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ABSTRACT: Mass transfer phenomena significantly influence the
conversion rate and product distribution in the 5-hydroxymethylfur-
fural (HMF) electrochemical reduction to value-added products. This
study proposes a cost-effective approach to enhance the production
rate and selectivity toward 2,5-bis(hydroxymethyl)furan (BHMF) as
the target product. Cocirculating the electrolyte with an inert gas across
the electrode surface increases the conversion rate and selectivity
toward alcohol formation by 50% and 75%, respectively. This
improvement is attributed to enhanced reactant adsorption and
product desorption, along with improved mobility of forming H2
microbubbles away from the surface, which increases the availability of
active sites for the hydrogenation reaction. Simulations of the
hydrodynamic behavior of the electrolyte near the working electrode
during gas purging suggest improved convection near the electrode.
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■ INTRODUCTION
In the realm of chemical industries, the electrochemical
conversion of biomass-derived molecules into value-added
products is crucial for sustainable and environmentally friendly
processes.1,2 One such molecule is 5-hydroxymethylfurfural
(HMF),3,4 a versatile reactant for a wide range of compounds
with applications in polymers and biofuels.5,6 Researchers have
extensively investigated the electrochemical reduction of HMF
into valorized chemicals and precursors, including 2,5-bis-
(hyd roxyme thy l ) f u r an (BHMF)7 and 5 , 5 ′ - b i s -
(hydroxymethyl)hydrofuroin (BHH).8

Despite this progress, mass transport limitations remain a
significant obstacle in achieving efficient HMF conversion,
affecting reaction rates and product distribution.9 Various
strategies, such as biphasic solvent systems10 and designing
electrodes to improve mass transfer,11 have been proposed to
overcome these limitations. Sanghez de Luna et al.12

demonstrated that using 3D expanded foam electrodes
enhances the catalyst’s active surface area, reducing mass
transfer constraints and boosting both conversion rates and
BHMF yields in HMF electrochemical reduction (HMF-ER).
Recent studies in biphasic electrocatalysis have shown how
phase separation, solvent polarity, and viscosity can strongly
affect mass transport and product selectivity in electrochemical
biomass conversion.13,14

Several researchers have explored innovative electrochemical
cell designs to overcome mass transfer limitations in HMF

electrochemical conversion.15−17 In one such study, Delparish
et al.18 investigated how reactor design and cell configuration
influence HMF electrochemical oxidation and found that
adsorption of HMF and its intermediates drives the
mechanism. Their results showed that an undivided micro-
reactor enhances adsorption, but such specialized reactor
designs often prove costly and require significant design
complexity.
Here, we propose a practical approach to mitigate mass

transport limitations, exemplified by HMF-ER. Alongside
forced electrolyte convection (continuous flow),19,20 purging
gas near the electrode surface can increase local electrolyte
flow while removing electrochemical products and gas bubbles,
synergistically enhancing mass transfer dynamics. In typical
electrochemical setups, N2 is already and inevitably introduced
to remove dissolved O2, as its reduction reaction (ORR) could
lead to the formation of H2O2 and is detrimental for overall
FE, which competes with HMF reduction. Instead of bubbling
N2 into the reservoir (purging and blanketing), we redirected
this flow directly into the electrolyte inlet, enabling it to
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simultaneously serve its original purpose and drive interfacial
convection.21 We validate the effectiveness of this cocirculation
strategy using experimental electrochemical techniques and
computational simulations.

■ RESULTS AND DISCUSSION
We utilized a planar electrode for electrochemical measure-
ments to evaluate the applicability of the bubbling-enhanced
convection approach. Such electrodes’ defined active surface
area leads to mass transfer limitations for both reactants and
products.22 We employed silver foil as the catalyst for the
HMF electrochemical reduction because of the possibility of
forming different products, namely, BHMF (the primary
product), BHH (the dimer), polymerization to humins
(others),23 and hydrogen evolution reaction (HER), all of
which strongly depend on a mass transfer phenomenon.24 This
broad range of formable products allows us to thoroughly
assess how our cocirculation approach affects product
distribution in HMF-ER.
An in-house designed two-compartment electrolysis cell was

used for all electrochemical experiments (Scheme 1),25 with

detailed specifications in the Supporting Information. The
headspace gases were immediately directed into a gas
chromatograph (GC) for analysis, while the liquid products
were quantified using high-performance liquid chromatography
(HPLC).
All electrochemical measurements were performed in a

sodium carbonate electrolyte (pH 9.2) containing 20 mM
HMF, which was optimal for minimizing extensive HMF
chemical degradation.
Circulating only the electrolyte (blanketing the electrolyte

with N2 to remove dissolved air from the system) at a flow rate
of up to 5 mL min−1 led to a significantly low HMF conversion
rate of only 30% at an applied potential of −0.65 V vs ERHE
over 2 h chronoamperometry. Figure 1 shows that BHMF
accounts for only 40% selectivity, while 12.5% is attributed to
BHH. The remaining fraction consists primarily of undesirable
polymerization products. Purging 1 mL min−1 N2 increases the
HMF conversion rate to 40%, and the BHMF selectivity rises
to nearly 70%, a net 75% increase compared to the condition
without gas purging. The reduced selectivity toward BHH and
other undesired products may result from enhanced mass
transfer. Table 1 (complete data available in SI Table S1)
shows that the N2 gas purge at 1 mL min−1 into the reaction
compartment instead of a blanket feed over the electrolyte
reservoir reduces the Faradaic efficiency (FE) for HER from

22.9% to 9.2%. These results indicate that mass transfer
limitations not only hinder the HMF conversion rate but also
reduce the selectivity toward valuable products.
Without gas cocirculation of the system, both reactant

adsorption and product desorption appear to be mass-transfer-
limited, leading to low HMF conversion (30%). Hence,
restricted HMF availability at the electrode surface favors the
Tafel/Heyrovsky pathway to H2 formation over the reaction
with HMF ketyl radical intermediates to form BHMF (Scheme
2). Consequently, these intermediates are more likely to

Scheme 1. Schematic Representation of the Electrochemical
Divided H-Type Cell

Figure 1. HMF conversion (second y axis) and main product
selectivity of electrochemical reduction of HMF, influenced by the
flow of N2 in the system (20 mM HMF, 0.1 M sodium carbonate
buffer, 2 h chronoamperometry at an applied potential of −0.65 V vs
ERHE, error bars obtained from at least three repetitions).

Table 1. Total Charge Passed (TCP) and Faradaic
Efficiency of the Products Influenced by the Flow Rate of N2
in the Systema

Flow rate
/mL min−1

TCP/
C cm−2

FE
BHMF/%

FE
BHH/%

FE
H2/%

0 8.6 38.2 7.1 22.9
1 10.5 72.6 4.6 9.2
2 11.3 73.4 5.1 15.2
3 11.2 62.1 7.1 22.7
4 11.6 56.9 8.6 23.4
5 11.8 58.3 10.7 20.8
10 12.4 43.9 11.1 21.8

a20 mM HMF, 0.1 M sodium carbonate buffer, 2 h chronoamper-
ometry at applied potential of − 0.65 V vs ERHE.

Scheme 2. Mechanism Pathway of HMF Electrochemical
Reduction Towards BHMF and BHH on Silvera

a(1) HMF, (2) HMF ketyl radical, (3) BHMF, and (4) BHH.
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dimerize and form BHH or polymerize. Additionally, a higher
HER (∼22%) leads to electrode surface coverage by H2
microbubbles, further limiting the availability of active sites.
Introducing an inert gas like nitrogen into the electrolyte flow
enhances convection near the electrode surface, which
facilitates adsorption and desorption processes within the
electrochemical double layer (EDL). Therefore, interactions
between ketyl radicals and adsorbed hydrogen atoms are more
probable, which increases the level of BHMF formation and
reduces the level of HER. Furthermore, N2 bubbles displace
small H2 bubbles away from the surface, providing more active
sites for hydrogenation reactions. These two factors contribute
to the observed improvements in mass transfer when
cocirculating gas.
Despite the improved mass transfer and increased HMF

conversion at higher gas flow rates, BHMF selectivity drops by
10% once the flow rate exceeds a critical threshold of 1 mL
min−1. Figure 1 shows that a flow rate of 2 mL min−1 lowers
BHMF selectivity by 10% compared to 1 mL min−1, while a
further increase to 10 mL min−1 reduces selectivity to 34%,
even lower than those in experiments without gas purging. In
contrast, the selectivity and FE for BHH and HER increase
with increasing N2 flow rates. Scheme 2 shows the HMF-ER
on silver, which rationalizes the observed phenomenon.
Based on this mechanism, HMF undergoes hydrogenation

via proton-coupled electron transfer (PCET) or hydrogen
atom transfer (HAT), forming a ketyl radical intermediate.26

This intermediate either proceeds through another hydro-
genation step to form BHMF or dimerizes/polymerizes. The
second hydrogenation step is the rate-determining step
(RDS),27 requiring sufficient reaction time and conditions.
At higher nitrogen flow rates, the probability of completing this
step decreases, so ketyl radical intermediates and adsorbed
hydrogen accumulate, which fosters dimerization, polymer-
ization, and HER.
Table 1 shows that introducing 1 mL min−1 N2 flow lowers

the HER Faradaic efficiency, but higher flow rates reverse this
trend. At the same time, BHMF selectivity drops, while BHH
and polymer formation increase. This shift reflects a change in
reaction dynamics: faster electrolyte flow and bubble-induced
vortices increase the local turbulence near the electrode,
accelerating ketyl radical removal from the interface. As a
result, the radicals lose the chance to undergo the second
hydrogenation step and instead follow alternative pathways like
dimerization and polymerization, which are less surface-
dependent on silver.12,22,28,29 At higher flow, more surface
sites become available for H adsorption, and the adsorbed
hydrogen atoms recombine to form H2, which increases the
HER activity.
We use COMSOL simulations to support this interpretation

and highlight the effect of N2 bubbling as a cocirculation
mechanism. COMSOL simulations demonstrate that nitrogen
bubbling significantly increases convection near the electrode,
which improves the HMF mass transport and boosts
conversion in the electrochemical reduction reaction. Figure
2 illustrates a significant growth of the flow velocity with rising
gas feed rates. Notably, the increase in convection from 0 mL
min−1 to 1 mL min−1 is comparable to that from 1 mL min−1

and 10 mL min−1, indicating that higher bubbling rates offer
only marginal gains (Figures S4−S11 and Table S2 provide
further details).
As a proof of concept, we also performed electrochemical

measurements on planar glassy carbon (also on copper

electrode, Figure S12), a recognized catalyst for HMF
dimerization.25 Figure 3 shows that, although glassy carbon
is a nonmetallic electrode with minimal adsorption and
desorption of reactive species, the cocirculation approach
raises HMF conversion from 20% to 47% by increasing local
fluid velocity and alleviating mass transfer limitations. This
strategy also affects the product selectivity of HMF on glassy
carbon.
As shown in Figure 3a, the introduction of N2 reduces BHH

selectivity. The proposed mechanism for BHH formation on
glassy carbon involves inner- and outer-sphere reactions,23

each yielding distinct stereoisomers. The outer-sphere pathway
produces the meso isomer and polymerization products,
whereas the inner-sphere predominantly yields racemic (DL)
BHH (Table S3 provides detailed information, including FE,
formation rate, and meso and DL formation). Without gas flow,
ketyl radicals stay near the surface and couple with each other
to form DL-BHH (Figure 3b). Introducing N2 gas flow

detaches these radicals from weak π−π interaction with the
glassy carbon surface,23 which promotes uncontrolled polymer-
ization. These results confirm that gas−liquid cocirculation is
not a catalyst-specific approach.

■ CONCLUSION
We introduced a simple yet effective cocirculation strategy in
which purging an inert gas such as N2 directly into the

Figure 2. Simulated electrolyte velocity on the electrode surface when
bubbling N2 through the electrochemical cell. The values displayed
were obtained by averaging parameters at a steady state (0.5−4 s in
Figure S2).

Figure 3. a) Main product selectivity (bars) and conversion of HMF
(red line) and b) stereoselectivity of BHH in the electrochemical
reduction of HMF on glassy carbon, with and without the flow of N2
in the system (20 mM HMF, 0.1 M sodium carbonate buffer, 2 h
chronoamperometry at an applied potential of −0.8 V vs ERHE, error
bars obtained from at least three repetitions).
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electrolyte inlet significantly improves the electrochemical
reduction of HMF by alleviating mass transport limitations.
This design enhances HMF conversion and modulates product
distribution by accelerating the delivery of reactants to the
electrode surface and the removal of products and bubbles
from it, thereby improving reaction efficiency.
COMSOL simulations confirm that cocirculation increases

local flow velocity near the electrode surface. At moderate N2
flow rates (up to 1−2 mL min−1), BHMF selectivity improves
due to enhanced interaction between ketyl intermediates and
adsorbed hydrogen, along with more accessible active sites
from efficient H2 bubble displacement.
However, further increasing the gas flow rate above 1 mL

min−1 leads to a decline in BHMF selectivity. We attribute this
to the reduced residence time of ketyl radicals near the surface,
which prevents the completion of the second hydrogenation
step. These radicals are instead diverted toward dimerization
or polymerization, leading to increased BHH and humin
formation.
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