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We utilize scanning electrochemical microscopy (SECM) to study
the electrocatalytic HMF reduction reaction in aqueous solutions.
The surface interrogation mode of SECM is used to quantify the
adsorbed intermediates and overall rate constants of elementary
chemical reaction steps can be achieved by controlling the time-
delay during the measurements. This work provides an in-situ
approach to examine the kinetics and mechanisms of competing
reactions, namely HMF reduction versus the hydrogen evolution
reaction, over applied potentials.

5-Hydroxymethylfurfural (HMF) is a platform chemical derived from
biomass, and its selective conversion is essential for sustainable
production of commodity chemicals and fuels." For example, partial
oxidation or reduction of HMF yields valuable chemicals, including
2,5-diformyl furan (DFF), 2,5-furan dicarboxylic acid (FDCA), 2,5-
bis(hydroxymethyl)furan (BHMF), and 2,5-dimethylfuran (DMF).>™
Among these, BHMF is one of the key chemicals used as a precursor
for the production of biopolymers (e.g., polyurethane®” and
polyester®?) and biofuels (e.g., 2,5-bis(alkoxymethyl)furans'®'"). Tra-
ditionally, the conversion of HMF to BHMF is achieved by thermal
catalytic hydrogenation, which requires elevated temperature
(=100 °C) and high hydrogen pressure (>10 bar)."? In contrast,
electrochemical hydrogenation offers a milder, energy-efficient, and
sustainable route as it operates under ambient temperature and
pressure without requiring expensive hydrogen gas (H,). Despite
these advantages, electrochemical HMF conversion faces significant
challenges in achieving high selectivity and yield, hindering its
scale-up and practical implementation. A fundamental understand-
ing of the reaction mechanism is critical for designing efficient
electrocatalysts and optimizing process conditions to enhance the
selectivity and yield of electrochemical HMF hydrogenation.'*™
Two mechanisms have been proposed for the electrochemi-
cal reduction of HMF to BHMF in aqueous solutions. In the
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proton-coupled electron transfer (PCET) pathway, the reaction
proceeds via an electron transfer, forming an adsorbed HMF
intermediate that is subsequently protonated, followed by the final
proton-coupled electron transfer step to produce BHMF. The
electrocatalytic hydrogenation (ECH) pathway involves a direct
reaction between an adsorbed HMF intermediate and two
adsorbed hydrogens (H*), resulting in BHMF generation
(Fig. 1)."°' Previous studies have demonstrated that the HMF
reduction proceeds via a PCET mechanism at low potentials where
the hydrogen evolution reaction (HER), which involves using
adsorbed hydrogens to form H,, is not significant.’®'” Chadderdon
et al. conducted isotope labeling experiments and found that
proton addition during carbonyl reduction occurs through the
PCET pathway.”® Additionally, Guo et al. observed a decrease in
charge transfer resistance at low potentials in HMF-containing
solutions using electrochemical impedance spectroscopy (EIS),
indicating that the facilitated reaction kinetics are attributed to
HMF reduction via the PCET pathway.>' However, experimental
verification of the ECH mechanism remains a challenge due to the
difficulty in distinguishing adsorbed hydrogen consumption by
ECH from the HER."*"“** Scanning electrochemical microscopy
(SECM) is a non-contact electroanalytical scanning probe technique
that provides quantitative information on the electrochemical
reactions.”® In this study, we utilize SECM to investigate electro-
chemical HMF hydrogenation on an Ag catalyst in aqueous
solution, focusing on the role of adsorbed hydrogen and the
competition between ECH and HER. Specifically, we employ
substrate generation/tip collection SECM (SG/TC-SECM) to
selectively detect reaction products®° and surface interrogation
SECM (SI-SECM) to in-situ quantify surface-adsorbed reaction
intermediates.””>° Based on the SECM results, we suggest possible
electrochemical HMF hydrogenation pathways in aqueous solution
depending on the electrode potential.

Silver-based catalysts have demonstrated effective conver-
sion of HMF to BHMF with a high selectivity (>90%) at
negative potentials (<—1.3 V vs. Ag/AgCl) in a borate buffer
solution (pH 9.2).'*'7?'3> Fig. 2a shows the linear sweep
voltammograms (LSVs) of the Ag ultramicroelectrode (UME)
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Fig. 1 Scheme of mechanisms of the electrochemical aldehyde hydrogenation of HMF to BHMF on the Ag catalyst; proton-coupled electron transfer

(PCET) and electrocatalytic hydrogenation (ECH) pathways.

in borate buffer solutions, with and without HMF. The LSV in
the absence of HMF shows negligible current until an applied
potential of —1.3 V. In the presence of HMF, however, a distinct
cathodic current was observed in the potential range from —1.0
to —1.3 V, confirming predominant HMF reduction.

Beyond —1.3 V, a sharp increase in cathodic current is shown,
which overlaps with the increase in the activity of the HER on the
Ag surface. To delve into the potential-dependent competition
between HMF reduction and HER on the Ag surface, we
employed SG/TC-SECM (Fig. 2b). The Ag UME was used as a
substrate electrode for all SECM experiments. A C UME was
chosen as a tip electrode for selective detection of BHMF
(Fig. 2b). We confirmed by LSV that only BHMF can be oxidized
on the C UME within the applied potential range from +1.0 to
+1.4 V (Fig. 2c¢). When the Ag electrode was held at discrete
constant potentials from -1.0 to -1.7 V, the C tip electrode
potential was scanned to detect BHMF (Fig. 2d). The measured
tip current at Erj, = 1.4 V was taken to compare the BHMF
production rate at each applied substrate potential, Eg,, (Fig. 2e).
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A Pt UME was chosen as the tip electrode for the detection of by-
product H, (Fig. 2b). The Ag electrode was pulsed to constant
discrete potentials ranging from -1.0 to -1.7 V for 15 s, then the
produced H, was detected by the tip electrode through chron-
oamperometry at Er;, = 0.1 V.** The amount of charge passed
during the chronoamperometry was used to compare the H,
production rates at the Ag surface depending on the substrate
potentials. Significant increases in H, production rates were
observed at negative potentials at —1.3 V and beyond in both
solutions with and without HMF. However, the presence of HMF
led to slightly lower H, production rates compared to its absence
(Fig. 2h), indicating that the hydrogen evolution reaction and
HMF reduction reaction are competing with each other.®'” If
the HER and HMF reduction were purely competing reactions,
an increase in HER should have led to a drastic suppression of
BHMF production. Despite the rapid increase in H, production
beyond —1.3 V, the BHMF production rate reached its maximum
at —1.3 V and exhibited only a slight decrease between —1.3 V
and —1.5 V (Fig. 2e). Thus, based on the observed trend we
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Fig. 2 Production rate analysis of BHMF and H, on the Ag UME (radius 12.5 yum, RG = 2 for BHMF, and RG = 4 for H,) by SG/TC-SECM. (a) Linear sweep
voltammograms (LSVs) of the Ag UME in borate buffer (pH 9.2) with and without HMF (scan rate, 10 mV s%). (b) Scheme of the SG/TC-SECM for BHMF and H titrations.
(c) LSVs of HMF and BHMF oxidation on the carbon UME (radius 15 pm), (scan rate, 10 mV s™3). (d) LSVs of the carbon tip (radius 15 pm, RG = 1.5) for titration of BHMF in
borate buffer (pH 9.2) with 2.5 mM HMF, with a tip-substrate gap of ca. 5 um. (e) Substrate potential dependent tip current corresponding to the BHMF production rate.
Chronoamperomograms (CAs) of the platinum tip (radius 12.5 um, RG = 2) for titration of H, in borate buffer (pH 9.2) (f) without HMF and (g) with 2.5 mM HMF; with a
tip-substrate gap of ca. 6 um. (h) Charge density of H, collection on a platinum tip (radius 12.5 um, RG = 2) in borate buffer (pH 9.2) with and without 2.5 mM HMF.
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speculate that the adsorbed hydrogen is participating in BHMF
formation via the ECH mechanism at potentials beyond —1.3 V.*'**

To find proof of the ECH mechanism at negative potentials
(<—1.3 V), we in-situ examined the Ag surface by SI-SECM (Section
S2.2 of the ESIY). Fig. 3a demonstrates a scheme of SI-SECM on the
Ag electrode. When the substrate is pulsed to a negative potential
for 7 s, surface intermediates (e.g., adsorbed hydrogen and/or
adsorbed hydroxyalkyl species) are generated. Subsequently, the
substrate electrode is held at open circuit, while a positive potential
is applied at the tip electrode to oxidize the molecular probe,
FcMeOH, dissolved in the solution (eqn (1)). Then, the oxidized
molecular probes, FeMeOH", diffuse and react with the adsorbed
intermediates (A*) at a substrate electrode, regenerating the
reduced form of the molecular probes (eqn (2)). The regeneration
of the molecular probe can amplify the tip current during SI-SECM.

(1)
(2)

FcMeOH — FcMeOH' + e~
FcMeOH' + A* — FcMeOH + A" + *

The tip current was measured by chronoamperometry (CA),
where the passed charge is related to the amount of intermediates
adsorbed on the Ag surface. The surface concentrations of adsorbed
intermediates were estimated by assuming that one electron transfer
is required for intermediate titration (Table 1). Then, we introduced
a time delay between the substrate-pulse and tip-titration steps to
monitor changes in the intermediate concentration with time. As
the time delay interval increased, the recorded tip current profiles
decreased (Fig. 3b and c). During the time delays, open circuit was
held at the substrate electrode to prevent electron transfer to the
intermediates. The smaller tip current profiles primarily reflect the
dissipation of surface intermediates by chemical reactions, with the
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Table 1 Reaction rate constants and surface concentrations of adsorbed
intermediates in the solutions with and without HMF

Substrate Surface concentration Koverall

potentials [mol m 2] [mol ' m®s "]
(Vvs.

Ag/AgCl) 5 mM 2 mM 0 mM 5mM 2 mM 0 mM
-1.3 3.29 x 10°* 3.45 x 10°* — 424 352 —
—1.4 3.78 x 107* 4.10 x 10°* 3.47 x 10™* 401 318 297
-1.5 433 x 107" 4.47 x 107" 4.14 x 10* 374 308 297
-1.6 4.56 x 10™* 4.88 x 10™* 4.36 x 10°* 356 302 301

rate of decay corresponding to the reaction kinetics (Fig. 3d). The
decay follows a combination of two second-order chemical reactions,
where the intermediates react through both the Tafel step of the
HER and ECH of HMF hydrogenation (eqn (3)).

r= kTafel[H*]Z + kpcu[H*][HMF~]

®)

where r is the reaction rate, k represents the rate constant, and [H*]
and [HMF*] are the surface concentrations of adsorbed hydrogen
and adsorbed HMF, respectively. By considering the overall surface
intermediate concentration (eqn (4)) and ratio (eqn (5)), the overall
rate expression can be represented as a second-order reaction with
an overall rate constant (koyeran) @s described in eqn (6), where the
koveran Value depends on the ratio of adsorbed surface intermediates
(Crampwm+) (Section S2.2 of the ESIT).

[A¥] = [H*] + [HMF*] (4)
Cumrrm- = [HMF*]/[H¥] (5)
= (k kecuC 1 ’ A= koveran[A*]?
r = (kTatel + kecu HMF*/H*)(W) [A"]"= koveran[A"]
(6)
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Fig. 3 Kinetic analysis of surface-adsorbed intermediates on Ag UME (radius 12.5 um, RG =2) by SI-SECM. (a) Scheme of SI-SECM with time delay; A
represents intermediates and R/O is the molecular probe. CAs of the carbon tip (radius 15 um, RG = 1.5) at gy = —1.6 V (vs. Ag/AgCl) in borate buffer (pH
9.2) (b) without HMF and (c) with 5 mM HMF. (d) Two possible pathways occurring at the Ag electrode at open circuit: the final step of ECH of HMF
hydrogenation and the Tafel step of the HER. (e) Simulated contribution of kecy and Kraser at Kecn/Ktatel = 4. (f) Simulated profile of koverau VS. Crmps/m for
different kecp/krarel ratios (4, 1, 0.25). (g) Simulated reaction rates of ECH and Tafel steps depending on the ratio of adsorbed intermediates, assuming

starting concentration [H*] = 0.01 and [HMF*] = 0.99 with kecp/ktafel = 4.
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The temporal decays of intermediate concentrations were fitted
to the second order reaction, and Table 1 summarizes the calcu-
lated koveran Values. In the presence of HMF, the calculated rate
constant exceeds the Tafel rate constant (ke = 300 mol ' m*s ™),
indicating the involvement of an additional pathway for consuming
adsorbed intermediates, the ECH mechanism. A further increase in
the Koveran value was observed in 5 mM HMF solution compared to
2 mM HMF solution, supporting that an increased amount of
adsorption of HMF intermediate on the Ag surface increases the
koveran Value. Different Cypvpv/p+ Tatios can be yielded upon pulsing
with varied potentials, leading to varied koyeran. ASs more negative
potentials were applied, decreases in kgeran Were observed in the
presence of HMF. This suggests that the H* surface population
becomes dominant over HMF*, decreasing the contribution of
ECH while increasing the HER. Using the equations describing
each contribution (Eqn (7) and (8)), we simulated each contri-
bution’s dependency on the ratio of adsorbed intermediates,
Cumr+m, confirming the opposing trends (Fig. 3e).

k
Contribution of Tafel: Tafdl (7)

ktatel + kecH CHmE+ /1

kecu Came+ /a+
Contribution of ECH: ECH - HMF"/H

ktatel + kEcn CamE+ /1

Assuming that the Cyype/pr+ ratio decreases with the applica-
tion of more negative potentials, the observed decline in koyeran
at more negative potentials suggests that kgcy is greater than
that of krafe; (Fig. 3f). Given that kgcy > Kkrafel, Fig. 3g displays
simulated elementary second order reaction rates as a function
of 1/Cypp+/u+ A maximum ECH rate (rgcy) was observed, which
aligns with the trends of BHMF production, showing the high-
est reaction rates of BHMF production at —1.3 V followed by a
gradual decrease (Fig. 2e). Notably, the H, production rate is
moderate at —1.3 V (Fig. 2h). This highlights the significant role
of hydrogen coverage in facilitating HMF conversion and the
HMTF reduction pathway depends on the applied potential:

1. Up to —1.2 V: HMF reduction is likely dominated by the
PCET mechanism due to a limited amount of adsorbed hydrogen.

2. —1.3 V to —1.5 V: ECH becomes viable as moderate
adsorbed hydrogen facilitates the formation of BHMF, with
maximum selectivity at —1.3 V.

3. Beyond —1.6 V: adsorbed hydrogen is increasingly con-
sumed by the HER, reducing its availability for ECH and
leading to a decrease in BHMF production.

In summary, we investigated HMF electroreduction by using
SECM. We found that an optimal level of adsorbed hydrogen is
crucial for selective and efficient electrochemical HMF hydro-
genation: neither too high, which favors the HER, nor too low,
which limits the ECH reaction rate. This finding provides
valuable insights on catalyst design and optimization of the
electrochemical process towards biomass conversion.
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