodynamic cell potential 
|E0| from 1.11 V to 0.33 V (Fig. 4b). 

To demonstrate the feasibility of the paired electrolysis 
experimentally, we first performed linear sweep voltammetry (LSV) 

analysis in the flow cell, with ECH of HMF catalyzed by OD-Ag and 
ECO of HMF mediated by TEMPO (Fig. 4a). The results for ECH-ECO 

paired electrolysis (Fig. 4c) exhibited a remarkable decrease in cell 
voltage compared to the ECH-OER system: 1.5 V vs. 2.0 V at 5 mA; 

29.1 mA vs. 15.6 mA at 2.5 V. 

To conduct bulk electrolysis in the ECH-ECO paired system, we 
first confirmed the facile kinetics and high HMF-to-FDCA selectivity 

mediated by TEMPO in the H-type cell. As shown in Table S2, both 
constant-potential (in the range of 0.4–0.8 VAg/AgCl) and constant-

current measurements (at 10 mA) achieved ~100% HMF conversion 
with ~100% selectivity and 90+% FE to FDCA. 

The ECH-ECO paired electrolysis was then conducted in different 
cell configurations with ECH on OD-Ag and ECO mediated by TEMPO 

as the cathodic and anodic reaction, respectively. A schematic 
illustration of the flow cell configuration is shown in Fig. S5. A 

substantial decrease in steady-state cell voltage from ~7.5 V to ~2.0 
V was observed when the electrolysis was conducted in the flow cell 

compared to the H-type cell (Fig. 5a), at the constant current of 10 
mA. The reduction in voltage is in line with the decrease in the 

measured resistance between the cathode and anode from 483.2 Ω 
for the H-type cell to 39.3 Ω for the flow cell (Table S7). No 

considerable performance drop was observed in three consecutive 
1-hour measurements. 

Furthermore, the FE of BHMF was well maintained at ~80% in the 
flow cell, slightly higher than the results in the H-type cell (Fig. 5b). 

The anodic FE was marginally lower in the flow cell compared to the 

H-type cell, as more charge (136 C) than the theoretical value (116 C) 

was required to fully convert HMF to FDCA (Fig 5c). The additional 
charge consumption, presumably due to the side reaction OER, could 

be attributed to the imprecise control of the anodic potential. 
Alternatively, by controlling the applied potential between the 

reference electrode and anode at 0.6 V (which was selected due to 
the high performance of HMF-to-FDCA in the range of 0.4–0.8 VAg/AgCl 

from the H-type cell measurements) (Fig. S6), the FE of HMF to FDCA 
was improved to 92.7% (Fig. 6b). However, a decrease in the FE of 

BHMF on the cathode was observed as the potential between the 

cathode and reference electrode was no longer constant. Further 

optimization is needed to tackle the challenge of simultaneously 
controlling the applied potentials on both cathode and anode within 

the desirable range, thereby maximizing the overall FE.  
Nevertheless, a combined FE of over 160% was still attained in 

our flow reactor to desired BHMF and FDCA. The selectivity to BHMF 
and FDCA were close to 90% and 100% on the cathode and anode, 

respectively (Table S3–S6). The electricity consumption (unit: kWh 
kg−1, normalized to the mass of product) to the desired products is 

shown in Fig. 5d. Compared to the H-type cell, an over three-fold 
increase was obtained in the flow cell to produce BHMF and FDCA. 

The cell energy efficiency () as a function of cell voltage was also 
calculated (detailed in Table S1), which is 24.5% for the flow cell, 

exhibiting an over four-fold increase compared to the H-type cell 
(5.7%). 

The versatility of the paired electrolysis was demonstrated by 
extending the substrate to furfural, another bio-derived chemical 

with an industrial production capacity of 400 ktons per year.35, 36 By 
pairing ECH of furfural-to-furfuryl alcohol (FA) on Pb foil with ECO of 

furfural-to-furoic acid mediated by TEMPO, a total FE of 177% (90.6% 
to FA and 87.2% to 2-furoic acid) was obtained (Fig. S7 and Table 

S10–11). In addition, the superior performance and excellent 
flexibility of our flow cell for paired electrolysis have approached or 

outperformed many state-of-the-art reaction systems, as detailed 
comparison is shown in Table S12.  

 
 
 
 

Fig. 6. ECH-ECO paired electrolysis in the three-electrode flow cell at a constant 

potential of 0.6 V between the reference electrode and anode. (a) Cell voltage 

profiles for ECH-ECO paired electrolysis in the H-type cell and flow cell at a constant 

potential of 0.6 VAg/AgCl between the reference electrode and anode. The cell voltage 

was measured by a multimeter. The catholyte was 20 ml of 0.5 M borate buffer (pH 

9.2) with 20 mM HMF, and the anolyte was 20 ml of 0.5 M borate buffer (pH 9.2) with 

5 mM HMF and 7.5 mM TEMPO. The applied charge was the 57.9 C, corresponding to 

the theoretical charge required for 100% conversion of HMF to FDCA. More details 

and additional data can be found in Table S8–S9. 
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Fig. 5. Comparison of ECH-ECO paired electrolysis in the flow cell and H-type cell at 10 

mA. (a) Cell voltage profiles for three consecutive 1-hour electrolysis in the H-type cell 

and flow cell. (b)–(c) Faradaic efficiency and HMF conversion for cathodic and anodic 

reactions in the H-type cell (left columns) and flow cell (right columns). (d) Comparison 

of electricity consumption for BHMF and FDCA production different cell configurations. 

The catholyte was 20 ml of 0.5 M borate buffer (pH 9.2) with 20 mM HMF, and the 

anolyte was 20 ml of 0.5 M borate buffer (pH 9.2) with 10 mM HMF and 7.5 mM TEMPO. 

The applied charge for H-type cell test was 116 C, corresponding to the theoretical 

charge required for 100% conversion of HMF to FDCA. For the flow cell, 136 C was 

applied in order to achieve ~100% conversion to FDCA. Fresh catholyte was replaced 

every hour during tests. More details and additional data can be found in Table S3–S6. 
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ECH-HOR paired electrolysis in the flow cell 
 

To further reduce the cell voltage, we performed ECH-HOR 

paired electrolysis with HMF reduction as the cathodic reaction and 
HOR as the anodic reaction (Fig. 7a). OD-Ag and Pt/C-coated carbon 

paper were used as the cathode and anode, respectively. As shown 
in the LSV curve (Fig. 7b), only 0.85 V of total cell voltage is required 

to attain a current of 10 mA. The selectivity to BHMF was as high as 
82.3% at the cell voltage of 0.90 V (Fig. 7c). The ECH-HOR paired 

electrolysis offers another sustainable pathway for BHMF production 
with low energy cost. The continuous fall of renewable electricity 

prices, along with further development of electrolyzers for H2 
generation and conversion of bio-derived chemicals, warrants the 

potential feasibility of such electrochemical process in the future. 

Conclusions 

High selectivity (90%+) of HMF reduction to BHMF was observed 

on OD-Ag, which significantly outperformed Ag foil. Such 
performance can be maintained in a wide range of potential (−1.05 

V to −1.35 V) and is stable for prolonged electrolysis. Substitution of 
the anodic OER by TEMPO-mediated HMF oxidation notably lowered 

the overall cell voltage, which was further reduced to 2.0 V (at 10 mA) 
in a flow cell. Such ECH-ECO paired electrolysis in the flow cell offered 

a combined FE of 163% to the valuable products (BHMF and FDCA) 
and demonstrated an over four-fold increase in energy efficiency. 

Using HOR as an alternative anodic reaction, the cell voltage was 
further reduced to 0.85 V, offering a potential renewable substitute 

of thermocatalytic hydrogenation of bio-based chemicals. The 
efficient conversion of HMF, alongside the concept of paired 

electrolysis developed in the present study, will open up sustainable, 
economically-viable, and environmental-benign routes of harnessing 

renewable energy for efficient utilization of biomass-derived 
feedstocks for distributed manufacturing of valuable chemicals. 

 

Experimental section 
 
Chemicals and Materials 

Sodium hydroxide (97%), potassium hydroxide (85%), furfural 
(99%), furfural alcohol (FA, 98%), sodium sulfate (99%), 5-

(hydroxymethyl)furfural (HMF, 99%), TEMPO[2,2,6,6-
tetramethylpiperidin-1-yl)oxyl] (98%), 2-furoic acid (98%), 2,5-

furandicarboxylic acid (FDCA, 97%), 5-hydroxymethyl-2-
furancarboxylic acid (HFCA, 99%), and 2,5-diformylfuran (DFF, 97%) 

were purchased from Sigma-Aldrich. Acetonitrile (CH3CN, HPLC 
grade), platinum foil (0.025 mm thick, 99.9%), 2-propanol (99.9%), 

and boric acid (≥99%) were purchased from Fisher Scientific. 2,5-
Bis(hydroxymethyl)furan (BHMF, 98%) was purchased from Ark 

Pharm, Inc. 5-Formyl-2-furoic acid (FFCA, 99%) was purchased from 
TCI. Silver foil (0.5 mm thick, 99.9985%) was purchased from Alfa 

Aesar. Teflon (0.002-inch thickness), silicon (0.01-inch thickness) 
gaskets, Nafion membrane, Toray carbon paper 030, and plain 

carbon cloth were purchased from the Fuel Cell Store. 40 wt.% Pt on 
Vulcan XC-72 (Pt/C) was purchased from Premetek. A201 anion 

exchange membrane was purchased from Tokuyama Corp. H2 
calibration gases (10 ppm, 100 ppm, 1,000 ppm, 5,000 ppm, 10,000 

ppm, balance helium) were purchased from Cal Gas Direct. Deionized 
(DI) water (18.2 MΩ cm, Barnstead™ E-Pure™) was used for all 

experiments in this work. All electrochemical tests were performed 
by a Biologic SP-300 potentiostat with a ±2 A/±30 V booster.  

 
Preparation of the working electrode 

OD-Ag was prepared in a standard three-electrode system by a 
modified electrochemical square-wave-voltammetry (SWV) 

method.37 A piece of polished and cleaned Ag foil was immersed in a 
0.2 M NaOH electrolyte as the working electrode. Ag/AgCl (saturated 

KCl, Pine Research) and platinum foil served as the reference 
electrode and counter electrode, respectively. Cyclic voltammetry 

(CV) was applied from 0 to 1.2 VAg/AgCl with a scan rate of 20 mV s−1. 
A symmetric square-wave pulse potential was then applied on Ag foil 

from 0 to 1.0 VAg/AgCl at the frequency of 500 Hz for 3 h with both 
positive and negative scans. Subsequently, a constant potential (−1.3 

VAg/AgCl) was applied for 10 min to obtain OD-Ag. 
To prepare Pt/C on carbon paper, catalyst ink was prepared by 

dispersing Pt/C in a mixture of DI water and 2-propanol (1:2 volume 
ratio) with added AS-4 ionomer by ultrasonication. The mass ratio of 

Pt/C and AS-4 ionomer was 4:1. The ink was then airbrushed onto 
the carbon paper to a final loading of around 0.5 mgPt cm−2.  

 
Electrochemical measurements in the H-type cell  

To perform ECH in an H-type cell, a three-electrode configuration 
was set up with Ag/AgCl as the reference electrode and Pt foil as the 

counter electrode. The geometric area of the working electrode was 
2 cm2. Anode and cathode compartments were separated by a 

Tokuyama A201 anion-exchange membrane. The electrolyte was 
prepared in 0.5 M borate buffer solution (pH 9.2), and 20 ml of the 

electrolyte was used in each compartment. The resistance between 
the working and reference electrodes was determined by 

potentiostatic electrochemical impedance spectroscopy, and 90% iR-
compensation was applied for all measurements.  

Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and 
chronoamperometry (CA) tests were conducted under a constant Ar 

flow through the catholyte for deaeration and on-line analysis of 
evolved H2 by gas chromatography (GC). CV and LSV were carried out 

without magnetic stirring. During CA tests, the catholyte and anolyte 
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Fig 7. ECH of HMF paired with hydrogen oxidation reaction (HOR) in the flow cell. 

(a) Schematic illustration of the flow cell for ECH-HOR paired electrolysis. (b) Linear 

sweep voltammogram of paired electrolysis with a scan rate of 5 mV s−1. (c) Product 

selectivity and HMF conversion on OD-Ag at the cell voltage of 0.9 V for half-hour 

electrolysis. The cathode was OD-Ag and the anode was a Pt/C-loaded carbon paper 

(0.5 mgPt cm−2). The catholyte was 20 ml of 0.5 M borate buffer (pH 9.2) with 20 mM 

HMF. The flow rate of H2 was 100 ml min−1. 
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were stirred by PTFE-coated magnetic bars (20 × 6 mm, Chemglass 

Life Sciences) at 350 r.p.m.  
ECO (HMF oxidation) and paired electrolysis were performed in 

a similar configuration. A piece of carbon cloth (2 cm2) was used for 
TEMPO-mediated HMF oxidation. The concentration of TEMPO in 

the anolyte was 7.5 mM. 
 

Electrochemical measurements in the flow cell  
Flow cell electrolysis was performed by an in-house built system, 

which contains stainless-steel endplates, gold current collectors, 
PTFE and silicone gaskets, a PTFE flow chamber (cathode) with an 

Ag/AgCl reference electrode, an anion exchange membrane 
(Tokuyama A201), and a graphite flow-field plate (anode). The 

geometric area of the cathode and anode were 2 and 5 cm2, 
respectively. The catholyte and anolyte (both 20 ml) were circulated 

by a peristaltic pump (Masterflex® L/S®) at 50 ml min−1.  
 

Quantification methods  
Liquid products were analyzed by High-Performance Liquid 

Chromatography (HPLC, Agilent Technologies, 1260 Infinity II LC 
System) equipped with a variable wavelength detector (Agilent 1260 

Infinity Variable Wavelength Detector VL). The wavelength of 225 nm 
and 260 nm was applied to quantify cathodic products (including 

HMF, BHMF, furfural, FA, and dimers) and anodic (including HMF, 
FDCA, HFCA, FFCA, and DFF) products, respectively. Detailed HPLC 

conditions were reported in our previous works. 17, 32 For simplicity, 
two isomers of the dimer product [5,5′-

bis(hydroxymethyl)hydrofuroin, BHH] are reported together. For the 
quantification of furfural and 2-furoic acid, same conditions were 

used for the analysis of HMF oxidation products except that the flow 
rate of the mobile phase was increased to 1.1 ml min−1, and the 

retention time was around 28.7 min and 18.6 min for furfural and 2-
furoic acid, respectively.  

H2 was quantified by on-line GC (SRI Instrument 8610C MG#3) 
equipped with HaySep D and MolSieve 5 Å columns and a thermal 

conductivity detector. The calibration curve was established by 
analyzing the standard calibration gases with different 

concentrations (10–10,000 ppm).  
The GC program was started 2 min after the electrolysis was 

initiated, and a 6-min programmed cycle (including a 4-min running 
period and a 2-min cooling period) was repeated throughout the 

measurement.  
The rate of H2 generation (r, mol s−1) for each cycle was calculated 

by Eqn. 4: 
r = c  10−6  [pV̇  10−6/(RT)]    (4) 

Where c is the H2 concentration (ppm); V̇ is the volumetric flow 
rate of the inlet gas (12.5 mL min−1); p is the ambient pressure (p = 

1.013 × 105 Pa); R is the gas constant (R = 8.314 J mol−1 K−1); T is the 
room temperature (293.15 K). The total amount of H2 production 

(mol) was calculated by integrating the plot of H2 production rate 
(mol s−1) vs. reaction time (s) with polynomial curve fitting. 

 
Materials Characterization  

X-ray diffraction (XRD) crystallography was collected with a 
Siemens D500 diffractometer operated with a Cu Kα source (λ = 

1.5418 Å) at 45 kV and 30 mA and equipped with a diffracted beam 
monochromator (carbon). X-ray photoelectron spectroscopy (XPS) 

was collected with a Kratos Amicus/ESCA 3400 X-ray photoelectron 

spectrometer with Mg Kα X-ray (1,253.7 eV). All XPS spectra were 

calibrated with the C 1s peak at 284.8 eV. Scanning Electron 
Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS) was 

conducted on a field-emission scanning electron microscope (FEI 
Quanta-250) equipped with a light-element X-ray detector and an 

Oxford Aztec energy-dispersive X-ray analysis system. 
 

Calculations 
The conversion (X) and product selectivity (Si) were calculated by 

Eqs. 5−6:  
X = (n0 − n)/n0  100%       (5) 

Si = ni/(n0 − n)  100%       (6) 
Where n0 is initial moles of HMF; n is the moles of HMF after 

electrolysis; ni is the moles of product i (BHMF, BHH, DMF, HFCA, DFF, 
FFCA, and FDCA). 

The FE of product i (FEi) was calculated by Eqn. 7:  
FEi = (niziF)/Q  100%        (7) 

Where zi is the number of electrons transferred for one product 
molecule; F is the Faraday constant (96,485 C mol−1); Q is the total 

charge passed through the electrolytic cell. 
Energy efficiency () as a function of cell voltage (Vcell) was 

calculated by Eqn. 8:  
 = Ecell/V 

   = FEBHMF  EHMF/BHMF − FEFDCA  EHMF/FDCA/V  200%       (8) 
Where EHMF/BHMF and EHMF/FDCA denoted the thermodynamic 

reduction potentials for HMF-to-BHMF and FDCA-to-HMF reactions, 
respectively, under the testing conditions (pH 9.2). Detailed 

calculations are shown in the Supporting Information. 
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Paired electrolysis of HMF in a flow cell markedly reduces cell voltage and realizes co-production of BHMF and FDCA.  
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