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The electrochemical transformation of sustainable feedstocks such as biomass derived species can help
to electrify the chemical industry and reduce reliance on petroleum. Furfural (FF), one such biomass
derived species, can be electrochemically reduced to form furfuryl alcohol (FA) and 2-methylfuran (MF)
which are used to produce thermally stable molds and resins, and a fuel candidate or additive, respect-
ively. Using Cu electrodes allows for selective production of FA or MF, dependent on the pH of solution,
with MF requiring a low pH. The highly acidic conditions to produce MF also drive homogeneous side
reactions and foul the Cu electrode with time. To better understand the nature of the build up on the
electrodes, accelerated fouling conditions of high initial concentrations of FF and very low pH were inves-
tigated. At concentrations of 200 mM FF in 0.5 M H,SO,4, we observed fouling of the Cu electrode during
electrochemical hydrogenation and hydrogenolysis (ECH) of FF. The fouling of the electrode was also
shown to be potential dependent, with poly(furfuryl alcohol) (pFA) forming at =560 mV RHE while an
amorphous carbon resembling soot was observed more significantly at —700 mV RHE. The fouling of the
Cu electrodes was shown to increase the polarization resistance during FF reduction, hindering the rates
of reactions to FA and MF. Through control studies, it was found that the fouling is electrochemically-
driven and requires the starting reactant FF to be present. By investigating and understanding the fouling
of Cu electrodes during the electrochemical hydrogenation and hydrogenolysis of FF, catalysts can be
better designed to inhibit fouling and be used for longer durations or for more cycles before requiring a
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treatment to regain activity or replacement. Additionally, while this work shows the detriment of carbon
fouling on the electrode, pFA is a desirable product. Process intensification through development of a FF
to pFA electrochemical step could be achieved through electroreduction with high concentration of FF in

rsc.li/greenchem 0.5 M H,SO4.

ration production of reactant hydrogen, eliminate toxic
reagents, and operate at ambient conditions.>® Additionally,

Introduction

Limiting the production of greenhouse gases coming from the
chemical industry is a challenge currently being faced which
can be addressed through the design and implementation of
sustainable processes. Electrochemical processes have benefits
in terms of sustainability compared to their non-electro-
chemical counterparts,'* with greater benefit reached through
biomass upgrading.® Electrochemical processes can be con-
sidered greener due to being able to avoid upstream CO, gene-
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electrochemical processes can have a modular small-scale
design that is more flexible to intermittent energy usage.>® In
electrochemical reduction reactions the protons for hydrogen-
ation can be supplied from the electrolyte instead of externally
supplied hydrogen gas. Not requiring hydrogen gas reduces
the overall CO, emissions, as the hydrogen gas is convention-
ally produced via steam reforming followed by water gas shift
reactions, which emits a large amount of CO,. Renewable
biomass is also replenishable on a much shorter time scale
compared to fossil fuels and lessens the concerns regarding
long term availability of feedstocks.” Biomass upgrading
depots have recently been proposed as one example using
biomass as a feedstock on a distributed scale.®’
Electrochemical upgrading of the bio-oil can allow for trans-
portation of the oil or use.
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While many biomass derived species exist, furfural (FF) has
been identified as a top 30 building block molecule'® with a
production estimated to be approximately 420 000 tons per
year in 2024."" FF is used to produce crucial commodity
chemicals such as furfuryl alcohol (FA), 2-methylfuran (MF),
furan, and tetrahydrofuran.'>'®> While traditional thermocata-
lytic methods dominate FF reactions currently, electrochemical
methods have been of great interest recently. For example, the
electrochemical hydrogenation and hydrogenolysis (ECH) of
FF is used to produce FA and MF, respectively. Nilges and
Schroder showed that Cu electrodes can produce both FA and
MF in 0.5 M H,SO, with a high selectivity of 80% to MF,
whereas Ni and Pt metal electrodes would be more selective to
FA than MF, and electrodes of C, Fe, Pb, and Al would largely
produce the dimer species hydrofuroin.'* Over a Cu catalyst,
the pH has been shown to be crucial in achieving a high
selectivity to MF, with the selectivity shifting towards FA as the
pH increases.”>™® While the acidic conditions have been
shown to greatly increase the selectivity to the MF species,
acidic conditions have also been shown to be responsible for
homogeneous side reactions occurring in the electrolyte con-
suming FA and MF products.”"”"**?° We have shown that the
sparging of nitrogen gas will allow for higher MF yields in
more acidic conditions despite the side reactions, due to the
facile evaporation of MF into a solvent trap that does not
contain acid.'®*® The applied potential controls the current
(reaction rate) of the process. We have previously shown that
by running at higher current density, the mass balance in FF
ECH can be improved as the duration of experiment can be
shortened, limiting side reactions."® An increase to the magni-
tude of the reducing potential typically increases the conver-
sion of FF reduction, but comes at the cost of lowering the far-
adaic efficiency to FA and MF.>° A higher selectivity to MF can
be achieved by increasing the applied potential from —500 mV
RHE to —800 mV RHE, but will decrease with further increase
in potential to —900 mV RHE.>°

We have previously shown that with repeated use in FF
ECH, Cu electrodes became covered in carbonaceous material
that inhibited the production rate to FA and MF.*' Deng
showed that coking and polymerization occurs in the electro-
chemical upgrading of bio-oils and how to tune the coke struc-
tures using current density and reaction time to produce coke
for desired applications.”>** Systems containing bio-oils or
furanics have shown electropolymerization reactions or coking
at oxidative potentials®* or at highly negative reductive poten-
tials (—5400 mV RHE).>®> While fouling is not desired in the
selective production to FA and MF, electrochemical polymeriz-
ation can be a desired reaction.

In this work we show the impact of the applied potential on
the fouling of Cu electrodes during FF ECH in conditions
designed to accelerate fouling. FF ECH was done with 200 mM
concentrations of FF in 0.5 M H,SO, with a Cu electrode. The
electrode was used three times to further foul the electrode. In
the ECH of FF to produce FA and MF, we show that a polymer
or amorphous carbon resembling soot would form in the
selected conditions. The carbon deposition on the electrode
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led to deactivation and decreased rates (partial current den-
sities) to FA and MF. FTIR characterization showed that poly
(furfuryl alcohol) (pFA) was formed at a moderately negative
applied potential. Amorphous carbon was formed at both
potentials, however it was more prevalent at a more negative
applied potential. We also identified that the fouling is electro-
chemically driven and requires the presence of the starting
material, FF. Understanding the electrode fouling in FF ECH is
important so that more robust systems can be implemented to
extend catalyst lifetime for ECH of FF to FA and MF.

Additionally, an understanding of catalyst performance will
allow for more detailed models regarding production of FA
and MF. This work showed that pFA could be produced via
electrochemical reduction of FF in acidic conditions with
200 mM FF. There is benefit in targeting the pFA and collect-
ing it, as a common use for FA is the acidic polymerization to
form pFA.

Experimental
Materials

To construct Cu electrodes, Cu wire (99.999%, 0.5 mm dia-
meter from Alfa Aesar) was attached to a 1.5 by 2.0 cm Cu foil
(99.999%, 0.1 mm thick from Alfa Aesar). The Pt gauze counter
electrode was made by welding a Pt wire (99.95%, 0.5 mm dia-
meter from Alfa Aesar) onto a 2.5 by 2.5 cm Pt gauze (99.9%,
52 mesh, 0.1 mm thick from Alfa Aesar). The reference elec-
trode was a 3.0 M sodium chloride Ag/AgCl electrode
(MR-5275, from BASi). DI water for solutions was 18.2 MQ cm
produced in lab via Milli-Q Direct 8 water purification system.
Acetone (optima grade from Fisher) and hydrochloric acid
(37%, from Fisher) diluted to 10 vol% in water were used for
Cu electrode preparation. Chloroform (ethanol as stabilizer,
HPLC grade from Beantown Chemical), sodium chloride from
Acros, and sodium sulfate anhydrous from Fisher were used in
sample workup. Acetonitrile (optima grade from Fisher), fur-
fural (99% from Sigma-Aldrich), furfuryl alcohol (98% from
Acros), 2-methylfuran (99% with BHT as stabilizer from
Sigma), and sulfuric acid (93-98% trace metal grade from
Fisher) were used in preparation of calibration samples and
reactor electrolytes. Furfural was vacuum distilled in lab to
remove color and increase purity at a pressure of 5 mbar and a
temperature increasing from ambient to approximately 40 °C.
Nitrogen gas (5.0 ultra high purity from Praxair) was used to
sparge the catholyte.

ECH cell setup

A two compartment H-cell separated by a Nafion 117 mem-
brane was used, as depicted in our previous work.'” A solvent
trap was connected to a cathode compartment port, and nitro-
gen gas was sparged at 60 mL min~"' into the catholyte to
promote evaporation of volatile species into the solvent trap
for collection. The solvent trap consisted of 60 mL of aceto-
nitrile chilled to —15 °C. The anolyte was 30 mL of 0.5 M sulfu-
ric acid. The catholyte was 35 mL of 0.5 M sulfuric acid in a
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20:80 v:v acetonitrile : water cosolvent with 200 mM of FF.
The H-cell was kept in a water bath at 25 °C. Stir bars were
placed into the anode and cathode chambers and stirred at
600 rpm via magnetic stirrer. The Cu electrode was sonicated
in acetone for 10 minutes, rinsed with DI water, submerged
into 10 vol% HCI for 1 minute, and then rinsed prior to the
first electrolysis experiment.

A Gamry Interface 1000 potentiostat was used for electro-
chemical experiments. Electrochemical impedance spec-
troscopy (EIS) was run potentiostatically at —560 mV vs. RHE
in all cases. An AC voltage amplitude of 10 mV was applied in
a frequency range of 100 kHz to 0.1 Hz.

Chronoamperometry was run for 3 hours at an applied
potential of —560 mV RHE or —700 mV RHE and iR corrected
manually post experiment. Electrochemical experiments were
repeated at least 3 times. Electrolytes were sparged with nitro-
gen gas at 60 mL min~' for 30 minutes prior to use, and
during electrochemical experiment.

FA ECH experiments were done with 15 mM of FA in lieu of
FF at =560 mV and —700 mV RHE.

A Cu submerged in electrolyte containing 30 mM of FA and
100 mM FF for 3 hours experiment was done with no applied
potential.

Analysis

0.5 mL samples were taken via syringe from the catholyte,
anolyte, and solvent trap. The solvent trap sample was diluted
by adding 1 mL of acetonitrile. Catholyte and anolyte samples
underwent a workup to remove the aqueous and acidic com-
ponents of the solution before GCMS analysis. For the workup,
the sample was first diluted to 5 mL with chloroform, then
200 mg of NaCl was added and the sample was shaken. After
settling the sample would phase separate into an aqueous and
organic phase. The organic phase was removed by syringe and
further dried with 100 mg of Na,SO,. The dried samples were
then removed by syringe and syringe filtered into a vial.
Samples from the anolyte did not show any furanics from
membrane crossover.

Calibration curves were produced to relate the concen-
tration of furanic (FF, FA, MF) to the corresponding peak area
of GC-MS spectra.

Worked up samples were run through a gas chromatograph
mass spectrometer (GC-MS) from Shimadzu (Model QP
2010Ultra), equipped with a TRWAXMS column (30 m long,
0.25 mm diameter, 0.25 micron thick) from Thermo Scientific.
The method file used ran a temperature ramp of 5 °C min~" from
40 °C to 160 °C and had an injection temperature of 250 °C.

X-ray photoelectron spectroscopy (XPS) was used to investi-
gate the chemical composition and functional groups present
in the fouled Cu surfaces. Fouled Cu electrodes were dried at
40 °C overnight under vacuum to be suitable for XPS analysis.
A PHI 5000 VersaProbe II spectrometer from Physical
Electronics, equipped with a monochromatic Al Ka radiation
source, and operated at 10™% Torr pressure was used.

A FEI Helios NanoLab 660 from Thermo Fisher was used
for SEM and EDS imaging. Due to low conductivity, fouled Cu
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samples were coated with 20 nm of Au using a Leica EM
ACE600 coater. Scans were taken using 1.6 nA at 10 kV.

A confocal Raman Microscope alpha300R from WITec
equipped with a Zeiss EC Epiplan-Neofluar Dic 100%/0.9 objec-
tive lens was used to collect Raman spectra of fouled Cu
samples. Scans were taken with a 532 nm laser. The spectro-
meter was calibrated with a Si sample using 50 co-added scans
at 0.1 s scan time with 20 mW power laser. Fouled Cu electro-
des were sampled with a 5 mW power laser, 50 co-added scans
with 0.1 s scan time.

A Nicolet is50 FTIR bench with a built-in ATR (Diamond)
from Thermo Fisher Scientific was used equipped with a DTGS
detector. Spectra consisted of 32 co-added scans with a 4 cm™
resolution.

Results and discussion

To investigate the fouling of Cu electrodes during the ECH of
FF, conditions were selected to intentionally promote fouling.
These conditions included consecutive use of the Cu electrode
in bulk electrolysis with high concentrations of FF (200 mM),
acidic electrolyte of 0.5 M H,SO,, and long experimental run
time of three hours. Experiments were performed in a 2-com-
partment H-cell attached to a solvent trap to collect volatile
species. The electrodes were used for three consecutive experi-
ments: ECH1, ECH2, and ECH3. The electrolytes and solvent
trap were sampled during all sets of ECH, and the electrodes
had ex situ characterization after ECH. A depiction of this
experimental procedure is shown in Fig. 1a. During ECH, the Cu
electrodes underwent fouling due to formation of carbonaceous
material on the surface of the Cu electrode. When bare Cu flag
electrodes were used under accelerated fouling conditions, the
activity of the electrode was negatively impacted at both —560 and
—700 mV RHE. With each use of the electrode, the final conver-
sion decreased, a trend observed at both —560 and —700 mV
RHE. For the more negative potential of =700 mV RHE, the con-
version was 43.3% after ECH1 and 23.4% after ECH3. At
—560 mV RHE, the conversion was 60.1% after ECH1 and 20.7%
after ECH3. With a more negative potential, it is expected that the
greater driving force will increase the rate of FF ECH to FA and
MEF, and hence reach a higher conversion.'®*%*! Surprisingly, the
conversion at the less negative potential was found to be higher
than the conversion at a more negative potential for the first and
second trials of ECH, shown in Fig. 1b-d. After ECH3, the conver-
sion reached were very similar. Reaction data is also tabulated in
Tables S1 and S2.T In previous work, we have shown that conver-
sion generally increases with more negative potentials,'”>**!
however, the accelerated fouling conditions likely have influenced
the conversion results.

In the FF ECH system on Cu in acid, the conversion of FF
can produce both FA and MF through parallel reactions.>
Additionally, due to the acidic electrolyte, homogeneous side
reactions occur which consume FA and MF and negatively
impact the mass balance closure."® The mass balance closure
is a measure of the quantified furanics (FF, FA, and MF),
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Fig. 1 (a) A schematic showing the experimental procedure of this work, noting that the ECH cell depicts only the cathodic chamber while a full
cell was used as depicted in ref. 17. Conversion of FF during 3 hours ECH with recycle showing (b) ECH1, (c) ECH2 (d) ECH3. Conditions: 200 mM FF,
0.5 M H,SO,4, 80: 20 vol% water : acetonitrile, 60 mL N, sparging, 25 °C, Cu electrode. (e) Polarization resistance before ECH determined using EIS.
X-Axis shows the number of uses prior to the EIS. EIS conditions: =560 mV RHE RMS, 10 mV amplitude, 0.1 Hz to 100 kHz.

which will decrease when products such as humins, that are
difficult to quantify, are produced.'®> The mass balance, as well
as the selectivity to FA and MF over consecutive ECH at either
—560 or —700 mV RHE are shown in Fig. 2. The mass balance
is the accounting of quantified products FF, FA, and MF, and
did not reach 100% due to homogeneous acidic side reactions
or fouling.">'”'>?*® Fig. 2a-c shows that the mass balance
closure at —560 mV RHE decreased with time throughout
ECH, but the decrease was less severe with subsequent ECH.
The higher mass balance with subsequent ECH was due to a
lower amount of converted FF when the electrode was recycled
and hence less FA and MF going through side reactions. This
was because the side reactions were concentration
dependent.’®*° At the end of ECH, the mass balance was
found to be 65.9%, 73.7%, and 82.9% when run at —560 mV
RHE with consecutive use. A similar trend was shown when
ECH was run at —700 mV RHE (Fig. 2d-f), where the mass
balance reached was 72.1%, 79.9%, and 81.6% with consecu-
tive use at —700 mV RHE.

At —560 mV RHE, the selectivity to MF was stable around
30% throughout ECH1 to ECH 3 while the selectivity to FA
decreased over the duration of ECH. For example, the selecti-
vity to FA dropped by 1.2%, 9.4%, and 5.5% during ECH1,
ECH2, and ECH3 between the first and final samples. This
decrease in selectivity was due to the rate of homogeneous

8690 | Green Chem.,, 2023, 25, 8687-8697

side reactions exceeding the rate of FA production.'® At
—700 mV RHE, the selectivity towards MF dropped early on
during ECH1 but then remained constant. The selectivity of
MF after 30 minutes on ECH1 was 28.2% and dropped to
22.8% at 3 hours. The selectivity to MF then remained fairly
stable around 18% during ECH2 and ECH3. The selectivity
towards FA had a small decrease during the ECH experiments
at —700 mV RHE, again due to the rate of side reactions
exceeding that of the electrochemical FA production. The
resulting selectivity was lower than our previous work at
100 mM FF where fouling was not observed,'® which suggests
that additional furanics were lost due to fouling. One possi-
bility is that carbon on the surface from fouling acted catalyti-
cally, as carbon shows a lower selectivity to MF production
compared to Cu.™ It could also be the case that an intermedi-
ate to MF was remaining on the catalyst and was the cause of
the fouling. Similar trends were found for the faradaic efficien-
cies to FA and MF, shown in Fig. S1.f The mass of the elec-
trode was measured prior to use and after the final use of ECH
to determine the mass change due to fouling. The average
mass on the electrode after continued ECH was 0.00228 g at
—560 mV RHE and 0.00306 g at —700 mV RHE. While the
impacts of the fouling was severe, the mass accounted for only
1.27 and 1.98% of the unaccounted for mass from ECH at
—560 mV and —700 mV RHE, respectively.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Mass balance and selectivity to FA and MF from consecutive ECH of FF with recycled Cu foil electrode. At =560 mV RHE: (a) ECH1, (b) ECH2,
(c) ECH3. At =700 mV RHE: (d) ECH1, (e) ECH2, (f) ECH3. Conditions: 200 mM FF, 0.5 M H,SO4, 80: 20 vol% water : acetonitrile, 3 hours duration

ECH, 60 mL N; sparging, Cu electrode.

The decrease in current was due to an increase in the polar-
ization resistance at the electrode surface. The polarization re-
sistance prior to ECH at both potentials is shown in Fig. 1e.
The polarization resistance was found using EIS, with repre-
sentative samples shown in Fig. S2.f At —560 mV RHE the
polarization resistance increased with consecutive use from
1.10 Q to 1.56 Q, and then 2.97 Q. A larger increase in the
polarization resistance was seen with use at —700 mV RHE,
from 1.11 Q, to 2.55 Q, and then 5.09 Q. The increase in polar-
ization resistance with consecutive use was an indicator that
the fouling had caused the decreased conversion with elec-
trode recycling. The charge transfer resistance of the reaction
increased more significantly between consecutive ECH at
—700 mV RHE compared to —560 mV RHE. The greater charge
transfer resistance of the —700 mV RHE fouled electrode sup-
ports the more significant deactivation of the electrode.

Once used, the electrodes had material buildup which
could be seen by eye as a darkening of the electrode surface
which was likely causing the increasing polarization resistance
and decrease to conversion. To visualize and determine the
chemical composition of the material found on the recycled
electrodes, SEM/EDX was used. SEM/EDX showed high cover-
age of carbonaceous material on electrodes used three times at
either —560 mV RHE or —700 mV RHE. The carbonaceous
fouling had different features and chemical composition
between the —560 mV RHE and —700 mV RHE used electrodes.
The high coverage of carbonaceous material on the surface of
the —560 mV RHE fouled Cu electrode and —700 mV RHE elec-
trodes can be seen in the EDX scans presented in Fig. 3a and

This journal is © The Royal Society of Chemistry 2023

b. On the =560 mV RHE fouled Cu electrode, the surface had
small features located throughout but otherwise appeared
smooth, and no Cu was detected with EDX. In comparison,
the —700 mV RHE fouled electrode (Fig. 3b) showed a rough
surface with small, dispersed Cu sites throughout the elec-
trode. For comparison, SEM/EDX images of a bare Cu elec-
trode are shown in Fig. 3c. The bare Cu electrode is smooth
and had significantly less C and O contribution, with a higher
Cu contribution than the fouled electrodes. The C and O con-
tributions on the bare Cu were attributed to time spent in
atmosphere during sample transfer to XPS. The composition
of the surfaces in atomic percentage can be found in Table 1.
The bare Cu had a significantly higher Cu at% with C and O
at% due to exposure to atmosphere. The Cu fouled at —560 mV
RHE had the highest at% to C and had an undetectable Cu
at%. The Cu electrode fouled at —700 mV RHE had a higher O
and Cu at% compared to the —560 mV RHE fouled electrode.

While a high coverage of C was on the electrodes after use,
determined using EDX, further analysis into what functional
groups were found in the carbonaceous fouling was done
using FTIR, Raman, and XPS. The electrode fouled at —560 mV
RHE through consecutive ECH showed bands on the FTIR
spectra suggestive of a polymer material. The spectra of the
—700 mV RHE electrode had some similar bands as the
—560 mV RHE fouled electrode, however they were not as
intense and required magnification to see. The —700 mV RHE
electrode did show an increasing absorbance as the wavenum-
ber decreased, which can be seen by carbon blackbody
absorbance.>®

Green Chem., 2023, 25, 8687-8697 | 8691
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Fig. 3 SEM/EDX images at 500x magnification for (a) -560 mV RHE fouled Cu (used three times), (b) =700 mV RHE fouled Cu (used three times),
(c) bare Cu. Scale bar shown is 100 um for all images. Columns from left to right are labeled on top row.

Table 1 Composition of surface of used Cu electrodes and bare Cu foil
based on EDX

Sample At% Cu At% C At% O
—560 mV RHE fouled 0 85.7 14.3
—700 mV RHE fouled 4.1 78.7 17.3
Bare Cu 87.7 12.0 0.3

Due to the polymer like bands seen on the spectra of the
—560 mV RHE electrode, a polymerization could have occurred
at =560 mV RHE. One possible polymer material that could
form in the conditions of our electrochemical experiment is
poly(furfuryl alcohol), which is commonly produced through
reacting FA in acidic media. To investigate this possibility,
commercial pFA was also studied using FTIR, and showed
almost complete overlap with the —560 mV RHE fouled elec-
trode. FTIR spectra of the —560 mV RHE and —700 mV RHE
fouled Cu electrode surfaces and commercial pFA can be seen
in Fig. 4, with pFA bands of interest seen in literature®”>°
labelled. The primary bands of pFA are also summarized in
Table S3.1 While most of the bands overlapped between com-
mercial pFA and the —560 mV RHE fouled Cu electrode, the
-CH, stretch showed a larger shift of nearly 30 wavenumber.
Shifts in the -CH, stretch have also been seen in samples of
PFA produced via thermocatalytic process due to the pyrolysis
temperature.>” Acetonitrile has been shown to react electroche-
mically with FF in polymerization reactions on Pt electrodes at
highly negative potential (=5.4 V RHE).>® If acetonitrile was
polymerizing in our sample, we would expect to see a C triple
bond N band at 2250 cm™" or the a C=N stretch between
1690-1640 cm™" which are both likely to be found in aceto-
nitrile containing polymers.>® In our current study, we found
that acetonitrile did not polymerize with FF as no band was
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seen in the commercial pFA or the —560 mV RHE fouled Cu
polymer at 2250 cm ™" or between 1690-1640 cm ™.

Due to the similar structures of the furanic species investi-
gated in this work (FF, FA, MF), spectra for fouled Cu samples
were compared to spectra for FF, FA, and MF. The spectra com-
parison of Cu samples and furanics, including pFA, can be
seen in Fig. S3.1 All spectras compared showed similarities
due to all being furanic, however the similarities between the
polymer formed and pFA are nearly identical while the
—560 mV RHE fouled Cu electrode only shared some overlap
with other furanics. A comparison was also made between bare
Cu and fouled Cu electrodes, which is shown in Fig. S4.1 The
Bare Cu showed very little absorption from FTIR, while the
—700 mV RHE fouled Cu showed a broad absorption growing
with decreasing wavenumber without strong features present in
the —560 mV RHE fouled Cu. The results of the FTIR analysis
showed strong evidence that pFA was formed on the Cu surface
during ECH of FF at —560 mV RHE. When the Cu was used for
consecutive experiments at a more negative potential (—700 mV
RHE), it was found that a polymer was not formed on the surface,
however the surface was instead covered in another carbonaceous
material. Although FTIR analysis showed small intensity features
of the pFA it was within an increasing baseline which suggested a
non-polymeric carbon material due to the broad absorption of
carbon material.>®

Poly(furfuryl alcohol) can be produced through the reaction
of FA in acid, and so the conditions of ECH conducted in this
work could promote the production of pFA from product
FA.>®*° The formation reaction of pFA from FA has been
suggested to proceed via two routes,”® shown in Scheme 1.

In our system, we saw the pFA was formed during FF ECH
to FA and MF, however this could be due to either an electro-
chemical or non-electrochemical process. To decipher whether
the pFA formed on the Cu electrode at —560 mV RHE was due

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Reaction pathway for pFA formation from FA in acid.

to an electrochemical bias or homogeneously, experiments
without electrochemistry were completed. In the non-electro-
chemical experiments, a Cu electrode was submerged for
3 hours into solution containing 100 mM FF and 30 mM FA to
imitate the concentrations of FF and FA found in solution
during FF ECH. If pFA was formed during the experiment
without electrochemistry, it could be the case that FA produced
during ECH would react homogeneously and then collide with
the electrode. SEM/EDX images at 5000x magnification were
taken (Fig. 5) which showed that while carbon did accumulate
onto the Cu foil submerged into electrolyte (no electro-
chemistry), the Cu was not covered as completely as samples
under a potential bias. The submerged Cu sample had 45.3
at% Cu, 52.8 at% C, and 1.9 at% O. FTIR spectra for the Cu
submerged in electrolyte did not show overlap with commer-
cial pFA or fouled Cu samples, spectra can be seen in Fig. S3
and S4.7 This suggested that the applied potential played a key
role in the polymerization reaction leading to pFA formation
on the —560 mV RHE fouled Cu.

Route 1 o

[ CHZO

The FTIR spectra of the submerged Cu (Fig. S3 and S47)
closely resembled the spectra of humins samples seen in other
works.**? Ppatil and Lund studied humins formed from
5-hydroxymethylfurfural (HMF) and found that FTIR spectra of
humins in the 600-1800 cm™' region did not have sharp
bands such as 5-hydroxymethylfurfural but rather an envelope
of several overlapping bands.’’ Additionally they found that
humins produced though either hydrothermal and acid cataly-
sis routes resulted in similar FTIR bands, however the inten-
sity differed within the 1550-1750 and 1150-1350 cm™'
regions.’” It was shown that while some bands seen in HMF
were also found the in humins samples due to the presence of
furan groups and hydroxyl groups, there were bands that
occurred within the humins sample not seen in the HMF
samples.’ Notably, a carbonyl band was not found in the
humins sample, and instead multiple bands were found 50 to
90 cm™" higher and 45 to 65 cm™" lower than the band at
1665 cm™" expected for carbonyl of HMF.*' For the Cu sub-
merged sample in our work the FTIR spectra had the same

Fig. 5 SEM/EDX images at 5000x magnification for a Cu foil electrode submerged into catholyte solution containing 100 mM of FF and 30 mM of

FA for 3 hours. Scale bar shown is 10 ym.
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characteristics as the humins produced from HMF, due to the
many similarities between HMF and FF. The FTIR spectra of
the Cu submerged solution (Fig. S3 and S41) had an envelope
of bands in the 700-1800 ¢cm™" region as well as bands at
higher and lower wavenumbers compared to the carbonyl
band at 1671 cm ™.

Furthermore, Tsilomelekis et al., reported that the spectra
for humins derived from different molecules, namely
5-hydroxymethylfurfural, glucose, and fructose showed very
similar spectra features, with major bands at the same wave-
numbers.*” For all three species, the corresponding humins
had 2 or 3 bands above and below the carbonyl band, as well
as a band at 758 cm™".** The same features were found in the
Cu submerged sample in our work, suggesting the humins
from furfural or furfuryl alcohol have similar structure to
those derived from the species mentioned by Tsilomelekis
et al.>* and Patil and Lund.**

The previous FTIR results for the —700 mV RHE fouled Cu
showed a broad absorption increasing at lower wavenumber,
suggestive of amorphous carbon or coking.’® Raman spec-
troscopy has commonly been used to study different carbon
structures through the presence and characteristic of the D
and G bands. Hence, Raman spectroscopy was used to further
analyze the materials on the fouled Cu electrodes. The Raman
spectra of the —700 mV RHE fouled Cu electrode showed evi-
dence of carbonization and the spectra was deconvoluted to
show D and G bands, and a broad 2D band (Fig. 6). The D
band was centered at 1361 cm™ " and the G band was centered
around 1585 cm™". The ratio of the intensity of the deconvo-
luted D and G bands, Ip/Ig, was found to be 0.652. For dis-
ordered carbon structures, the full width at half max (FWHM)
has been used to investigate the carbon structure.***> For the
—700 mV RHE fouled Cu, the D band FWHM was found to be
216 cm ™' and the G band FWHM is found to be 108 cm™".
These values are found to match closely with disordered
carbon such as soot or activated carbon.***> The FWHM of the
2D band centered at 2966 cm™" has a FWHM of 559, again
similar to disordered carbon.** The electrode fouled at
—560 mV RHE showed different spectra depending on the area
scanned, labeled as polymerized and carbonized in Fig. 6. The
polymerized area was where the polymeric material was
located, while the carbonized area were regions where polymer
was not visible by eye. The polymerized area did not show evi-
dence of amorphous carbon as no D and G band were seen.
The carbonized area of the electrode showed similar D and G
bands to the =700 mV RHE fouled sample, suggesting that the
soot formation could also occur at —560 mV RHE.

The form of carbon and oxygen at the surface of the fouled
electrodes was probed using XPS analysis and compared to
commercial pFA. C 1s and O 1s spectra for the fouled samples
and pFA on Cu are shown in Fig. 7. Due to the fouling, the sur-
faces of the samples were non-metallic. For non-metallic
samples, mixed Gaussian and Lorentzian line shapes that are
more Gaussian typically provide strong fits to experimental
data.®® A 10% Lorentzian line shape was selected for deconvo-
lution and peak fitting of the fouled and pFA on Cu XPS
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Fig. 7 (a) C 1s and (b) O 1s XPS spectra for pFA on Cu, -560 mV RHE
fouled Cu, and —700 mV RHE fouled Cu. Vertical dotted lines mark the
assignments for C 1s and O 1s spectra for deconvolution.

samples. The FWHM of samples were selected to remain
within roughly 10% of each other between peaks of the decon-
volutions. Spectra were adjusted to aliphatic carbon at 284.8
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eV. The C 1s spectra were deconvoluted into 4 peaks at 284.8
eV (C-C), 286.3 eV (C-O, C-0-C),>"™*° 287.7 eV (C=0),>""*°
and 288.8 eV (0=C-0)***° as shown in Fig. 7a. Similar C 1s
and O 1s envelopes were observed for pFA on Cu and —560 mV
RHE fouled Cu samples. The —700 mV RHE fouled Cu sample
had a different shape, where the peak at 284.8 eV (assigned to
C-C) was much larger in comparison to the peak at 286.3 eV
assigned to C-O. The large peak for the C-O group on
—560 mV RHE fouled Cu and pFA samples was likely due to
the presence of C-O-C group in the furan ring and the C-OH
group of the pFA molecule. While C-O was present in the
—700 mV RHE, it was overshadowed by the large C-C band
which was likely more intense due to the presence of amor-
phous carbon. C=0 and O-C=O were seen in all samples,
which could be due to residues of unreacted FF or presence of
oxygen during transfer and drying of sample leading to oxi-
dation. O 1s spectra were deconvoluted into 3 peaks at 532.2
eV (C=0),>%* 533.2 eV (C-0-C),>”***" and 534.2 eV (O-
C=0)*>*! shown in Fig. 7b. The pFA on Cu and —560 mV RHE
fouled Cu had similar ratios of the three peaks, while the
—700 mV RHE sample had a higher proportion of the C=0
group. Overall, the =700 mV RHE fouled Cu had a higher pro-
portion of aliphatic C compared to the polymer containing
sample, with a higher preference for O to be double bonded
with C compared to polymer containing samples. Cu signal
was not observed on fouled electrodes or pFA on Cu foil
through XPS, at% are included in Table S4.}

FA ECH was performed to investigate whether the applied
potential would promote the pFA polymerization or coking
reactions through adsorption of FA molecules produced
during FF ECH. In this experiment, 15 mM of FA was added to
the electrolyte in lieu of 200 mM FF to mimic the concen-
tration of FA found in the ECH reactions. While MF can be
found in the catholyte, it is at low concentrations near 1 mM
when gas sparging is present due to the facile evaporation.'®
For this reason, MF was not added to the solution. FA ECH
was done over three experiments of 3 hours at —560 mV,
however at —700 mV the system would overload after the first
experiment and was hence stopped after the first 3-hour

EFA mHumins (Model) mMF

100% -

Composition

Before After

View Article Online
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experiment. In both cases, no polymer, coke, or other furanic
material was found on the surface. During the ECH of FA
experiment at —560 mV RHE, the conversion of FA reached an
average of (40.9 + 2.59)%. MF was observed at an amount near
the lower detection limit of GCMS (<0.57% selectivity) (Fig. 8).
It has also been shown previously that the electrochemical
route of FA to MF largely does not occur.'®?® While FA ECH
did not produce MF, the concentration of FA decreased during
the experiment. FA is known to undergo side reactions homo-
geneously due to the acidic conditions, and using the homo-
geneous kinetics from our previous work,"® the expected con-
version in FA was found to be 39.4%. The unreacted FA and
the estimated consumption due to side reactions accounted
for 98.7% of the initial FA, showing that it was unlikely that
mass was lost due to electrochemical reactions of FA. The com-
position of the electrolyte before and after FA ECH, along with
the conversion and mass balance can be seen in Fig. 8.
Reaction data can be found in Table S5.1 The lack of FA ECH
reactivity has also previously been reported by our group and
others.'®?° FTIR spectra for the FA ECH Cu foils (Fig. S51) did
not show any bands, but showed a change in absorbance
towards the lower wavenumber. The Raman spectra of the elec-
trodes did not show evidence of any coke at either potential
(Fig. S67). The Raman spectra of a cleaned Cu foil is included
in Fig. $6,1 and has a band near 1500 cm™" corresponding to
the Cu. No bands for oxides of Cu were observed in the spectra
from the electrodes used during FA ECH, nor was any D, G, or
2D bands.

The non-electrochemical submersion experiments and FA
ECH experiments did not show a pFA material. Since neither
experiment resulted in pFA or coke formation, we can con-
clude that the FF ECH electrodes were fouled through an
electrochemical reaction with FF as the reactant, as opposed to
a polymerization in solution followed by collision onto the
electrode. While the homogeneous side reactions did occur in
the FA ECH experiments, the electrochemical HER reaction
also occurred. The HER reaction likely prevented the accumu-
lation of humins on the electrode, as humins were found
when no electrochemical bias was present.

b)
Conversion mMass Balance
100% T
— 80% T
xX I
'g' 60% T
S 40% 1 I
0) L
o 20% +
0% t |
Before After

Fig. 8 (a) The composition of the FA ECH electrolyte before and after 3 h ECH. (b) The conversion and mass balance from FA ECH experiments.
Conditions: =560 mV RHE, 80 : 20 vol% acetonitrile : water, 0.5 M H,SO4, 15 mM FA, N, sparging 60 mL min~?, Cu electrode.

This journal is © The Royal Society of Chemistry 2023

Green Chem., 2023, 25, 8687-8697 | 8695


https://doi.org/10.1039/d3gc02222f

Published on 19 September 2023. Downloaded on 11/1/2025 4:11:13 AM.

Paper

Conclusions

Experimental conditions (200 mM FF, 0.5 M H,SO,, 3 h dur-
ation, recycled 3 times) were selected to intentionally promote
fouling of Cu electrodes during FF ECH to better understand
the fouling. The development of carbonaceous layers occurred
during FF ECH and was shown to depend on the applied
potential, resulting in a polymeric layer at moderately negative
potentials (=560 mV RHE) and an amorphous carbon layer at
more negative potentials (—700 mV RHE). While the fouling
showed severe impacts onto the reaction conversion, it was not
the main cause of mass balance losses as it accounted for
1.27% and 1.98% of the missing mass from —560 mV RHE
and —700 mV RHE electrolysis, respectively. The polymer
material formed was found to be pFA, which is a desirable
product to industry and warrants investigation as a primary
product of FF electroreduction in the future. The amorphous
carbon found at more negative potentials was similar to soot.
We have shown that the applied potential plays a key role in
the production of pFA on the electrode, as experiments with
no applied potential did not lead to production of pFA.
Furthermore, the production of pFA was found to be due to an
electrochemical reaction consuming FF and not FA, as only
when starting with FF was pFA (or coke) formed on the Cu
electrode. To promote the production of FA and MF from FF
ECH, it is undesired to produce the pFA polymer or unorga-
nized carbon layers as both were found to lower the conversion
towards ECH of FF to FA and MF substantially. The unorga-
nized carbon layer produced at —700 mV RHE caused more
intense deactivation of FF ECH to FA and MF, and care should
be taken to avoid the formation of the amorphous carbon
fouling. Avoiding the amorphous carbon layer can be done by
monitoring the applied potential, and not going to very nega-
tive applied potentials beyond —560 mV RHE. Fouling can also
be decreased by reducing the concentration of FF below
200 mM, as it is not observed when starting at lower
concentrations.'®*® Techniques to limit these fouling phenom-
ena are required so that the production rates towards FA and
MF can remain high. Catalysts can be designed to inhibit
fouling and have longer lifespans for use in reactors for FF
ECH to FA and MF.
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