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Electrocatalytic hydrogenation (ECH) of biomass-derived platform chemicals is a sustainable approach to
produce value added fuels and chemicals as compared to the chemo-catalytic hydrogenation pathway.
In this work, zinc metal was studied as a novel electrocatalyst for potentiostatic ECH of furfural to
furfuryl alcohol (FAL) and 2-methylfuran (MF), products having applications in pharmaceutical, polymer
and fuel industries. The activity of zinc was compared to that of other well-known catalysts, copper and
nickel. The yield and faradaic efficiency (FE) of furfural ECH was studied for varying electrolyte pH, which
was found to significantly affect the FE and product profile. Electrolysis in near-neutral electrolyte (pH 6
to 8) exhibited increased yields and FE as compared to under acidic and alkaline conditions. We attribute
this result to the optimum proton concentration in neutral electrolytes that restricts the HER while
minimizing side reactions. At neutral pH, the reaction was more selective towards FAL formation than
MF. The best activity of the zinc catalyst was obtained with 0.5 M sodium bicarbonate (NaHCOs)
electrolyte (pH = 8.4) at —0.7 V/RHE, yielding 73% FE for FAL and 86% FE overall. To the best of our
knowledge, this is the highest FE for FAL that has been reported to date. Oxidation of zinc was observed
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Introduction

Interest in production of fuels and chemicals from renewable
resources continues to grow, as the environmental impact of
fossil resources becomes more apparent.” Biomass is an
important renewable resource for the production of biofuels
and fine chemicals.** Furfural is a bio-derived feedstock ob-
tained by the dehydration of pentose sugars such as xylose,
which in turn are obtained from the ligno-cellulosic portion of
the biomass such as sugarcane bagasse, wheat straw, corn cobs,
corn stover, oat hulls, etc. by acid hydrolysis.>*” Furfural can be
valorized by hydrogenation to form furfuryl alcohol (FAL) and 2-
methyl furan (MF).*® FAL is used as a solvent, for the produc-
tion of thermostatic resins, in adhesives and coatings and has
applications in perfumery, polymer and pharmaceutical
industries.>*'*** MF is a promising liquid biofuel or fuel
additive because of its low water solubility, high octane number
and energy density.>*'*** Further reduction of FAL and MF
yields tetrahydrofurfuryl alcohol and 2-methyltetrahydrofuran,
respectively.>®
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The furfural hydrogenation reactions are typically carried out
in a vapor-phase reactor at high temperatures (90-500 °C) and
pressures (0.1-2 MPa) using hydrogen gas in the presence of
catalysts such as copper, copper chromite, iron, Cu/SiO,, Cu/
ZnO, Cu/C, bimetallic Pt-Sn, Cu-Cr, Cu-Co, CuO/CeO,/Al,0;
etc.'>? The studies report almost 98-100% conversion of
furfural**>*** with 70-96% yield of FAL">""” and 90-98% yield
of MF."?® The storage and transportation of hydrogen gas
required for these processes generate safety issues. Also, cata-
lysts such as chromium and solvents used for conventional
furfural hydrogenation are toxic and environmentally
hazardous.'>?® Thus, there is a need to design reaction oper-
ating conditions that are mild and safe. Electrochemical reac-
tions are emerging as a green alternative to conventional
hydrogenation reactions for the production of fuels and
chemicals, as they are carried out at room temperature, atmo-
spheric pressure and in the presence of aqueous solvents. The
electrocatalytic conversion of biomass-derived platform chem-
icals into value added fuels and chemicals can be carried out
using hydrogenation and oxidation processes.””** With
decreasing prices of electricity and its increasing production
from renewable sources such as solar and wind energy, elec-
trocatalytic reactions provide a sustainable method to store the
energy derived from renewable feedstocks in liquid biofuels.®
We aim to convert furfural to FAL and MF by ECH, wherein the
source of protons required for hydrogenation is generated in
situ at the anode by water splitting rather than remotely

This journal is © The Royal Society of Chemistry 2021
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supplied molecular hydrogen gas, thereby lowering the opera-
tion and energy cost and thus increasing the efficiency.

The ECH of furfural to FAL and MF is depicted by Scheme
1.%'° Furfural adsorbed on the metal catalyst electrode surface
reacts with two moles of protons and electrons to give rise to the
hydrogenated product, FAL. FAL further hydrogenates to MF by
consuming two protons and electrons with the removal of
a water molecule.

Dissolved protons may be partially regenerated at the anode,
for example by water oxidation (1). The protons may adsorb on
the surface of the metal catalyst by the Volmer reaction (2).

Water oxidation:

2H20 - 4H+ + 467 + 02 (1)
Volmer reaction:
H"+e +M — (Hy)M (2)

The selectivity for ECH may be limited by the HER, which
consumes adsorbed hydrogen from the catalyst surface to
produce H, by Tafel or Heyrovsky reactions.>*'® Consumption
of protons by the HER makes them less available for ECH,
thereby lowering the FE of the system. Another side reaction is
the dimerization of furfural radicals that are intermediate in
FAL generation to produce hydrofuroin (Scheme 2).'>'*3 The
choice of a metal catalyst that has high FE for ECH over both the
HER and dimerization helps to maximize the efficiency of the
reaction system.

There have been a number of reports of furfural ECH by
various groups, who studied the impact of reaction conditions
and electrode materials on the conversion, FE and product
yields."**%¢ The literature for ECH of furfural has been mainly
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dominated by copper and nickel as a catalyst at various pH
values resulting in good reactant conversion and product
yields.>**?%343537 Zhao et al. compared the reactivity of copper,
nickel, lead and platinum for the ECH of furfural. Pure plat-
inum gave the highest selectivity for FAL (99%), but the
conversion was very low. Copper gave high conversion and low
selectivity whereas nickel yielded low conversion and high
selectivity in basic pH with higher onset potentials.*® Thus,
there is a need to find a catalyst that gives both higher conver-
sions and selectivities for the ECH of furfural.

Apart from metal catalyst screening, the effect of pH on FE
and product selectivities from ECH of furfural have been
studied."” Li et al. achieved a good yield of FAL (63%) in 0.2 M
ammonium chloride (pH 5) using nickel as a catalyst cathode
with an electrochemical efficiency of 56% (ref. 6) whereas MF
was reported to be formed at higher selectivities (~80%) at low
acidic pH (~0.5) by Nilges et al.’

Similar findings were achieved by Jung et al. who studied the
activity of bulk copper and compared it to higher surface area
nano- and microcrystalline copper catalyst particles electro-
deposited on copper itself.’*** The highest selectivity for FAL
(25.1%) was obtained at pH 5."* Thus, the main conclusion of
these studies was that MF was formed under strongly acidic
conditions (pH = 0.5) and FAL was a preferred product at a pH
of 5. Copper was found to promote FAL and MF formation over
H, gas at less negative potentials, but the conversion was low.
More negative potentials increased the conversion of furfural
but at lower FE.*

The applied potential may determine whether the HER or
ECH is favored.'>'*** In acidic pH, the onset potentials for both
ECH and the HER are close, which leaves less room to modify
the kinetics of the reactions.'**® High starting concentrations of

ECH reaction:
o | > 2H* + 2¢° o 0 _2H'+2e
/ | Y - H20 I /
Furfural Furfuryl alcohol 2-methylfuran

Scheme 1 ECH of furfural to FAL and methyl furan.

Furfural

Scheme 2 Electrodimerization reaction of furfural to hydrofuroin.®
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furfural (100 mM) have been shown to favor ECH over the HER
due to higher catalytic surface coverage and adsorption.**® A
further increase in the initial furfural concentration to 200 mM
has been reported to promote undesired electrodimerization
reactions.’” Higher electrolyte concentrations have also been
reported to favor ECH, and higher conversion and product
yield.® High electrolyte concentrations provide high ionic
conductivity, reducing potential drop across the cell.

It was also shown by Jung and Biddinger that furfural, FAL
and MF degrade in acidic solutions by polymerization/
oligomerization to give rise to humins.”® Kim et al. used
Raman spectroscopy to observe the acid-catalyzed polymeriza-
tion of FAL in sulfuric acid at room temperature to conjugated
diene and diketone species, which were also evident by the color
and viscosity changes of FAL within an hour.* Liu et al. studied
the reactivity of various catalysts in basic carbonate buffer at pH
10, and the highest current efficiency of FAL (70%) was achieved
with copper at —0.56 V/RHE. However, the reaction time of 10 h
was required to achieve these results.*® Thus, neutral or basic
pH can be expected to avoid degradative side reactions and
increase the FE of furfural ECH.

Other catalysts such as gold,” silver,* palladium,*
rhodium® etc. have been reported for ECH in the literature but
have not been used for ECH of furfural. Zinc has been reported
to effectively catalyze CO, and 5-hydroxymethylfurfural (HMF)
electroreduction with high faradaic efficiencies.*"**** Feng et al.
observed an 18% increase in FE for the formation of ethylene
from CO, after alloying a copper catalyst with zinc and using it
as a bimetallic catalyst.*® HMF is a structural analog of furfural
with an additional hydroxyl functional group present at the fifth
carbon. Zinc exhibited exceptional catalytic activity for the
reduction of HMF to 2,5-hexanedione with a FE of 72.4% and
outperformed copper by 70% in terms of FE and selectivity to
the desired product.** Many reports on chemical hydrogenation
of furfural have been published using zinc oxide catalysts either
as an active phase or as a support.***° Thus, it was hypothesized
that the zinc catalyst could have good catalytic activity for the
ECH of furfural.

In this work, the hydrogenation of furfural to FAL was carried
out using various catalysts such as copper, nickel and zinc. This
is the first-time zinc has been used as metal catalyst for the
hydrogenation of furfural. The present work establishes zinc as
a catalyst that is selective for the ECH of furfural while inhib-
iting the HER. The variables used to assess the activity of the
catalyst were the applied potential, achieved current density,
reactant conversion, yield and FE for the desired reaction
products. Apart from these variables, the electrolyte and the pH,
which determine the proton concentration in the solvent and
thus affect the selectivity of the reaction and product formation
have also been studied.'®** Preliminary tests to screen the
activity of the catalyst under different pH conditions - acidic,
basic and neutral were performed on the catalyst wire using
transient and steady-state voltammetric techniques such as
cyclic voltammetry (CV) and staircase voltammetry (SV). The
catalysts and electrolyte pH were screened on the basis of
potential windows and the current density for the occurrence of
the desired ECH reaction and to avoid the HER. The activity of
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the catalysts for the ECH was screened on the basis of FE,
conversion and selectivity towards the desired products
measured by potentiostatic electrolysis.

Experimental
Chemicals

The following chemicals were obtained from reputed vendors
and used without further purification: furfural (99%, Sigma-
Aldrich), FAL (FAL, 98%, Sigma-Aldrich), MF (MF, 99%, 200-
400 ppm BHT as stabilizer, Sigma-Aldrich), acetonitrile (ACN,
99.5%, Mallinckrodt Chemicals), p-xylene (=99%, Sigma-
Aldrich), sulfuric acid (H,SO,, 98%, EMD Chemicals),
sodium hydroxide (NaOH, Macron Fine Chemicals), sodium
bicarbonate (NaHCOj3, 100.3%, J. T. Baker), sodium sulphate
(NaySO,, 99.6%, Fisher Chemical), ammonium chloride
(NH4C], =99.5%, Columbus Chemical Industries), sodium
chloride (NaCl, =99%, Columbus Chemical Industries),
sodium phosphate monobasic (NaH,PO,-H,0, 99.7%, J. T.
Baker), and sodium phosphate dibasic (Na,HPO,-7H,0, Jade
Scientific). 0.5 M phosphate was prepared by mixing 0.37 M
Na,HPO,-7H,0 and 0.13 M NaH,PO,-H,O0. All the electrolytes
were prepared in deionized water (=18 MQ cm, Thermo
Scientific).

Electrodes

The metal wires used as working electrodes for the ECH of
furfural are as follows: copper (1.2 mm diameter, 18 AWG,
99.9%, Arcor Electronics), nickel (1.0 mm diameter, 99.98%,
Alfa Aesar), and zinc (1.0 mm diameter, 99.95%, Alfa Aesar). The
catalyst wire electrodes were rubbed with sandpaper (800 grit
(P2400), diameter = 6.5 um, Buehler) to remove oxides, and
rinsed with ethanol and deionized water prior to being used for
the reaction. The geometric surface area of the working elec-
trode for cyclic and staircase voltammetry experiments was 1
cm” and that for electrolysis experiments was 5 cm”. A reversible
hydrogen electrode was used as a reference electrode (RE). It
was made in-house using a Pt wire (0.5 mm dia., 99.95%,
Thermo Fisher Scientific) in a one-end sealed glass tube. The RE
tube was filled with working electrolyte before each experiment.
A graphite rod (2.5 cm diameter, Pine Research Instrumenta-
tion) was used as a counter electrode.

Electrochemical set-up

The reactions were conducted using a three-electrode system
connected via a VSP Bio-logic SA potentiostat in a divided glass
jacketed H-cell. The compliance voltage range of the poten-
tiostat was 20 V. The anodic chamber contained 25 ml of
desired electrolyte and the cathodic chamber contained 25 ml
of 100 mM furfural in the same electrolyte. The anodic and
cathodic compartments were separated by a Nafion 115 cation
exchange membrane (Ion Power). Nafion 115 membranes were
pretreated by boiling in 1 M solutions of sulfuric acid, sodium
sulphate or sodium hydroxide at 80 °C for 1 h depending on
the pH to be used for electrolysis i.e. acidic, neutral, and basic
respectively. They were subsequently boiled in DI water at

This journal is © The Royal Society of Chemistry 2021
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80 °C for 1 h and stored in DI water thereafter. The on-center
distance between the two compartments was measured to be
5 cm. The pH of the electrolyte was measured prior to and
following every reaction using a pH meter (Fisher Scientific,
Accumet Basic AB15). The cathodic chamber was purged with
nitrogen throughout the reaction to maintain oxygen-free
conditions and to create a positive pressure inside for the
removal of evolved gases and MF. MF was collected in a cold
trap connected to the H-cell as it is volatile.” The cold trap was
maintained at —15 £ 3 °C using 20 wt% NaCl and ice mixture
in Dewar.” All reactions were carried out at 30 & 0.1 °C. A
rotation speed of 900 rpm was maintained using a magnetic
stirrer in the cathode chamber.

Electrochemical techniques

Cyclic voltammetry (CV) was used for transient studies to
analyze the onset potential and reduction peaks for copper,
nickel and zinc electrodes in different pH electrolytes. The onset
potential was recorded as the potential where the current
reached 0.1 mA. CVs were acquired at a scan rate of 20 mv s~ *
with end potential as —1 V/RHE. The starting potential for CV
was varied based on the open circuit potential of the electrode
in the electrolyte, in order to record the onset potential.

Staircase voltammetry (SV) was used as a steady-state tech-
nique to analyze the faradaic current density obtained with each
electrode in different pH electrolytes while avoiding the back-
ground capacitive current to a greater extent as opposed to CV.
For SV, a potential step of 100 mV was applied consecutively
from —0.6 to —1 V/RHE with a halt at each potential for 1 min
and then reversed to the initial potential to check steady state
current density.

Potentiostatic electrolysis experiments were run using chro-
noamperometry at the desired potential for 2 h.

Analysis

During electrolysis, 0.2 ml of reaction samples were collected
intermittently at specific time intervals up to 2 h. Reaction
analysis was performed with a Varian 450 gas chromatography
system equipped with a SolGel-Wax column (30 m, 0.53 mm ID,
1 pum film thickness) using a flame ionization detector and
helium as a carrier gas at 1 ml min~". The temperature program
started at an initial temperature of 37 °C (held for 4 min) and
then ramped at 10 °C min~ " to 90 °C (held for 3 min) followed
by ramp at 10 °C min~" to 150 °C and ramp at 30 °C min~" to
230 °C (held for 2 min). The split ratio was 1 : 100. Injector and
detector temperatures were set at 270 °C.*” The furfural, FAL
standards and reaction samples were prepared by ten-fold
dilution with ACN containing p-xylene as the internal stan-
dard. The diluted samples were filtered with a 0.22 pm syringe
filter prior to injection on the column. The MF standard was
prepared in ACN, and the cold trap sample was directly analyzed
without any dilution. The unknown concentration in the reac-
tion samples was calculated by comparing to the calibration
curve prepared using the standard samples of furfural, FAL and
MF.

This journal is © The Royal Society of Chemistry 2021
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Some diluted reaction samples were also analyzed by gas
chromatography with mass spectrometry (GC-MS). We used
a Shimadzu QP-5050A gas chromatograph equipped with
a Restek Rtx-1701 capillary column (60 m, 0.25 mm ID, 0.25
pum film thickness) coupled with an electron ionization mass
spectrometer. The ionization energy was 80 eV and m/z
values ranged from 40 to 400.® The GC program started at
40 °C (held for 1 min) and then ramped at 3 °C min~ " to
121 °C followed by ramp at 8 °C min~* to 270 °C (held for 1
min). Injector and detector temperatures were set at 270 °C.
The mass spectrum of each chromatogram peak was identi-
fied by comparing to the mass spectrum of the probable
chemical compounds provided by the NIST library, based on
the similarity index.

It is possible for furfural to cross over through the Nafion
membrane to the anode compartment, resulting in an error in
our conversion calculations. We conducted crossover
measurements to observe the concentration of furfural trans-
ferred to the anode by permeation through the membrane. The
concentration profile was fitted to an equation derived for the
flux of furfural across the membrane which is proportional to
the concentration gradient (Fig. S21). The fit demonstrated
a membrane permeability to furfural of 1 x 10~° cm® s~ . Based
on this value, we estimate an error of less than 1% in our
conversion estimates due to furfural crossover from the cathode
to anode during electrolysis.

Calculations
The conversion, yield and FE were calculated as follows:

Cl - Cr

Conversion : X = ——/;— (3)
CF

Yield : .

F

G
Y= = 4
= @

. . CiFn;
Faradaic efficiency : FE; = —

(5)

where C? is the initial concentration of furfural, Cy is the time-
dependent concentration of furfural, and C; represents the
time-dependent concentration of either FAL or MF; F is Fara-
day's constant; n; is the electron transfer coefficient for a given
product. Thus, nga;, = 2 and nyr = 4. Q is the total charge passed
during electrolysis.

Catalyst characterization

The surface morphology and elemental analysis of zinc wires
and precipitates was conducted using scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM/
EDS, JEOL 6610LV). Dried wires were mounted on specimen
stubs partially coated with a thin film of carbon tape. The wire
portion which is not stuck to the carbon tape was analyzed. The
precipitates were embedded in a cylinder stub with a hole for
sample containment to avoid carbon taping as it would obscure

any organic carbonaceous compound present in the
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precipitates. The samples were analyzed at a low vacuum of 60
Pa and acceleration voltage of 10 kv.

Results and discussion
Steady state voltammetry with zinc in different pH electrolytes

To study the catalytic activity of the zinc catalyst for hydroge-
nation of furfural, we first conducted polarization studies of the
zinc electrode in the presence and absence of furfural, and in
different electrolytes. Fig. 1 shows steady-state polarization
curves of the zinc wire in three 0.5 M electrolytes of widely
varying pH: H,SO, (pH = 0.5), NaOH (pH = 13.9), and NaHCO;
(pH = 8.4), representing acidic, basic and neutral electrolytes.
Dashed and bold lines indicate the potential-dependent current
density in the absence and presence of 100 mM furfural,
respectively.

With no oxygen or furfural present, only the HER occurs on
the catalyst in this potential range. The addition of furfural to
the electrolyte leads to increased or decreased current density,
depending on the dominance of the ECH reaction and the effect
of furfural on the HER.

With zinc at acidic pH, the polarization curve was recorded
from —0.7 to —1 V/RHE because of the low onset potential
(Table 1). There was a significant decrease in faradaic current
density in the presence of furfural. This suggests that the HER
was hindered, which could be due to the surface coverage of the
electrode with furfural that would affect electron transfer to
form H, gas. The low current density would still suggest less
activity and slower kinetics of ECH at acidic pH. Additionally, in
the absence of furfural, the linear potential dependence at zero
current suggests a mixed reaction involving both the HER and
zinc oxidation.

At basic pH, there was a lesser decrease in current density
after the addition of furfural as compared to acidic pH. Thus, we
might expect ECH to have higher efficiency in basic electrolytes.
In near-neutral pH electrolyte, 0.5 M NaHCOs;, at all studied
potentials, an increase in current density was observed after the
addition of furfural. This strongly suggests that ECH is a more

-2

£ 4
o
<<
1S
> 4
‘@
c
[}
(] 4
c
& Jf -
8 80 L7 Electrolyte 0 mM Furfural 100 mM Furfural
et 2 H,SO, - 0-- ——
NaHCO; -Qa-- —a—
NaOH - A - —h—
_1 00 1 1 I L L
-1.0 -0.9 -0.8 -0.7 -0.6

Potential / V vs. RHE

Fig. 1 Furfural reduction and HER polarization curves obtained with
zinc in electrolytes of varying pH.
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Table 1 Onset potential of the HER and ECH with the zinc catalyst in
different pH electrolytes

Onset potential (V/RHE)

Electrolyte HER ECH

H,S0, —0.69 £+ 0.003 —0.69 + —0.01
NaHCO; —0.5 £ 0.005 —0.56 & 0.007
NaOH —0.45 + 0.001 —0.39 £+ 0.002

dominant reaction in neutral pH electrolytes and higher effi-
ciency of ECH may be achieved under these conditions.

Table 1 shows the onset potential of the HER and ECH
reactions with zinc at different pH values, recorded from their
respective cyclic voltammograms (ESI, Fig. S3t). In the case of
acidic pH, the onset potential of the HER and ECH was similar,
and thus the potential window cannot be altered to favor ECH
over the HER, and the HER is the dominant reaction at low pH
at all applied potentials.

At basic pH, the onset potential of ECH was less negative
than that of the HER, but decreased current density was
observed after addition of furfural (Fig. 1) suggesting that ECH
selectivity would increase at less negative potentials. In near-
neutral pH electrolyte, 0.5 M bicarbonate, although the onset
potential of ECH was more negative than that of the HER,
higher current density in the presence of furfural (Fig. 1)
suggests higher selectivity toward ECH over the HER.

Cyclic voltammograms obtained with zinc in the presence of
furfural in different pH electrolytes show features due to various
reactions involving metallic zinc (Fig. S3 and S47). These may
include oxidation-reduction, dissolution to form zinc
hydroxide, and hydrogenation of FAL to MF. In acidic electro-
Iyte, zinc also shows additional onset peaks in the absence of
furfural (Fig. S37). This could be due to high instability of the
zinc catalyst at acidic pH which leads to its oxidation and
dissolution.*®

Steady state voltammetry with varying catalysts in near-
neutral electrolyte

Steady-state polarization performed with zinc in bicarbonate
was compared to that performed with well-studied metallic ECH
catalysts, copper and nickel.»*'*'*% Steady state polarization
curves obtained with these catalysts are shown in Fig. 2.

With nickel, there was a decrease in current density after the
addition of furfural, which indicates fast kinetics of the HER
over ECH. In contrast, both copper and zinc catalysts showed an
increase in current density after the addition of furfural, with
the increase with zinc being considerably greater as compared
to that with copper at all potentials. At —0.7 V/RHE, the increase
in current density with zinc was around 398% as opposed to
61% with copper. Thus, zinc catalysis appears to be selective
toward furfural ECH.

Table 2 shows ECH and HER onset potentials obtained by CV
in NaHCO; with different catalysts. For the nickel catalyst, the
onset potential for ECH was significantly more negative as

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Furfural reduction and HER polarization curves obtained with
different catalysts in 0.5 M NaHCOs.

Table2 Onset potential of the HER and ECH with different catalysts in
0.5 M bicarbonate

Onset potential (V/RHE)

Catalyst HER ECH

Copper —0.31 £+ 0.009 —0.29 + —0.015
Zinc —0.5 £ 0.005 —0.56 = 0.007
Nickel —0.24 £+ 0.009 —0.45 + 0.03

compared to that of the HER; thus, we might expect the HER to
be dominant over ECH at all potentials on nickel. The onset
potentials of ECH and the HER were close for both copper and
zine, suggesting competitive kinetics for both reactions. No
additional peaks were observed with copper or nickel catalysts
in the absence or presence of furfural (Fig. S47).

Electrolysis with zinc in 0.5 M NaHCO; at —0.7 V/RHE

Fig. 3a shows the variation of current density with time during
a two-hour potentiostatic electrolysis of zinc in bicarbonate
electrolyte at —0.7 V/RHE. The initial current density of ~22 mA
cm? increases for 3 minutes, reaching 26 mA cm™>. This can be
due to an initial period of activation which may involve adsorp-
tion of furfural on the electrode, zinc dissolution, or surface oxide
formation. After this period, the current density continuously
decreases with time, reaching 1.3 mA cm ™2 after 120 minutes.

Typical gas chromatograms (GC) of the reaction mixture
containing furfural, FAL, and p-xylene (internal standard) are
shown in Fig. S1 (ESIt). Data are included for pre- and post-
electrolysis along with the post electrolysis cold trap sample
containing MF. GC results are interpreted as conversion, yield,
and FE in Fig. 3b. A steep increase in conversion occurs during
initial electrolysis. In contrast, the relatively small yield and FE
of MF were assayed only at the end of electrolysis.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Potentiostatic electrolysis of furfural on the zinc catalyst in
0.5 M NaHCOsz at —0.7 V vs. RHE (a) chronoamperometry during
electrolysis; (b) evolution of the conversion, yield, and FE of products.

The initial furfural concentration of 100 mM has been well
studied in the literature®'®'***3* allowing for direct compar-
ison of results. After two hours, furfural conversion of 88% was
obtained with 40% yield of FAL. The yield and FE of MF were
obtained as 3.5% and 13%, respectively. The zinc-catalyzed
reaction maintained nearly constant faradaic efficiency,
varying from 72 to 77% throughout the reaction, a demonstra-
tion of high selectivity towards furfural ECH over the HER.

Effect of electrolyte pH on the activity of the zinc catalyst

Identifying the pH range that minimizes both the HER and
degradative side reactions can maximize product yield and FE
for ECH. Potentiostatic electrolysis experiments were conducted
in electrolytes of various pH using the zinc catalyst, to observe
the stability of furfural and its products at various pH values. A
high electrolyte concentration of 0.5 M was used for all the
electrolytes, to minimize ionic resistance.

Electrolysis was performed at —0.7 V/RHE for 2 h in 0.5 M
electrolytes of the following composition and pH: sulfuric acid
(H,SO,4, pH = 0.5), sodium sulphate (Na,SO,, pH = 6), phos-
phate (Na,HPO,/NaH,PO,, pH = 7.4), sodium bicarbonate
(NaHCOj3, pH = 8.4) and sodium hydroxide (NaOH, pH = 13.9).

Fig. 4 shows the conversion of furfural and yield and FE of
both FAL and MF after 2 h electrolysis at —0.7 V/RHE in
different electrolytes. Yield and FE are displayed as stacked
bars, to indicate the overall value as well as the contribution to
furfuryl alcohol (FAL) and methyl furan (MF). The pH of the
electrolyte significantly affected the product yield and FE. At
acidic pH, the conversion of furfural after 2 h was only 11.5%
which resulted in very low yields of MF (0.2%). Such low
conversion can be explained by a higher proton concentration,
favoring the HER. No FAL product was observed in acid.
However, the presence of MF, the hydrogenation product of
FAL, suggests the degradation of FAL possibly by resinification
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Fig. 4 ECH electrolysis results with the zinc catalyst at —0.7 V vs. RHE
for 2 h in different pH electrolytes.

under acidic conditions.*® MF may escape the degradation
reaction in acidic electrolyte due to its lower aqueous solubility.

The open circuit potential of zinc in acid was measured to be
—0.61 £+ 0.01 V/RHE (Fig. S6%). Thus, the observed current
density obtained at —0.7 V was low (—0.25 & 0.14 mA cm ™) due
to the lower overpotential, leading to imprecise FE calculations.
For this reason, FE values are not given for H,SO, (pH 0.5) in
Fig. 4.

In alkaline electrolyte (NaOH, pH 13.9), conversion was very
high (98%). Still, the yields of FAL and MF remain low at 16.5%
and 0.1%, respectively. High conversion may result from
minimal competition by the HER. Low product yield, on the
other hand, suggests that either furfural or the generated FAL
degraded. Highly acidic and basic conditions have been re-
ported to induce furfural polymerization reactions.'**>*

However, similar results were observed at pH 6 in Na,SO,
electrolyte, with high conversion (85%) and low yield (11.3% for
FAL). This may indicate polymerization of furfural in neutral
electrolyte as well. The buffer strength of the electrolyte may
also play a role; pH measurements of pre- and post-electrolysis
show a significant pH shift for un-buffered Na,SO, electrolyte
(ESI, Fig. S67), suggesting that polymerization may take place at
high pH.

An increase in the yield and FE of products was observed as
the pH was increased from 6 to 8 using buffered electrolytes. In
0.5 M phosphate (pH = 7.4) and bicarbonate (pH = 8.4) elec-
trolytes, the yield of FAL was 17% and 40% for a conversion of
49.5% and 88%, respectively, which suggests reduced degra-
dation and higher ECH efficiency in these electrolytes. Addi-
tionally, the highest FE for MF (23%) was obtained in phosphate
electrolyte (pH = 7.4).

The total FE obtained in phosphate electrolyte (88%) was close
to that obtained with bicarbonate electrolyte (86%). This suggests
that a pH range of 7-9 could be optimum to favor ECH over the
HER with minimal degradation. In our study, the highest FAL
yield (40%) and FE (73%) were obtained in bicarbonate electro-
lyte at pH 8.4. As a control, a negligible change in the furfural
concentration (0.03%) was observed over 2 h in bicarbonate
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electrolyte without any electrode (data not shown), which elimi-
nates the possibility of non-electrochemical or autocatalytic
polymerization reactions of furfural at pH 8.4. Thus, bicarbonate
electrolyte (pH 8.4) was used for further studies.

In all the neutral pH range electrolytes, we observed that the
pH of the reaction mixture increased during electrolysis. The
cathode open-circuit potential (OCV) was also observed to shift
to more negative potentials during electrolysis. We consider the
change in OCV to be related to the increased pH, due to proton
depletion. Fig. S6 (ESIt) shows the change of pH and OCV
during the two-hour ECH reaction in different pH electrolytes.
Strong acidic H,SO, (pH = 0.5) and basic NaOH (pH = 13.9)
electrolytes did not show a significant change in pH during the
reaction because of low pK, and pKj, values, respectively. H,SO,
(pH = 0.5) electrolyte also did not show a significant change in
the OCV. However, the NaOH electrolyte did show a high change
in OCV, possibly due to the lower proton concentration. Among
the neutral pH range electrolytes, Na,SO, (pH = 6) showed the
largest shift in both pH and OCV, which is expected as it is
a non-buffered electrolyte.

ECH in buffered electrolytes (bicarbonate, phosphate) led to
positive shifts in pH accompanied by negative shifts in the OCV.
We surmise that the lower magnitude of pH increase, and the
consequent OCV decrease, during ECH in these electrolytes is
related to buffer capacity.

The buffer capacity of 0.5 M sodium bicarbonate and phos-
phate was calculated analytically using their respective equi-
librium equations and disassociation constants and assuming
electroneutrality (Fig. S71). The resulting buffer capacity of
phosphate (pH 7.4) was 0.27 M per pH and that of bicarbonate
(pH 8.4) was 0.03 M per pH, largely due to the proximity of the
nearest pK, (7.2 for phosphate, 6.4 for bicarbonate). The higher
buffer capacity of phosphate explains its higher resistance to
change in pH and hence, the OCV.

Effect of the applied potential on the activity of the zinc
catalyst in NaHCO;

The activity of zinc in bicarbonate electrolyte was studied by
potentiostatic electrolysis at the applied potentials of —0.6 and
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Fig. 5 ECH electrolysis results with the zinc catalyst in 0.5 M NaHCOs
at different cathode potentials. Open symbols with dashed lines:
—0.6 V vs. RHE. Closed symbols with solid lines: —0.7 V vs. RHE.
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—0.7 V/RHE to determine the potential that would give the
maximum conversion, yield, and FE of the products (Fig. 5).
Less negative potentials, i.e. lower overpotentials, are preferred
to maximize energy efficiency. Potentiostatic electrolysis
provides an advantage over galvanostatic experiments in that
the kinetics of the system can be studied with control over the
potential, a significant thermodynamic driving force for the
reaction.

As discussed previously, the open circuit potential of zinc
during ECH in bicarbonate was observed to shift to more
negative potentials as pH increases due to proton depletion
(Fig. S61). Thus, potentiostatic electrolysis at —0.5 V/RHE would
have resulted in positive oxidation currents over the course of
2 h resulting in the formation of zinc oxide or hydroxide on the
catalyst cathode. Therefore, the potentiostatic electrolysis for
ECH of furfural was performed at —0.6 V/RHE.

Even at —0.6 V/RHE, the current density became positive
after 1.5 h of reaction. Thus, the reaction at —0.6 V/RHE was
terminated after 1.5 h. Satisfactory conversion of furfural
(41.9%) was obtained at —0.6 V/RHE potential with 16.4% and
1.3% yields of FAL and MF, respectively. The cell voltage when
the ECH was conducted at —0.7 V/RHE was around 19 V,
primarily due to the electrolyte resistance (data not shown). We
did aim to carry out ECH at —0.8 V/RHE; however, the cell
voltage exceeded the 20 V limit of our equipment. Thus, —0.7 V/
RHE is the most negative potential reported here. The FE of MF
remained almost the same at ~13% for both applied potentials,
but the FE of FAL at —0.6 V/RHE (83%) was higher as compared
to —0.7 V/RHE (73%). Also, at both potentials, zinc maintains
a nearly constant FE for FAL throughout the reaction. This
suggests that zinc is an active catalyst for furfural ECH and does
not degrade at these time scales. The higher conversion of
furfural (88%) along with the higher yield of FAL (40%) and MF
(3.5%) was obtained at —0.7 V/RHE, so this potential was
chosen for further studies.

Effect of different catalysts in NaHCO;

After establishing the catalytic activity of zinc for the ECH of
furfural at —0.7 V/RHE in 0.5 M bicarbonate (pH = 8.4), it was
compared to the electrolytic activity of copper and nickel cata-
lysts under the same reaction conditions (Fig. 6). It was found
that the catalyst had a tremendous effect on the reactant
conversion, product yield and FE of the reaction. The main
product was FAL in all the cases and MF was formed with low
yields. Nickel catalysis resulted in 9% yield of FAL with an FE of
18%. The highest yield and FE of MF were obtained with the
nickel catalyst as 5.7% and 20% respectively, indicating that
nickel is more selective to MF formation in bicarbonate elec-
trolyte as compared to copper and zinc. The yield of both the
desired products was tremendously low on copper but the FE
was fair (13.5% (FAL) and 18% (MF)). The highest reactant
conversion for furfural (88%) and FE for FAL (73%) was ob-
tained with zinc as a catalyst. To our knowledge, this is the
highest FE of FAL that has been reported. Zinc was highly
selective towards the formation of FAL, with 40% yield as
compared to 3.5% yield of MF. This result is consistent with
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Fig. 6 ECH electrolysis results with different catalysts in 0.5 M
NaHCOs3 at —0.7 V vs. RHE.

observations made by Jung and Biddinger in mildly acidic
electrolyte where the copper catalyst was more selective to FAL
production as compared to MF."

The results obtained with zinc were also compared to the
results obtained in the literature with the copper and nickel
catalyst. The plots of the activity of the zinc catalyst compared to
that of the copper and nickel catalyst at varying pH in the
literature based on conversion, yield and FE of products are
given in the ESI (Fig. S8f). Higher conversions have been
observed in the literature at acidic and basic pH
(Fig. S8at).>®113293% We have obtained 88% conversion with
zinc at pH of 8.4 which is comparable to copper and nickel in
a broader pH range (Fig. S8at). Yield and FE for MF have been
observed to decrease with increase in pH in the literature
(Fig. S8d and et).*'**** In the neutral pH range, the highest FE
for MF was obtained with zinc at 23% in phosphate (pH 8.4).
The nickel catalyst achieved an MF yield of 5.7% at pH of 8.4,
nearly the same as that obtained at pH 1 (6%).° The yields of FAL
with zinc, copper and nickel were low at pH 8.4 as compared to
the literature (Fig. S8b¥).%**** However, the FE of FAL with zinc
at pH 8.4 was high as compared to literature results for all
catalysts at varying pH (Fig. S8ct).>»**%**2934% This signifies that
zinc favors ECH over the HER and suggests that a mechanistic
role of zinc favors hydrogen transfer to furfural making it less
available for H, formation.

For all catalysts, the yield of all products is less than the
conversion of furfural, and the mole balance is not 100%; thus,
there are side products formed during furfural ECH. GC-MS
analysis of the reaction mixture revealed the presence of
multiple side products formed during ECH. A GC chromato-
gram of the reaction mixture containing furfural, furfuryl
alcohol, p-xylene (internal standard) along with the side product
peaks is provided in the ESI (Fig. S91). In the figure, six side
product peaks appear at a high retention time (42-44 min). The
mass spectra of each peak were obtained and compared to those
of chemical compounds returned by the NIST library, based on
the similarity index (SI). All side product peaks generated the
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same probable products, varying in similarity indices (Table
S1t). The most common match was alpha-furoin, with a SI of
80+ for all side product peaks.

A representative mass spectrum of the peak at retention time
43.72 min is given in Fig. $10.1 Based on GC-MS data, the side
products formed during ECH are alpha-furoin (1,2-di-2-furanyl-
2-hydroxyethanone),*® hydrofuroin (1,2-di-2-furanyl-ethane-1,2-
diol), 4-methyl-5-(2-methyl-2-propenyl)-2(5H)-furanone® and 1-
(2-furanyl)-3-methyl-3-butene-1,2-diol. It is suspected that
alpha-furoin and hydrofuroin are the primary side products that
could be formed by electro-dimerization. 4-Methyl-5-(2-methyl-
2-propenyl)-2(5H)-furanone could be formed by ring opening
and fragmentation of hydrofuroin. The formation of 1-(2-
furanyl)-3-methyl-3-butene-1,2-diol during ECH is less likely.

Similar side reactions have been reported in the literature,
where for example the formation of a pinacol product (hydro-
furoin) has been identified, which occurs via coupling of fur-
furyl radicals formed after the first electron transfer process.>**
Such radical coupling inhibits subsequent electron transfer and
formation of desired products (FAL and MF). The higher FE for
FAL with zinc suggests that the second electron transfer
required for the hydrogenation of furfuryl radicals is more facile
for zinc as compared to electrodimerization. This also reflects
the significant variation in catalytic specificity among the elec-
trode materials.

Catalyst characterization

Precipitates were observed on the electrode surface during
electrolysis with zinc in the presence of furfural. The precipi-
tates detached from the electrode and loosely settled at the
bottom of the H-cell. Additionally, a mass loss of 0.8 + 0.08%
zinc catalyst was observed after ECH electrolysis. No precipi-
tates or mass loss was observed during ECH electrolysis with
copper and nickel catalysts. Additionally, no precipitates or
mass loss was observed in the Zn wire during a control elec-
trolysis experiment with no furfural present under the same
reaction conditions. This indicates that the formation of
precipitates on the zinc surface is observed only during elec-
trolysis in the presence of furfural, even at a negative potential.
Similarly, Roylance and Choi observed roughening of the Zn
surface in SEM analysis after electrochemical HMF reduction at
—0.9 V/RHE, which was attributed to surface restructuring due
to the interactions between the Zn surface and HMF.*' Furfural
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radical or hydroxyl anions formed during the ECH reaction may
stabilize the oxidized form of zinc, leading to increased zinc
dissolution and subsequent precipitation as zinc oxides.***°
Furfural has also been reported to act as a stabilizing agent by
forming an ion pair with the cationic species due to the lone
pair of electrons on carbonyl oxygen.*> There is some question
of whether the dissolved zinc participates in the ECH reaction.

A control experiment wherein the zinc electrode was polar-
ized to —0.7 V/RHE in bicarbonate electrolyte (pH = 8.4) in the
absence of furfural showed a lesser increase in pH (0.6) as
compared to that during ECH (1.6, Fig. S61) over 2 h. This could
be due to increased proton consumption as indicated by higher
charge transfer during ECH as compared to the HER.*®

Metallic zinc is known to easily oxidize in the presence of air
and aqueous alkaline electrolytes.*>**** Zinc passivates in
aqueous bicarbonate solutions by formation of a zinc oxide
surface layer with partial dissolution to form zinc hydroxide.>*
Zincate ion formation has also been observed in zinc-air cells.*®
Thus, we expect these precipitates to comprise zinc oxides or
hydroxides.

The surface composition of the pre- and post-electrolysis
zinc wire along with zinc precipitates was analyzed by scan-
ning electron microscopy with energy dispersive X-ray spec-
troscopy (SEM/EDS). The SEM images and EDS spectra are
shown in Fig. 7 and S5, ESI,T respectively. The clean zinc wire
yielded a surface composition of 91.6 wt% zinc with a minor
carbon (6 wt%) and oxide content (2.5 wt%, Table 3). The
surface content of the post-electrolysis wire was 27.8 wt% zinc,
19.6 wt% sodium and 39.6 wt% oxygen. A 7 wt% increase in the
carbon content was observed in all post-electrolysis samples,
which could be due to adsorbed organic compounds from the
ECH reaction, contributing to electrode poisoning.

The SEM images of the post-electrolysis catalyst wire showed
particles of triangular morphology surrounded by agglomerated
fine particles (Fig. 7b). EDS of one triangular particle was
compared to that of the agglomerated particles. The triangular
particle displayed an almost equal zinc and oxygen content of
36.3 wt% and 37.3 wt% respectively. This may be interpreted as
zincate (Zn(OH),>"), based on theoretical wt%. The agglomer-
ated particles on post-electrolysis zinc wire contained 27.3%
zinc and 39.6 wt% oxygen, which is still close to the
theoretical wt% and is therefore likely zincate as well. In
comparison, precipitates showed a higher zinc content

:--7..\":‘

;Npa X500
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Fig. 7 SEM images of the (a) pre-electrolysis zinc wire, (b) post-electrolysis zinc wire and (c) zinc precipitates.
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Table 3 Catalyst content (wt%) of the pre- and post-electrolysis zinc wire, and precipitates

Post-electrolysis

Element Pre-electrolysis Overall

Agglomerated

Triangle particle particle Precipitates

Zinc 91.6 27.8

Sodium — 19.6
Oxygen 2.5 39.6
Carbon 6 13

(57.4 wt%) with 30.6 wt% oxygen and minor traces of sodium
(4.7 wt%). This result suggests that the precipitate is primarily
zinc hydroxide (based on theoretical wt%).

The high activity of zinc for ECH over the HER implies that
there could be a mechanistic role of adhered oxidized zinc
precipitates that favors hydrogen transfer to furfural making it
less available for H, formation. The high concentration of zin-
cate ions in the vicinity of the electrode surface as compared to
bulk solution leads to their deposition on the electrode
surface.®® At saturated concentrations, soluble zincate ions
precipitate out as insoluble zinc oxide.*>*” Burch et al. reported
that the zinc oxide catalyst acted as a reservoir for atomic
hydrogen and promoted hydrogen spillover towards copper to
catalyze methanol synthesis from H, and CO,.*® The presence of
the oxidized layer on the zinc metal surface has been proposed
to enable stabilization of adsorbed intermediates, thus
promoting higher product selectivity.*

Based on the above discussion, Fig. S117 shows a proposed
mechanism, wherein zinc oxides provide adsorption sites for
protons, which gets reduced to adsorbed hydrogen on the zinc
metal by the Volmer reaction (eqn (2)). Zinc is an oxophilic
metal that promotes carbonylic aldehyde group coordination of
an organic compound on its surface.®®** Thus, furfural could
adsorb on metallic zinc. Zinc is reported to form a loose passive
zinc oxide layer on the surface at alkaline pH,*** which could
facilitate proton association with electronegative oxygen. From
there, hydrogen may adsorb to the metal surface, and react with
adsorbed furfural to produce FAL and MF. The remaining steps
shown for hydrogenation to FAL and MF are based on the
literature for chemical hydrogenation of furfural to FAL and
MF.">** There is still a question of whether both furfural and
hydrogen adsorb on zinc oxides, which requires further mech-
anistic investigation. Thus, there is scope for further studies to
fully elucidate the electrocatalysis of ECH by oxidized zinc.

Kinetic analysis

In principle, potentiostatic electrolysis enables chronological
data to be fit to kinetic models, which is more difficult in the
case of constant-current data. Initial time-dependent furfural
concentration data for different catalysts and varying potential
in bicarbonate electrolyte were fitted to a first order rate law
using a nonlinear least squares procedure. As shown in Fig. 8,
the first-order model does not fit the data over the entire period
of electrolysis. This is likely due to catalyst surface modification
or poisoning by reaction byproducts, which is consistent with

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Experimental furfural concentration profiles during electrolysis
in 0.5 M NaHCOg3 with the (a) zinc catalyst at —0.6 and —0.7 V vs. RHE;
(b) copper catalyst at —0.7 V vs. RHE; (c) nickel catalyst at —0.7 V vs.
RHE. Curves represent fitting of the initial reaction rate (0—30 min) to
a first order rate law.

the presence of increased carbon content after electrolysis, as
observed by EDS (Table 3). Instead, we took the initial reaction
rate by fitting the first order model to the initial data points,
between 0 and 30 min.

The experimental and fitted concentration profiles are given
in Fig. 8. The fit was found to be good, with an R* value of
varying from 89-97%, for different cases. The highest rate
constant for ECH of furfural was obtained for the zinc catalyst at
—0.7 V/RHE as 0.42 h™" cm™? (Table 4). As expected, the rate
constant of zinc at —0.7 V/RHE was over 60% higher than that of
zinc at —0.6 V/RHE.

The rate constants for copper and nickel were found to be
similar. As seen in Fig. 7, the activity of copper and nickel in
terms of conversion of furfural did not show a significant
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Table 4 Rate constants for ECH of furfural in 0.5 M NaHCO3

Catalyst Potential (V/RHE) k(h'em™?) R

Zinc —0.6 0.15 + 0.01 0.93
Zinc -0.7 0.42 £ 0.02 0.97
Copper 0.13 £ 0.01 0.89
Nickel 0.19 £ 0.02 0.90

difference. The rate constant of zinc at —0.7 V/RHE was found
around 55% higher than that of copper and nickel. By this
measure, therefore, zinc is a comparatively better catalyst for
ECH of furfural.

Conclusion

Electrochemical hydrogenation of furfural to FAL and MF was
studied using various catalysts in multiple electrolytes of
varying pH. The nature of the electrode material and electrolyte
pH immensely affected the conversion, yield, and FE to the
desired products. Higher product yield and FE were obtained at
pH 7.4 to 8.4 as compared to acidic and basic pH. FAL yield was
high at high pH with MF formed at lower yields. Although, the
yields of FAL and MF were low on copper and nickel, the FE was
appreciable. The highest yield of MF was achieved with nickel as
a catalyst.

The best activity was achieved using zinc as a catalyst on the
basis 88% conversion, 40% yield and 73% FE of FAL in 0.5 M
bicarbonate electrolyte for potentiostatic electrolysis at —0.7 V/
RHE over 2 h. The total FE for ECH of furfural was obtained as
86% with the zinc catalyst in bicarbonate electrolyte (pH = 8.4),
which suggests that the HER was restricted. The total FE of
products obtained with zinc in phosphate (pH = 7.4) was close
to that in bicarbonate (pH = 8.4). This emphasizes the role of
proton concentration in the neutral pH range electrolytes to
inhibit the HER, polymerization and electrodimerization reac-
tions. Additionally, dissolution of zinc during electrolysis, only
in the presence of furfural, suggests participation of dissolved
zinc in the hydrogenation mechanism. Further investigations
on the reaction mechanism for the role of zinc or oxidized zinc
for ECH of furfural will help gain better insight into the reason
for the high activity of zinc for this reaction. This system may
also be applicable to ECH of other aldehydes, such as benzal-
dehyde or acetaldehyde.
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