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ABSTRACT: Electrocatalysis poses a number of possible advantages for the
valorization of biomass-derived feedstocks, most critically its amenability to direct
conversion in acidic aqueous media. Furanic biomass derivatives, such as furfural,
are substrates with a number of value-added chemical outlets via partial oxidation,
most notably furoic acid (FA), a potential precursor to 2,S-furandicarboxylic acid
(FDCA). Pairing such partial oxidations with H, evolution or other reduction
reactions (e.g. CO,) in an electrochemical cell presents an opportunity to perform
electrolysis at lowered voltages, while coproducing products that are more valuable
than O,. Here, we have utilized differential reactor studies with online
electrochemical mass spectrometry (OLEMS), as well as in situ infrared
spectroscopy attenuated total reflectance-surface-enhanced infrared reflection-
absorption spectroscopy (ATR-SEIRAS), to probe the oxidative reaction pathways
of furfural on platinum catalysts in acidic electrolyte. We find furfural electro-
oxidation selectivity to depend on potential, with the largest shifts corresponding to

the transition of Pt to Pt-oxide. Below 1.2 Vyyg, FA and S-hydroxyfuroic acid are the primary products. At higher potential,
selectivity shifts predominantly toward S-hydroxy-furan-2(SH)-one (HEN), with the appearance of maleic acid (MA) as well.
ATR-SEIRAS and OLEMS indicate that decomposition and overoxidation to CO, occurs via decarbonylated or decarboxylated
ring intermediates, while MA is less easily activated toward further oxidation once it is formed. Significant oxidative currents are
only achieved at potentials where the surface is cleared of CO, which is derived from spontaneous decarbonylation of furfural on
the metallic Pt surface. As potential is increased, selectivity to C, and Cs oxygenates over CO, is then promoted by a high
steady-state surface coverage of organic intermediates that inhibit rapid adsorption and addition of oxygen from the discharge of
water. Based on these findings, we propose a reaction pathway and directions for the design of more active and selective

electrocatalysts.
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B INTRODUCTION

Electrocatalysis provides an intriguing route for the valor-
ization of biomass-derived intermediates. Electrochemical
processes have benefits including the ability to operate at
ambient conditions, generation of oxidative or reducing
equivalents in situ, and compatibility with the acidic, aqueous
feedstocks that result from most conventional biomass-
processing techniques.' > It is thus not surprising that a
resurgent interest in electrochemical organic synthesis methods
has accompanied growth in biomass-derived commodity
production and a continual decrease in renewable electricity
costs.” Furanic derivatives such as furfural and $-hydroxyme-
thylfurfural (HMF) are substrates of prime interest as they are
produced directly from the acid hydrolysis of several biomass
feedstocks and represent a synthetic platform for numerous
value-added compounds.® “Drop-in” biofuels can be produced
from both species by reduction chemistries (hydrogenation/
hydrodeoxygenation),”~” while partial oxidations can yield
various fine chemicals. Major chemical targets for furfural
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include furoic acid (FA)'”''—a common preservative,
fungicide, and pharmaceutical precursor—and maleic acid
(MA),"*™"® of which 25 kton/yr is produced for polymer
resins, flavorants, and a variety of niche syntheses by Diels—
Alder chemistry.'” Another product, S-hydroxy-2(5H)-fura-
none (HFN), shows promise as a feedstock for pharmaceutical,
rubber additive, and agrochemical compounds such as y-
butyrolactone.'”*°
production of the monomer 2,5-furandicarboxylic acid
(FDCA), but HMF production has yet to surpass the pilot
plant scale and relies on the conversion of edible Cg-sugars. In
contrast, furfural production already exceeds 300 kton/yr and
is largely derived from xylose, a product of the less valuable
hemicellulose.'””" Furfural can also be used as an FDCA
precursor; after initial oxidation of furfural to FA, a subsequent

HMF is most commonly slated toward
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carboxylation to FDCA can be performed using atmospheric
CO, in the aqueous-phase. Preliminary technoeconomic
analyses have suggested this path to FDCA to be scalable.”*~**

Present approaches to furan valorization often involve
separation from the aqueous phase followed by thermochem-
ical processing, generally at high temperature and pressure.”
Direct aqueous phase catalytic conversions (both homoge-
neous and heterogeneous) have also been demonstrated,
though these routes still require either strong chemical
reagents (e.g. oxidation by H,0,, reduction by NaBH,) or
elevated temperature (energy intensive with the sensible heat
of water) and large O, or H, pressure.zmé Aqueous reforming
to light alkanes and H, has also been investigated, though with
similar harsh conditions.””*® Electrochemical routes have been
investigated sparingly, but recent efforts in process develop-
ment suggest economic promise for related electrochemical
biomass conversions.”” Electrocatalytic hydrogenation of
furfural to fuels® *3° has received the most attention, followed
closely by electro-oxidation routes for HMF to FDCA.>'~**
Very few studies have investigated electro-oxidation of furfural,
and, with the exception of one recent study,” each instance
has involved either nonaqueous or alkaline environments that
are less representative of biomass hydrolysis feedstocks.”~**
Several products of furfural electro-oxidation have been
identified, but overall pathways and mechanistic details are
far from established. A recent density functional theory study
of furfural electro-oxidation on Pt(111) did find several
possible paths, with FA being the most energetically favorable
product,” but changes to the surface structure at high
potential keep many mechanistic questions open.

Here, we have utilized differential reactor studies with online
mass spectrometry, in situ electrochemical attenuated total
reflectance-surface-enhanced infrared reflection-absorption
spectroscopy (ATR-SEIRAS), and electroanalytical methods
to gain insights into the reaction mechanism of furfural electro-
oxidation on carbon-supported Pt in acidic media. Pt provides
a useful starting point for assessing features of the reaction as it
is corrosion-resistant in acid,** active in a number of organic
electro-oxidation applications (such as direct-alcohol fuel
cells***®), and selective to FA under thermochemical
conditions.”” We find that furfural electro-oxidation occurring
between 0.9 and 1.1 Vg has high selectivity to FA and -
hydroxyfuroic acid (HFA). At 1.2 Vyyz and above, HFN
becomes a major product, with an increase in selectivity toward
MA as well. To our knowledge, this is the first time that HFN
has been identified as an aqueous electrochemical oxidation
product of furfural, while HFA has not previously been
reported as a product of furfural oxidation, electrochemically or
otherwise. Tuning the electrocatalyst toward high FA
selectivity could replace current FA production via the
Cannizzaro reaction, which requires alkalinization and yields
disproportionation products.” Finally, we combine studies
using IR spectroscopy and online mass spectrometry with
stripping voltammetry of various products and proxies for
intermediate species to deduce a plausible reaction mechanism,
from which we propose directions for the design of more active
and selective electrocatalysts.

B EXPERIMENTAL METHODS

Materials. All solutions were prepared using ultrapure
(UP) deionized water (>18.2 MQ cm, Millipore). Furfural
(99%, Sigma-Aldrich) was purified by vacuum distillation and
then stored at —70 °C until needed in experiments. All other

reagents and standards were used as delivered: Suprapure
perchloric acid (70%, MilliporeSigma), Pt gauze (Alfa Aesar),
2-furoic acid (98%, Sigma-Aldrich), 2(SH)-furanone (96%,
Sigma-Aldrich), S-hydroxy-2(SH)-furanone (96%, Enamine
LLC), MA (99%, Sigma-Aldrich), 40% Pt/C (XC-72 support,
Premetek, XRD crystallite size = 4—6 nm), Pt Black
(Premetek, XRD crystallite size = 7—10 nm), ethanol (200-
Proof, Decon Labs Inc.), S and 20% (w/w) Nafion solution in
aliphatic alcohols (Sigma-Aldrich), argon (UHP, AirGas),
hydrogen (UHP, AirGas), 2-propanol (HPLC Grade, Sigma-
Aldrich), plain carbon cloth (AvCarb Material Solutions), D,0
(99.9 at. % D, Cambridge Isotope Laboratories, Inc.), 0.05%
w/w DSS in D,0 (99.9 at. % D, Sigma-Aldrich).

Differential Electrolysis Flow Cell. A flow-through
electrolysis cell was developed and custom built to assess
electrolysis catalysts with minimal impact from secondary
products and slow homogeneous chemistries. A schematic of
the cell design can be found in Figure S1 of the Supporting
Information. The body of the cell was constructed from PEEK
with a 3 mm ID flow channel. The reference (RE) and counter
(CE) electrodes were isolated from the flowing electrolyte via
glass bridge tubes tipped with a 1 mm thick Nafion separator.
The bridge tube tips were prepared by depositing 50 yL of a
20% Nafion solution into the tips and allowing to dry
overnight at 65 °C. The tubes were then backfilled and allowed
to soak in an electrolyte solution for 12 h prior to use. The RE
consisted of a Pt wire (Alfa Aesar) bubbled over with H, to
create a reversible hydrogen electrode (RHE). The CE was a
Pt wire mesh (Alfa Aesar) with a geometric surface area of ~4
cm?. Both the CE and RE were flame-polished and quenched
in UP water immediately prior to use. The working electrode
(WE) consisted of a Pt ink deposited on a plain carbon cloth.
Both the Pt/C and the Pt Black inks were prepared at a
concentration of 1 mgp,/50 uL for 1 mL of total ink containing
0.8 mL 200-proof ethanol, 0.2 mL UP water, and 10 uL 5%
Nafion ionomer solution. Inks were sonicated in ice water for
at least 1 h prior to application onto the carbon cloth WE.

Electrochemical characterization was performed with a
Gamry Reference 3000 potentiostat. Uncompensated resist-
ance (R,) was evaluated prior to each experiment and typically
fell in the range of 5—15 € using electrochemical impedance
spectroscopy. All currents are reported with iR-correction, and
all potentials are reported versus RHE. In a typical experiment,
50 mL of electrolyte was de-aerated by bubbling argon gas at
60 sccm for 20 min prior to being pulled into a clean 10 mL
syringe. The syringe was then quickly connected to the flow
cell using polytetrafluoroethylene (PTFE) tubing and the
electrolyte was flowed through the cell at 0.05 mL/min using a
syringe pump. A break-in procedure consisted of cycling the
catalyst from 0.3—1.3 V at 20 mV/s for 50 cycles prior to use.
The electrochemical surface area (ECSA) was measured during
cyclic voltammograms in the range of hydrogen adsorption
(0.05—0.4 V at 20 mV/s) on the Pt surface, assuming a
stripping charge of 210 uC cmp %" After break-in and ECSA
determination, a freshly de-aerated electrolyte containing 100
mM furfural was introduced to the cell (at 0.05 mL/min)
under potential control at 0.6 V to flush the reactor for 20 min
prior to the experiment. This flow rate resulted in a residence-
time of ~8 s through the catalyst bed. Product yields and
electron balances were used to estimate the conversion, which
was below 2% in all experiments. Higher flow rates did not
change the reaction rate or products, and so mass transport
effects were deemed negligible.
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Figure 1. Cyclic (a) and linear-sweep (b) voltammograms for Pt/C in 0.25 M HCIO, without (black) and with 100 mM furfural (orange) present.

Scan rate = 20 mV/s.

Chronoamperometry experiments consisted of setting the
operating potential for the WE and allowing the reaction to
come to steady state over 30 min. The steady-state current was
recorded as samples were collected over an additional 30 min
into Parafilm-covered 1.5 mL micro-centrifuge tubes. At the
end of the experiment, the reactor was purged with a fresh de-
aerated electrolyte at 1 mL/min for 20 min. The experimental
procedure was then repeated (in blank electrolyte) to assess
the minimum current associated with the breakdown of the
support material. This background current decays with time
and was negligible at all potentials up to 1.0 V and amounted
to <10% of the total current at 1.3 V; these currents were
background-subtracted from the total current at each potential.
Full calculation details for partial currents, selectivity, and
Faradaic efficiencies can be found in the Supporting
Information. Additional control experiments indicated that
product distributions were comparable between Pt/C and Pt
black. Each flow reactor experiment was performed in
triplicate. The flow cell was cleaned between experiments by
sequential sonication in acetone, 2-propanol, and UP water, 30
min each at 50 °C. The cell was then placed into a H,SO,/
NoChromix cleaning bath overnight to remove residual
organic species and then boiled in UP water S times prior to
use.

Online Electrochemical Mass Spectrometry. The tip of
a 1/16” PEEK tube (ID = 1/32") was covered by a
hydrophobic PTFE pervaporation membrane (S0 pm thick,
0.2 um pore size, Sterlitech), sealed with a water-tight PTFE
heat-shrink sleeve and positioned downstream of the WE but
upstream of the CE bridge tube. The tubing was directly
coupled to the quadrupole vacuum system of a Hiden HPR40
mass spectrometer to acquire data during voltammetry
experiments. An electron energy of 70 eV was used for
ionization of all species with an emission current of 600 yA.
CO, (m/z = 44) was detected via a scanning electron
multiplier with a detector voltage of 1 kV.

In Situ Infrared Spectroscopy. A Pt nanoparticle film was
chemically deposited on the total-reflecting plane of a 25 mm
X 25 mm Si hemicylindrical prism (RJ Spectroscopy) via an
electroless plating method originally developed by Osawa and
others.”® The base plane of the prism was mechanically
polished using progressively finer alumina slurries (5, 0.3, 0.0S
um) as polishing agents. The crystal was then sonicated first in
UP water for 20 min and then in a 50:50 mixture of UP water
and isopropanol for 20 min. The Si surface was then etched
using a 40% NH,F (Sigma-Aldrich) solution to remove the
native oxide layer and terminate the surface with hydrogen.*’
Next, a solution of 0.5 mM PdCl, with 1% w/w HF was
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applied to the surface to deposit a Pd adhesion layer.*® Finally,
a 50 °C solution of LECTROLESS Pt100 (Electroplating
Engineering of Japan) was added dropwise onto the flat surface
of the crystal at S0 °C for 10 min; the solution was then
refreshed and left for another 5 min. While this surface was not
identical to the supported Pt/C catalysts, the deposition
protocol is well established to generate a polycrystalline film
with nanoscale roughness.

The SEIRAS measurements were taken in the Kretschmann
ATR configuration with an incident angle of 70°.** Infrared
spectra were recorded using p-polarized light from a Nicolet
6700 FT-IR Spectrometer (Thermo Electron) equipped with a
liquid nitrogen-cooled MCT-A detector. The entire apparatus
was contained in a N,-purged Tabletop Optical Module
(TOM) box to limit interference from atmospheric CO, and
water. Spectra were acquired at a resolution of 16 cm™". A Pt
wire in a Hj-saturated electrolyte was isolated via Luggin
capillary and served as the reference electrode. A platinum wire
mesh served as the CE.

Liquid Chromatography. Reaction products were pri-
marily analyzed by an Advion 2000 HPLC equipped with a UV
diode array detector (DAD) as well as an Advion Expression
Compact Mass Spectrometer—S Series. The mobile phase
consisted of Optima Water (Thermo Scientific) with 0.01%
formic acid in isocratic mode at a flow rate of 0.2 mL/min.
Undiluted samples collected from the flow cell were filtered
through a 0.2 pum hydrophilic PTFE membrane (Millipore)
into amber vials. The autosampler temperature was set to 4 °C
to minimize degradation of furfural prior to sampling. Aliquots
of 100 yL were injected into a 300 mm X 6.5 mm sulfonated
polystyrene gel column (Hi-Plex H, Agilent) at 60 °C with
eluent diverted for the first 20 min of the method to avoid
introduction of the corrosive electrolyte to the ion source.
Products were identified using atmospheric pressure chemical
ionization alternating positive (3 #A) and negative (25 pA)
ionization modes. The source gas (N,) temperature was set to
300 °C and flowed at 4 L/min. The ionized vapor impinged
onto a capillary inlet at 200 °C with a capillary voltage of 120
V. Products were confirmed by injection of a known standard.
Products were quantified via UV DAD using the following
wavelengths: MA (215 nm), S-hydroxy-2(SH)-furanone (200
nm), and FA (251 nm). External calibration curves were
produced from standard solutions made in the working
electrolyte.

'H NMR. For species without a commercial standard to
characterize with chromatography, additional analysis was
carried out by "H NMR (Bruker AVANCE-IIT 400 MHz). In a
typical experiment, 800 uL of collected electrolyte was
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Figure 2. Selectivity and partial currents toward major products of the electro-oxidation of 100 mM furfural (a,c) and 100 mM FA (b,d) on Pt/C in
0.25 M HCIO, at the steady state. FA (blue), S-hydroxy-2(SH)-furanone (red), HFA (purple), MA (yellow), 2(3H)-furanone (green), and
terminal CO, (black) (CO, current that is concomitant with C, products is allocated to those respectively).

combined with 200 uL of D,0O along with DSS (280 M) as an
internal standard. The sample was then flash-frozen in liquid
nitrogen and stored at —70 °C to preserve species until NMR
could be performed. A subset of samples was examined using
2D COSY experiments to aid in the structure assignment.
Complete details on structure identification are included in the
Supporting Information.

B RESULTS AND DISCUSSION

Voltammetry of Furfural. The general electrocatalytic
features of furfural oxidation on Pt/C were first probed by
cyclic voltammetry (CV) in a standard 3-electrode cell with,
and without, furfural present in 0.25 M HCIO, electrolyte
(Figure 1a). The growth in oxidative current above ~0.8 V on
the anodic scan indicates that furfural oxidation is accessible in
this potential region. On the cathodic scan, a reductive process
also appears around 0.1 V, consistent with previously reported
investigations of furfural electroreduction on Pt.” Sweeping
voltage to 1.5 V (Figure 1b) confirms that furfural oxidation
remains the predominant process until ~1.45 V where oxygen
evolution becomes significant. However, due to evidence of
significant carbon support breakdown at potentials higher than
1.3 V, an operating range of 0.9—1.3 V was selected as the
potential window for further characterization at the steady
state. It may be noted that at the upper end of this window, the
furfural oxidation current exhibits an apparent maximum. Pt
transitions to an oxide phase in the same region, which alters
the activity.”' ~>* However, further studies discussed below also
indicate that the peak coincides with a high surface coverage of
strongly bound organic intermediates, which limit the
accessibility of the surface to adsorption of reactive oxygen
by discharge of water (H,O — OH* + H' + e7). Initial
evidence of surface organic saturation can be seen in rotating
disc electrode (RDE) studies with furfural (Figure S2), which
reveal that increasing furfural concentration over a wide range
(5—100 mM) minimally impacts the voltammogram, with a
slight inhibitory effect at a higher concentration.

Steady-State Electro-Oxidation Studies. The product
distribution of furfural oxidation was determined using a novel
differential electrolysis flow reactor with a Pt/C packed bed
electrode (Figure S1). The partial current and selectivity to
each major product is reported as a function of potential over
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the range 0.9—1.3 V in Figure 2. Faradaic efficiencies
corresponding to the reaction selectivity can be found in
Figure S3. While FA, S-hydroxy-2(SH)-furanone (HFN), MA,
and 2(3H)-furanone (3FN) have been previously reported in
studies of homogeneous and heterogeneous furfural oxidation,
HFA has been distinguished as a product for the first time.'>**
HFA standards were not commercially available, but a
combination of 'H NMR (including 2D COSY) and liquid
chromatography—mass spectrometry analysis strongly suggest
this species (complete details can be found in the Supporting
Information).>* Several trace species, in particular, /-
formylpropionic acid, formic acid, and 2(SH)-furanone, were
also detected in preliminary experiments, but later found to
form by slow homogeneous auto-oxidation®® and isomerization
of furfural and 3FN, respectively. Homogeneous chemistry on
time scales longer than the reactor residence time (~S min)
was thus mitigated by flash freezing all samples at —70 °C until
analysis.

Figure 2a shows that selectivity of the reaction shifts from
primarily 2e” and 4e” oxidation products (FA and HFA,
respectively) at 0.9—1.0 V to deeper oxidation products at
more elevated potentials. A rather abrupt shift toward the 6e”
and 8e~ products (HFN and MA) coincides with the well-
known transition of the Pt surface to an oxide. In addition to
the C, and Cg products, there is an evident pathway toward
total oxidation to CO,. This is consistent with past
observations of total electrochemical oxidation for species
similar to furfural—namely benzaldehyde®® and furan®’—on
Pt electrodes under similar conditions. Thus, the CO, shown
in the product distributions specifically refers to CO,
generated from the total oxidation route; in contrast, CO,
generated concomitantly with C, products is accounted within
the respective C, yields. No other C,;, C,, or C; species were
detected in the liquid or gas phases, and there was no evidence
(spectroscopic or physical) of high molecular weight products
such as from oxidative coupling or polymerization, sometimes
reported in nonaqueous conditions or with promoters
present.‘c’g’59

It may be noted that the current and product yields plateau
at the highest potentials, consistent with the peak behavior
observed in Figure 1. Product distributions were confirmed to
be constant with increasing electrolyte flow rate and thus not
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mass transfer limited. The plateau in rate and selectivity is
consistent with either (i) transition to limitation by a chemical
step (e.g. nonelectrochemical addition of OH* to activated
organics) in the limit of high coverage (no changing
electrochemical pre-equilibria) or (ii) a stronger potential
dependence for adsorption of certain organic surface species
than for water discharge onto the Pt oxide surface causing an
approach to saturation with organics (blocking oxygen species
adsorption).®”®" The latter is more consistent with the
downturn in current at higher potential seen in the linear
sweep voltammetry (Figure 1b), and because the reaction is
also found to be zero-order with respect to furfural, the surface
coverage of organics is expected to be nearly saturated. This is
in contrast to the electro-oxidation behavior of less reactive
molecules such as aliphatic alcohols, which do not adsorb
strongly to Pt oxides and show a peak rate for the opposite
reason—water discharge outcompeting the organic adsorp-
tion.”” Features similar to furfural oxidation are found when
subsequently oxidizing FA as a starting material.

To assess whether each product is accessible through FA as
an intermediate, we repeated the flow reaction experiments
with FA as the feed (Figure 2b,d; Faradaic efficiencies in
Figure S3). Unlike furfural, FA does not yield HFA, suggesting
that this product is produced via an intermediate not accessible
from FA. In contrast, at high overpotentials, the production of
3FN, HFN, and MA follows a trend similar to furfural
oxidation, indicating that the pathway to C, products can
proceed through FA. These observations suggest that the
decarboxylation of FA is more favorable than the abstraction of
H at the S-position under these conditions. Scheme 1
summarizes an overall proposed pathway linking all major
organic furfural electro-oxidation products by sequential
oxidations. Known isomerizations are also indicated where
they could provide a mechanistic link between the detected
products. Further elementary step details are examined in the
remainder of this work.

ATR-SEIRAS Studies. Surface species present during
turfural oxidation were probed using in situ ATR-SEIRAS on
a polycrystalline Pt thin film electrode (Figure S13). The Pt
film exhibits nanoscale roughness and is expected to be

Scheme 1. Proposed Oxidation Routes Linking Major
Products in the Electro-Oxidation of Furfural
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sufficiently representative of catalyst garticle surfaces to
illustrate major features of the reaction.”® Spectra for furfural
are shown as a function of potential during a slow CV (5 mV/
s) in Figure 3a. The presence of solution-phase furfural is
highlighted by an aldehyde carbonyl stretch split between 1672
and 1641 cm™, consistent with a standard taken without the
Pt film present (Figure S14). The beginning of the scan is
shown at the bottom of the figure, where the potential of 0.3 V
corresponds to the lower end of the double-layer regime of Pt
(i.e. negligible coverage of water-derived adsorbates such as H*
or OH*). In this region, there is direct evidence that furfural
undergoes decarbonylation, indicated by the presence of both
linearly bound CO (2075—2025 cm™, COj) and multiply
bound CO (1815—1825 cm™!, CO¥).”® Previous studies of
gas-phase furfural on Pt have indicated that decarbonylation is
thermally accessible below room temperature.”*~°® This yields
CO, an adsorbed furyl fragment (which may further
decompose on Pt“), and adsorbed H, which can react with
the furyl to make furan, but will be more favored to discharge
as H" + ™ under oxidative electrochemical conditions. As the
potential is increased toward 1.0 V (moving upward in the
figure), the CO can be seen to exhibit a strong Stark effect, and
it is eventually stripped as CO, > The CO only reappears
when the Pt film is re-reduced on the return scan, at ~0.7 V.

Aside from solution-phase furfural, the carbonyl region of
the spectra exhibits less distinctive signatures; however, a few
potential-dependent features can be seen to correlate with the
production of oxidized products. Mostly notably, an
absorbance at 1711 cm™" emerges at ~1.2 V in the positive
scan and is identified to be FA based on standards. The peak is
then persistent on the reverse sweep down to ~0.8 V before
diminishing back to baseline. When compared to product
yields, this asymmetry with respect to potential is perhaps
surprising but might be understood in terms of the oxide
transition of Pt, which exhibits hysteresis during cycling.
Previous electrochemical IR studies of similar aromatic
carboxylic acids (e.g. benzoic acid, isophthalic acid, etc.)
found that deprotonation occurs with increasing potential.®’
This leads to the adoption of a bonding conformation to Pt via
the carboxylate oxygens, shifting the carboxylate band below
the Si ATR crystal cutoff®® We hypothesize that as FA is
formed from furfural it builds up mainly as furoate, but that
this binding configuration is not favorable on the Pt oxide and
molecularly adsorbed or solution-phase FA can be seen on this
surface.

To better understand the role of FA as an intermediate, it
was also subjected to spectroscopic investigation (Figure 3b).
At the starting potential of 0.3 V, a strong peak at 1711 cm™"
and a less-prominent peak at 1588 cm™' are assigned to
solution-phase FA, matching standards. Interestingly, a small
CO peak emerges at low potential and follows a trend similar
to that of furfural. The presence of CO derived from FA
indicates that CO is not solely generated by the decarbon-
ylation of furfural, but rather that it is possible for adsorbed
furyl intermediates (derived from decarboxylation in the case
of FA) to undergo decomposition of the ring to CO and
C,H,(O) fragments, eventually yielding CO,. CO could also in
principle be derived from the decomposition of the carboxylate
group; both sources are plausible based on online electro-
chemical mass spectrometry (OLEMS) discussed below. The
primary FA peak (1711 cm™") drops in magnitude starting
around 0.6 V on the forward sweep and re-emerges to its
original intensity only after the Pt surface is sufficiently
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Figure 3. ATR-SEIRAS difference spectra for the electro-oxidation of (a) 100 mM furfural and (b) 100 mM FA in 0.25 M HCIO, on a Pt film.
Spectra are referenced to background scans taken at each potential prior to the introduction of the organic. Scan rate = S mV/s.

oxidized at ~1.2 V, consistent with the trend seen for FA in the
furfural spectra. Two other features are more clearly resolved
than when starting with furfural: (i) a potential dependent
shoulder at 1730 cm™' appearing near 1.2 V, suggesting a
product coinciding with the onset of Pt oxide and (ii) a more
pronounced peak at ~1660—1630 cm™', which is evident
above 0.8 V but would have overlapped furfural itself. We
found that the HFN molecule standard absorbance was a fair
bit higher (1767 cm™), but a standard of 2(SH)-furanone
shows broad absorbance features across the aforementioned
windows. Considering the primary product yields of 3FN and
HFN, we assign the peaks nonspecifically to surface-bound
furanone species. Related mechanistic possibilities are further
investigated below with OLEMS.

Voltammetric Stripping with CO,-OLEMS. In order to
investigate decomposition and the possible interplay between
thermally and electrochemically driven pathways, we per-
formed voltammetric stripping experiments with simultaneous
OLEMS® on furfural (Figure 4) and a number of its partially
oxidized products (Figure S). Each organic species was dosed
(after cleaning with voltammetric cycling in blank electrolyte)
to the reactor for a fixed-potential adsorption period at 0.3 V.
Adsorption was followed by flushing again in organic-free
electrolyte with >S5 reactor volumes (>15 mL) and finally
oxidative stripping at S5 mV/s. Similar to temperature-
programmed desorption studies, product selectivities cannot
directly be compared to steady-state distributions, but trends in
the relative yield of CO, to other products provide insight into
the relative stability and the surface chemistry of each adsorbed
species.

In furfural stripping experiments, onset of oxidation occurs
just past ~0.6 V. An initial peak in CO, production is seen at
~0.75 V, with a secondary peak at ~1.1 V. Direct stripping of
CO and furan under identical conditions (each in a separate
experiment) is overlaid in Figure 4. The first peak from furfural
(both Faradaic and on MS) appears to align with that of CO
stripping (~0.7 V peak), albeit shifted to slightly higher
potentials. The positive shift is likely due to a lesser availability
of free sites for water to discharge OH groups onto the surface
in the presence of organic furyl-related fragments that remain
adsorbed. The primary contribution to the furfural peak is thus
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Figure 4. Voltammetric stripping (a) paired with CO,-OLEMS (b)
for furfural (100 mM, 15—300 s adsorption times: black to orange),
CO (saturated, navy, X0.25), and furan (saturated, magenta) after 300
s adsorption periods at 0.3 Vyyg on Pt black in 0.25 M HCIO,. Inset
of (b): ratio of fitted integral “furyl” to CO MS peaks at increasing
adsorption times. Scan rate = S mV/s and flow rate = 1 mL/min.

assigned to oxidation of CO derived from decarbonylation. As
the stripping continues to higher potentials, the CO, signal
from furfural dips while the Faradaic oxidation current
simultaneously increases due to production of organic
oxygenates. Comparison between the stripping of furfural
and furan shows that the second CO,-OLEMS feature of
furfural (peaking at 1.1 V) aligns well with furan. The Faradaic
current associated with the furan stripping is also in agreement
but shows a shoulder at ~0.9 V, preceding CO, evolution, and
is better illustrated in Figure 5. This indicates that C,
oxygenate formation is accessible below 1.0 V, while the
subsequent large CO, signature indicates that there is a further
(direct or indirect) pathway at higher potential toward deep
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Figure S. Voltammetric stripping (—) paired with CO,-OLEMS (--)
for furfural (100 mM, orange), HFN (S mM, red), furan (saturated,
magenta), FA (100 mM, blue), and MA (100 mM, yellow) after 300 s
adsorption periods at 0.3 Vpyg on Pt black in 0.25 M HCIO,. Scan
rate = S mV/s and flow rate = 1 mL/min.

oxidation yielding CO, from ring-derived carbon. We thus
propose that the rates of oxygenate synthesis and ring
decomposition from furan are comparable to those from
furfural and that furan is an reasonable proxy for the behavior
of furfural after decarbonylation, as well as for FA after
decarboxylation. Proposed activation routes for furfural on
metallic Pt, based on both ATR and the voltammetric stripping
observations, are summarized in Scheme 2.

Scheme 2. Proposed Oxidative Routes toward CO,
Following the Dissociative Adsorption of Furfural on Pt at
Low Potential (0.3 V)

H,0 2 H'er
O  HYe  CO* CO;
O, +
\ / H o. 7HO 17 H'e
‘\ /7* 4C0,

L C,4 Products

As furfural deposition time is increased, the CO, MS signal
associated with the stripping of the CO component rises
relatively little, while the furyl oxidation component steadily
increases. To examine this correlation, the integration of each
contribution was approximated via deconvolution into fitted
peaks (Figure S15). Ratios of the integrations are compared in
the inset of Figure 4b. As the adsorption time is increased, the
ratio of CO, assigned to furyl oxidation versus CO oxidation
asymptotically approaches the theoretical maximum of 4.
Higher ratios at longer adsorption times indicate that the
proposed surface-furyl decomposes into a species (or multiple
fragment species) that is more selectively oxidized to CO, (at
> 1.0 V) than the furyl precursor. Additionally, the fact that the
oxidation of the fragment(s) does not shift to lower potentials
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or yield smaller currents with longer hold times indicates that
the species are strongly bound and do not undergo partial
oxidation in the low potential regime. Considering the lack of
small organic products in the steady-state experiments, the
observed stripping behavior supports a hypothesis that if a
pathway removes a carbon from the primary furan ring, the
complimentary C; or smaller intermediates will preferentially
continue toward complete oxidation to CO,, a 20e™ path in
total. The initial decomposition steps appear to be thermally
accessible on metallic Pt at low potentials but may also
proceed on the oxide at higher potentials (chemically or
electrochemically).

Stripping experiments were next repeated using products of
furfural electro-oxidation: FA, HFN, and MA. The OLEMS
stripping voltammograms for each of these species (300 s
adsorption periods) are compared to furfural and furan in
Figure S, and data from a modified program used to assess
initial coverages and CO, selectivity are shown in Figure 6.
Complete time-dependent adsorption series for each com-
pound can be found in Figures S16—S19. Based on Faradaic
currents alone, the onset of furfural stripping is at the lowest
potential (~0.6 V), followed by furan, HEN, FA, and MA
stripping, respectively. In contrast to furfural and furan, FA
shows greater resilience toward activation processes and has
only a single (resolvable) oxidation feature. The current and
CO, production from FA are relatively insensitive to
adsorption time (see Figure S16 in the Supporting
Information), indicating that FA adsorption is rapid and that
the majority does not decarboxylate by thermal driving force,
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Figure 6. Voltammetric stripping with a S mV/s ramp and hold
program (a), with Faradaic responses (b) paired with CO,-OLEMS
(c) after S min adsorption periods of CO (saturated), 100 mM
furfural, 100 mM FA, furan (saturated), and 100 mM MA in 0.25 M
HCIO, on Pt Black. Flowrate 1 mL/min. Insets: number of
electrons passed per CO, molecule formed for each adsorbate (b) and
comparison of relative CO, produced per Pt surface atom (c)
determined via calibration with CO stripping and CO,-OLEMS.
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Scheme 3. Proposed Reaction Mechanism for the Electro-Oxidation of Furfural in Acidic Environment on Pt
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lest it form the more reactive furyl species. Upon onset of
oxidation, however, the current and CO, signals rise sharply,
and the total yield of CO, is comparable to that from furfural.
Because FA yielded a significant portion of C, ring products
under steady-state, it is inferred that activation is by
decarboxylation; the rapid rise of the total oxidation path
after stripping onset for FA is then also consistent with the
complementary fragment of decarboxylation being the less
stable surface furyl.

HEN stripping shows characteristics more similar to furfural,
including an apparent CO feature. It is noteworthy that HFN
produces CO, earlier than furan, despite having later onset and
smaller currents in the Faradaic signal. This is likely due to
HFN’s equilibrium with the ring-opened isomer pf-formyla-
crylic acid (see Scheme 1), which would facilitate decarbon-
ylation on the Pt surface. Remaining fragments from the ring-
opened HFN would then be subjected to further oxidation at
higher potentials. Lastly, MA shows the most resilience to
oxidation, with a very late onset and low CO, yield. We thus
note that despite being the most deeply oxidized organic
product, MA is not highly susceptible to over-oxidation. The
undesirable CO, formation routes are accessed from earlier
intermediates, indicating that selectivity is critically determined
from the stage of surface furyls.

While the product distribution during stripping cannot be
directly measured, the yield of electrons per CO, molecule
(e7/CO,) can be interpreted in terms of the balance between
paths to CO, and oxygenates. To integrate signals without
baseline interference from breakdown of carbon components
during continuous voltage ramp, stripping experiments were
repeated with a potentiostatic hold at 0.9 V after 300 s of
adsorption time and purging of the organic. Faradaic and MS
signals were calibrated with CO stripping (full calculation
details in the Supporting Information), which gives 2 e™/CO,
and does not yield other products. Results are summarized in
Figure 6, with insets showing both the e”/CO, ratio and
normalized integral CO, signals. In the modified stripping
program, furfural yields 4.5¢™/CO, compared to 4e”/CO, for
complete stoichiometric oxidation. In comparison, the steady-
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state oxidation yields in Figure 2a correspond to between 7.8
and 8.9¢7/CO, (summarized in Figure S3c). Because steady-
state turnover rates (estimated to be 0.001—0.003 s~ for 0.9—
1.3 V) represent a surface residence time on the same order of
magnitude as the 300 s adsorption period for stripping, the
high selectivity to oxygenates at steady state cannot solely be
influenced by the rate of surface-mediated decomposition; the
surface availability of electrogenerated, reactive oxygen also
plays a major role. In the stripping experiments, each product
desorption frees up sites that can only be repopulated by
reactive oxygen. At steady state, these sites can be blocked by
new organic adsorbates that effectively regulate the rate at
which oxygen can co-adsorb. While the exact adsorption
geometries and ensemble requirements will require further
study, each furanic compound in Figure 6 does generate a
similar quantity of CO, to the adsorbed CO layer. It may thus
be inferred that these species tend to approach complete
coverage.

The e7/CO, yield from FA is less informative than for
furfural because 3FN and HEN are 2e” and 4e” decarbox-
ylation paths, while total oxidation gives 3.6e™/CO,. However,
the total integrated CO, production (inset of Figure 6¢) nearly
matches that of CO, meaning the stripping again mainly yields
CO,, despite its very late onset. Based on earlier evidence that
FA is mainly molecularly adsorbed, this shows that, once
formed by decarboxylation, surface furyl species undergo total
oxidation more readily at high overpotential—i.e., the
conditions needed for activation coincide with very high
oxygen coverage on the Pt surface. In contrast, furan activation
(presumed to be representative of the furyl) occurs at lower
potentials, and thus the oxidative stripping gives a much higher
e”/CO, yield consistent with more C, oxygenate products
from this reactant. Taken together, the behavior of FA and
furan again suggests that the availability of reactive oxygen
species—whether adsorbing on metallic Pt or on top of the Pt
oxide phase—strongly influences selectivity. Finally, MA again
produces the least CO, and has a comparatively high electron
yield. A partial oxidation route is thus apparently accessible,
although based on the very low total currents and trace steady-
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state yields, we suggest that this route is negligible when
working at higher steady-state surface coverages of inter-
mediates. In summary, the stripping experiments most notably
show (i) that CO poisoning may impede a selective path to C,
species at low potentials, as there is a clear window for furan to
partially oxidize without forming CO, and (ii) that there is a
probable parallel split between total oxidation paths and the
pathway terminating with MA.

Proposed Pathways. While thermal furfural oxidation has
been studied extensively, oxidation in the electrochemical
environment shows both a number of similarities and a
number of unique features in comparison to other environ-
ments. These can in part be attributed to the transition from
metallic Pt to Pt oxide with increasing potential,”””" though
even in the metallic state some key differences are apparent.
The formation of FA is consistent with oxidation studies in
other aqueous media (both with peroxide and electrochemi-
cally in base),"” as well as recent computational studies.*’ The
electrochemical path diverges from prior studies more
markedly with the appearance of HFA. Scheme 3 proposes a
more complete reaction mechanism for the oxygenate
formation.

To summarize, furfural is initially dehydrogenated at the
aldehyde with H" + e” discharge. It then either combines with
an OH* to form FA on the Pt surface’’ or an H-abstraction
occurs at the S-position of the ring (which may also occur
before the aldehyde dehydrogenation), ultimately leading to
HFA. Although a few studies have identified a S-hydrox-
yfurfural intermediate to suggest initial abstraction of the SH,**
we order the sequence to be consistent with a lack of evidence
for this product in the electrochemical environment. The SH
abstraction could also possibly be aided by equilibrium with
the hydrate (gem diol) form of furfural; we again restrict yet-
to-be-determined alternatives to focus on the main features.
While the ATR-SEIRAS experiments also indicate the possible
activation of furfural by initial decarbonylation (commonly
cited as an initial step in the heterogeneous reactions of furfural
on Pt and Pd surfaces®), this path only appears prevalent at
low potentials (<0.9 V) where FA is not formed and product
yields are in general negligible. We thus propose that the
accumulation of CO* serves to block available sites for a
kinetically preferred dehydrogenation pathway, preventing
steady-state oxidation at lower potentials. Once electro-
oxidation of CO* is possible, the surface remains accessible
and follows the faster routes toward FA and HFA.
Concomitant with the acceleration of electrochemical steps is
the increasing degree of oxidation of the Pt surface, which
likely also contributes to a poorer ability to perform thermal
C—C cleavage steps. Cleavage products only reemerge at the
largest driving potentials, suggesting an electron-driven bond
cleavage event distinct from decarbonylation yields the
majority of C, products.

Continuing along Scheme 3, either absorbed furfural or FA
can undergo a decarbonylation or decarboxylation step to form
an adsorbed furyl species. The behavior of FA in stripping
voltammetry (late onset but high CO, yield) suggests that the
unselective oxidation of the resulting furyl to CO, is
electrocatalytically driven. The higher proportion of C,
products observed in steady-state oxidation of FA (compared
to stripping) then implies that the coverage of intermediates
plays a crucial role in steering selectivity to partial oxidation
over total oxidation by limiting the rate at which oxygen can
adsorb and add to the reactive species. The C, product

distribution at steady state also suggests that the furyl that does
not act as a gateway to total oxidation and likely passes through
2-furanol. While 2-furanol was never directly observed as a
product, the introduction of a commercial standard to the
electrolyte environment confirms that 2-furanol readily
isomerizes to 3FN [and eventually 2(5H)-furanone]”” upon
desorption. Considering the inverse relationship between 3FN
yield and HEN yield (clearest in Figure 2b,d), it is most likely
that 2-furanol is dehydrogenated and then undergoes a
subsequent re-arrangement to a surface-bound furanone. This
furanone can then be oxidized first to HFN and finally to MA
via hydration of the anhydride. Alternative plausible pathways
could involve decarboxylation of HFA to bypass the furyl
intermediate on the way to HFN and/or 3FN oxidation to
HFN. These could not be directly confirmed due to the
unavailability of commercial HFA and instability of 3FN
toward isomerization to SFN; however, a proxy experiment
with SEN did yield HEN as a major product. We have thus
linked the additional plausible pathways with dotted arrows.
Based on the relative stability of both FA and MA, we posit
that the unselective degradative CO, pathways emanate from
adsorbed furyls and furanones.

A major category of alternate furfural oxidation pathways
have been suggested to proceed through either 2-formylox-
yfuran’”® or 2-oxoglutaconaldehyde, "7 followed by
Baeyer—Villiger oxidation to HFN and formic acid. However,
the Baeyer—Villiger rearrangement is only mechanistically
achievable with peroxy-intermediates that are unlikely to form
in the absence of O, or H,0,.”°

B CONCLUSIONS

Together, our findings suggest that the selectivity and activity
of electrodes used in furfural oxidations can be optimized
toward FA production by restricting the furanring from
coordinating to the Pt electrode surface and thus preventing
decarbonylation/decarboxylation (and the associated total
oxidation of the furyl) or SH abstraction leading to HFA.
Modifiers that induce an ensemble effect, such as Bi or Pb
(which irreversibly adsorb to Pt under electro-oxidation
conditions’””®) or self-assembled monolayers such as thio-
lates”” could sterically hinder furfural® and promote higher
selectivity toward FA. With sufficiently high selectivity, FA
generated through this process could become a feedstock for
carboxylation to FDCA with no separation and minimal pre-
treatment.”>®" Alternatively, selectivity toward MA and HFN
could be targeted through the incorporation of oxophillic
metals (e.g. Ru) onto the Pt surface, thereby increasing the
surface concentration of reactive OH* species.”” This type of
“bifunctional” Pt alloy or composite is well known to facilitate
CO oxidation at milder potentials®* and could free the metallic
Pt surface in a manner that could give C, products (by the
decarbonylation route) at steady state.

In conclusion, we have observed that the electro-oxidation of
furfural on the metallic Pt surface proceeds primarily by the
formation of FA, with a significant parallel pathway to HFA
production. There is a minor pathway involving initial
decarbonylation of furfural, though this is only directly evident
at potentials where steady-state oxidation does not occur.
Upon transition to complete surface oxidation, the Pt oxide
electrode shows an abrupt increase in the rate of C,
production. Under these conditions, FA (and possibly HFA)
is first decarboxylated to yield HFN, eventually resulting in
MA. Selectivity toward these products over total oxidation to
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CO, appears to be promoted by a high steady-state coverage of
organic species that lower the accessibility of the surface to
adsorption of oxygen by water discharge. There remains
significant opportunity to enhance the current understanding
of this reaction through identification of product distributions
on modified electrode materials and additional study of the
oxidation behaviors of each intermediate or product found in
this work.
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