Chemical Engineering Journal 495 (2024) 153000

Chemical

Contents lists available at ScienceDirect __ Engineering

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Check for

Reaction engineering for high yield electrosynthesis: Unraveling the impact [
of reaction conditions and conversion on methanol oxidation to formate

Jonas Baessler, Niklas Vollmert, Jan Vehrenberg, Miriam Mineur, Sophia Schenke,
Lukas Griesberg, Paulina Montero Pineda, Robert Keller *
Chair for Chemical Process Engineering, RWTH Aachen University, Forckenbeckstr. 51, 52074 Aachen, Germany

ARTICLE INFO ABSTRACT

Keywords: Electrochemical processes offer defossilized alternatives to conventional routes. Key processes, such as
Selective methanol oxidation hydrogen evolution and electrochemical CO, reduction, are typically paired with the anodic oxygen evolution
Alternative anodic reaction reaction (OER). However, the generated oxygen holds little value and the electrical costs associated with

Paired electrosynthesis

Co-generation of hydrogen and formate
Hierarchical electrode

Reaction conditions

energy-intensive OER pose a significant economic barrier. The methanol oxidation reaction (MOR) to formate
is a promising alternative to OER, requiring less energy and providing a value-added product. Extensive
research focuses on MOR regarding high Faraday efficiencies, but conversion and product yields are mostly
neglected. However, high conversion with sufficient yield is a prerequisite to transition from lab-scale catalysis
towards feasible industrial applications. In this work, we investigated the selectivity of MOR to formate with
progressing conversion at high current densities of up to 200 mA/cm? on hierarchically structured copper(Il)
oxide electrodes. We assessed the impact of the reaction conditions, including current density, temperature,
flow rate, electrolyte composition, and membrane type. We found a positive influence of low current density
and high temperature on the FE. Through tailored reaction conditions, we achieved a formate yield of 70%
at 100 mA/cm? with an anodic potential of 1.33V vs. RHE. The anodic potential remained below typical OER
potentials even at high conversion. For the first time, we demonstrated that MOR can achieve significant
formate yields at high current density. Our results reveal the impact of conversion, reaction conditions and
ion balance on selectivity and provide valuable insights for operating MOR at high yield in paired processes,
e.g., with hydrogen evolution or CO, reduction.

1. Introduction evolution reaction (HER) and E° = -0.1 — 0.2V vs. SHE for the
CO, reduction reaction (CO2RR) to most products [7]. These cathodic

Anthropogenic carbon dioxide (CO,) emissions are causing global reactions are commonly paired with the energy-intensive oxygen evo-
warming, which severely impacts human life and the ecosystems, if lution reaction (OER) at the anode side, which exhibits a high standard
not mitigated [1]. To reduce CO, emissions, ongoing efforts are being potential of E® = 1.23V vs. SHE. Consequently, OER accounts for
made to develop sustainable technologies to replace fossil fuels and the majority of the electrical energy demand, while the generated
feedstocks [2]. Electrochemical processes offer promising approaches oxygen holds little value and does not contribute to economic via-

for the production of chemicals from renewable feedstocks [3,4]. Es-
pecially water electrolysis and electrochemical CO, reduction (CO2R)
have emerged as focal points of extensive research and industrial inter-
est. However, the high cost compared to fossil-based routes presents a
major hurdle for both processes [4-6].

Typically, only one half-cell reaction of electrochemical reactors is
exploited for the synthesis of value-added chemicals. The value-adding

reaction of water electrolysis, CO2R, and various other electrochemical . ) 15 e ch o B
processes is a reduction reaction at the cathode side of the cell. The native to OER, as it possesses several favorable characteristics: Formic

cathodic reactions typically exhibit low standard potentials, specifically acid (0.64-1.30 $/kg, 29.4-59.8 §/kmol, Table S1) holds higher value
E’ = 0V vs. standard hydrogen electrode (SHE) for the hydrogen compared to methanol (0.34-0.58 $/kg, 10.9-18.6 $/kmol, Table S2)

bility. The cost of electrical energy is the main contributor to the
overall production costs for both water electrolysis and CO2R [4,5].
To reduce the electrical energy demand and enhance economic vi-
ability, recent literature has explored replacing the energy-intensive
OER with organic oxidation reactions, which can reduce electricity
consumption while providing additional value-added products [7-14].
Anodic methanol oxidation to formic acid presents a promising alter-
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[6,7,15-17]. Moreover, the methanol oxidation reaction (MOR) to
formate exhibits a standard potential of 0.1V vs. SHE, which is signifi-
cantly lower than the standard potential of OER, indicating its potential
to reduce the electrical energy demand [17]. Formic acid and formate
salts have a broad range of applications in agriculture, plastics, textile,
and pharmaceutical industries [18].

A broad range of catalysts have been developed and investigated for
the electrochemical oxidation of methanol to formate with promising
results: High Faraday efficiencies (FE) close to 100% and potentials
lower than for typical OER have been reported [17,19-24]. MOR
has been paired successfully with HER to achieve a more efficient
water electrolysis [20-24] and was paired with CO2R to formate in
a concurrent synthesis, which generates formate at both the cathode
and anode [17,19]. These findings indicate great potential of MOR as
an alternative anode reaction to replace OER. However, the achieved
formate concentrations were either low or not reported in previous
works. Neither the influence of an increasing product concentration
has been yet investigated, nor the impact of reaction conditions, ion
balance, or water transport. Low formate concentrations are associated
with significant costs of downstream processing [25] as the aqueous
alkaline formate solution typically employed in MOR requires further
purification to formate salts or formic acid. To proceed from the promis-
ing lab-scale results to an industrial application, it is crucial that MOR
performance is investigated at high methanol conversion , considering
the effects that arise with process intensification and increasing formate
concentration.

In this work, we investigate the sensitivity of the FE towards
methanol conversion in a flow cell at high current densities of up
to 200mA/cm?. Further, we analyze the effect of different reaction
conditions by closely monitoring the reaction via Fourier-transform
infrared spectroscopy (FTIR) at a high sampling rate. As a catalyst,
we used copper(Il) oxide (CuO) on copper foam in the form of a
flow-through electrode, which has a very high surface area due to its
hierarchical structure over multiple length scales. The impact of the
current density, temperature, volume flow, and electrolyte composition
on FE and obtainable conversion is investigated and discussed. Fur-
thermore, we assess the influence of different types of ion exchange
membranes and investigate how the ionic balances affect the pairing
of MOR with cathodic reactions, especially CO2R and HER. Finally, we
applied the insights on the reaction conditions to tune the selectivity
of MOR, reaching a maximum formate yield of 70% at 100 mA/cm?
with an anode potential of 1.33V vs. RHE. In addition, the change
in electrolyte volume is quantified and the implications of the water
balance are discussed for paired processes at high conversion. Our
results reveal the impact of conversion and reaction conditions on the
FE and provide insights for operating MOR at high current density and
high conversion in paired processes.

2. Material and methods
2.1. Anode preparation and characterization

The preparation of the anode was adapted with modifications from
Huan et al. [26,27], using copper foam instead of a copper plate as
substrate. Copper foam of 2 mm thickness with 90 pores per inch
(POROFEN-Cu90, AlCarbon) was ultrasonically cleaned in acetone for
20 min. An area of 5 x 5cm? of the cleaned copper foam was immersed
into a solution of 0.2 mol/L CuSO, and 3 mol/L H,SO, at 60 °C . Details
on the chemicals and materials used in this work are provided in the
Supporting Information (Table S3 and S4). A mixed metal oxide coated
titanium sheet (Magneto Special Anodes) was used as the counter
electrode. Copper dendrites were deposited onto the copper foam at
a high current density of 1500 mA/cm? provided by a power supply
(HMP4040, Rohde & Schwarz) for 60s, corresponding to a charge of
90 C/cm?. The solution was not stirred during deposition, as the copper
coating was more homogeneous if the solution was only agitated by
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the gas evolution at both electrodes. After deposition, the foam was
thoroughly cleaned with DI water and dried at room temperature.
Subsequently, the foam was heated in an oven to oxidize the copper
surface to copper(Il) oxide (CuO). Starting from 25 °C, the temperature
in the oven was increased at a rate of 10°C/min up to the final
temperature of 300°C, which was maintained for additional 30 min.
The electrode structure was examined with a field-emission scanning
electron microscope (SEM)(SU5000, Hitachi). Photographs, SEM im-
ages, and further characterization of the electrode by energy dispersive
X-ray spectroscopy (EDX) and X-ray diffraction analysis (XRD) are
provided in the Supporting Information (Figures S1-S3). The settings
for the ECSA measurement via double layer capacitance were adapted
from Li et al. [28].

2.2. Electrochemical measurements

All electrochemical measurements were carried out in a flow cell
with an active area of 5 x 5cm? (flex-E-cell, FXC Engineering) con-
nected to a potentiostat (VSP with 10A booster, Biologic). Potentials
were measured using a reversible hydrogen electrode (RHE)(Hydroflex,
Gaskatel). The cell setup used for all experiments regarding the impact
of the reaction conditions is shown in Fig. la. A detailed illustration
of the cell configuration is available in the Supporting Information
(Figure S4). Two layers of copper foam coated with CuO dendrites
as described in ‘Anode preparation’ were used as anode and a plat-
inum (Pt) coated titanium sheet as cathode (Magneto Special Anodes).
Unless stated otherwise, the anode was reused within each series of
experiments regarding one reaction condition parameter. Degradation
of the anode was investigated by conducting electrolysis at each pa-
rameter setting in duplicate, first in ascending, then in descending
order (e.g. 25 °C, 40 °C, 55 °C, 55 °C, 40 °C, 25 °C). If not specified
otherwise, electrolysis was performed at a constant current density
of 200mA/cm?, a temperature of 25 °C, a flow rate of 50 mL/min
of both electrolytes, with 2mol/L potassium hydroxide (KOH) and
1 mol/L methanol as anolyte, 2mol/L potassium hydrogen carbonate
as catholyte and a bipolar membrane (BPM) (Fumasep FBM-PK, Fumat-
ech). The BPM was operated in reverse bias. As alternative membranes
a cation exchange membrane (CEM)(Nafion 212, Chemours) and an
anion exchange membrane (AEM)(Fumasep FAA-3-50, Fumatech) were
used.

The electrolytes were recirculated with a peristaltic pump (Master-
flex L/S Digital, Cole-Parmer) through the electrochemical flow cell and
heat exchanger (flex-H-cell, FXC Engineering) for temperature control.
The total anolyte volume was 54.5mL. A detailed description of the
experimental setup including a schematic flow sheet is provided in the
Supporting Information (Figure S5). For the demonstration of a paired
synthesis, the cell setup was changed to reduce the cell potential and a
second reference electrode was placed in the catholyte. A nickel mesh
(aperture width 0.5 mm, wire diameter 0.14 mm, Haver & Boecker)
supported by copper foam was used as cathode as shown in Fig. 1b
with 1 mol/L KOH as catholyte.

2.3. Product analysis and evaluation

A sample stream from the anolyte was circulated with a peristaltic
pump (Reglo ICC, Ismatec) at 10 mL/min through the flow cell probe
of a FTIR spectrometer (ReactIR 702L with Micro Flow Cell, Mettler
Toledo). The concentrations of methanol, formate, and OH~ during
electrolysis were measured by the FTIR spectrometer at a sample rate of
1 sample per 30s. Detailed information on the FTIR analysis is provided
in the Supporting Information (Figure S6-S7). The concentration data
obtained from the ReactIR software was further processed and analyzed
in Origin (OriginLab). Weighted adjacent averaging with a window size
of 20 points was applied to the concentration data, which smoothed
the data without altering the shape of the curves. Methanol conversion,
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FE, and formate yield were calculated from the smoothed concentration
data according to the following equations:

& —c!
conversion = MOH___MeOH 40 (€8]
C:\)/IEOH
n _ .n—1
FE= 2V =" 00% )
1 th — =1
cn
yield = % -100% 3
‘McOH

where c is the concentration of the regarding substance and the indices
denote the start of the experiment (index 0), the current data point
(index n) and the previous data point (index n-1). z is the number of
electrons transferred per reaction, F the Faraday constant, V the anolyte
volume, I the current, and t the time.

3. Results and discussion
3.1. Anode characterization

For the present study, copper dendrites were electrodeposited onto
an open-cell copper foam at high current density and were subse-
quently oxidized by a heat treatment in air. After oxidation the color
of the electrode changed from red to black, indicating an oxidation to
CuO [29]. The oxidation of the electrode and the presence of Cu,O
and CuO were confirmed by EDX and XRD measurements (Figure S3).
The black color of the electrode and the presence of both Cu,O and
CuO were consistent with previous studies that found a multilayer
oxide structure of dendritic copper oxide electrodes, with copper at
the core, covered by a layer of Cu,0, followed by an outer layer of
CuO [26,30]. Fig. 2 shows SEM images of the copper oxide electrode at
four different magnification levels. The open-cell structure of the foam
substrate provides large pores, allowing electrolyte flow through the
3D-structured electrode (Fig. 2a). The pore diameter of the untreated
foam is 730 pm + 60 pm, which narrows slightly due to the growth of
the dendrite layer. The dendrite layer has a cratered surface, caused by
hydrogen bubbles during electrodeposition. The craters of the dendrite
layer have a diameter of about 50 pm (Fig. 2b). The deposited den-
drite layer features a porous fractal-like structure with interconnected
branches of 0.1-10 pm thickness (Fig. 2c). The surface of the oxidized
dendrites exhibits roughness down to the nanometer scale (Fig. 2d).
The electrode features a hierarchical structure with porosity and surface
morphology on multiple length scales, thus providing a large surface
area for electrochemical reactions. The electrochemical active surface
area (ECSA) of the oxidized foam electrode with the deposited dendrite
structure was nearly 400 times higher compared to a flat CuO sheet
(Figure S8).

The prepared hierarchical CuO anode was active for OER and MOR
as illustrated in the LSV curves in Fig. 3. At a potential of 1.59V
vs. RHE, a current density of 100 mA/cm? was reached for OER in
2mol/L KOH. The OER activity of the prepared anode was comparable
to state-of-the-art non-noble metal OER catalysts [31,32]. The potential
of MOR in 2mol/L KOH + 1mol/L methanol reached 100 mA/cm? at
1.37 V vs. RHE, which is significantly lower than the potential required
for typical alkaline OER [31,32]. However, compared to the standard
potential of MOR, the overpotential was still high. A similar or higher
overpotential for MOR was observed in previous works with non-noble
metal electrodes as well [17,19-22,24], indicating the need for further
improvements to reduce the energy demand of MOR.

3.2. Impact of conversion

The time-dependent concentrations of methanol and formate during
methanol oxidation with the prepared CuO anode are illustrated in
Fig. 4a. The decrease of the methanol concentration was nearly linear
over time, resulting in a linearly increasing conversion, which was
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Fig. 1. (a) Schematic of the cell setup used for all experiments regarding the impact
of the reaction conditions and (b) cell setup without electrolyte gap for demonstration
of paired synthesis.

calculated from the methanol concentration by Eq. (1). In contrast to
the linear course of methanol, the formate concentration increased with
a decreasing slope to a maximum concentration of 0.42mol/L. Based
on the absence of unidentified substances in the FTIR and additional
HPLC analysis of the anolyte, we conclude that all methanol that was
not converted to formate was further oxidized to carbonate.
Consistent with our conclusion, we observed that the carbonate
peak increases with increasing conversion in the FTIR spectrum (Figure
S6). Unfortunately, we were not able to reliably quantify the carbonate
peak, as it strongly overlapped with a second formate peak. However,
we tested our conclusion in regard of the carbon and charge balance of
the anolyte. If carbonate is the only side product of MOR, the carbonate
concentration can be determined by calculating the difference between
the consumed methanol and the produced formate. Fig. 4a depicts the
carbonate concentration calculated from this difference as a dashed
line. The FEs of formate and carbonate calculated from the concentra-
tion curves by Eq. (2) add up to nearly 100% over the entire experiment
as shown in Fig. 4b. Please note that the FE is plotted over the methanol
conversion instead of the reaction time. The representation of FE as a
function of the conversion allows a more straightforward comparison
of experiments with different initial reactant concentrations, current
densities, and electrolyte volumes. The FE sum of approximately 100%
(103% on average) shows that the balances of carbon and charge are
closed providing a strong indication of no further side reactions. Other
possible side reactions would have resulted in detectable products
and do not match the balances of charge and carbon which indicate
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Fig. 2. SEM images of the prepared anode at four different magnification levels of x50, x500, x5k and x50k (a-d).
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Fig. 3. LSV curves (iR-drop compensated) of the prepared CuO anode measured at a
sweep rate of 5mV/s in 2mol/L KOH (OER) and 2mol/L KOH with 1 mol/L methanol
(MOR).

a transfer of about six electrons per methanol consumed that was
not converted to formate. Therefore, the closed balances justify the
assumption of carbonate formation as the only notable side reaction
which is consistent with previous studies on alkaline methanol oxi-
dation to formate on copper-based electrodes [17,33]. The formate
FE initially reached 85% but decreased significantly with increasing
conversion — reaching zero at 74% conversion, while the carbonate
FE increased from less than 20% up to 100%. The course of the FE
indicates that methanol oxidation to formate (Eq. (4)) competed with
carbonate formation. Heli et al. proposed a mechanism for methanol
oxidation on copper in alkaline solution, which involves the formation
of a Cu’!! species, which catalyzes the oxidation of methanol and its
intermediates to formate or carbonate [33]. For the nature of the Cu///!
entity, copper oxy-hydroxide (CuOOH) and a Cu/!! radical (CuOO'H)
were proposed [33-36]. Based on the course of the FE, we hypothesize
that carbonate was formed in two different pathways as was found
for MOR on NiOOH [37]: further oxidation of formate to carbonate
(Eq. (5)) and methanol oxidation to carbonate (Eq. (6)). Methanol was
initially present in high excess, whereas, at the end of the experiment,
the concentration of formate was more than two times higher than the
concentration of methanol. The increasing ratio of formate to methanol
favors formate oxidation over formate formation, which is a plausible
explanation for the decrease in formate FE with increasing conversion.
The low initial carbonate formation at near-zero formate concentrations
indicates that formate is the preferred product of methanol oxidation.

CH,0H + 50H™ — HCOO™ +4H,0 + 4e” “4)
HCOO™ +30H™ —> CO3™ +2H,0 + 2¢~ )

CH;0H + 80H™ — CO3™ + 6H,0 + 6e~ 6)

It should be noted that the pathway of carbonate formation does
not change the overall result from an application perspective, as it
does not affect the overall carbon and charge balance. The overall
reaction scheme for the superposition of methanol oxidation to formate
and simultaneous formate oxidation to carbonate is identical to the
full oxidation of methanol to carbonate (Egs. (4)+(5) = (6)). Further
information on the reaction mechanism and side reactions is provided
in the Supporting Information (Section S9).

3.3. Impact of the reaction conditions

To investigate the impact of the reaction conditions on MOR and to
optimize the reaction for high formate yield at high conversion, current
density, temperature, flow rate, electrolyte composition and the type
of ion exchange membrane were systematically varied. Fig. 5a presents
the FE plotted over conversion for three distinct current densities: 50,
100, and 200 mA/cm?. With decreasing current density, the FE for
formate increased and higher conversions were achieved before the FE
declined to zero. At a current density of 50mA/cm?, a maximum FE
of 92% and a conversion of 88% were achieved, in contrast to 85% FE
and 78% conversion at 200 mA/cm?. The relationship between FE and
current density was nonlinear in our experiments. The increase in FE
from 200 to 100mA/cm? was approximately equal to the increase in
FE from 100 to 50 mA/cm?. The decreasing FE with increasing current
density hints towards mass transfer limitation. The local concentration
of formate within the porous dendrite layer is expected to rise as the
current density increases, while the local concentration of methanol
decreases correspondingly. The higher ratio of educt to product facili-
tates the selectivity of methanol oxidation to formate at a lower current
density.

Fig. 5b illustrates the impact of temperature on the FE over con-
version. With increasing temperature, the FE for formate increased,
and higher conversions were achieved before the FE declined to zero.
Specifically, at a temperature of 55 °C, a maximum FE of 93% and
a conversion of 83% were attained, whereas at 25 °C, the FE and
conversion were slightly lower, at 83% and 74%, respectively. Despite
an increased fluctuation of the results at 25 °C, the positive effect of
higher temperatures on FE is evident. With increasing temperature,
more formate and less carbonate were formed. Higher temperatures
could directly affect selectivity by either altering the reaction kinetics
or by improved mass transport. We assume a significant contribution
of the improved mass transfer, as we expect diffusion coefficients
to increase approximately two-fold over the investigated temperature
range of 25-55 °C [38,39]. The improved mass transfer increases both
the rate at which methanol is transported from the bulk electrolyte
to the electrode surface and the rate at which formate is transported
in the opposite direction. Hence, an improved mass transfer increases
the concentration ratio of methanol to formate at the electrode surface,
which increases selectivity towards formate.

Interestingly, the flow rate of the electrolyte through the foam an-
ode had no significant effect on the FE as shown in Fig. 6a for flow rates
of 100, 50 and 25 mL/min. A higher flow rate increases the convective
mass transport to the electrode surface [40], which typically improves
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was calculated from the methanol concentration. The carbonate concentration (light blue, dashed) was calculated from the difference of methanol and formate concentration based
on the assumption of carbonate being the only side product. (b) The sum of formate and carbonate FE (black), the formate FE (blue) and the carbonate FE (light blue, dashed)

were calculated from the concentration data.
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Fig. 5. (a) FE for formate plotted over the conversion of methanol for three different current densities. (b) Influence of the anolyte temperature on the FE to formate over
increasing methanol conversion. The mean FE (continuous line) and the range of the replicates (boundaries of the filled area) are shown. If not stated otherwise in the plot, the
oxidation was conducted at 200 mA/cm?, 25 °C, 50 mL/min, 2mol/L KOH, 1 mol/L methanol and with a BPM.

the selectivity at higher current density, as concentration gradients
from the bulk electrolyte to the electrode surface are mitigated [41].
We hypothesize that the flow rate had no significant influence on
the FE due to a combination of multiple effects: We expect convective
flow through the macroscopic pores of the open-cell copper foam (pore
size of about 500 pm), but mainly diffusive transport in the porous
dendrite layer due to the small pore size between the dendrites of about
1-10 pm. The assumed mass transport is illustrated in the qualitative
schematic of concentration gradients in Fig. 6b. The flow rate can affect
the convective transport from the bulk electrolyte to the surface of the
dendrite layer, reducing the thickness of the concentration boundary
layer. However, the diffusive transport resistance of the porous dendrite
layer would remain unaffected, thus reducing the overall effect of the
flow rate. Furthermore, the rear areas of the electrode were likely
less affected by mass transfer as the local current density is expected
to decrease with increasing distance from the membrane due to the
increasing electrolyte resistance. Finally, the mass transfer in flow-
through foam electrodes increases sublinear with increasing flow rates.
Cognet et al. [42] found that the relationship between the mass transfer
coefficient k and the flow velocity u is k ~ u%* for a similar foam

electrode with 100 pores per inch. Assuming that the same relationship
can be applied to our electrode, increasing the flow rate by 100% would
increase the mass transfer coefficient only by 34%. As the relationship
between the mass transfer coefficient and FE is presumably sublinear
as well, we expect that the FE is even less influenced by the flow rate.
Thus, a combination of the described effects seems to reduce the impact
of the flow rate on the FE to an extent below significance.

Fig. 7a depicts the relationship between FE and conversion for three
distinct concentrations of KOH (1, 2, and 4 mol/L). At low conversion,
a higher KOH concentration led to a decrease in FE. We assume that
the higher OH~ concentration facilitates the undesired side reactions
resulting in full oxidation to carbonate, as the side reactions (Egs. (5)
and (6)) require more OH™ per electron than the partial oxidation of
methanol to formate (Eq. (4)). Specifically, an initial FE of 91% was
attained at 1 mol/L KOH, compared to 65% when a KOH concentration
of 4mol/L was used. However, as the conversion increased, the FE
declined steeper with 1mol/L KOH, reaching 0% FE at a lower con-
version compared to the higher KOH concentrations. We hypothesize
that the FE declined more pronounced with 1 mol/L KOH because a
minimum concentration of OH™ ions is required for selective oxidation
of methanol to formate at CuO.
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Fig. 6. (a) Influence of the flow rate on the FE to formate over increasing methanol conversion. The mean FE (continuous line) and the range of the replicates (boundaries of the
filled area) are shown. The oxidation was conducted at 200 mA/cm?, 25 °C, 2mol/L KOH, 1 mol/L methanol, with a BPM. (b) Qualitative schematic of the concentration gradients

at the electrode surface.

At least 5 OH™ ions are consumed per oxidized methanol (Eq. (4)),
while up to 4 OH™ ions can be compensated by ion transfer to the
anolyte (see Fig. 8c). In total, at least one OH™ ion is depleted per
oxidized methanol. Thus, an initial concentration of 1 mol/L KOH is not
sufficient to completely convert 1 mol/L methanol without a significant
drop in pH. Fig. 7c depicts the decreasing KOH concentration in the
anolyte during methanol oxidation to formate. While the rate of KOH
consumption was similar, the rate was not identical for the different
initial KOH concentrations. The slope of the KOH concentration was
slightly steeper at high initial KOH concentration and low formate
FE, which is in good agreement with the theoretical rates of KOH
consumption determined from the ion balances. The ion balances result
in slightly different rates of KOH consumption of 0.33 vs. 0.25 KOH
consumed per electron transferred for methanol oxidation to carbonate
vs. methanol oxidation to formate (Figure S10). In the experiments
with 1 mol/L KOH the concentration of KOH decreased to 0.29 mol/L
at the point of zero FE. The local OH™ concentration at the electrode
surface was likely lower than the measured bulk concentration, as
pronounced concentration gradients as shown in Fig. 6 are expected
at high current density. To avoid a steep decline of the FE, the amount
of KOH should be chosen such that a sufficient excess of OH™ remains
at high conversion. In future studies, adding KOH continuously or
stepwise could counter the neutralization of OH™ caused by the formate
formation and maintain an optimal pH.

Fig. 7b illustrates the effect of methanol concentration on the FE
over progressing conversion with three different initial methanol con-
centrations (2, 1, and 0.5mol/L). Initially, a maximum FE of 92%
was observed with 2 mol/L methanol, in contrast to the 71% achieved
with 0.5mol/L. In general, higher methanol concentrations resulted in
higher FE for formate. The ratio of methanol to formate at a given per-
centage of conversion was similar, independent of the initial methanol
concentration. We attribute the increased FE to the higher absolute
methanol concentration and to the associated higher mass transport
of methanol to the electrode, which likely facilitates methanol oxida-
tion to formate. However, at high conversion, the FE decreased more
pronounced with 2mol/L methanol, than at lower initial methanol
concentrations.

The sharp drop of the FE with 2 mol/L methanol and 2 mol/L KOH is
similar to the experiment with 1 mol/L methanol and 1 mol/L KOH (see
Fig. 7a). As discussed in the previous paragraph, we assume that the
FE decreases strongly when the OH™ concentration in the electrolyte
becomes too low and the local reaction environment at the electrode
surface becomes too acidic. Fig. 7d shows the KOH concentration

plotted versus conversion for the experiments with different methanol
concentrations. In the experiment with 2mol/L methanol and 2 mol/L
KOH, the sharp drop of the FE occurred when the KOH concentration
was low. The KOH concentration declined down to 0.35mol/L at the
end of the experiment. The initial ratio of methanol to KOH of 1:1 was
too low to maintain a sufficient OH™ concentration at high methanol
conversion.

Fig. 8a illustrates the impact of the membrane type on the FE. The
BPM exhibited the highest initial FE of 76%, followed by the CEM
with 57%, and the AEM with 36%. With progressing conversion, the
FE decreased for all tested ion exchange membranes. In contrast to
all other reaction conditions tested, we observed clear indications of
corrosion of the CuO electrode at the end of the MOR experiments with
the AEM and the CEM. A blue hue was visible in the anolyte indicating
dissolved copper ions and the electrode color changed partially from
black (CuO) to copper (metallic Cu). Therefore, a new anode was used
for each membrane experiment. We attribute the corrosion of the CuO
electrode to the less favorable ion balance of the AEM and CEM causing
a reduced local pH at the membrane electrode interface, which is
discussed in more detail in the subsequent paragraphs.

The choice of ion exchange membrane significantly influences the
ion transport through the membranes and thus, the overall ion balance.
Fig. 8b shows the KOH concentration decreasing over time. The decline
in KOH concentration occurred at a substantially slower rate with a
BPM compared to a CEM or AEM. The distinct slopes observed for the
KOH concentration over time can be attributed to the different ion
balances of the three membrane types (Fig. 8c—e). In the case of the
BPM, the reaction of methanol to formate consumes 5 OH™ ions, while
4 OH~ ions are supplied to the anolyte through ion transfer resulting
from water dissociation in the BPM.

When employing a CEM, the charge transport across the membrane
relies on the transfer of K* ions from the anolyte to the catholyte.
Consequently, the consumption of OH™ ions is not compensated by ion
transfer through the membrane as it is with a BPM. As a result, the ratio
of OH™ ions consumed per electron transferred is considerably higher
in a CEM compared to a BPM. The observed decline in KOH and OH~
concentration is in good agreement with the OH™ /e~ ratio of —1.25, re-
sulting from the ion balance of the CEM. The lower conversion achieved
with a CEM is likely caused by the rapid decline in OH~ concentration.
Although a concentration of 0.23mol/L OH~ remained in the bulk
electrolyte at the end of the experiment, the OH™ concentration in the
porous dendrite layer of the anode is expected to be significantly lower.
Corresponding to the experiments with lower KOH concentration the
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quickly declining FE at low OH~ concentration indicates that a low
pH impedes methanol oxidation to formate. Interestingly, the initial FE
was lower with a CEM or AEM compared to a BPM even before the
different KOH concentration of the bulk electrolyte is expected to have
a significant impact. This observation can be attributed to the local
reaction conditions in the region of the electrode, which is adjacent
to the membrane and therefore directly impacted by the membrane
transport. As stated above, the part of the anode directly adjacent to
the membrane will be the most active. Due to the iR drop, electrode
segments at a greater distance to the membrane will be less active.
When using an AEM, the anions in the catholyte determine the ion
transfer across the membrane. We have used KHCO; in the catholyte
to mimic the conditions of electrochemical CO2R. We expect that most
of the charge transport across the membrane occurs via the transfer
of HCO;~ ions and that each HCO5;~ transported neutralizes another
OH- for conversion to CO3>~ in the highly alkaline anolyte, as shown
in the ion balance (Fig. 8e). The measured decline in the KOH and OH~
concentration is more pronounced with an AEM compared to a CEM.
However, the slope of the measured decline is less negative than the
OH~ /e~ ratio of —2.25 derived from the ion balance for the AEM. This
suggests that additional ions may be transported across the membrane,
potentially mitigating the decrease in OH~. It is plausible that CO4%~
and OH~ were involved to some extent in the charge transfer across

the AEM, despite their low concentration in the catholyte. As we will
show, a different catholyte composition changes the ion balance for the
AEM. With regard to a stable pH in the anolyte, the transport of OH™
as the only anion across the membrane is ideal. For common catholytes
of alkaline water electrolysis, such as KOH or NaOH, we do not expect
any difference in the ion balance between AEM and BPM.

In addition to the ion transfer required for charge transport, other
transport phenomena across the membrane should be considered as
well. The crossover of methanol and formate through the membrane
to the cathode side can cause the loss of reactant and product or
negatively affect the catholyte reaction. We analyzed the catholyte after
the oxidation experiments with the three different membrane types via
HPLC (Table S5). There was no significant crossover of methanol or
formate through the BPM. The CEM retained the negatively charged
formate but was permeable to uncharged methanol. Methanol can pass
through the CEM by diffusion driven by the concentration difference,
but also by electroosmotic drag along with the transported cations [43].
The AEM was permeable to formate and methanol, which can both
diffuse through the membrane driven by the concentration difference.

Besides the influence on FE and conversion, the reaction conditions
also affect the potential of the anode. Fig. 9 compares the mean anodic
potential during methanol oxidation at different reaction conditions.
Typical chronopotentiometry curves are provided in Figure S11. The
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anodic potential increased significantly with increasing current density
(Fig. 9a), which we attribute primarily to the increasing voltage drop
across the resistance of the electrolyte. The electrolyte gap to the mem-
brane was minimized as the foam electrode was placed in direct contact
with the membrane. However, it should be noted that the electrolyte
conductivity can still have a significant effect on the local potential
distribution within the foam electrode. The potential decreased slightly
with increasing temperature (Fig. 9b), which is due to improved kinet-
ics and electrolyte conductivity. A quantitative relationship between
temperature on the overall reaction rate is provided by an Arrhenius
plot in the Supporting Information (Figure S12). The flow rate had no
clear effect on the potential (Fig. 9c). The potential decreased with
increasing KOH concentration and the corresponding higher electrolyte
conductivity (Fig. 9d). The influence of the methanol concentration on
the potential was small in the investigated concentration range. The
results suggest a slightly higher potential at higher methanol concen-
tration (Fig. 9e), which agrees with a lower conductivity expected at
higher methanol concentration [44]. The membrane had no significant
effect on the anodic potential (Fig. 9f). It should be noted that the
experiments with the CEM and AEM were not performed in duplicate
due to the corrosion of the CuO electrode (see discussion of Fig. 8).
While the duration of use showed no clear effect on the FE, we
observed an increase in the anodic potential from experiment to ex-
periment at high current density and low temperature. We observed
no increase in potential between the experiments when the anode was
operated at low current density or high temperature. Considering both
anodic potential and FE for formate, three parameters (current density,

KOH concentration, and methanol concentration) presented a trade-off
between electrical energy demand and product selectivity. However, an
increased temperature improved both anodic potential and FE.

3.4. High yield MOR at tuned conditions & considerations for paired
synthesis

To demonstrate a paired synthesis with high-yield MOR, we paired
MOR in two different setups with alkaline HER utilizing the insights
gained from our investigation of the reaction conditions. The two setups
depicted in Fig. 10a-b employ different membranes and electrolyte
management creating opposite characteristics that will be discussed in
the following paragraphs.

The BPM setup with separated electrolytes allows the operation of
anodic MOR and a cathodic reaction practically independent of each
other. The BPM retains both anions and cations, effectively preventing
the exchange of anions or cations between anolyte and catholyte.
The OH™ migration to the anolyte mitigates the decreasing pH with
progressing conversion as shown in Fig. 8. With these characteristics,
we expect the BPM setup to be suitable to pair MOR at high yield
with most cathodic reactions, including electrochemical CO2R. Suc-
cessful operation of CO2R with BPMs was documented with electrolyte
gap [45,46] and in zero-gap configuration [47,48].

The AEM setup utilizes a shared electrolyte, which is cycled through
the anode and cathode compartments. In contrast to the BPM setup,
anodic MOR, and a paired cathodic reaction are not independent of
each other as both sides share the same electrolyte. For successful
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pairing, the cathodic reaction must be compatible with the electrolyte
of MOR, while MOR must be compatible with the reactants and prod-
ucts of the cathodic reaction. Compatibility implies that the substances
in the electrolyte (KOH, methanol, formate, educt, and product of
the cathodic reaction) do not undergo undesired reactions or interact
negatively with the desired reactions. While the options for compatible
cathodic reactions are limited, alkaline HER was successfully paired
with MOR in shared electrolyte setups with no negative interactions
reported [20-24].

Both setups were operated at a current density of 100 mA/cm? with
the same reaction conditions, pairing high-yield MOR with alkaline
HER. Fig. 10c shows the mean cell potential for the paired synthesis
divided into the potentials of membrane, cathode, and anode. The cell
potential of the BPM setup was 2.9V and 1.8V for the AEM setup. The
higher cell potential of the BPM setup was mainly caused by the higher
membrane potential of the BPM compared to the AEM setup. BPMs
require an additional potential for water dissociation within the mem-
brane [49], the measured membrane potential of 1.08 V was within the
manufacturer’s specifications of <1.2V at 100mA/cm?. The effective
separation of the electrolytes by the BPM came at the cost of a higher
cell potential. However, the trade-off between higher potential and
improved ionic balance of the separate electrolytes is not a challenge
unique to paired synthesis with MOR. For example, BPMs are consid-
ered for CO2R despite their higher membrane potential as BPMs can
prevent salt formation and increase CO, utilization [50]. The cathodic
potentials for HER were acceptable for a demonstration of a paired
synthesis focused on anodic MOR, but are higher than for state-of-the-
art alkaline HER catalysts [32] as the plain nickel mesh used as cathode
is not an optimized catalyst. The mean anodic potential was remarkably
low with 1.49V for the BPM setup and 1.33V for the AEM setup, which
is significantly below typical alkaline OER potentials [31,32].

We measured the weight change of the electrolyte to test the hy-
pothesis that the electrolyte volume changes at high conversion. The
weight change corresponds to a change in the electrolyte volume as
the change in density was neglectable. For the BPM setup the weight of
the anolyte increased by 10.7%, while the weight change of the shared

electrolyte in the AEM setup was —0.7%. We can exclude that leakage
was causing the weight change, as the weight did not change as we
operated the setup with running pumps but without current. The slight
reduction in electrolyte weight in the AEM setup is most probably due
to hydrogen evolution and evaporation since the volatile components
of the electrolyte can escape along with the hydrogen gas formed at
the cathode. The observed increase of anolyte weight was larger than
expected for a symmetrical water balance of the BPM setup (Figure
$13), in which the water split in the BPM originates at equal parts from
anolyte and catholyte. We attribute the additional weight increase to an
asymmetrical water balance, which led to an increased water transport
to the anolyte. The asymmetrical properties of BPMs were discussed
in previous studies [49,51,52]. A net water transport to the anode side
could occur if the water drag of the OH™ ions transferred to the anolyte
exceeds the diffusion of water from the anolyte into the membrane. It
should be noted that water transport through CEMs or AEMs is typi-
cally more pronounced with reported water transfer numbers (moles
of water transferred per faraday of electricity) of 2-15 depending
on the ionomer, the transferred ion and the humidification of the
membrane [53-55]. Our findings highlight that the volume change of
the electrolyte and the water balance of the cell should be considered
for electrosynthesis at high product concentrations. While the volume
change of the electrolyte in the AEM setup was negligible, we took
the volume change of the anolyte in the BPM setup into account for
the evaluation. In the following, we discuss the impact of the water
balance on the practical operation of anodic MOR and its implications
on the reaction efficiency. In the BPM setup, the water transport across
the membrane dilutes the reactant and product concentration in the
anolyte. This dilution of the reactant concentration (methanol) can
decrease the selectivity for formate, as our results show that the formate
FE decreases with lower methanol concentration (see Fig. 7). From
the perspective of downstream processing, a dilution of the product
is undesirable, as this is likely connected to increase separation costs.
In our case, the observed dilution rate of 10% might be acceptable.
Nevertheless, dilution is linked to the amount of charge transferred and
will, therefore, increase for higher product concentrations. In contrast
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KOH and 1 mol/L methanol.

to the BPM setup, the water balance of the AEM setup with a shared
electrolyte is closed. Hence, water transport does not negatively affect
the product concentration in the AEM setup.

Fig. 10d illustrates the FE and the yield for MOR to formate over
progressing methanol conversion for both setups. Both setups exhibited
a high initial FE of 95%-101% for the AEM setup and 86%-93% for the
BPM setup. With increasing methanol conversion the FE of both setups
converged, reaching a high conversion of 90% before the FE decreased
to zero. Operating MOR at an elevated temperature of 55 °C and a
reduced current density of 100mA/cm? showed a higher selectivity
compared to applying the settings not in combination as shown in
Fig. 5a and b. Both setups achieved high maximum yields of up to 70%
for the BPM setup and 68% for the AEM setup. In summary, both setups
reached a high FE and formate yield at low anodic potential. The BPM
setup is less energy efficient due to the higher membrane potential,
but more versatile in pairing with other reactions as the setup can
be operated with separated electrolytes. In contrast, the AEM setup is
more energy efficient with a low membrane potential, but less versatile.
Compatible cathodic reactions are limited to reactions such as HER that
can be operated in the shared alkaline electrolyte containing methanol
and formate. Our results show that MOR can be operated in both setups
at reduced anodic potential compared to OER, while providing formate
at high yield as additional value-added product.

4. Conclusion

In summary, we investigated the impact of reaction conditions and
conversion on methanol oxidation to formate on a hierarchically struc-
tured electrode and demonstrated a paired synthesis at a high formate
yield. The hierarchically structured CuO anode exhibited a high surface
area with porosity on different length scales from 500 pm to 500 nm and
was highly active for methanol oxidation. The reaction progress was
monitored with fast sampling analytics, which allowed us to reveal the
relationship between FE and conversion. We observed a high initial FE

10

of 85% at 200 mA/cm? which declined with increasing slope over the
progressing conversion of methanol, reaching 75% conversion before
the FE declined to zero. The conversion had a significant impact on the
selectivity by changing the ratio of methanol to formate, as methanol
oxidation to formate was competing with the subsequent oxidation of
formate to carbonate.

Decreasing the current density or increasing the temperature in-
creased both the initial FE and the obtainable conversion before the FE
declined to zero. An increased electrolyte flow rate had no significant
effect on MOR suggesting that concentration gradients formed mainly
inside the porous dendrite layer. Our results on different electrolyte
compositions and membrane types highlight the importance of the ionic
balance for a stable electrosynthesis at high conversion.

Applying the insights into the reaction conditions, we demonstrated
a paired synthesis of cathodic HER and anodic MOR to formate at
100mA/cm? with an initial FE close to 100% reaching a formate
yield of up to 70% at 90% conversion. To the best of the authors
knowledge, the achieved conversion and yield are the highest values
reported so far. The anode potential of 1.33V vs. RHE for MOR at the
hierarchical non-noble metal CuO electrode was lower than for alkaline
OER. However, there is still room for further improvement as the
anodic potential was significantly higher than the standard potential of
MOR to formate. Furthermore, we compared two setups with different
characteristics and discussed the implications for the paired synthesis.
This work presents the first paired synthesis of methanol oxidation to
formate reaching a high formate yield and explicitly investigating the
impact of reaction conditions and increasing conversion. Our findings
on the effect of conversion, ion balance, and pairing provide valuable
insights for further research on methanol oxidation to formate and
paired synthesis. In a broader context, our methodology holds potential
for investigating electrosynthesis at industrially significant yield and
conversion.
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