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ABSTRACT: The spontaneous reaction of CO, with water and hydroxide to form (bi)carbonates in alkaline aqueous electrolytes
compromises the energy and carbon-efficiency of COz electrolyzers. We hypothesized that electrolyte carbonation could be mitigated
in an aprotic solvent with low water content, by employing an exogenous non-nucleophilic acid capable of driving proton transfer
without parasitic capture of COz by its conjugate base. However, it is unclear whether such an electrolyte design could engender high
CO: reduction selectivity and low electrolyte carbonation. We herein report selective COz electroreduction on polycrystalline Au
catalyst using dimethyl sulfoxide as the solvent and acetic acid / acetate as the proton donating medium with low carbonate formation.
CO:z is reduced to CO with over 90% faradaic efficiency at potentials relative to the reversible hydrogen couple that are comparable
to those in neutral aqueous electrolytes. 'H and *C NMR studies demonstrate that only millimolar concentrations of bicarbonates are
reversibly formed, that the proton activity of the medium is largely unaffected by exposure to CO2, and that low carbonation is
maintained upon addition of 1 M water. This work demonstrates that electrolyte carbonation and efficient COz reduction can be
decoupled from each other in an aprotic solvent, offering new electrolyte design principles for low-temperature CO: electroreduction
systems.

carbonate (Figure 1a). However, since CO2 hydration generates

Introduction

Low-temperature electrochemical reduction of CO2 (CO2RR)
is a burgeoning approach to producing value-added products
from renewable energy inputs.'> However, the selective pro-
duction of desirable reduced carbon products is challenged by
the competing hydrogen evolution reaction (HER). Mechanistic
studies of transition metal cathodes such as Cu, Ag, and Au
have shown that the CO: activation step that initiates CO2RR is
largely insensitive to the proton donor environment, whereas
the HER is highly sensitive to the proton donor and pH envi-
ronment. *® Consequently, it has been universally observed that
highly alkaline electrolytes selectively suppress HER, leading
to enhanced faradaic efficiency (FE) for CO2RR. Indeed, the
high faradaic efficiency of many reported cathodes, such as
nanostructured catalysts or gas diffusion electrodes,”® has been
attributed to their ability to engender a high interfacial pH dur-
ing polarization.

While alkaline conditions foster high faradaic efficiency for
CO2RR, they compromise the carbon efficiency of CO2 reduc-
tion. This impasse has been identified as “the carbonate prob-
lem”*!% and can be understood by examining the role of the pro-
ton donor (HA) with reference to a prototypical reaction stoi-
chiometry for CO2RR to CO (Figure 1, top). In alkaline aque-
ous environments, water is the most competent proton donor
(Figure 1a). Its deprotonation leads to the formation of two
equivalents of hydroxide, which capture CO: by reacting to
form (bi)carbonate anions. Since (bi)carbonates are inert to di-
rect electroreduction,'*!? their transport across the cell leads to
their release at the anode, eroding the carbon efficiency of
CO2RR at the cathode. For CO: reduction to CO, this process
leads to a 50% carbon utilization efficiency,’ and is even lower
for more reduced products such as ethylene. At intermediate
pH, bicarbonate itself can serve as the proton donor and form

carbonic acid, the electrogenerated carbonate dianion is subject
to comproportionation to regenerate two equivalents of bicar-
bonate, reintroducing the carbonate problem. Indeed, the
CO2/HCOs™ equilibrium makes electrolyte carbonation an inev-
itable consequence of operating at any pH above the
CO»/HCOs™ buffer point (~pH 7).
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Figure 1. Schematic describing the reaction selectivity (CO FE),
extent of carbonation ([HCO37], and overpotential () of CO2RR-
to-CO using proton donors (HA) of varying pK. values and pH en-
vironments in (a,b) aqueous and (c) aprotic solvent-based electro-
lyte conditions.

In contrast, high carbon efficiency can be recovered by oper-
ating in an acidic electrolyte with H;O" as the terminal proton
donor (Figure 1b). Since unfettered transport of H;O" to the
interface would favor HER, acidic electrolytes are paired with
ionomer-coatings, bipolar membranes, or high concentrations



of alkali cations to foster a substantial pH gradient at the inter-
face.!*!8 These strategies accept the formation of (bi)carbonate
at the interface and attempt to reprotonate the anion elsewhere
in the cell to liberate CO2. While these approaches foster higher
carbon efficiencies, they operate with a significant interfacial
pH differential relative to the bulk,'* which incurs large overpo-
tentials in excess of 0.8 V.!® Furthermore, the faradaic effi-
ciency of CO2RR is partially compromised in some designs, rel-
ative to fully alkaline electrolytes.!® To reduce these energetic
losses while avoiding carbonation, a terminal proton donor with
a pK. close to that of CO2/HCOs™ would be ideal but using
phosphate buffers in neutral electrolytes has been shown to pro-
mote HER at the cost of CO2RR FE. (Figure 1b).!? As the fore-
going discussion highlights, for aqueous CO2RR, the proton do-
nating environment can either be optimized for high FE and low
overpotential (alkaline) at the expense of high carbon effi-
ciency, or high carbon efficiency (acidic) at the expense of high
FE and low overpotential. Thus, simultaneously achieving a
high carbon efficiency, faradaic efficiency, and low overpoten-
tial faces inherent challenges in aqueous electrolytes.

We hypothesized that the above impasse could be addressed
in an aprotic solvent-based electrolyte. In this media, the activ-
ity of water can be significantly suppressed, mitigating its in-
trinsic bias to react with COz and promote PCET steps towards
HER. Instead, a proton transfer agent can be chosen specifically
to foster CO.RR while inhibiting electrolyte carbonation. In-
deed, CO2RR has been demonstrated in aprotic-solvent based
electrolytes: electrolysis using cathodes such as Cu or Au have
been reported to engender high selectivity for C; products.?
However, such designs fail to address electrolyte carbonation
because trace (or exogenously added) water is utilized as the
proton donor,?'?* leading to the expected stoichiometric for-
mation of bicarbonate as a reaction product.?® In contrast, we
envisioned that carefully selecting an exogeneous donor, with a
pK. closely matched to that of CO2/HCOs™, could mitigate car-
bonation while maintaining high faradaic efficiency and modest
overpotentials (Figure 1c). In addition, the selected donor must
form a conjugate base that is non-nucleophilic to avoid reaction
with COz following PCET, eliminating a potential pathway for
electrolyte-mediated CO: capture. When paired with electro-
Iytes with a sufficiently low water activity, we sought to under-
stand if selective CO2RR could be decoupled from significant
electrolyte carbonation in an aprotic solvent.

Herein, we report selective CO2RR with minimal bulk car-
bonate formation in dimethylsulfoxide (DMSO) electrolyte uti-
lizing acetic acid/acetate (AcOH/AcO") buffer as the proton do-
nating medium. We selected polycrystalline Au (pc-Au) as a
model catalyst to characterize the Ho/C: selectivity in this pre-
viously unexplored electrolyte, due to its simple CO2RR prod-
uct distribution consisting of Hz, CO and formate.'* We demon-
strate that the electrolyte medium is capable of catalyzing
CO2RR to Ci products with over 90% faradaic efficiency with
minimal H> formation. NMR analysis demonstrates that only
millimolar concentrations of bicarbonate are formed reversibly
in the electrolyte, and that attenuated electrolyte carbonation
and the high Ci reaction selectivity are maintained in electro-
lytes with 1 M of added water. Our results challenge the notion
that carbonation is an inevitable outcome of CO2RR, and pro-
vide a conceptual framework for enabling low-carbonate
CO2RR electrolysis towards value-added products.

Results & Discussion

Au-catalyzed CO, reduction in DMSO/AcOH buffer se-
lects for C; products

To examine the Hz versus Ci product selectivity of CO2RR,
we polarized pc-Au electrodes under a CO2 atmosphere in this
previously unexplored electrolyte media. DMSO was selected
for its electrochemical stability under highly reducing poten-
tials. AcOH was selected because its carboxylate conjugate
base is relatively non-nucleophilic and, as described later, pos-
sesses a similar pK, to the CO2/HCOs™ equilibrium. Galvanos-
tatic electrolyses were conducted in DMSO electrolyte
(DMSO/AcOH) consisting of an analytical concentration of 0.3
M AcOH/tetrabutylammonium acetate (TBAAcO) in a 1:1 ratio
with 0.15 M tetrabutylammonium hexafluorophosphate
(TBAPFs) supporting electrolyte. Gaseous products formed
during polarization were characterized using in-line gas chro-
matography (see SI section 1.2 for experimental details). As dis-
cussed later, galvanostatic electrolysis were also conducted
with DMSO/AcOH with 1 M of added water, henceforth re-
ferred to as “wet DMSO/AcOH”. However, we stress that
DMSO/AcOH was not rigorously dried and estimate an adven-
titious water concentration of 9 + 2 mM (see SI section 1.3 for
details). In either condition, the applied potentials for steady-
state electrolysis are far removed from the solvent reduction
window of the respective electrolytes without ACOH/AcO™ and
COz, confirming the reductive stability of DMSO (Figure S6).
For the product selectivity studies reported in this section, a pc-
Au counter electrode was utilized as the anode to avoid the pos-
sible effect of parasitic anode dissolution and contamination on
the cathode reaction. However, we separately demonstrate that
hydrogen oxidation can be sustained as a anode reaction using
a Pt counter electrode to avoid the anodic decomposition of ac-
etate to form carbon dioxide and ethane (i.e. Kolbe electrolysis),
which has been previously reported to occur on Pt and Au an-
odes (see SI section 2.1 for further discussion).?

CO: electroreduction occurs with a high selectivity for Ci
products and minimal formation of H>in DMSO/AcOH. Figure
2a depicts the potential-dependent faradaic efficiency of Hz and
CO versus the cobaltocene/cobaltocenium (Cc/Cc”) reference
couple, while Figure S7 depicts that of the faradaic balance in
DMSO/AcOH (see Figure S9 for partial current density trends
per product). The selectivity for CO rises to a maximal value of
ca. 90% towards —0.83 V vs Cc/Cc" applied potential, while H»
is not observed across all potentials examined. CO production
was ascribed to the electroreduction of COz, rather than para-
sitic decomposition of the electrolyte, based on mass spectro-
scopic analysis of the effluent gas stream following polarization
in the presence of *COz (see SI section 2.2 for experimental
details). To characterize the chemical identity of the solution-
phase product(s) comprising the faradaic balance, the catholyte
was sampled via '"H NMR following constant current electroly-
sis in the presence of '3CO; (see SI section 1.5 for details). A
doublet centered at 8.54 ppm was observed, characteristic of
13C-formate (Figure S7b), indicating that formate production
also originates from the reduction of CO2. We stress that careful
analysis of the potential-dependent formate production selectiv-
ity and rates is challenged by the low molar quantities produced
and herein avoid its detailed interpretation. However, no other
electrogenerated products were detected via 'H or 3C NMR,
suggesting the complete suppression of HER in favor of Ci
product formation.
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Figure 2. Potential-dependent faradaic efficiency trends for CO and H2 in DMSO/AcOH (blue) and DMSO/AcOH with 1 M added water
(“wet DMSO/AcOH?”, orange) electrolyte versus the (a) cobaltocene/cobaltocenium (Cc/Cc*) internal reference potential and (b) RHE (re-
versible hydrogen electrode) reference potential. Electrolysis was conducted via galvanostatic polarization from —0.17 to —2.03 mA c¢cm ™ on
pc-Au catalyst. All current densities are normalized with respect to the electrochemically active surface area. The data points and error bars
correspond to the average and standard deviation of three measurements.

To meaningfully compare CO2RR selectivities in aqueous
electrolytes and the DMSO/AcOH system at comparable ap-
plied potentials, the proton activity of each system must be de-
termined. In water, the proton activity of the electrolyte is de-
scribed by the pH, which can be easily calculated from the acid-
base dissociation constant of the proton donor. This value can
then be used to reference the data to the reversible hydrogen
electrode (RHE) scale. In an aprotic solvent, however, the ana-
lytical determination of the proton activity is complicated by the
presence of multiple solution non-idealities, such as homocon-
jugation and ion pairing,?’ whose complex equilibria are not
conveniently characterized. To circumvent this issue, the proton
activity of the system can instead be empirically determined
from the equilibrium potential of the H*/H> redox couple on Pt
electrodes, which is directly sensitive to the activity ratio of the
donor (ana) to conjugate base (aa-).2%* The measured equilib-
rium potential can then be used to reference the applied poten-
tials depicted in Figure 2a to the RHE scale, permitting an ap-
proximate comparison between the aqueous and aprotic system.

Applying this analysis demonstrates the similarity of the re-
action selectivity in DMSO/AcOH compared to those in water.
Figure 2b shows the faradaic efficiency trends of CO and H»
referenced to the measured equilibrium potential of the H/Ha
redox couple (i.e. RHE; see SI section 1.8 for experimental de-
tails; see Figure S7 and S9 for the equivalent plots for formate).
The potential-dependent CO selectivity profiles are comparable
to those in aqueous buffered pH 6.8 KHCO:; electrolyte at sim-
ilar potentials versus RHE on pc-Au. For example, at ca. —0.7
V vs RHE, the CO selectivity is 98% in the aqueous electrolyte,
while it is 90% in DMSO/AcOH.* In addition, the overpoten-
tials required to achieve selective CO formation in
DMSO/AcOH are less than those in acidic aqueous electrolytes.
For example, in pH 1 H2SO4 electrolyte with 0.4 M K2SO4 with
a Au/C catalyst,'® polarization at —0.7 V vs RHE is completely

selective for Ha, in contrast to the 90% selectivity observed for
CO production in DMSO/AcOH. Achieving comparable selec-
tivity in acidic aqueous media requires an applied potential of
—1.0 V vs RHE, where the additional 0.3 V of applied overpo-
tential is required to sustain a high interfacial pH gradient. To-
gether, the foregoing data demonstrate that DMSO/AcOH elec-
trolyte is not only capable of supporting selective electroreduc-
tion of CO: to CO and formate, but that the reaction does so at
comparable or less negative potentials versus RHE relative to
aqueous neutral or acidic electrolytes.

Selective electrolysis to C; products is tolerated in
DMSO/AcOH with up to 1 M of added water

Water is an inevitable reaction product of the cathodic deox-
ygenation of CO2. However, it is unclear whether having a high
water content in the electrolyte would erode CO2 reduction se-
lectivity in favor of HER. To examine the influence of added
water on the product distribution, galvanostatic electrolyses
were conducted in COz saturated DMSO/AcOH electrolytes
with 1 M added water (“wet DMSO/ACOH”). Figure 2a
demonstrates that a high CO selectivity (ca. 80%) can still be
achieved at sufficiently negative potentials (ca. —0.73 V vs
Cc/Cc"). Its faradaic efficiency is comparable to DMSO/AcOH
on the RHE scale. However, Figure S9 demonstrates that the
rate of CO formation is enhanced with the addition of water,
demonstrating that the invariance in FE is not due to a corre-
sponding invariance in CO formation rates.

Unlike in DMSO/AcOH, Hz is observed under the tested gal-
vanostatic range. To understand if the promotion of hydrogen
originates from a change in the proton activity of the medium,
Figure 2b depicts H> formation rates versus the RHE reference
scale. The increase in the Ha faradaic efficiency at aligned
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Figure 3. (a,b) "H NMR spectra depicting the acetate methyl shift in (a) DMSO/AcOH and (b) wet DMSO/AcOH electrolytes, and (c,d) '3C
NMR of (¢) DMSO/AcOH and (d) wet DMSO/AcOH electrolyte under the following conditions: as prepared (blue), after sparging with
13COs (orange), and after sparging with Ar (pink). (¢) '3C NMR reference spectra of tetracthylammonium bicarbonate (TEAHCO3") in
DMSO. For visual clarity, data in (c) is shown with 20 Hz exponential apodization.

potentials versus RHE in DMSO/AcOH versus wet
DMSO/AcOH shows that the addition of water promotes H»
formation. Despite this, low faradaic efficiencies for Ha (~5%)
can still be achieved with sufficiently negative applied poten-
tials. Together, the data indicate that a high selectivity for Ci
products can still be maintained in electrolytes containing sub-
stantial amounts of added water at sufficiently negative applied
potentials. Given the hygroscopic nature of DMSO, we
acknowledge that sustaining operation of this system would re-
quire continuous removal of water as its produced from CO:
deoxygenation. This could be accomplished within the cell
upon development of efficient and selective catalysts for water
oxidation in this medium, or can be carried out externally to the
cell by, for example, membrane-based pervaporative dehydra-
tion of the electrolyte;3!3? either approach requires substantial
further development in future studies. Notwithstanding, the data
implies that accumulation of water will have a negligible effect
on the reaction selectivity up to the tested limit.

(Wet) DMSO/AcOH electrolyte resists electrolyte car-
bonation

In contrast to aqueous electrolytes, we hypothesized that
electrolyte carbonation could be substantially mitigated with an
AcOH/AcO™ buffer in DMSO. First, we sought to understand if
AcO" irreversibly forms an adduct with CO2 via nucleophilic
attack, which is one pathway for electrolyte carbonation with an
exogenous donor. In order to probe a potential irreversible re-
action between acetate and CO2, 'H NMR spectra were recorded
on gas tight samples of DMSO/AcOH and wet DMSO/AcOH
prior to and after sparging with '3CO; (see SI section 1.5 for

experimental details). Introduction of CO: to the electrolyte
causes a nominal change in the chemical shift of the acetate me-
thyl resonance in both DMSO/AcOH (Figure 3a) and wet
DMSO/AcOH (Figure 3b) of <0.05 ppm, evincing a weak in-
teraction between CO: and AcOH/AcO™ buffer. The small
change chemical shift could be attributed to weak interaction
between CO: and acetate, or a change in speciation of
AcOH/AcO™ buffer, or both. Regardless, subsequent sparging
of the electrolyte with Ar caused the acetate methyl resonance
to return to its native chemical shift, suggesting that the interac-
tion between acetate buffer and COz is indeed reversible.

Next, we sought to understand whether significant equilib-
rium concentrations of (bi)carbonate are formed from CO: hy-
dration with water in the presence of the AcOH/AcO". Upon
saturation with 13COs, the *C NMR spectra of DMSO/AcOH
(Figure 3c) and wet DMSO/AcOH (Figure 3d) electrolyte both
display a carbon signal centered at 156-157 ppm. The chemical
shift of this signal is very similar to that of bicarbonate in
DMSO, whose shift was independently measured to be 158.7
ppm (Figure 3e). Hence, we ascribe the signal primarily to the
presence of equilibrium bicarbonate species. However, satura-
tion of both electrolytes with Ar thereafter eliminates the bicar-
bonate resonance, implying that, unlike aqueous alkaline elec-
trolytes, CO2 capture is reversible in this reaction medium.
Quantitative '*C NMR analysis of the *CO; saturated electro-
lyte samples revealed an equilibrium bicarbonate concentration
of ca. 6 mM in DMSO/AcOH and ca. 41 mM in wet
DMSO/AcOH (see SI section 1.5 for details). Both these con-
centrations are far below the estimated concentration of soluble



COz of ca. 0.157 M in DMSO/AcOH and ca. 0.152 M in wet
DMSO/AcOH. Importantly, the low equilibrium bicarbonate
concentration represents a small fraction of the total anionic
charge in the medium. Since the analytical concentration of ac-
etate added to the electrolyte is 0.150 M, and since the total an-
ion concentration must be preserved regardless of the equilib-
rium speciation, then bicarbonate constitutes only 4% and 27%
of base-derived anionic charge. These fractions and concentra-
tions are remarkably lower than the 100% anion carbonation at
hundreds-of-millimolar quantities, with irreversible capture of
CO», expected in alkaline aqueous electrolytes.

The low equilibrium concentration of bicarbonate in
DMSO/AcOH reflects the similarity in the acidity of the
AcOH/AcO™ and the CO2/HCOs acid-base equilibria in
DMSO. To further understand this, the pK, of the CO/HCO;~
equilibrium was estimated by calculating the proton activity dif-
ferences of two independent solutions of each buffer via the
equilibrium H'/H» reaction on Pt (SI section 2.3 for experi-
mental and mathematical details). We stress that this calculation
is an estimate, and that a fully accurate determination of the pK.
requires explicit knowledge of all solution equilibria and any
non-idealities in species’ activities. Nevertheless, in acknowl-
edging that the errors are expected to be small on a logarithmic
scale, we calculate a pK, value of 13.0 for the CO2/HCOs™ equi-
librium. The similarity of the pK. value of this equilibrium rel-
ative to that of AcOH/AcO™ in DMSO (12.6)* rationalizes the
observation of some carbonation occurring via equilibrium
H2COs deprotonation. Despite this, our analysis demonstrates
that carbonation can still be managed to millimolar levels in an
aprotic solvent by, alongside reducing the water activity in the
electrolyte, maintaining an electrolyte acidity close that of the
CO2/HCOs™ acid-base equilibrium. Importantly, the similarity
of the pK, to that of AcOH/AcO™ also rationalizes the observa-
tion of a high C: formation selectivity at negative applied po-
tentials, similar to previous studies utilizing CO2/HCO;™ as the
sole proton donating medium in aprotic solvents.?
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Figure 4. Difference in proton activity of DMSO/AcOH (magenta)
and wet DMSO/AcOH (yellow) electrolytes before and after expo-
sure to 0.5 atm Ar and 0.5 atm COz. In both conditions, 0.5 atm H>
was present to maintain reaction equilibrium. The theoretical
change to the proton activity (pH) for a 1 M solution of KOH re-
acting with COz to form 1 M KHCOs was calculated from a previ-
ous literature report (blue).!®

The results discussed above imply that exposure of the elec-
trolyte to CO: should also not cause a significant change in the
proton activity of the medium. To measure this, the equilibrium
potential of the H*/H» redox couple was measured under 0.5 atm
partial pressure of Ar, followed by exposure to 0.5 atm partial
pressure of COz. In both atmospheres, the Hz partial pressure is

held constant at 0.5 atm to maintain the H"/Ha reaction equilib-
rium. As seen in Figure S10, the equilibrium potential changes
by 8 £ 3 mV in DMSO/AcOH and 23 + 0.4 mV in wet
DMSO/AcOH upon addition of COz. These changes in equilib-
rium potential translate to an effective change in proton activity
0f 0.14 + 0.05 and 0.39 + 0.01 units in DMSO/AcOH and wet
DMSO/AcOH, respectively (Figure 4). For comparison, both
changes are far less than the many-unit change in pH observed
in aqueous alkaline electrolytes upon carbonation. For example,
the expected equilibrium potential change in a 1 M KOH elec-
trolyte (pH = 14) undergoing carbonation to 1 M KHCOs (pH =
8.3) is 336 mV, representing a proton activity change of more
than 5.7 units (Figure 4, Figure S10).!° This analysis demon-
strates that the proton activity of the medium is largely unaf-
fected by exposure to CO2, due to its similarity in pK. to AcOH.
This result contrasts with aqueous alkaline electrolytes, where
exposure to CO2 lowers the electrolyte pH at the expense of the
CO2RR reaction selectivity.

We note that while (bi)carbonate species could be electro-
chemically generated at the interface, our results suggest that
such species are transient. For example, previous literature has
suggested that carbonate can be formed from an electroreduc-
tive disproportionation pathway between two equivalents of
CO».** Recent literature has contested this observation, suggest-
ing instead that bicarbonate formation appears because of nu-
cleophilic attack of hydroxide on CO: following the direct re-
duction of water.?* The foregoing data demonstrates that
AcOH/AcO™ drives the thermochemistry of proton transfer of
the electrolyte. Hence, regardless of the pathway of its for-
mation, electrogenerated (bi)carbonates are expected to rapidly
equilibrate with AcOH/AcO™ to establish the low bulk equilib-
rium bicarbonate concentration.

In summary, the data demonstrate that CO- is largely inert to
DMSO/AcOH electrolytes and results in a negligible change in
the proton activity of the medium upon its introduction, even
with 1 M of added water. Furthermore, electrolyte carbonation
can be significantly inhibited to millimolar levels by driving the
thermodynamics of proton transfer and PCET with
AcOH/AcO™ buffer alongside attenuating the bulk water con-
tent of the electrolyte. These results contrast with CO2RR in
aqueous electrolytes, where proton donation in any pH regime
comes at the cost of either low electrolyte carbonation or high
CO2RR faradaic efficiency at low overpotentials.

Conclusion

In this study, we sought to understand if selective COz elec-
troreduction catalysis could be balanced with minimal electro-
lyte carbonation in an aprotic electrolyte medium containing a
non-nucleophilic buffer. We find that CO: electroreduction ca-
talysis on pc-Au cathodes in DMSO/AcOH electrolyte affords
high selectivity for Ci products without concomitant HER at
comparable potentials versus RHE relative to those previously
reported in neutral aqueous electrolytes, and favorable to those
in acidic aqueous electrolytes. With AcOH/AcO buffer and an
attenuated water content, we find that DMSO inhibits electro-
lyte carbonation to millimolar equilibrium bicarbonate concen-
trations. Furthermore, the proton activity of DMSO/AcOH me-
dia is largely unchanged upon COz addition, demonstrating that
the pK. of CO2/HCO; is closely matched to that of
AcOH/AcO. Together, our findings suggest that combining the
attenuated water content in the organic media along with a non-
nucleophilic buffer with a matched pK. is an effective strategy
for simultaneously mitigating carbonation and HER. We



acknowledge that the practical device implementation of apro-
tic solvent-based CO2RR systems is far from mature, requiring
simultaneous advances in gas delivery, anode reactivity, elec-
trolyte conductivity, water management, and cell and mem-
brane design. However, the approach described here addresses
a fundamental knowledge gap in how the activity of water, the
pK. of the proton donor, and the nucleophilicity of conjugate
base can be tailored to decouple selective CO2 reduction and
electrolyte carbonation. By addressing this core fundamental
challenge in CO2RR, this work establishes electrolyte design
principles for fostering selective fuel synthesis with minimal
energy and carbon losses.
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