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Abstract

CO> electrochemical reduction (CO2R) in aprotic media is a promising alternative to aqueous
electrocatalysis, as it minimizes the competing hydrogen evolution reaction while enhancing CO»
solubility. To date, state-of-the-art alkali salts used as electrolytes for selective aqueous CO2R are
inaccessible in aprotic systems due to the inactivation of the electrode surface from carbonate
deposition. In this work, we demonstrate that an acidic non-aqueous environment enables
sustained CO» electrochemical reduction with common alkali salts in dimethyl sulfoxide.
Electrochemical and spectroscopic techniques show that at low pH, carbonate build-up can be
prevented, allowing CO2R to proceed. Product distribution with a copper electrode revealed up to
80% faradaic efficiency for CO2R products, including carbon monoxide, formic acid, and methane.
By understanding the mechanism for electrode deactivation in an aprotic medium and addressing
that challenge with dilute acid addition, we pave the way toward the development of more efficient

and selective electrolytes for CO2R.



Introduction

Rising carbon dioxide (CO») emissions has galvanized interest in the capture and utilization of
CO> for desired carbon-containing products, such as fuels and basic chemicals. As renewable
energy technologies such as solar and wind reach cost parity with fossil fuels, the electrochemical
reduction of CO, (CO2R) becomes an attractive option for obtaining value from CO,'. Low-
temperature CO; electrocatalysis is conventionally conducted in an aqueous environment with a

heterogenous metal catalyst*?

. However, aqueous CO2R is limited by the competitive hydrogen
evolution reaction from water breakdown, which occurs at similar potentials to CO> reduction®’.
In many reported systems, HER dominates the CO2R at a wide range of applied potentials®’. Using
an aprotic, non-aqueous solvent such as acetonitrile (ACN) or dimethylsulfoxide (DMSO) holds
promise for suppressing HER since aprotic media do not contain easily reduced protons®®. Aprotic
solvents enable higher concentrations of dissolved CO; and enhanced CO; mass transport
compared to aqueous media'®!!. In addition, the tunability of the aprotic solvent allows for probing

solvent effects and allows one to separate the proton source (e.g., water) from solvent effects,

enabling a better mechanistic understanding of CO2R.

For aqueous CO2R, alkali cations such as K" and Cs" are the most commonly used supporting ions,
as they enable high ionic conductivities and support the formation of valuable multi-hydrogenated
C2+ products such as ethylene, ethanol, n-propanol etc'?"'*. However, when alkali salts are used
for CO2R in aprotic solvents, no products are observed. Instead, there is a complete suppression

15,16

of the current densities. This phenomenon has been reported by different authors ~'°, with some

attributing it to the formation of a ‘hydrophilic layer’!” and others a ‘deactivation film’'®

. Recently,
through experimental investigation of the electrode interface, we reported the formation of an
insoluble alkali carbonate passivation layer at the electrode surface that suppresses further CO2R .
Carbonate is an inherent side product of CO2R in both aqueous and non-aqueous media’*?!. In
aqueous media, carbonates remain soluble, meaning electrolysis continues despite this side
reaction. However, in an aprotic environment, carbonate precipitates in the presence of harder
cations (such as alkalis), passivating the reactive electrode surface and leading to a cessation of
CO2R'. Therefore, all reported CO2R in aprotic media use ammonium-based cations or ionic
liquids that produce soluble carbonates. Since the formation of C2+ products in aqueous media

have partly been attributed to the presence of alkali cations, it lends the question: is the lack of



C2+ products in aprotic media due to the lack of dissolved alkali cations? Unfortunately to date,
there have been no reported strategies to avoid electrode inactivation and enable sustained CO2R

in an alkali-containing aprotic media.

In this work, we use a diluted acid mixture to prevent carbonate formation and enable CO2R with
alkali cations for the first time in an aprotic medium. To lower the electrolyte pH, methanesulfonic
acid (MSAc) was chosen due to its dissolution and strength in an aprotic solvent such as
dimethylsulfoxide (DMSO). We studied the CO» electrochemical reduction process and product
distribution for a variety of alkali-containing perchlorate salts. In an acidic, non-aqueous
environment, carbonate formation was successfully avoided, and product distribution experiments
demonstrated access to CO2R products with up to 80% total faradaic efficiencies with different
alkali salts. X-ray photoelectron spectroscopy (XPS) and nuclear magnetic resonance
spectroscopy (NMR) were leveraged to probe the CO» speciation on both electrode surfaces and
bulk solution, respectively.?? Results of this work greatly expand the available electrolyte design
space for study within aprotic, non-aqueous media and provides a route to investigate state-of-the-

art salts that have been used for aqueous COzR.

Results and Discussion

Probing electrode reactivation during CO:R using an acidic medium

The effect of a Li'-containing electrolyte on suppressing CO2R in an aprotic medium is shown in
the voltammograms in Figure la. In our prior work, we used 1,2-dimethoxyethane, a solvent with
a low dielectric constant and significant ion pairing!®. Here, we use dimethylsulfoxide (DMSO) to
enable improved salt dissolution and higher ionic conductivities. In the absence of acid, no
significant cathodic current is observed up to -2.5V vs decamethylferrocene (Fc*), where Li*
reduction begins. However, the addition of 50mM MSACc resulted in the appearance of two new
reductive features at -0.8V and -1.6V that we attribute to proton and CO> reduction, respectively.
All potentials are referenced to decamethylferrocene (Fc*) unless otherwise stated. Phosphoric
acid (H3PO4) was also investigated but was unable to maintain CO2R up to concentrations of

250mM; an observation we attribute to its weaker acidity (Figure S1). To ensure that the changes
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are not due to water effects, CsClOs electrolyte concentrated with 500 mM H,O was also tested
(Figure S2) and it was unable to sustain CO2R. The absence of CO2R indicates that the presence
of H>O alone is also insufficient to maintain CO;R within a bulk non-aqueous electrolyte

containing alkali cations.
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Figure 1. (a) Cyclic voltammetry for a 0.1M LiClO4, CO> saturated solution in DMSO with Au
electrode at 50 mV/s without acid (solid line) and with 50mM MSAc (dashed); (b)
Chronoamperometry data for 0.1M LiClO4, NaClO4, and CsClOs electrolytes for a Cu electrode
at a potential of -2.4 V vs Fc* before and after the addition of 50 mM MSAc; and (c)
Chronoamperometry data for 0.1M LiClO4 electrolyte over Au, GC (glassy carbon), and Cu

electrodes. MSAc = methanesulfonic acid. Fc* = decamethylferrocene.



To further investigate the electrode deactivation process, we performed CO;R under acidic
conditions across different electrodes and electrolyte salts. As shown in Figure 1b, no cathodic
current is observed at -2.4V vs Fc* across different alkali perchlorate salts (LiClO4, NaClO4, and
CsClO4) in the absence of acid. After the addition of 50mM MSAc, all systems could sustain
current densities around 1mA/cm? and greater. Similar behavior was also observed during CO2R
over gold and glassy carbon electrodes (Figure 2¢), indicating that the electrode deactivation

process is independent of the heterogeneous catalyst.

The effect of the electrolyte on the electrode surface chemistry was further investigated through
XPS analysis of the Cu electrodes after CO2R. For all electrolytes (Figure 2), we can observe peaks
at 284.4, 285.2, and 288.5 eV corresponding to C-C, C-O, and C=0, respectively?*. These peaks
were also observed in the Cls spectrum taken as a control on pristine Cu foil (Figure S3). Under
neutral conditions (Figure 2a-c), all alkali electrolytes presented an additional peak centered
around 289.6 eV, indicating the presence of inorganic carbonates deposit (CO3>) over the electrode
surface?*. However, these new peaks completely disappear when acid is added during the
electrochemistry (Figure 2d-¢). These results indicate that the precipitation of carbonate species in
the presence of alkali cations may be the main cause of the immediate drop in current and

eventually cessation of CO2R in a non-aqueous medium. This decay in electrochemical



performance has also been observed in different electrochemical systems, where carbonate

precipitation results in poor rechargeability of metal-CO2 and metal-O; batteries.?>*°
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Figure 2. Cls spectra from XPS analysis of a Cu foil after 10min electrolysis at -2.4V vs Fc* in
a COy saturated solution containing (a) 0.1 M LiCIOs4, (b) 0.1M NaClOs, (¢) 0.1M CsClOs, (d)
0.1 M LiClO4 and 50mM MSAc, (e) 0.1M NaClO4 and 50mM MSAc, and (f) 0.1M CsClO4 and
50mM MSAc.

Investigating the CO: speciation in a non-aqueous medium

Carbonate formation is an inherent side reaction of CO2R which continues to be a major obstacle
to improving the carbon and energy efficiencies of this technology?’. In an aqueous medium, it is

formed by the equilibrium between the dissolved CO» and the in situ generated OH™ (Equation 1).

6



In an aprotic medium, carbonate is formed by the disproportionation of CO2 molecules undergoing
electrochemical reduction (Equation 3)?’. Nevertheless, as seen in Equation 2, carbonate may also
remain in equilibrium with HCO3™ when small amounts of water are present in the electrolyte as

demonstrated elsewhere'>%%,

Carbonate Formation in Aqueous Medium®

CO, + H,0 + 2e~ - COOH,q + OH™ + e~ — CO + 20H" (1)

CO, + H,0 = HCO; + OH™ = CO0% + H,0 )

Carbonate Formation in an Aprotic Medium®*'

CO, + CO, + 2e¢~ - C,0,°~ > CO+CO% 3)

Here, we used *C-NMR to probe the '*CO» speciation in a non-aqueous environment in the
presence of alkali cations. Figure 3 shows the *C NMR spectra of pristine DMSO saturated with
isotopically enriched '*CO, where we observe a peak at 125 ppm assigned to CO2**3!. The
presence of 0.1M LiClOs in the saturated solution does not promote any change in CO, speciation.
However, the addition of SmM TBAOH®30H;0 results in the appearance of a new peak at 158
ppm, which is assigned to the formation of HCO5".>!*> TBAOH was used to mimic the increase
in solution pH during CO,R*. The bicarbonate then arises from the increase in apparent pH from
around 9.5 to 13.5, which shifts the CO; equilibrium. These species remains soluble in an aprotic
medium in the presence of the quaternary ammonium cation'>?%, However, the addition of 50mM
MSACc to the HCOs™-containing solution brings the apparent pH down to values around 3-4. Under
acidic conditions, the HCO3™ equilibrium shifts to the formation of CO,, and the peak at 158 ppm
is no longer observed. The addition of 0.1M LiCIO4 also promotes the HCOs3™ peak disappearance,
but it cannot be explained by a change in the solution pH, since it still remains basic (around 13-
14). Instead, Li" promotes the precipitation of the (bi)carbonates, as previously indicated by the

XPS results in Figure 2.
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Figure 3. (a) '°C NMR spectra of 2°CO; saturated solutions in pristine DMSO (gray), and DMSO
containing 0.1M LiClO4 (red), SmM TBAOH®30H>O (blue); SmM TBAOH®30H,0 after the
addition of 50mM MSAc (yellow), and 0.1M LiClO4 (purple).

Based on our studies on CO; speciation in the bulk solution and at the electrode surface, we can
now propose a mechanism to explain the effect of carbonate on CO2R performance in an aprotic
medium. As depicted in Figure 4, in neutral to alkaline electrolytic media (apparent pH > 7),
carbonate species will immediately precipitate after reacting with any available alkali cation in a
nonaqueous environment. Since carbonate species are generated in situ during CO2R, this process
occurs near the electrode surface leading to the formation of an insulation layer that prevents
additional electron transfer to the CO, molecules. As a result, the electrode is quickly deactivated.

This deactivation process can be circumvented by shifting the electrolyte pH to an acidic



environment, where the presence of protons in the bulk will convert the (bi)carbonate back into its
COs form?. A lack of carbonate species means no passivation will occur at the electrode surface
and CO2R can be sustained even in the presence of alkali-containing electrolytes. Given that
protons are stochimetrically generated by the oxygen evolution reaction (OER) on the anolyte side
and can be delivered through a proton exchange membrane (PEM), there will be continual supply
of protons delivered to the electrode to eliminate carbonate species. Therefore, this setup provides

a realistic method for performing low pH, non-aqueous CO2R at scale.
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Figure 4. Summary of CO> speciation during CO2R in the presence of an alkali cation (M") in a

non-aqueous medium in both acidic and neutral-basic conditions. t; = initial time



CO2R product distribution experiments
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Figure 5. (a) Partial current densities for the different products and (b) product distributions
Faradaic efficiencies for CO2R as a function of alkali cations with 50mM MSAc in DMSO.
Experiments were conducted over a Cu working electrode at -2.1V vs Fc*. The dashed lines in

(a) are to guide the eyes. Salt concentration (0.1M perchlorate salts).

The product distribution of CO2R using alkali salts in DMSO was investigated using an H-Cell
setup. The gaseous products were quantified with gas chromatography, while the liquid phase
products were quantified using 'H NMR. A copper electrode was used since it can provide a wide
range of CO2R products in an aprotic nonaqueous medium, such as formic acid, carbon monoxide,
and methane” '>!°. As shown in Figure 5, different CO2R products were observed when in the
presence of Li, Na and Cs containing electrolytes. To the author’s knowledge, this shows the first

time in which alkali cations have successfully been used for CO2R within an aprotic solvent.

The CO2R product distribution was significantly affected by the nature of the electrolyte. As shown
in Figure 5a, carbon monoxide partial current density increases with the size of the alkali cation,
reaching FE values up to 40% for Cs containing electrolytes (Figure 5b). On the other hand, formic
acid accounted for almost 60% of the product distribution when lithium is present. Methane can

also be observed with faradaic efficiency (FE) values of around 10% only for the lithium-
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containing electrolyte. Nevertheless, hydrogen FE seems to be electrolyte independent, accounting
for between 15-20% of the FE for all electrolytes. Tests conducted under Argon atmosphere show
hydrogen as the main product (Figure S4), thus indicating that the carbon containing products
observed here are exclusively from CO2R and not electrolyte decomposition. Our results
demonstrate successfully sustained electrocatalysis of CO2R within a non-aqueous media using
alkali-containing electrolytes. This shows that aprotic solvents offer high faradaic yields toward
valuable CO;R products in low pH conditions without requiring high operating current

33,34

densities or complex electrode materials*® which are required to access similar yields in

aqueous media.

By varying the cation present we may tune the CO2R products such as CO and HCOOH, as well
as enable access to multi-hydrogenated products such as methane. Although we observe a variety
of products, no C2+ species are present. This indicates that alkali cations alone are not responsible
for C2+ product formation, but rather, a confluence of cation, solvent, proton effects, along with
catalyst design contribute to CO2R product distributions. Further investigation of these factors will

be needed to understand the effects on catalyst surface and the reasons why.

Conclusions

In this work, we investigated and addressed electrode deactivation that occurs when performing
COs electrocatalysis with alkali-containing electrolytes in aprotic media. Our XPS and '*C-NMR
experiments revealed that the in situ generated carbonate is responsible for the formation of an
insulating layer on the electrode surface when in the presence of any alkali cation. This process
results in an immediate drop in current density and electrode deactivation. To circumvent this
issue, the addition of a dilute methanesulfonic acid was used to shift the CO3> equilibrium back
into CO», preventing carbonate deposition. Product distribution analysis under these acidic
conditions showed the formation of carbon monoxide, formic acid, and methane and their
dependence on the electrolyte composition. CO production increases with the size of the cation
present in the electrolyte, while Li favors the production of formic acid and methane. Results from
work will help in the design of novel alkali-based electrolytes for CO2R in a nonaqueous

environment.
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Experimental Section
Materials

Lithium perchlorate (>95%) was purchased from Oakwood Chemicals. Cesium perchlorate (99%)
was purchased from Thermo Fischer. Sodium perchlorate (98%) and Methanesulfonic acid (>
99.0%) were purchased from Millipore Sigma. Nafion N-117 proton exchange membrane
(0.18mm thick, 0.9 meq/g exchange capacity) and tetra-n-butylammonium perchlorate (99%)
were purchased from Alfa-Aesar. Dimethyl sulfoxide (anhydrous, 99.9%) and formic acid (98-
100%) were purchased from Sigma Aldrich. Solvents were stored in argon filled VigorTech glove
box (H2O and O < 1 ppm). NMR experiments were performed with deuterated dimethyl sulfoxide
(>99.8% atom %D) purchased from Cambridge Isotope Laboratories. Phenol was purchased from
Acros Organics. All chemicals used as received. Both carbon dioxide (99.9995%) and argon
(99.999%) gases were purchased from Airgas. Copper disk electrode (7.07 mm?) created by fitting
super-conductive copper rods (99.999% metal basis, Puratronic™) into a PEEK tubing. Platinum
foil 99.99% (Beantown chemical) was used as a counter electrode. Gold disk electrode (7.07
mm?), glassy carbon electrode (7.07 mm?), and Ag/AgCl reference electrode were purchased from

eDAQ.
Electrochemical characterization

Studies were performed using a three-electrode configuration beaker electrochemical cell (Figure
S5) with a miniature, leakless Ag/AgCl as the reference electrode, a platinum (Pt) foil as the
counter electrode, and copper (Cu), gold (Au), or glassy carbon (GC) (7.07 mm?) disk electrodes
used as the working electrode. Working electrodes were prepared by soaking in 0.5 M sulfuric
acid solution then polishing with an alumina suspension and rinsing with Milli-Q water (18.4
MQ/cm). Electrolyte solution contained 50mM of perchlorate salt in DMSO, with the addition of
50mM methanesulfonic acid (MSAc) for acidic pH trials. CO> or Argon was bubbled into the
electrolyte solution for 5 min before electrochemical experiments began. A Biologic VSP

Potentiostat was used for all electrochemical experiments.

pH measurements
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pH measurements were taken with a Mettler-Toledo SevenCompact pH Meter. Measurements
were taken in a non-aqueous media; therefore, the results are reported as “apparent pH” since they

are not calibrated to the aqueous scale.
Product analysis using gas chromatography and 'H NMR spectroscopy

COzR reactions performed in a symmetric H-cell setup (Figure S6) with an Ag/AgCl as the
reference electrode, a platinum (Pt) foil as the counter electrode, and copper (Cu) or gold (Au) disk
electrodes used as the working electrode. Electrolyte for both catholyte and anolyte compartments
contained 50mM CsClO4 in DMSO, with the addition of 50mM methanesulfonic acid (MSAc) for
acidic trials. Compartments separated by Nafion N-117 proton exchange membrane. Inlet tubing
is used to bubble either CO» or Ar into the catholyte solution at a constant flow rate of 20 sccm.
Bubble formation on the electrode surface was minimized through tubing placement. The solution
was bubbled for 5 minutes with either gas before a potential was applied. The catholyte solution
was stirred at 500 rpm. Gaseous products were identified and quantified with a Shimadzu GC-
2014 gas chromatograph using both a flame ionization detector (FID) and a thermal conductive
detector (TCD). Liquid phase products were analyzed using a Bruker Ascend 9.4 T/400 MHz
instrument for 'H NMR spectroscopy. Formic acid identification through '"H NMR and calibration

curve implemented for formic acid quantification are shown in Figures S6 and S7.
XPS characterization

X-ray photoelectron spectroscopy was performed on copper foil strips (1 x 1cm) which were used
as working electrodes within beaker cell electrochemical experiments. The platinum foil was used
as a counter electrode, and Ag/AgCl was used as a reference electrode. Following electrolysis,
foils were carefully removed and rinsed three times with DMSO and then allowed to dry under
ambient conditions. XPS experimentation was conducted on a Kratos Axis Nova spectrometer
based on an Al Ka radiation source (hv = 1486.6 eV, 100 um, 25 W) with a delay line detector
(DLD). XPS samples were referenced to 284.8 eV, corresponding to the C-C component of the
Cls spectrum. Peak deconvolution and fitting were performed with the CasaXPS software .

Shirley's background correction was used.

CO2-speciation studies
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13C labeled carbon dioxide (99 atom % *C, 99.93 atom % 'O, Millipore Sigma) was purged for
Smin at Sscem into 2ml of sample. Carbonate was identified using '>°C NMR in a Bruker Ascend

9.4 T/400 MHz instrument.
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