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ABSTRACT

Electro-oxidation of furfural may allow for tunability of product selectivity by varying the electrode
potential. We have applied density functional theory (DFT) to investigate the electrocatalytic oxidation
mechanism on the Pt (11 1) surface. The potential-dependent reaction free energy profiles for furfural
electrocatalytic oxidation to furoic acid, succinic acid, maleic acid, and maleic anhydride are reported.
After comparing several possible furfural oxidation paths, we conclude that the electro-oxidation of fur-
fural preferentially proceeds to furoic acid, with further oxidation slowed by difficult C—C bond dissoci-
ation. Oxidation beyond furoic acid can proceed to succinic acid via 2(3H)-furanone as an intermediate
and to maleic acid and maleic anhydride via 2(5H)-furanone as an intermediate. The rate of these pro-
cesses is likely limited by the decarboxylation of furoic acid. DFT analysis of elementary step thermody-
namics and kinetics suggests that the selectivity between furoic acid, succinic acid, maleic acid, or other
oxidized products is tunable by varying the electrode potential. Initial experimental results show furoic
acid as the most significant product (>80% selectivity) at 0.9 V-RHE on a Pt electrode, in agreement with
DFT results. These results broaden our fundamental understanding into electrocatalytic oxidation of fur-

fural, which is applicable in upgrading renewable biomass derivatives.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Upgrading of renewable biomass derivatives to commercially
relevant compounds can help to meet growing energy demands
and increase infrastructure sustainability [1,2]. Furfural is a
promising biomass-derived synthetic platform species with
numerous chemical outlets [3]. Through partial oxidation of fur-
fural, products with increasing molar ratio of O to C atoms (fura-
nones, acid anhydrides and dicarboxylic acids) are accessible [4]
and these species find wide downstream use in applications as
diverse as polyester resins, surface coatings, solvents, plastics, food
additives, and pharmaceuticals [5].

Furfural oxidation could provide an alternative to fossil feed-
stock production of furanones, furoic acid, maleic anhydride
(MAN), maleic acid (MA) and succinic acid (SA) [6], but scalable
production routes remain elusive due to poor selectivity and
energy efficiency. Driving reactions with electric potential, such
as the electro-oxidation of furfural, could be a promising green
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method using electricity derived from solar, wind and geothermal
sources. Electro-oxidation may also allow improvements in the
selectivity of furfural oxidation. Most previous studies of furfural
partial oxidation to acid anhydrides and dicarboxylic acids utilized
either oxygen or hydrogen peroxide as the oxidant together with
heterogeneous catalysts. These reactions may involve the use of
expensive oxidants, elevated temperatures (50-320 °C), low yields
and low selectivity to target products, or deactivation of the cata-
lysts [7-11]. Electro-oxidation may offer different reaction paths
and selectivity control not offered in chemical oxidation, motivat-
ing our mechanistic analysis. Several groups have proposed possi-
ble furfural reduction mechanisms on the basis of detected
intermediates [11,12], but less is known of the furfural electro-
oxidation mechanism. Electrocatalytic oxidation has been studied
for biomass-derived species conversion including conversion of
5-hydroxymethylfurfural and glycerol [13-17].

Electrical potential could be used to alter the energy landscape
of a reaction network. As the potential shifts by E-E°, reaction ener-
gies of intermediates also shift by nF(E-E°), where n is the number
of electrons transferred to form the product and F is Faraday’s con-
stant (which is unnecessary if electron-Volts are used as the energy
unit). Favorability to form different oxidation products will vary
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with electrode potential, with larger n values corresponding to lar-
ger sensitivity to potential. Therefore, reaction selectivity can in
principle be controlled by the applied potential. Electrocatalytic
furfural oxidation could offer other advantages [17], such as: (1)
low operating temperatures and pressures; (2) electric potential
could be easily controlled uniformly across a reactor, compared
with an O, pressure that varies with conversion throughout a reac-
tor; and (3) H,O can serve as the O-source instead of higher-cost O,
gas or other oxidant.

The electrocatalytic oxidation of furfural is at its initial stage,
and a mechanistic understanding of the catalytic reactions can
guide catalyst design for a selective process. Among the various
metal nanoparticles, platinum catalyzes electrocatalytic oxidation
reactions including the methanol oxidation reaction (MOR), the
ethanol oxidation reaction (EOR) as well as the dimethyl ether oxi-
dation, and shows high stability [18-20]. Pt-based catalysts have
also been employed in biomass electro-oxidation [21,22]. Herein,
density functional theory (DFT) methods are used to explore the
furfural electrochemical oxidation reaction over the Pt (11 1) sur-
face. We propose possible furfural oxidation paths and key inter-
mediates. The possible initial steps of furfural oxidation are given
greater attention as dictating selectivity, by considering elemen-
tary step kinetics and thermodynamics. These results will help
guide catalyst design for furfural electro-oxidation. Initial experi-
mental electro-oxidation results are also presented, showing furoic
acid as a major product at 0.9 V-RHE.

2. Methods

DFT calculations were performed within the Vienna Ab initio
simulation package (VASP, version 5.3.5), using the periodic super-
cell approach. The projector augmented wave (PAW) method was
used for electron-ion interactions [23,24]. The Perdew-Burke-
Ernzerhof functional [25] with dispersion correction (PBE-D3)
[26] described the electron-electron exchange and correlation
energies [27,28]. PBE-D3 was previously used to examine furfural
catalysis and provided mechanistic behavior consistent with
experiment [29]. A plane wave basis set is used with an energy cut-
off of 450 eV. For geometry optimization, the convergence criteria
of the forces acting on atoms was 0.05 eV A~!, while the energy
threshold-defining self-consistency of the electron density was
107> eV. Transition state structure searches used the climbing
image nudged elastic band (CI - NEB) method. Atomic forces at
the transition state met the same 0.05 eV force A~! convergence
and a single imaginary vibration mode along the reaction coordi-
nate was confirmed [30].

2.1. Model

For gas phase species, a cubic cell of 15 x 15 x 15 A was used.
The Pt (11 1) metal slab was constructed with a 3 x 3 unit cell
composed of five atomic layers. The bottom three layers were fro-
zen at their bulk lattice positions. The vacuum region between the
slabs, before adding adsorbates, was 20 A to avoid interactions
between periodic slabs. In this initial mechanistic analysis, we do
not consider solvation of surface adsorbed species or the charging
of the electrode/electrolyte interface. Spurious slab-to-slab dipole
interactions were corrected (VASP keywords LDIPOL = TRUE,
IDIPOL = 3).

2.2. Elementary electrochemical reaction energies

The geometries of all surface furfural oxidation intermediates
were fully optimized, considering multiple initial adsorption con-
figurations to determine the lowest energy structures. All relative

energies presented herein are zero point vibrational energy (ZPVE)
corrected and include a vibrational entropy term. The free energy
of an adsorbed intermediate is calculated as:

Gintermediates* = Eintermediates * +EZPVE + Evib - Tsvib (1)

where Eintermediate” 1S the DFT optimized energy of the adsorbed
intermediate, Ezpyg is the zero-point vibrational energy, E;, is the
internal energy stored in vibration at 300 K, and TS,;, represents
the vibrational entropy of the adsorbed species at 300 K. E,;, can
be calculated using the Boltzmann population of vibrational states
as stated in Eq. (2), where v; is vibrational frequency of normal
mode i calculated through the harmonic approximation, h is
Planck’s constant and k is Boltzmann’s constant.

hV,‘
Xi: (exp(%) - 1) @

The optimized energy of each surface intermediate CxHyO,* is
calculated relative to adsorbed furfural using the computational
hydrogen electrode (CHE) approach [31]. Relative energies repre-
sent the reaction energy to form any adsorbed intermediate from
adsorbed furfural via the reaction:

furfural(CsHa03)" — CxHyOj + (2X — Z — 8)H;0,,
+ (5~ X)C03 g,
+(2042Z - 4X ~Y)(H" +¢) 3)

Euip =

Relative energies at a potential (U) on the CHE (or, equivalently,
relative hydrogen electrode, RHE) scale are calculated:

20+2Z-4X-Y
RE(U) = Geo; = G+ (20— Gy

+(2X —Z — 8)Gryop + (5 — X)Geo, g)
—(20+2Z —4X —Y)eU (4)

Ge,nyo; 1s the ZPVE corrected free energy of the adsorbed inter-
mediate, Gy iS the free energy of furfural on the surface, and
Gco,, Gu, and Gy,o are the free energies of gas phase CO,, H, and
H,O0, respectively. The value of e in the final term is the absolute
value of the electron charge. The free energies of isolated CO,, H,
and H,0 were obtained from calculations of a single molecule in
a cubic unit cell of side length 15 A. Statistical mechanics correc-
tions for the gas phase molecule (E,i + Eans+Eror — TStotar) (Pro-
vided in Table S1) and PV corrections assuming ideal gas
behavior were included to determine the free energy of H, (g
and CO; () at 1 atm and the free energy of H,O ;) at 0.03 atm—
the vapor pressure of water at room temperature [32]. Where
Swotar includes translational and rotational entropy terms along with
vibrational entropy for the gas phase molecules.

2.3. Adsorption energies

The adsorption energies of surface species were calculated
using Eq. (5)

AEads = Lspecies+surface — Especies — Esurface (5)

where Egpecics is the energy of the isolated intermediate, Eg,fyce is the
energy of the bare surface, and Especies+surface iS the energy of the
intermediate adsorbed on the surface. A negative AE4 corresponds
to a stable adsorbate-surface system.

2.4. Potential-dependent activation barriers
Activation barriers as a function of electrode potential U were

calculated based on the Butler-Volmer formalism as done previ-
ously in our group [33,34]:
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Eaa(U) = Eqe (U°) — pe(U ~ U°) (6)
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e
For reaction: A"+ 0" — (A-0)’

U =

G iory + Gy — Gar — Gpyyo

Ut = 2e ®

where E2, is the activation barrier obtained from DFT calculation;

U° is the equilibrium potential obtained from (7-9) for removing/
adding the H/OH/O species to the unit cell; is a reaction symmetry
factor denoting the relationship between the activation barrier and
reaction energy change [35]. B is typically between 0.3 and 0.7 and
we approximate that g is equal to 0.5 for all one electron steps. For
O’ addition steps, we presume f is equal to 1.5, approximating that
the initial oxidation of water to form OH" is equilibrated and the
second electron transfer occurs during O addition. This method
allows us to approximate potential dependent activation barriers
by calculating the transition state for the non-electrochemical X-H
dissociation or C—OH formation step, then assign the calculated
barrier to the potential at which the H/OH/O species in the unit cell
has the same chemical potential of the water, protons, and electrons
involved in generating it. The barrier is taken to have reached 0
when Eq. (5) produces a negative barrier.

2.5. Experimental methods

Electrochemical oxidation of 100 mM furfural (Sigma Aldrich,
distilled before use) in 0.25 M perchloric acid electrolyte (Millipore
Sigma Suprapure) was carried out in a differential packed-bed elec-
trochemical reactor (ID 3 mm). 40% Pt/C (Premetek) was used as a
working electrode; a packed bed was formed by depositing the
powder on porous carbon cloth, which spanned the reactor per-
pendicular to the flow. Electrolyte was deaerated with Ar for at
least 20 min, then flowed at 0.05 mL/min. 2 mg Pt basis was used
for each trial, with ECSA determined by underpotential-deposited
hydrogen stripping. Steady state was established with a potentio-
static hold for 30 min, followed by sample collection for another
30 min. An RHE reference electrode and Pt counter electrode (both
flame polished) were located in bridge tubes that met the flow
channel by tapped ports at the sides. Another port permitted gas
phase analysis by differential electrochemical mass spectrometry
(DEMS). The solution phase products observed at the outlet were
characterized using LC/MS-APCI/ESI (Atmospheric Pressure Chem-
ical Ionization and Electron Spray lonization). UV-DAD (Diode
Array Detector) measurements were used to quantify the identified
products, furoic acid (251 nm), 5-hydroxyfuranone (UV = 200 nm),
maleic acid (UV =215 nm). 5-Hydroxyfuroic acid was quantified
via H-NMR using an internal standard. After confirming no other
products except CO, could be detected by LCMS, DEMS, or NMR,
CO, was assigned to the remaining electron balance.

3. Results and discussion

In Section 3.1, we propose possible furfural electro-oxidation
paths based on previous studies of furfural oxidation. In Section 3.2,
we report the optimal structures of the intermediates on the Pt
(111) surface. In Section 3.3, we use the computed energies of
the intermediates to calculate the thermodynamics of furfural oxi-

dation to various products over the Pt (1 1 1) surface. In Section 3.4,
we compare the initial steps of each path for furfural oxidation,
including activation barriers. In Section 3.5, we construct the reac-
tion energy diagrams for the overall reaction paths for furfural oxi-
dation on the Pt (1 1 1) surface.

3.1. Proposed furfural oxidation mechanisms

Based on the previous experimental studies of furfural oxida-
tion by Yin et al. [36,37], Zhang et al. [9] and Granados et al.
[11], four different reaction paths for furfural electro-oxidation
are proposed and considered, summarized in Schemes 1-4. In
these schemes, (H* + ™) or CO, generated and H,O molecules con-
verted are left off for clarity. In these paths, we assume maleic acid
and maleic anhydride do not convert to succinic acid, as it has been
reported that maleic acid and maleic anhydride are stable products
at mild conditions [38]. We note that some species are labeled as
radicals in Schemes 1-4 to provide clarity as to the chemical com-
position of the intermediate, though binding of the unsaturated
atom to the surface would occur and the unpaired electron would
be involved in a filled bonding state. We also have chosen a limited
set of paths for consideration based on previous work, much of
which is based on observation of partial oxidation intermediates
in the fluid phase rather than a direct consideration of surface
species.

In Path 1, furfural initially oxidizes to furoic acid, which then
decarboxylates to a furyl intermediate. The furfural is first oxidized
by dissociating the C—H bond of the aldehyde group to form F-CO
(F denotes a furanic ring), followed by furoic acid formation. Furoic
acid is oxidized to 2-hydroxyfuran. 2-hydroxyfuran is in equilib-
rium with epoxidised-furan, 2(3H)-furanone and 2(5H)-furanone
[39]. These species branch to Paths 1-A, B, C. Epoxidized -furan
could be oxidized to maleic acid (1-A); 2(3H)-furanone could be
oxidized to succinic acid (1-B), whereas 2(5H)-furanone could be
oxidized to maleic acid and maleic anhydride (1-C) [11,38]. The
presence of the three tautomeric species that branch to Paths 1-
A, B, and C influences the selectivity of furfural oxidation [39].
Though Path 1 initiates with furoic acid formation followed by
decarboxylation, decarbonylation may occur by removing CO
before C—OH bond formation [40,41]. Besides, decarboxylation
could also occur by removing CO, from a furoic acid molecule.
We determined all the energetics for both CO and CO, removal
through Path 1.

In Path 2, furfural is initially oxidized by breaking a C—H bond
of the furan ring and forming the furfuryl intermediate (C5H30§). as
shown in Scheme 2. The furfuryl intermediate is further oxidized to
maleic anhydride. Lan et al. has reported furfural oxidation to
maleic anhydride on a HsPV,Mo01904¢ catalyst through this path
[12]. Alternatively, the furfuryl intermediate could also attack the
C=0 bond of another furfural and initialize polymerization [12].
Though we do not consider polymerization explicitly, it is impor-
tant to examine both kinetics and thermodynamics of furfuryl
intermediate formation. Significantly greater stability of the
adsorbed furfuryl intermediate, in comparison to its gas phase rad-
ical counterpart, should result into slower polymerization at the
surface. We therefore hypothesize that surface polymerization
can be neglected in our initial examination of furfural electro-
oxidation.

In Path 3, furfural is initially oxidized by addition of an O atom
to a double bond of the furanic ring. The less sterically hindered
C=C bond is epoxidized, as proposed by Granados et al. [11]. The
epoxidized furfural rapidly undergoes a rearrangement and further
oxidation to maleic acid, shown in Scheme 3.

In Path 4, furfural is initially oxidized to 2-hydroxyfuran with a
Baeyer-Villiger reaction of the aldehyde group of furfural. The
2-hydroxyfuran could be eventually oxidized to maleic acid,
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succinic acid and maleic anhydride through the same 1-A, 1-B, 1-C
paths.

Despite the significant number of species involved in these
schemes, this current study does not consider all plausible paths
as we limited our analysis to these paths previously identified in
the literature. As discussed below, these paths do include some
steps which may not be considered elementary. We examined
the reaction energies of conversions among surface species, though
some reaction steps could involve desorption of an intermediate,
solution phase transformation, and re-adsorption. At mildly oxidiz-
ing potentials (U < 0.4 V-RHE), the Pt surface may still have signif-
icant coverage of adsorbed H', and mixed oxidation/reduction
paths are also plausible.

3.2. Adsorption of intermediates

The Pt (11 1) surface has four high symmetry surface exposed
sites for adsorption: top (t), bridge (b), 3-fold hollow site (fcc and
hcp). Our general approach to determining optimal adsorption
configurations was to position unsaturated moieties over these
high symmetry sites, with specific structures considered when pre-
ferred adsorption geometries were previously reported. Calculated
adsorption energies of the key intermediates are listed in Table S2
with the corresponding adsorption configurations illustrated in
Figs. S1 and S2.

On the Pt (11 1) surface, furfural prefers to adsorb with the
furanic ring parallel with the surface and the center of the ring
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above a fcc site. The binding energy (—2.09 eV) of furfural mainly
arises from interaction of the unsaturated furanic ring with the
Pt (11 1) surface, which is consistent with the furfural adsorption
geometries determined by Liu et al. [42]. Furoic acid adsorption
behavior is similar to furfural. Furoic acid also preferentially
adsorbs at the three-fold fcc site with the furanic ring parallel to
the surface. In the most stable furanone adsorption configurations,
both 2(3H)-furanone and 2(5H)-furanone interact with the Pt
(11 1) surface through their unsaturated C=C bond. This is consis-
tent with 2(5H)-furanone adsorption on the Pt (11 1) surface
reported by Medlin and co-workers [43]. The most preferred struc-
ture of maleic anhydride on Pt (1 1 1), with an adsorption energy of
—1.84 eV, has the olefinic group (C=C) in the ring of maleic anhy-
dride bridged on two Pt atoms, as shown in Fig. S1. Previous DFT
calculations have also found this di-c-adsorption to be the most
stable [44,45]. For maleic acid, the most stable adsorption configu-
ration has the C=C group on the bridge site with Pt—C distances of
2.12 and 2.11A. For succinic acid, the molecule is adsorbed
through the O atom of the carboxyl group with the Pt—O distance
of 2.23 A. Calculated adsorption energies for maleic acid and suc-
cinic acid are —2.05 and —0.96 eV, respectively.

3.3. Overall thermodynamics of furfural oxidation over the Pt (111)
surface

The relative free energies of the 13 key intermediates that may
occur in furfural oxidation were calculated both adsorbed to sur-
face and in the gas phase as a function of potential. Comparing
the free energies of gas phase and adsorbed species helps us to
identify which intermediates are most stabilized by the Pt (11 1)

surface. Fig. 1 show the electrode-potential dependent relative free
energies, calculated via Eq. (3), of intermediates for the surface
adsorbed and gas phase species. Gas phase relative free energies
do not include entropic terms other than harmonic vibrations. This
allows for comparison to surface species to identify which species
are best stabilized by the surface. Fig. 2 show the equilibrium
potential for formation of the various intermediates on the surface
or in the gas phase. Fig. S1 and S2 shows all the structures of inter-
mediates. Tables S3 and S4 give the equilibrium formation
potentials.

Equilibrium potentials for species adsorbed on the Pt (111)
surface are generally lower than gas phase potentials, as most
intermediates bind more strongly to the surface than furfural.
Furan™ (‘denotes an adsorbed species) has the lowest equilibrium
potential and is favorable to form from furfural at any potential rel-
evant for electro-oxidation. Furan binds much stronger to the sur-
face than furfural, leading to its low surface oxidation potential
relative to a gas phase equilibrium potential of 0.99 V-RHE. Furan
may also be formed through a non-electrochemical decarbonyla-
tion route (furfural converted to CO and furan) that would involve
no net oxidation or reduction. The equilibrium potential reported
corresponds only to the decarboxylation route (producing CO,
rather than CO). At potentials less than 0.10 V-RHE, only maleic
anhydride’, 2(3H)-furanone” and furoic acid” are favorable to form.
With increasing potential, from 0.10 to 0.2 V-RHE, maleic acid’,
B-formylacrylic acid’, maleic dialdehyde’, succinic acid’, 2-
hydroxyfuran‘and 2(5H)-furanone” become favorable. Succinic acid
is the most stable oxidation product in the gas phase, however,
weaker binding makes its equilibrium potential (0.16 V, Table S2)
higher than many other products as a surface species. Furoic acid”



Fig. 1. Potential dependent free energies of key intermediates in furfural oxidation relative to adsorbed furfural” (a) and gas phase furfural (b) calculated from Eq. (3).
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was easily formed, with an equilibrium potential close to 0V,
according to Fig. 2 and Table S3. When the applied potential is lar-
ger than 0.91 V-RHE, all the intermediates we considered (Fig. S1
and S2) are favorable to be formed on the Pt (1 1 1) surface.

Most intermediates bind to the Pt (1 1 1) surface stronger than
furfural, making Pt (1 1 1) effective for motivating their formation.
Their stronger binding, however, may lead to surface poisoning, as
significantly higher potentials are needed to form the desorbed
species for many products. Fig. 1 is also useful for determining
what the most favorable intermediates, thermodynamically, are
at any applied potential on the Pt (1 1 1) surface. Furan’ is the most
stable oxidation product and favorable to be formed at any poten-
tial, whose equilibrium potential was —0.19 V.

3.4. Initial steps of furfural oxidation

Before exploring the overall reaction mechanisms, energy barri-
ers and reaction energies of initial steps for furfural oxidation in
each path at 0 V-RHE were calculated to find the most promising
reaction path for furfural oxidation. The calculated activation
energy barriers at different potentials are reported in Table 1.
The initial reaction network, including calculated elementary reac-
tion free energies and activation barriers at 0 V-RHE, is illustrated
in Fig. 3. Structures of the initial state (IS), transition state (TS), and
the finial state (FS) of each elementary step listed in Table 1 are
illustrated in Fig. 4.

Path 1. Energy barriers were determined for the first three steps
from furfural to adsorbed furyl intermediate. The reaction energy
of the first step in Path 1from furfural (F-CHO) to F-CO at 0
V-RHE is —0.20 eV, with a barrier of only 0.55 eV. This step could
happen at a reasonable rate at 0 V-RHE, and would be further
accelerated at increasing oxidation potentials. In the transition state
(TS2 of Path 1 in Fig. 4), the C—H distance is elongated to 1.42 A from
1.12 A of the initial state. The energy barrier of this dehydrogenation
step on the Pt (1 1 1) surface is lower than for the same step on the
Pd (11 1) surface (E, = 0.95 eV) reported by Vorotnikov et al. [46],
and that on the Cu (11 1) surface (E, = 0.96 eV) calculated by Shi
et al. [47]. The activation energy barrier of this step on the Pt
(111) surface is higher to that calculated on the surface of a
Ptss particle (E;=0.29 eV) [48]. The low barrier for this initial
C—H dissociation step is lower than all other initial steps considered,
suggesting Path 1 may be a favorable furfural oxidation path.

The second oxidation step in Path 1, forming furoic acid, is less
favorable with a reaction free energy of 0.21 eV and a barrier of
0.58 eV at 0 V-RHE. The “F-CO” intermediate may also decarbony-
late at this stage. But it was found that the decarbonylation
barrier (E;=0.99 eV) on the Pt (11 1) surface was higher than
furoic acid formation. Thus, furfural oxidation was more likely to
proceed through the furoic acid formation in the Path 1 than decar-
bonylation of “F-CO”. Our calculated energy barrier of “F-CO”
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decarbonylation on Pt (111) is higher than previous values
reported on Pt(1 1 1) and Cu (11 1) surfaces. Cai et al. reported a
barrier of 0.22 eV on the Pt (1 1 1) surface for F-CO decarbonylation
[48]. Their lower barrier seems to be due to beginning with a less
stable adsorbed F-CO state. Vlachos and co-workers have reported
a barrier of 0.68 eV on Pd (11 1) for this C—C scission reaction to
produce adsorbed furyl intermediate species and CO [46]. Despite
our higher barrier for decarbonylation, slow CO* formation (or
decarbonylation motivated by higher index features) would lead
to a strongly adsorbed poison that would not be oxidized from
the surface until significant overpotentials.

Though decarbonylation may generate the CO" poison at low
potentials, the kinetics of furoic acid formation appear favorable
at any oxidative potential at which surface sites are available.
The kinetic feasibility of further oxidation of furoic acid requires
feasibility of decarboxylation and further steps. The decarboxyla-
tion of furoic acid removes CO, and a proton-electron pair. Though
this appears as an oxidation step, the heterolytic (O—H) and homo-
lytic (C—C) bond cleavages may not be concerted, separating decar-
boxylation into an electrochemical oxidation step and chemical
step, which may occur in either order. We evaluated activation
barriers for the sequential and concerted processes, and considered
the inclusion of an explicit water molecule to aid heterolytic O-H
dissociation. As this reaction could form three adsorbed species
(furyl intermediate’, CO3, and H/H50"), we used a 4 x 4 cell initially
to evaluate barriers for this step, and then compared with a 3 x 3
cell.

We considered three routes to furoic acid decarboxylation
(Fig. 6): O—H first, C—C first, and concerted. Fig. 7 shows the kinetic
barriers for these paths at 0.81 V-RHE, at which reactant and pro-
duct state for decarboxylation are in equilibrium. The path involv-
ing C—C cleavage first is least favorable with the highest kinetic
barrier. The most feasible route for the decarboxylation involves
cleaving the O—H bond first followed by C—C cleavage. The C—C
cleavage barrier is 0.75 eV with 4 x 4 unit cell model. As this step
is a chemical step, it would not be directly accelerated by an
applied potential. The “concerted step” does not occur through
simultaneous O—H and C—C dissociation, as the highest energy
transition state (Fig. S3) had the O—H bond completely dissociated,
and was equivalent to the transition state for the “O—H first” path.
Moreover, addition of a single water molecule to the reaction envi-
ronment accelerated the O—H cleavage while insignificantly affect-
ing the limiting barrier (C—C cleavage), as shown in Fig. S4. We,
therefore, conclude that decarboxylation of furoic acid will be slow
at all potentials, limited by non-electrochemical C—C cleavage. To
compare the kinetics of decarboxylation with other steps, the
C—C cleavage barrier with 3 x 3 unit cell model was determined
to be 1.11 eV. Furoic acid may be a kinetically stable product dur-
ing furfural oxidation, as confirmed by initial experimental results
reported in a subsequent section. Whether furoic acid will desorb

Table 1
Activation energy barriers of initial steps in furfural oxidation process at potentials of 0, 0.56, 0.82, and 1.04 V-RHE. (Units: eV).
Reaction E? u° E,
ov 0.56 V 082V 1.04V
Path1 F-CHO - F-CO+H 0.39 0.32 0.55 0.27 0.14 0.03
F-CO + OH — F-COOH 0.20 0.76 0.58 0.30 0.17 0.06
F-CO - ‘F+CO 1.00 - 1.00 1.00 1.00 1.00
F-COOH - F-COO +H 0.78 0.31 0.93 0.65 0.52 0.41
F-COO — °F + CO, 1.11 - 1.11 1.11 1.11 1.11
Path2 F-CHO — ‘F-CHO +H 1.39 0.36 1.57 1.29 1.16 1.05
‘F-CHO + OH — OH-F-CHO 0.70 0.91 1.15 0.87 0.74 0.63
Path3 F-CHO + O - O-F-CHO 0.64 0.83 1.88 1.04 0.65 0.32
0-FCHO - epoxidised-FCHO 1.00 - 1.00 1.00 1.00 1.00
Path4 F-CHO + H — F-CHOH 0.29 0.30 0.14 0.42 0.58 0.66
F-CHOH + OH — F-CH(OH), 0.65 0.76 1.03 0.75 0.62 0.51
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Fig. 4. Top (above) and side (below) views of all the optimized structure of the initial steps for furfural oxidation in Path 1 (Scheme 1).

as a terminal product will depend on the relative energetics to
decarboxylate versus desorb. We cannot compare these energetics
here, as furoic acid would desorb into an aqueous solution (if an
aqueous electrolyte were used) and we do not calculate solvation
free energies in this work.

Path 2. In Path 2, an H atom is initially dissociated from the
furanic ring to form the furfuryl intermediate (FS1 of Path 2 in
Fig. 5). The free energy of this step is 1.01 eV and the activation
barrier is 1.57 eV at 0 V-RHE. Conclusively, formation of the fur-
furyl intermediate at OV-RHE is neither Kkinetically (1.57 vs
0.55 eV) nor thermodynamically (1.01 vs —0.20 eV) favorable com-
pared with the first step in Path 1. If the furfuryl intermediate were
formed, C—OH formation could lead to 5-hydroxyfuran-2-
carbaldehyde (OH-F-CHO). This reaction is favorable due to the
instability of the furfuryl intermediate (AG=-0.32eV at 0V-
RHE) though the barrier is still significant at 0 V-RHE due to the
instability of the adsorbed OH* species at this low potential
(E,=1.15 eV at 0 V-RHE).

Path 3. In the first step of Path 3, an adsorbed O atom reacts
with an unsaturated double bond in the furfural ring. In the transi-
tion state (TS1 of Path 3 in Fig. 5), the O atom moves closer to a
C atom of furfural and the furfural molecule is inclined from the
Pt (11 1) surface. The calculated energy barrier at 0 V-RHE of this
step is 1.88 eV, again significantly higher than that in the first step
of Path 1. The reaction energy of this step, 1.21 eV at 0 V-RHE, also
indicates it is not favorable. A two-electron transfer is required in
this first step of Path 3 to generate the reactive O" species. Despite
the two-electron nature and presumed transfer coefficient of 1.5,
this step is not competitive with the initial steps of Path 1 at poten-
tials lower than 0.56 V-RHE. The initial O" addition to the ring
occurs at a single C atom, and a second step then reorganizes to
form the epoxide species. The calculated reaction energy for this
second step is 0.7 eV and the activation barrier for the 2nd step
is 1.0 eV and can’t be decreased with applied potential. We con-
clude that Path 3 is not competitive with Path 1 in the electro-
oxidation system, though Granados and co authors concluded a



330 L. Gong et al./Journal of Catalysis 373 (2019) 322-335

F-CHO — ‘F-CHO +H

Path 3
& o Lt.
26¢ — DOBE — 16D
IS1 TS1 FS1
F-CHO + 0 — O-F-CHO
Path 4
600 — H660 — 1660
IS1 TSI FS1 TS2 FS2
F-CHO +H — F-CHOH F-CHOH + OH — F-C(OH),

Fig. 5. Top (above) and side (below) views of all the optimized structure of the initial steps for furfural oxidation in Path 2-4 (Schemes 2-4).

R*+COOH*
.

O,
\ /*.., C02+
H*+e

R-COOH* R*+CO,+H*+e-

R-COO*+H*+e"

Fig. 6. Possible paths for decarboxylation of furoic acid. Images show the initial adsorbed furoic acid species, intermediates formed following the C—C or O—H dissociation
routes, and the final product state for decarboxylation.

stronger oxidant, H,0,, may push furfural oxidation to proceed at 0 V-RHE for this step is —0.50 eV with a low activation barrier of
through Path 3 [11,49]. 0.14 eV. The reduction of the carbonyl may be considered an equi-

Path 4. The first two steps in Path 4 amount to a hydrolysis librated process and favorable at 0 V-RHE, however, this will
reaction, with the initial step a reduction reaction adding H to become less favorable as the oxidation overpotential is increased.
the O of the carbonyl (FS1 of Path 4 in Fig. 5). The reaction energy An additional reduction could form furfuryl alcohol with reduction
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favored at low potentials, though the energetics of this was not
considered as our emphasis herein is oxidative processes. The bar-
rier for the second elementary step in this path, adding an OH to
the C atom of the aldehyde group of furfural, is 1.03 eV at 0 V-
RHE. At 0 V-RHE, reversing the aldehyde reduction and proceeding
along Path 1 will be preferred over following Path 4. The favorable
initial reduction of furfural at low potentials, however, may be
expected to slow oxidation. We did not investigate the barriers
to further steps along Path 4, though the barrier to the next ester-
ification step may be kinetically important. We conclude that ini-
tial barriers suggest Path 4 could be operable, though the initial
reduction step will slow as oxidative potentials are applied, and
kinetics of further steps would need to be considered.

Based on barriers to the initial steps, we conclude that Path 1 is
the most viable path for furfural oxidation, though with still a con-
siderable activation barrier to furoic acid decarboxylation. Initial
barriers indicate Path 3 might become competitive with Path 1 at
higher overpotentials, though with the favorability of the initial
step of Path 1, evaluating such competition would require a more
detailed kinetic analysis. High energy barriers of the initial steps
in Path 2 make this path unlikely for furfural electro-oxidation
on Pt(11 1). Even at an electrode potential of 1.0 V-RHE, the energy
barriers of the rate-limiting step in Path 2 is higher than 1.0 eV, as
shown in Table 1. Path 4 may be viable, but requires an initial
reduction step that will slow at more oxidizing potentials, and
would require future consideration of the kinetics of the esterifica-
tion step that is beyond this current study. As Path 1 is the most
viable based on the initial reaction energetics, the following section
considers the elementary reaction energies involved in the entire
Path 1. Reaction energy diagrams for furfural electro-oxidation
through Paths 2, 3, 4 are given in Fig. S2-S4 in the Supporting
Information.

3.5. Potential energy surface of overall reaction paths for furfural
oxidation

Potential-dependent reaction free energies, including ZPVE cor-
rections, for furfural oxidation were calculated based on Eq. (3).
Reaction free energy diagrams for furfural oxidation through Path
1 at different electrode potentials are plotted in Figs. 8-11. The
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Fig. 8. The relative free energy diagrams for furfural to 2-hydroxyfuran on the Pt
(111) surface at 0 and 0.56 V-RHE.

reaction energy diagram for furfural conversion to 2-
hydroxyfuran in Path 1 is given in Fig. 8. Reaction diagrams for
2-hydroxyfuran conversion to maleic acid, maleic anhydride, and
succinic acid through Paths 1-A, 1-B, and 1-C are plotted in Figs. 9-
11, respectively. Barriers were not considered in this analysis,
though we find reaction free energies are sufficient to make initial
conclusions on the most possible reaction paths and products for
furfural oxidation in the electrocatalytic system.

Path 1-A. Reaction free energy diagrams at 0 V and 0.56 V-RHE
for furfural electro-oxidation through Path 1-A are shown in Figs. 8
and 9. At 0 V-RHE, the majority of steps are uphill. The most ther-
modynamically unfavorable electrochemical step is decarboxyla-
tion of furoic acid, with a reaction energy of 0.56 eV at 0 V-RHE.
All electrochemical steps from furfural to 2-hydroxyfuran in Path
1-A are exergonic when the applied electrode potential is 0.56 V
or higher. The non-electrochemical furoic acid decarboxylation
step, as discussed in the previous section, will have a high C—C dis-
sociation barrier of 1.11eV. The non-electrochemical reaction
energy for conversion of 2-hydroxyfuran to epoxidized furan
(AG =1.12 eV) is also unfavorable and would not be affected by
an increased oxidation potential. These unfavorable non-
electrochemical energetics are consistent with the slow oxidation
of furoic acid to epoxidized furan observed experimentally by
Granados and co-authors [11]. Path 1 may be expected to rapidly
produce furoic acid at oxidation overpotentials, but oxidation
through Path 1-A might not be favorable to continue to maleic acid
even at higher potentials.

Path 1-B. The reaction free energy diagram for further conver-
sion of 2-hydroxyfuran to succinic acid through Path 1-B is given
in Fig. 10. In Path 1-B, 2-hydroxyfuran is converted to 2(3H)-
furanone rather than to epoxidized furan, and the eventual oxida-
tion of 2(3H)-furanone produces succinic acid. Through Path 1-B,
the most thermodynamically unfavorable electrochemical step at
0 V-RHE is the step of 2(3H)-furanone oxidation accompanied by
furan ring opening (0.82 eV at 0 V-RHE). All electrochemical steps
in Path1-B would be downhill when the applied potential is
0.82 V-RHE or higher. Furyl intermediate formation at 0.82 V-
RHE would be thermodynamically favorable. The reaction free
energy of 2-hydroxyfuran conversion to 2(3H)-furanone as the
fourth step of Path 1-B is negative, as illustrated in Fig. 3
(AG =-0.53 eV), which implies that the formation of 2(3H)-
furanone is thermodynamically favorable. Furyl intermediate for-
mation and ring-opening of 2(3H)-furanone is favorable at
0.82 V-RHE. However, the formation of trans-4-hydroxycrotonic
acid includes a reduction step that becomes less favorable with
increasing potentials, including a positive reaction free energy of
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0.48 eV at 0.88 V-RHE. This value is not necessarily unsurmount-
able at 0.82 V-RHE, and the subsequent favorable steps could drive
furfural oxidation to succinic acid. Therefore, there is likely an
intermediate overpotential range at which furfural oxidation to
succinic acid through Path 1-B is thermodynamically viable. How-
ever, when increasing the applied electrode potential, the reduc-
tion step required to form trans-4-hydroxycrotonic acid
formation will become less favorable, and will arrest this process
at 2-hydroxyfuran or a furan-one isomer. The need to balance ele-
mentary oxidation and reduction rates to control eventual product
formation suggests the possibility of using electrode potential to
control oxidation selectivity (presuming all species remain on the
surface rather than involving solution phase hydration/hydrolysis
reactions).

Path 1-C. The reaction energy diagrams for furfural oxidation to
maleic acid and maleic anhydride through Path 1-C are given in
Fig. 11. In Path 1-C, 2-hydroxyfuran isomerizes to 2(5H)-furanone
which finally oxidizes to maleic acid. The reaction free energy of
2-hydroxyfuran conversion to 2(5H)-furanone is 0.02 eV, indicat-
ing that 2(5H)-furanone formation is thermodynamically possible,
though less favorable than 2(3H)-furanone formation (—0.53 eV).

The most thermodynamically unfavorable step at 0 V-RHE for Path
1-C is the formation of hydroxy-furanone from furan-2(5H)-one,
with a reaction energy of 1.04 eV. All steps in Path 1-C are energet-
ically downhill at an applied electrode potential of 1.04 V-RHE,
which indicates that all elementary steps for furfural oxidation to
maleic acid and maleic anhydride are thermodynamically feasible
at applied potentials of 1.04 V-RHE and above. All steps in Path
1-C are either oxidations or favorable isomerizations, such that
increasing overpotential will act only to accelerate this oxidation
reaction.

Comparing Paths 1- A, B, C, overall oxidation kinetics might be
limited by furoic acid decarboxylation at these oxidation overpo-
tentials (0.56, 0.82, 1.04 V-RHE). Initial aldehyde C—H activation
(Path 1) or carbonyl oxygen reduction (Path 4) are thermodynam-
ically favorable at these overpotentials, possibly resulting in for-
mation of intermediates on the surface that could undergo
unselective oligomerization reactions. The non-electrochemical
decarbonylation of furfural to furan may also be operable at low
overpotentials, with the rates of the individual oxidation and
reduction steps involved in this path still influenced by the elec-
trode potential. Overpotentials near 0.82 V and 1.02 R-RHE could
allow for ring-opening reactions of 2(3H)-furanone in Path 1-B
and 5-OH-furan-2(5H)-one formation in Path 1-C. Subsequent
reactions through Path 1-B and Path 1-C could produce succinic
acid and maleic acid. Favorable 2-hydroxylfuran isomerization to
2(3H)-furanone could drive succinic acid formation at intermediate
overpotentials. However, further increase in overpotential could
slow succinic acid formation in Path 1-B due to the involvement
of a reduction step (presuming no solution phase transformation),
making the relative rate of maleic acid formation via 2(5H)-
furanone in Path 1-C dominant. Selectivity to succinic acid (lower
overpotentials) or maleic acid (higher overpotentials) may be tun-
able in the electro-oxidation system similar to tuning the H,O,/fur-
fural ratio or other reaction conditions in non-electrochemical
oxidation experiments [11,38,39].

Paths 2-4. Reaction free energy diagrams for Path 2-4 are given
in Figs. S5-S7. As discussed above, these processes are limited by
high barriers to initial elementary steps. If applied overpotentials
are sufficient to drive these initial steps, the remaining elementary
steps are favorable, suggesting multiple paths to maleic acid and
maleic anhydride may be operable at high overpotentials.

3.6. Experimental results

Faradaic efficiency obtained at 0.9 V-RHE on nanoparticle Pt/C
during electrochemical oxidation of furfural is reported in Fig. 12.
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At potentials less than 0.9 V-RHE, a negligible oxidation current
was observed. This observation is qualitatively consistent with sur-
face poisoning due to adsorbed CO formed by decarbonylation of
furfural at lower potentials. Above 0.9 V-RHE, a significant amount
of current is directed to furoic acid production, with relatively
smaller amount to further oxidized products such as maleic acid,
5-hydroxyfuroic acid, and 5-hydroxyfuran-2(5H)-one detected.
The high selectivity to furoic acid is consistent with DFT energetics
suggesting its formation is facile and there is a high non-
electrochemical kinetic barrier to decarboxylation. 5-
hydroxyfuroic acid would be produced by ring oxidation, and its
presence further suggests furoic acid decarboxylation could be a

limiting step. Our DFT analysis did not consider paths to 5-
hydroxyfuroic acid as we found ring oxidation slow in Path 2. How-
ever, these paths may be accelerated by the presence of surface O
at higher potentials, which we leave for future DFT studies.

The other experimentally observed products are also consistent
with DFT energetics. Both 5-hydroxyfuran-2(5H)-one and maleic
acid can be formed through Path 1-C, which showed viable DFT
reaction energies at 0.9 V-RHE. Further studies of potential and
electrolyte dependent product distributions, and additional DFT
consideration of oxygen covered Pt surfaces will help to clarify fur-
fural oxidation paths at high overpotentials.

4. Conclusions

Periodic DFT calculations were performed for the adsorption
energies, relative free energies of key intermediates and reaction
energies of furfural oxidation in an electrocatalytic system on the
Pt (11 1) surface. Comparing four paths of furfural oxidation, for-
mation of furoic acid is expected due to favorable energetics for
its formation and significant barriers to subsequent decarboxyla-
tion steps. Furfural oxidation past the furoic acid intermediate is
calculated to proceed through Path 1-B to succinic acid via 2
(3H)-furanone as an intermediate and Path 1-C to maleic acid
and maleic anhydride via 2(5H)-furanone as an intermediate. Inter-
mediate overpotentials (around 0.82 V-RHE) may drive succinic
acid formation through Path 1-B, with Path 1-C to maleic acid
dominant at higher overpotentials. Our results based on the kinet-
ics of the initial steps provide a good indication to the dominant
mechanism responsible for furfural oxidation initiation, which is
consistent with the initial product distribution observed experi-
mentally. In addition, the thermodynamics of all surface adsorbed
intermediates allows us a reasonable estimate for favorability of
different products in the range of applied potentials. Though this
initial study provides some indication of plausible electro-
oxidation paths for furfural oxidation on the Pt (11 1) surface, a
number of limitations should be highlighted. The lack of the inclu-
sion of solvation of surface bound intermediates could alter the rel-
ative energies of various species by significant amounts, which are
challenging to estimate. Difficulties in representing the ensemble
of water structures present at the metal-electrolyte interface,
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together with the unreliability of parametrized continuum solva-
tion models, makes estimating the associated error challenging.
Specific effects of ions in the interfacial region as well as interfacial
electric fields are also neglected, and our approach to electrochem-
ical activation barriers is inherently approximate and was only
applied to initial reaction steps due to the computational intensity
of considering so many possible reaction steps. Conclusions of
dominant reaction paths are also limited without detailed microki-
netic modeling. Significant coverage of water oxidation products
(O, OH’, or surface oxides) may be present at oxidizing potentials
above 0.6 V-RHE on Pt electrodes. Despite these limitations, the
results presented provide an initial indication of likely electro-
oxidation paths of such complex molecules, and motivate future
work to improve on these limitations, while this work guides the
selection of reaction paths subjected to further scrutiny.
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