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Carbon dioxide (captured from the atmosphere or obtained by other routes) constitutes a useful and widely
available building block for producing numerous valuable chemicals and fuels. Electrochemical methods for
carbon dioxide reduction offer advantages in terms of scalability, the prospect of coupling directly to
renewable power sources and the ability to reduce carbon dioxide without the co-production of harmful by-
products. Of the various possible products of carbon dioxide electroreduction, oxalate/oxalic acid is an
especially attractive target because of its wide use in many chemical and pharmaceutical processes. Herein,
we report the results of a study on carbon dioxide electroreduction to oxalate/oxalic acid in a propylene
carbonate solvent system, catalysed by the addition of benzonitrile. Our results show that the use of

benzonitrile as a homogeneous electrocatalyst improves the faradaic and reaction yields of oxalate/oxalic acid
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Accepted 5th September 2023 production, as well as the area-normalised rate of formation of oxalate/oxalic acid, giving a new record rate of

formation of 1.65 + 0.35 mM cm™2 h™! (averaged over 1 h) at a voltage of —2.7 V vs. SCE (-2.46 V vs. SHE).
DOI: 10.1039/d35e00652b Such metrics in turn suggest that the electrochemical reduction of carbon dioxide to C,, products via oxalate

rsc.li/sustainable-energy could be a promising avenue for further development for the sustainable production of key chemical feedstocks.
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Introduction

Carbon dioxide emissions from the combustion of fossil fuels
are amongst the major contributors to climate change, which
has significant environmental impacts."”® However, atmo-
spheric CO, is a significant potential feedstock for producing
synthetic fuels and other valuable chemicals.*® Amongst the
more promising approaches to the conversion of CO, to fuels
and other useful small molecules, electrochemical routes offer
advantages such as applicability across a wide range of scales,
the potential to couple directly to renewably generated power,
and the ability to reduce CO, concomitant with the production
of benign anode products (especially oxygen), instead of
generating harmful waste.”®

To date, numerous systems for the electrochemical reduction
of CO, have been reported, operating in both aqueous and non-
aqueous electrolytes.”'® Depending on the reaction conditions
(and especially on the nature of the cathode), typical reaction
products include CO and formic acid/formate,"*** with more
reduced and longer-chain carbon products reported less
frequently.™ In the latter cases, multi-carbon products are often
produced as mixtures whose components can be hard to sepa-
rate.”> Moreover, in aqueous solvents in particular, competing
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hydrogen production via the electroreduction of protons or water
is often a major side reaction that erodes the efficiency of CO,
reduction.’®"” Achieving high selectivity for individual products
from CO, electroreduction reactions is therefore a critical goal for
any potentially scalable electrochemical carbon dioxide reduction
process.”** A wide range of potential products have been
observed from the electroreduction of CO, in liquid electrolytes.
Of these various products, oxalic acid (C,H,0,) is of interest
because of its wide use in pharmaceuticals, metallurgical indus-
tries, photography, cleaning products, the food industry,
bleaching agents and as an analytical reagent.”*>*

One strategy to minimise hydrogen evolution during elec-
trochemical CO, reduction is to employ non-aqueous solvents.
Although different reaction mechanisms have been proposed,
initial electroreduction of carbon dioxide in non-aqueous
solvents is generally agreed to proceed via a single-electron
reduction as in eqn (1):*®

C02 +e — COz_' (1)

This first step is the rate-determining step of the process. In
an aqueous medium, most flat metallic cathodes yield carbon
monoxide and/or formic acid via eqn (2) and (3).2%*” Conversely,
in non-aqueous media, the radical anion generated in eqn (1)
may undergo a reaction with a further CO, molecule to form
~O0C-COO’ (ads) (eqn (4)), followed by a second reduction to
give oxalate (eqn (5)):

COxags)~ + HO—=HCOO ) + OHag) )
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HCOO] 4, + e —~HCOO,q)~ (3)
COsg9 " +CO,—~00C — COO} (4)
~00C - COO},, +e~ —~00C — COO" (5)

According to Eggins et al.,”® upon further electrolysis, oxalic
acid can be reduced by two electrons to give glyoxylic acid,
which can itself be reduced by another two electrons to give
glycolic acid as shown in eqn (6) and (7) respectively:

C2H204 + 2H+ +2e — C2H203 + HzO (6)
C2H203 + 2H+ +2 — C2H403 (7)

Previous studies examining the electroreduction of carbon
dioxide to oxalate and oxalic acid are summarised in Table 1.
These previous studies generally suffer from rather low current
densities (<10 mA cm™?) and rates of formation of oxalic acid
below 0.2 mM cm > h™', both of which metrics could pose
challenges for the potential economic viability of electrochemical
CO, reduction to oxalate at scale. Moreover, there are conflicting
reports as to the extent of side-reactions: Garcia et al. suggest that
glyoxylic acid can be produced directly by electrochemically
reducing CO, on glassy carbon and mercury electrodes, but that
glycolic acid is the main side-product when using a lead
cathode,” whereas Boor et al.*® find that both glyoxylic acid and
glycolic acid can be obtained directly by electrochemical reduc-
tion of CO, on a lead electrode. Marx et al.*' recently re-examined
electrochemical reduction of CO, to oxalate and oxalic acid with
firstrow transition metal complexes and concluded that
a number of previously-published reports are irreproducible,
containing insufficient experimental and analytical detail.

Furthermore, various benzonitriles and alkyl/phenyl benzo-
ates have been employed previously as homogeneous catalysts for
the electrochemical reduction of CO, in non-aqueous aprotic
solvents (e.gz dimethylformamide), generating oxalate as the
overwhelmingly dominant product (see Table 1, entries 7 and
8).>>* The proposed mechanism of this catalytic reaction involves
the initial formation of the relatively stable C;H;N™ " anion radical
through a one electron reduction process. This radical then reacts
with CO, in solution to form CO, " which in turn undergoes
dimerization to form oxalates, as summarised in eqn (8)-(10):*

C7H5N +e = C7H5N7. (8)
C;HsN™" + CO, = C;H;sN + CO,™ ©)

2C0,7" — G047 (10)

However, dimethylformamide is toxic and its use will soon be
severely restricted in many countries,* with N-methyl-2-
pyrrolidone/ethyl acetate mixtures®® and propylene carbonate
having been proposed as lower-toxicity replacements.*® In this
context, it is noteworthy that by far the highest current densities
and rates of formation of oxalic acid to date by CO, electro-
reduction were reported by Boor et al* (Table 1, entry 13) in

This journal is © The Royal Society of Chemistry 2023
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a (CH;3),NCl/propylene carbonate solvent system at a lead cathode.
We therefore hypothesised that yet higher current densities and
rates of formation of oxalate could be obtained if soluble electro-
catalysts such as benzonitrile were employed at a lead cathode in
a (CHj3),NCl/propylene carbonate solvent system.

Herein, we report a study along these lines, performed in
propylene carbonate at room temperature in a simple H-cell
configuration. Our results validate our hypothesis and show
an improved current density of nearly 17 mA cm 2 and a fara-
daic yield for oxalate of 72%, giving a new record area-
normalised rate of oxalate formation of 1.65 mM cm > h™ .

Experimental section
Materials

The following materials were obtained from their respective
suppliers and used without further purification: anhydrous
propylene carbonate (C4H¢O3, Sigma-Aldrich, 99.7%), tetrae-
thylammonium chloride (CgH,,CIN, Sigma-Aldrich, 99.0%),
sulfuric acid (H,SO,, Fisher Chemical, 95.0%), lead wire (Pb,
Alfa Aesar, 1.0 mm diameter, 99.99% metals basis), lead rod
(Pb, Alfa Aesar, 5 mm diameter, 99.99% metals basis), platinum
wire (Pt, Alfa Aesar, 1.0 mm diameter, 99.99%), platinum foil
(Pt, Alfa Aesar, 0.25 mm, 99.99% metals basis), anhydrous
benzonitrile, (C;H;sN, Sigma-Aldrich, 99%), Nafion membrane
(Nafion-117, manufactured by Fuel Cell Store). Argon and CO,
were supplied by BOC (99.99%).

Cyclic voltammetry (CV)

The cyclic voltammetry measurements were performed at 25 °C
in single cells, using a Pb wire working electrode (area = 0.64
cm?), a saturated calomel reference electrode (SCE) and a Pt
wire counter electrode. After setting up the cell as depicted in
Fig. S1 in the ESL,} the electrolyte was purged with argon (Ar) for
20 minutes to remove any dissolved oxygen before running the
cyclic voltammetry measurements using a CHI potentiostat.
This control experiment was followed by purging with CO, for
another 20 minutes before another reading was taken to note
the difference in the cyclic voltammograms resulting from
a CO,-saturated atmosphere. To evaluate the influence of ben-
zonitrile on CO, reduction in the organic solvent, 2 mM ben-
zonitrile was added to the electrolytic solution and further
purged with CO, for another 20 minutes. Cyclic voltammetry
was then performed. Concentrations of benzonitrile of 1 mM,
2 mM, 4 mM, 6 mM, 8 mM and 10 mM were probed; however,
only very modest changes were observed in the voltammograms
when the quantity of benzonitrile was increased beyond 2 mM
(see ESI, Fig. S2t), and so 2 mM concentrations were employed
throughout the results presented below.

Chronoamperometry

Chronoamperometric experiments (bulk electrolysis) were per-
formed using a CHI potentiostat in a H-cell having two
compartments for the anolyte and catholyte separated by
a Nafion 117 membrane as shown in Fig. 1. The working elec-
trode for bulk electrolysis (Pb rod, surface area = 3.5 cm?®) and

Sustainable Energy Fuels, 2023, 7, 5093-5100 | 5095
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Fig.1 A schematic diagram of the H-cell used for bulk electrolysis of CO, in 0.2 M tetraethylammonium chloride and propylene carbonate. The
righthand compartment of the cellis the catholyte where the working electrode (Pb rod with a surface area of 3.5 cm?) and a reference electrode
(SCE) were placed, while the lefthand side contains the anolyte where the counter electrode (platinum foil with a surface area of 4 cm?) was
placed. The two compartments are separated by Nafion membrane. The reaction was conducted at a temperature of 25 °C for 5 hours.

reference electrode (SCE) were placed in the catholyte (0.2 M
tetraethylammonium chloride in propylene carbonate) while
the counter electrode (platinum foil) was placed in the anolyte
(0.5 M H,S0,). Bulk electrolysis was conducted at 25 °C for 5 h.
To compare the outcome with the previously reported findings
made with different reference electrodes, the potentials
measured against SCE in this work were converted to the
standard hydrogen electrode (SHE) scale using the equation
Esug) = E(calomel) T E(sHE-calomen),” While the potentials reported
in other similar research against Ag/AgCl and other reference
electrodes were also converted to SHE accordingly.***>

Fig. 1 shows the configuration of the H-cell setup. Prior to
each experiment, the Pb electrode was polished with sandpaper
followed by sonicating in acetone for about 10 minutes, then
rinsed with anhydrous propylene carbonate and dried under
argon to remove any film of lead oxide impurities or moisture
on the surface. The working electrode with a total surface area
of 3.5 cm® was immersed in 40 mL of the catholyte while the
counter electrode having a total surface area of 4 cm® was
immersed in 40 mL of the anolyte solution. The cathodic
compartment was then purged with Ar for 20 minutes to remove
any dissolved oxygen, followed by purging with CO, for addi-
tional 20 minutes to saturate the electrolyte with CO, before
commencing the chronoamperometric measurements under
a constant supply of CO,. Chronoamperometry was carried out
in a closed cell at a range of applied potentials for 5 hours at
each potential, starting from —2.2 V and ranging to —2.7 V (vs.
SCE) for both (1) 0.2 M tetraethylammonium chloride in
propylene carbonate and (2) 0.2 M tetraethylammonium chlo-
ride in propylene carbonate with 2 mM benzonitrile. During the
electrolysis, samples of the electrolyte solution were taken every
hour for analysis of the products. The products were analysed by
high-performance liquid chromatography (HPLC) using an
Aminex HPX-87H, 300 mm X 7.8 mm column and an example
chromatogram showing the peak intensity for a catalysed and
uncatalysed sample at an applied potential of —2.2 (V vs. SCE) is

5096 | Sustainable Energy Fuels, 2023, 7, 5093-5100

depicted in Fig. S3 (ESI).f The mobile phase used was 0.1%
formic acid in HPLC grade acetonitrile and 0.1% formic acid in
water in a ratio of 30: 70 respectively. The HPLC machine was
set at a flow rate of 0.6 mL min ™, at a temperature of 55 °C, and
a detector wavelength of 210-230 nm. Standard calibration
curves were developed to determine the concentration of the
main products (oxalic, glyoxylic, and glycolic acids) produced in

—— Electrolyte + Ar
gl — Electrolyte + Ar + catalyst
—— Electrolyte + CO,
g 4l — Electrolyte + CO, + catalyst
=
g 0r
3
4}
8t
30 25 20 15 1.0 -05

Potential (V vs SCE)

Fig. 2 Cyclic voltammograms showing the effect of benzonitrile on
the reduction potential of CO, in 0.2 M tetraethylammonium chlo-
ride in propylene carbonate, using lead wire as a working electrode
with surface area of 0.64 cm?, platinum wire as counter electrode
and a saturated calomel electrode as the reference electrode at
a temperature of 25 °C and scan rate of 50 mV s™*. Colour codes are
as follows: 0.2 M tetraethylammonium chloride in propylene
carbonate under argon (black line), 0.2 M tetraethylammonium
chloride in propylene carbonate with 2 mM benzonitrile under argon
(red line), 0.2 M tetraethylammonium chloride in propylene
carbonate under CO, (blue line) and 0.2 M tetraethylammonium
chloride in propylene carbonate with 2 mM benzonitrile under CO,
(green line).

This journal is © The Royal Society of Chemistry 2023
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the unknown samples. These calibration curves are shown in
Fig. S4 (ESI).t

Results and discussion

Fig. 2 shows cyclic voltammograms of the Pb electrode taken in
Ar and CO,-saturated electrolyte between —0.5 Vand —2.8 V (vs.
SCE) at a sweep rate of 50 mV s~ '. The cyclic voltammograms
were taken under four different conditions: (i) 0.2 M tetraethy-
lammonium chloride in propylene carbonate under argon

—s=— without catalyst
—— with catalyst

2
J Average (mA/cm?)
L 4L 4L 04
N A~ N O

-
oo
T

-2.2
Applied potential (V vs SCE)

27 -26 -25 -24 -23

Fig. 3 Showing the effect of benzonitrile on the average current
densities of triplicate experiments across the applied potentials in
propylene carbonate (black line) and propylene carbonate plus 2 mM
benzonitrile (red line), using Pb as a working electrode with a surface
area of 3.5 cm?, Pt foil as counter electrode and SCE as a reference
electrode. The experiments were conducted at a temperature of 25 °C
and current densities were averaged over 5 hours for each applied
potential; the error bars were calculated as standard deviation from the
mean of the triplicate experiment (n = 3).
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(black line), (ii) 0.2 M tetraethylammonium chloride in
propylene carbonate with 2 mM benzonitrile under argon (red
line), (iii) 0.2 M tetraethylammonium chloride in propylene
carbonate under CO, (blue line) and (iv) 0.2 M tetraethy-
lammonium chloride in propylene carbonate with 2 mM ben-
zonitrile under CO, (green line). The cyclic voltammograms in
Fig. 2 show that there is increased current density at a given
potential under CO, compared to Ar, and also that the addition
of benzonitrile to the cell results in a further increase in the
current density. Together, these results suggested that CO,
reduction was occurring when CO, was present, and that ben-
zonitrile could be catalysing this reaction.

To determine if CO, reduction was occurring and what the
products of this reaction might be, six constant potentials
(ranging from —2.2 V to —2.7 V versus SCE) were applied by bulk
electrolysis for 5 hours in each case. The current densities were
evaluated with respect to the surface area of the working elec-
trodes immersed in the electrolytic solution (mA cm™?). The
experiments were repeated three times for the same duration at
each of the applied potentials for reproducibility and to estab-
lish the error margins from the mean values of the current
density, faradaic efficiency and yield of the products. Error bars
were calculated from standard deviations from the mean value
of each parameter. The average current densities obtained from
the triplicate experiments together with their error bars across
all the applied potentials are depicted in Fig. 3 and the corre-
sponding values are tabulated in Table S1 in the ESL{

Similarly, average faradaic efficiencies alongside oxalic acid
concentrations obtained at each applied potential are graphi-
cally indicated in Fig. 4 (for an applied potential of -2.2 V vs.
SCE) and Fig. 5 (for an applied potential of -2.7 V vs. SCE), with
data for the intermediate potentials of -2.3, 2.4, -2.5 and -2.6 V
vs. SCE shown in the ESI (Figures S5-S8).1 The average faradaic
efficiency of oxalic acid and the detectable by-products at each
potential is also shown in Table S2 (ESI).f In all cases, the
balance is assumed to be due to competing hydrogen evolution.
The faradaic efficiency towards oxalic acid generally increases

Oxalic acid without catalyst [ ] Oxalic acid with catalyst
Glyoxylic acid without catalyst [ | Glyoxylic acid with catalyst
Glycolic acid without catalyst || Glycolic acid with catalyst
100f a) % 5[0
s wl . £ b b
T L — = e
—_ =24F
EE M = E| 8 +
© = [$]
L >60} 23|
o Cc X
2.2 o
& 240 o
s E g2r
gu &
3 20 S 1}
£
3
(] 0
1 2 3 4 5 1 2 3 4 5
Time (h) Time (h)

Fig.4 The effect of benzonitrile on (a) the cumulative faradaic efficiencies for the production of oxalic acid and its accompanying by-products in
propylene carbonate, (b) the cumulative concentration of oxalic acid formed using Pb as a working electrode and Pt foil as a counter electrode at
an applied potential of —2.2 V vs. SCE in an H-cell at a temperature of 25 °C. Triplicate experiments were performed to obtain the error margin

and the results are calculated as the mean + standard deviation (n = 3)

This journal is © The Royal Society of Chemistry 2023
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Fig.5 The effect of benzonitrile on (a) the cumulative faradaic efficiencies for the production of oxalic acid and its accompanying by-products in
propylene carbonate, (b) the cumulative concentration of oxalic acid formed using Pb as a working electrode and Pt foil as a counter electrode at
an applied potential of —2.7 V vs. SCE in an H-cell at a temperature of 25 °C. Triplicate experiments were performed to obtain the error margin

and the results are calculated as the mean =+ standard deviation (n = 3).

with an increase in the magnitude of the applied potential until
it reaches its maximum value at —2.5 V vs. SCE (—2.26 V vs.
SHE), after which the faradaic efficiencies were observed to start
declining for both the catalysed and uncatalysed reactions
(Table S21). Pickett and Yap*® reported that for a given charge
passed during electrolysis, greater current efficiencies are
observed at more negative potentials (up to a certain point) and
lower temperatures. Regarding the declining faradaic efficiency
when the voltage becomes more negative, Goodridge et al.**
attributed that to competing hydrogen evolution which erodes
the faradaic efficiency for oxalate production. This finding is in
agreement with research conducted by Yang et al (Table 1,
entries 10-12),** which suggests that hydrogen evolution
consumes an increasing proportion of the charge as the applied
potentials become more negative, and is in agreement with our
own data as presented here. On the other hand, the faradaic
efficiency towards oxalic acid decreases with reaction time
across all the applied potentials as shown in Fig. 4, 5 and S5-S87
(although it should be noted that oxalic acid continues to be
made throughout the experiment). This phenomenon can be
attributed to two factors. Firstly, at longer reaction times, some
of the oxalic acid produced is converted to secondary products.
Secondly, the water content of the catholyte will gradually
increase over time due to electro-osmotic drag of water from the
aqueous anolyte solution into the cathode side of the cell, and
this in turn will lead to an increased rate of the competing
hydrogen evolution reactions.*>** Hence, the trends in faradaic
efficiency with potential and reaction time observed in this work
are in agreement with previous literature reports for this
process.

The average product concentrations for the various carbox-
ylic acids obtained across all the applied potentials are shown in
Table S3,7 as well as being shown in Fig. 4b, 5b and S5-S8.} As
detected, the main solution-phase products were oxalic, glyox-
ylic, and glycolic acids. In all cases, the use of benzonitrile as
a catalyst improves the yields of oxalate/oxalic acid, with slight

5098 | Sustainable Energy Fuels, 2023, 7, 5093-5100

increases also in the yields of glyoxylic and glycolic acids (see
Fig. S9, ESIt). The initial formation rate of oxalate/oxalic acid
obtained at a potential of —2.70 V versus SCE at 25 °C as
a function of electrode area is 1.32 mM cm > h ™' and 1.65 mM
em~>h™'in an uncatalysed and catalysed medium respectively
(see the last entry of Table 1 and Fig. 6). Comparatively, the
formation rate of 1.65 mM ecm > h™" recorded in this research
under optimal conditions (—2.70 V versus SCE at 25 °C with
catalyst over the first hour of electrolysis), is an improvement on
the highest reported value of 0.70 mM ¢cm™> h™" reported by
Boor et al.,** under similar conditions over 5 h but using
a slightly more negative applied potential of —2.70 V versus Ag/
AgCl (—2.75 V versus SCE). Averaged over 5 h, the rate of
formation of oxalate/oxalic acid in the uncatalysed system in
our case was 0.72 mM cm > h™ ' in good agreement with Boor et

18f .
16} =
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S 4.2
E1.0
508} P

With catalyst
Without catalyst %

m2 h™)

T
——
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Initial formation rate
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—a—

1 ho
o
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w04t %
0.2

-22 -23 -24 -25 -26 -27
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Fig. 6 The formation rates of oxalic acid on a Pb cathode in propylene
carbonate over the first hour of electrolysis across the range of applied
voltages from —2.2 Vto —2.7 V vs. SCE in; an uncatalysed system (black
squares) and a system catalysed using benzonitrile (red squares).
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al. The highest formation rates across the range of applied
potentials (—2.2 V to —2.7 V vs. SCE) were recorded after 1 hour
of the electrolysis, and these initial formation rates for catalysed
and uncatalysed systems are depicted in Fig. 6.

Conclusion

Herein, we have explored the electrochemical reduction of
carbon dioxide in propylene carbonate electrolyte on a Pb
cathode, both in the presence and absence of benzonitrile as
a homogeneous catalyst. Our results in the absence of catalyst
are in excellent agreement with those reported previously by
Boor et al.,** also obtained on a Pb cathode in propylene
carbonate. Our work therefore validates this previous result and
suggests that these conditions can give reproducible carbon
dioxide reduction, in terms of current densities, product
distributions and rates of product formation. This finding will
be useful to others interested in electrochemical carbon dioxide
reduction who are looking for reliable model reactions.

The use of benzonitrile as a homogeneous electrocatalyst
was found to improve the faradaic and reaction yields to
produce oxalate/oxalic acid, as well as its rate of formation (and
to a lesser extent these metrics were also enhanced for the by-
products glyoxylic acid and glycolic acid). These increases in
faradaic yield were apparently obtained at the expense of the
competing hydrogen evolution reaction. A new record rate of
formation of oxalate/oxalic acid of 1.65 & 0.35 mM ecm™ > h™"
was obtained at a voltage of -2.7 V vs. SCE (-2.46 V vs. SHE)
using a benzonitrile electrocatalyst, at which potential a current
density of nearly 17 mA cm > could be obtained, delivering
oxalate with a faradaic yield of 72%. All of these metrics are
amongst the highest recorded to date for this transformation,
suggesting that the electrochemical reduction of carbon dioxide
to C,: products via oxalate could be a promising avenue for
further development.
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