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Current efforts to integrate CO, capture and electrochemical conversion

are often performed under aqueous conditions, resulting in undesired
hydrogen evolution and reliance on precious metal catalysts and pure CO,
streams. Here we explore reactive capture in aprotic media. By shifting the
amine-CO, adduct speciation to carbamic acid (instead of carbamate) in
dimethyl sulfoxide, we increased CO, uptake threefold compared with an
aqueous medium, suppressing hydrogen evolution and supporting a 78%
Faradaic efficiency towards CO over an earth-abundant zinc catalyst. Under
simulated high-oxygen-content flue gas (17% CO,,17% O,, 66% N,), we also
obtained up to 43% CO Faradaic efficiency over multiple capture-conversion
cycles. Our findings showcase the confluence of reactant speciation,
electrolyte composition and electrocatalyst design in enabling selective and
active electrochemical transformations.

Integrating carbon capture and use, also referred to as reactive CO,
capture (RCC), offers a pathway to decrease emissions fromindustrial
pointsources while generating value-added fuels and chemicals'. Major
manufacturing and power sectors emit flue gases containing 10-20%
CO, together with nitrogen, oxygen and minor contaminants? Con-
ventionally, CO, is captured using aqueous amine solutions and sub-
sequently released inathermal regeneratoré)perating attemperatures
upto150 °C®. This regeneration step is the most energy-intensive com-
ponent of the capture process’. In contrast, inaRCC unit, the captured
speciesis directly converted without thermal desorption, potentially
eliminating separate purifi'cation and pressurizationsteps and lowering
overall energy demand"*,

Electrochemical approaches to reactive capture are attractive
because they are modular and can operate atambient temperature and
pressure. Most electrochemical RCC systems rely on aqueous amine
electrolytes®, where CO, reacts with primary or secondary amines (for
example, monoethanolamine (MEA)) to form carbamate and ammo-
nium species®. However, formation of the amine-CO, adduct in water
isfundamentally limited by the 2:1amine-to-CO, stoichiometry and the
competing equilibriawithammonium, bicarbonate and carbonateions.

In addition, the plethora of proton sources (for example, H,0, HCO;",
R-NH;") favours competing side reactions such as hydrogen evolu-
tion reaction (HER)**'°, lowering selectivity towards CO, conversion.
Furthermore, when oxygen is present in the feed (as is typical in flue
gas streams), undesired oxygen reduction reaction predominates” .
Evenwhen alkali cations are introduced to modify the electrochemical
doublelayer to facilitate carbamate reduction®, CO formation remains
sensitive to CO, partial pressure' and often requires noble metal cata-
lysts (for example, Ag) and oxygen-free feeds®.

The use of aprotic solvents offers a viable strategy toincrease RCC
selectivity by tuning the amine-CO, adduct speciation and limiting
availability of proton donors"™™".In polar organic solvents such as dime-
thylsulfoxide (DMSO), amine-CO, adducts speciate towards carbamic
acidandits zwitterion analogue rather than carbamate-ammoniumion
pairs'®. This pathway requires only one amine per CO, molecule, dou-
bling the theoretical CO,uptakerelativetoaqueous medium. As neutral
species, carbamic acid may also experience reduced electrostatic
repulsion at negatively biased electrodes compared with anionic car-
bamate. Moreover, DMSO can decrease the electrochemical activity of
water”, proton' and 0,”° towards undesired HER and oxygen reduction
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Fig.1| Amine-CO,speciation. a, Summary of amine and CO, speciation in water
and DMSO. b, Conductivity measurements of Ar and CO, saturated solutions
containing 0.3 M MEA in water and DMSO. ¢, '"H NMR and *C NMR chemical shifts
for Arand ®CO,-saturated solutions containing 0.3 M MEA with 0.5 M CsClin
D,0 or 0.5M CsClO, in d;DMSO.®*CO,-saturated solutions were initially purged
with Ar for the removal of soluble CO,. Nomenclature for identification of 'H

and *C NMR peaks are shown in a. Atom numbering in ais provided solely to
facilitate assignment of the corresponding 'H and *C NMR peaks. d, *CO, uptake
per mol of amine in different electrolyte compositions. Datain b are presented
as mean values, while dots represent individual measurements (n = 3) and bars
showmean +s.d.

reaction. We therefore propose that promoting carbamic acid forma-
tioninanon-aqueous electrolyte will simultaneously increase effective
CO, uptake and mitigate competing reaction, enabling CO, conversion
over non-noble metal catalysts and under industrially relevant CO,
partial pressures and oxygen contents.

Here we investigate RCC using MEA in DMSO. We quantify CO,
uptake, characterize amine-CO, speciation and stability, and show
that CO formation during RCCis possible even with an earth-abundant
Zn-based catalyst. Replacing water with DMSO increases CO, uptake
threefold and suppresses undesired HER. Furthermore, CO Faradaic
efficiency (FE) reaches up to 78% in the non-aqueous electrolyte, with
Zn exhibiting activity comparable to or exceeding Ag under identical
conditions. Density functional theory (DFT) calculations indicate a
lower limiting potential for CO formationon Zn, consistent with experi-
ment. Under simulated flue gas conditions with high oxygen content
(HOC) and lower CO, partial pressures, the system sustains CO Fara-
daicefficiencies up to 43% over repeated capture-conversion cycles.
These findings demonstrate that electrolyte-controlled amine-CO,
speciation enhances capture capacity and selectivity under industrially
relevant conditions using earth-abundant catalysts.

Amine-CO, speciation

We first examined how solvent influences amine-CO, speciation. In
water, we may expect CO, reacts with two MEA molecules to form
carbamate and ammonium species®, as illustrated in Fig. 1a. Due to
its basicity, MEA can further promote the formation of hydroxide,
bicarbonate and carbonate ions. In contrast, in DMSO the reaction
predominantly yields neutral carbamic acid™®. This difference in spe-
ciation is reflected in the solution conductivity. As shown in Fig. 1b,
on CO, addition the conductivity of a 0.3 M MEA aqueous solution
increases by nearly 20 mS cm™, whereas in DMSO the increase is only

0.3 mS cm™, consistent with minimal formation ofionic speciesin the
non-aqueous medium.

We nextinvestigated the effect of caesium salts, as large alkali cati-
ons have been shown to promote carbamic acid speciationin DMSO?*
and suppressing HER in aqueous systems®. Figure 1c presents the 'H
NMR spectraof Ar-saturated and 2CO,-saturated MEA solutions in D,O
and deuterated DMSO (d,DMSO) containing 0.5 M Cs salts (either CsCl
or CsClO,). The 13CO,-saturated solutions were purged with argon to
remove dissolved CO, (Supplementary Fig.1). In Ar-saturated solutions,
two triplets atapproximately 3.5 ppmand 2.6 ppmare observedinboth
solvents, corresponding to MEA. On CO, addition, four new peaks
appear in D,0, consistent with formation of carbamate and ammo-
niumspecies. In d,DMSO, the 2 new peaks at 3.4 ppmand 3.0 ppm are
assigned to the -CH protons of carbamic acid, whilebroad resonances
at 6.5 ppm and 5.6 ppm arise from rapid proton exchange involving
amide, ammonium and hydroxyl groups'®*. Minor signals attributable
toammoniumspecies are also detected in d,DMSO, however, carbamic
acid remains the dominant adduct.

We also used >C NMR spectroscopy to identify carbon-containing
species not resolved in the 'H spectra. The peaks shownin Fig. 1c were
assigned on the basis of previous reports®'® and two-dimensional
heteronuclear NMR analysis (Supplementary Fig. 2). Inaqueous solu-
tion, distinct peaks at 165 ppmand 158 ppm are assigned to carbamate
and to rapidly exchanging bicarbonate and/or carbonate species®,
respectively. In DMSO, peaks at 158.5 ppm correspond to carbamic
acid® while the 158 ppm peaks correspond to minor bicarbonate and/
or carbonate formation?*,

Theintegration of the ®*C signals (Supplementary Fig. 3) was then
used to estimate the total CO, loading relative to the initial amount
of amine. As shown in Fig. 1d, at 0.3 M in water, only 15% of MEA is
converted to carbamate. Increasing the amine and salt concentration
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Fig.2|Electrochemical analysis. a,b, Linear sweep voltammograms at 50 mV s™
over an Ag disc electrode for Ar and CO, saturated solutions containing 0.3 M
MEA and 0.5 M CsClinwater (a) and 0.5 M CsClO, in DMSO (b). c-f, Product
distribution analysis using an H-cell setup with Ar as a carrier gas at 5 sccm for
CO,saturated solutions containing 0.3 M MEA and 0.5 M Cs salts in water (c)

and DMSO (d) over a Ag disc electrode and water (e) and DMSO (f) over aZn disc
electrode. All CO,-saturated solutions (-15 ml) were purged with Ar at 5 sccm for

Production cost (US$ per ton of CO)

5 min to remove dissolved CO, before electrochemistry. g, LTOC and LTVOM:
for CO productionin water and DMSO over Ag catalysts under electrochemical
conditions presentincandd.h, CO production cost breakdown over Ag and
Zn catalysts in DMSO under electrochemical conditions presented ind and f
at-1.5V.Datain c-fare presented as means, while dots represent individual
measurements (n =3) and bars show mean *s.d. IR, infrared; RHE, reversible
hydrogen electrode.

to 2 M, used here as literature benchmarks®", raises carbamate
conversion to 31%. However, substantial bicarbonate or carbonate
formation persists, accounting for approximately 64% and 28% of
carbon-containing speciesat 0.3 Mand 2 M MEA, respectively.In con-
trast, in DMSO approximately 87% of MEA converts to carbamic acid
withonly -2% bicarbonate or carbonate formation. Overall, CO, uptake
per mole of amineinthe form of areducible amine-CO,adductisnearly
three times higherin DMSO thanin water, with minimal carbonate loss.

Electrolyte effects on amine-CO, reduction
Therole of amine-CO, speciationin modulating electrochemical selec-
tivity was probed. Figure 2a,b presents the voltammograms obtained

fromthe water and DMSO electrolytes before and after saturation with
CO,. The cathodic potential in the non-aqueous medium was refer-
enced against the reversible hydrogen electrode, further discussed
in Supplementary Note 1 and Supplementary Fig. 4. We also purged
the electrolytes with Ar to eliminate any dissolved CO,. In water, we
only observed a single cathodic feature at -0.9 V versus the revers-
ible hydrogen electrode for both Ar and CO, saturated solutions. In
DMSO, we observed a cathodic feature at -1.9 V, which we ascribed to
amine reduction or electrolyte degradation. However, when CO, was
added, we observe a second cathodic feature at -1.2 V that remained
diffusion-limited around -10 mA cm™until electrolyte reduction and/
or degradation took place. This diffusion-limited current shifts to more
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Fig. 3| Role of the amine-CO, adduct. a, >*C NMR spectra of solutions containing
0.5MCsClO, (green) and 0.3 M MEA in d,DMSO saturated with either 100% *CO,
(grey) or 20%"C0,/80% Ar (red). All data were normalized against the d,DMSO
peak (*). b, CO, displacement test of DMSO solutions saturated with 100% CO,.
Arat10 sccmwas used as a carrier gas. ¢, Linear sweep voltammograms over an
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Agelectrodeat5mV s™ of DMSO CO, saturated solutions containing either 0.5 M
CsClO,saturated with 100% CO, or 0.5M CsClO, and 0.3 M MEA saturated with
20% C0O,/80% Ar equilibrated over 1 h to minimize the amount of dissolved CO, in
the solution.

negative values as the MEA concentration increases (Supplementary
Fig.5), suggesting that the amine-CO, adduct may act as the limiting
reactantin the system.

Product distribution analysis at different potentials may offer
insights on how electrolyte composition affects selectivity. In water,
the maximum CO FE is 9% at -1.0 V, with CO partial current density
below 1 mA cm™even at -1.3 V (Fig. 2¢). Similar CO FE between 9%’
and 19% (ref. 14) have been reported under comparable conditions.
In contrast, in DMSO the CO FE reaches 83% at -1.45 V (Fig. 2d), with
amaximum CO partial current density of 7.3 mA cm™at -1.6 V. The
higher CO selectivity in DMSO is consistent with greater CO, loading
andreduced availability of proton donors such asH,0, HCO; and RNH;"
shownin our NMRresults. Moreover, it has been shown that DMSO can
form strong hydrogen bond networks, decreasing both proton and
water activity towards HER™",

Since the observed increase in CO activity and selectivity is fun-
damentally influenced by the electrolyte composition, we proposed
that comparable outcomes could be achieved using an earth-abundant
electrode. Polycrystalline Zn is one of the cheapest metals (Supple-
mentary Table 1) and presents superior selectivity towards CO for
CO, reduction (CO,R) inbothaqueous and non-aqueous medium* %,
Figure 2e shows that Zn performed poorly in water, with CO FE and par-
tial current density values not exceeding 5% and 1 mA cm™, respectively.
Incontrast, Fig. 2fshows COFE values up to 78%in DMSO at -1.5 V, with
ajco Eeaching 14.4 mA cm™at more negative potentials. These results
showastarkincreaseinboth CO activity and selectivity for amine-CO,
reduction over non-noble metal catalysts at room temperature when
shifting from water to DMSO electrolyte.

We implemented a techno-economic analysis (TEA) model to
evaluate the competitiveness of amine-CO, reductionin non-aqueous
electrolyte. Key input parameters and cost breakdowns are summa-
rizedinSupplementary Table 2, Supplementary Figs. 6 and 7 and Sup-
plementary Note 2. Together, these terms define the levelized cost of
production for CO within the constraints of a technology readiness
level 1system. At this early stage, the TEA does not represent an engi-
neering design, nor doesit capture higher-technology readiness-level
requirements such as large-scale balance-of-plant integration, com-
pressionandrecycleloops, long-termstability or detailed separations.
Nevertheless, it serves asabounded, physics-based comparisonacross
experimental conditions from both aqueous and non-aqueous systems.

Figure 2g shows a substantial cost reduction of nearly 89% for CO,
reductionoversilver catalyst when operating the cellinDMSO at-1.5V,

compared with water at —0.99 V. The major contributors to this cost
reduction are the higher CO FE and partial current density in DMSO,
which are one order of magnitude greater thanin water. We expanded
our TEA to evaluate the impact of replacing silver with a non-noble
metal Zn catalyst. Figure 2h indicates that adopting zinc yields a sub-
stantial cost reduction relative tosilver. A fraction of thisimprovement
originates from lower catalyst cost, while the dominant contribution
arises from higher CO activity with zinc, which decreases electricity
use, solvent make-up and hardware requirements (Supplementary
Fig. 7a-c). The influence of engineering factors such as membrane
lifetime and electricity price is summarized in Supplementary Fig. 8.
Preliminary two-dimensional sweep analysis further indicates that
achieving current densities above 100 mA cm™and using alternative
anodes such as nickel can expand the operating region in which inte-
grated CO, capture and conversion becomes economically competitive
(Supplementary Fig. 9).

Therole of the amine-CO, adduct
Itis an ongoing debate whether the amine-CO, adduct can undergo
direct reduction or if CO, will first be released and then reduced to
CO’". Toelucidate the role of amine-CO, adduct during CO formation
inDMSO, we firstinvestigated the role of MEA and CO, partial pressure
in CO, speciation. The *CNMR spectra in Fig. 3a shows asingle peak at
125 ppminthe absence of MEA, corresponding to dissolved CO,. Onthe
addition of MEA, most of the CO, is converted to carbamicacid. Asthe
CO, partial pressure decreases to 20%, the carbamic acid peak intensity
diminishes and no appreciable amount of dissolved CO, is detected.
Weselected a CO, partial pressure of20% as arepresentative condition
for the product distribution analysis shown in Fig. 2d (Supplemen-
tary Fig. 10). Our observations indicate that carbamic acid serves as
areservoir, dynamically releasing CO, asiit is either consumed during
electrochemical reductionor displaced during purging with inert gas.
To verify whether the amine-CO, adduct (rather than dissolved
CO,) serves asthe primary CO, reservoir, we conducted a displacement
test to quantify the total CO,loading withand without MEA (cell illus-
trationin Supplementary Fig.11). As shown in Fig. 3b, the CO, loading
in DMSO without amine is 130 + 1 mmol I}, consistent with reported
literature values®. In the presence of MEA, the CO, loading increases
t0289 + 5mmol I, closely aligning with the initial amine concentration
(300 mM). These findings corroborate the >C NMR results, confirm-
ing that CO, is predominantly present as an amine-CO, adduct and is
released on purging the system with aninert gas.
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Fig. 4 |Insightsinto catalytic activity and selectivity. a, Free energy diagram
for the amine-CO, reduction over Ag (111) and Zn (101) catalystsin the presence
and absence of Cs’. Pathway starting with carbamate adsorption over an Ag
(111) facet is represented ip dashed lines. b, Double-layer capacitance (Cg) and
currentdensity values (j) averaged over 1 min during electrochemical impedance
spectroscopy experiments over a Ag disc catalyst of CO, saturated solution

R-H,* H*  R-COOH* co,*

containing 0.3 M MEA with and without 0.5 M CsClO,. The two non-aqueous
systems were compared against the internal standard decamethylferrocene
(MeyyFc). ¢, Binding energy for potential proton donors for HER and carbon
sources for CO formation over an Ag (111) and Zn (101) facets in the presence of
Cs*.‘R-"equals HOCH,CH,NH-. Datain b are presented as mean values, while
dotsrepresentindividual measurements (n = 3) and bars show mean + s.d.

Finally, we probed whether an electrochemical process can drive
CO,release and subsequent reduction. Inthe absence of amine (Fig.3c),
CO, reduction takes place around -1.25 V versus the reversible hydro-
gen electrode in DMSO. However, the electrode becomes inactive at
more negative potentials due to the formation of poorly soluble cae-
siumbicarbonates or carbonates***.. In contrast, when MEA is added,
the onset potential for amine-CO, reduction remains nearly the same,
but electrode inactivation is mitigated. These findings suggest that
CO, is the active species for CO formation, consistent with previous
studies in aqueous systems”'*, However, the reaction is mediated by
the formation of the amine-CO, adduct, which in equilibrium with CO,
(CO,+R-NH, = R-NHCO,H) outcompetes the formation of insoluble
bicarbonates (CO, + OH™ = HCO;") that would otherwise inactivate
the electrode.

Amine-CO,reduction activity and selectivity

We carried out DFT simulations to investigate the amine-CO, reduction
activity and selectivity. Calculations were performed over Ag (111) and
Zn (101), which were the dominant electrode facets before and after
electrolysis (Supplementary Fig. 8). Further details about DFT calcula-
tions can be found in Supplementary Note 3. Our results over the Ag
(111) in Fig. 4a show that the carbamic acid formationin the liquid phase
presents more negative free energy values than carbamate adsorption
(dashed grey line) by —0.9 eV. Thus, carbamic acid is more likely to act as
the amine-CO, shuttle thanits carbamate form. We also observed that

the release of CO, presents —0.77 eV over the Ag electrode, indicating
that CO,is most likely the active species for the amine-CO,reduction,
inagreement with our experimental results. The proton-coupled elec-
tron transfer reaction that leads to the formation of COOH* is uphill
by 0.99 eV. This step is followed by thermodynamically favoured CO*
formation and CO desorption steps.

The free energy diagramin Fig. 4a shows that Cs* (solid blue line)
strengthens carbamic acid binding on Agby 0.45 eV and lowers the for-
mation energy of COOH*by 0.55 eV, facilitating CO, reduction. To probe
therole of Cs*in DMSO, we quantified the electrochemical double-layer
capacitance (C4) with and without supporting electrolyte. The circuit
model and fitting parameters are provided in Supplementary Fig. 13.
Figure 4b shows that, in the presence of Cs*, Cyincreases to~16 pF cm™
from-1.8 Vto-2.2 Vversus Me, Fc, where amine-CO, reduction takes
place. Without salt, C, remains between 2 pF cm™and 6 pF cm™, sug-
gesting that Cs* ions increase local dielectric constant and favours
amore compact double layer that may enhance CO activity, as sug-
gested by DFT.Inthe absence of supportingions, zwitterionic species
(R-NH,"C0O,") and ammonium ions leads to a thicker double layer and
lower CO selectivity (CO FE values for different Cs* concentrations are
shownin Supplementary Fig. 14).

Our experiments also have shown that Zn exhibits higher activ-
ity for amine-CO, reduction than Ag. From the free energy diagrams
in Fig. 4a, the limiting potential for *COOH formation on Zn (101)
is 0.24 eV, markedly lower than 0.61 eV on Ag. A similar Cs" effect is
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for 0.3 MMEA and 0.5 M CsClO, in DMSO over a Zn electrode at -10 mA cm™2over
24 hunder constant flue gas flow of simulated flue gas at 20 sccm. d, Product
distribution analysis of 0.5 M CsClO, and 0.3 M MEA in DMSO saturated with
simulated flue gas over a Zn electrode at-10 mA cm™under quiescent conditions
over 6 h (-20 C charge passed). Data in b—-d are presented as mean values, while dots
represent individual measurements (n = 3) and bars show mean + s.d.

observed for Zn (101) (Supplementary Fig.15). Enhanced Zn activity for
CO formation in non-aqueous CO, reduction has also been reported;
whereas in aqueous systems Zn shows slightly lower activity than Ag”.

To rationalize the high CO selectivity in DMSO, we extended DFT
calculations to possible HER proton donors. Figure 4c compares the
binding energies of H* and R-NH," with those of carbamic acid and CO,.
In the absence of water, H" may arise from carbamic acid ionization,
while R-NH;" forms viareaction with unconverted amine. The full HER
pathway and Cs* effects are shown in Supplementary Fig. 16. Both car-
bamicacid and CO,bind more strongly to Znand AgthanH* or R-NH,",
supportingselective CO formationin DMSO. In aqueous media, higher
concentrations of R-NH;*, waterand HCO;™ (not capturedin our DFT)
may promote substantial HER.

Operation under oxygen-rich and low CO, partial
pressure environment

Industrial flue gases typically contain 5-20% CO,% We therefore
examined how CO, content influences amine-CO, speciation and
electroreduction in DMSO. Figure 5a shows the apparent pH (pH,,,,)
of MEA solution in DMSO under varying CO,/Ar mixtures. Increasing
CO, fraction produces amore acidic pH plateau, consistent with equi-
librium dependence on CO, partial pressure.'H NMR analysis after gas
purging (Supplementary Fig. 17) confirms increased conversion of

MEA to carbamicacid at higher CO, content. We then analysed product
distribution over Zn to assess CO formationunder varying gas composi-
tions. CO,/Ar mixtures were used to avoid speciation shifts caused by
inert purging (Supplementary Fig. 5b). Figure 5b shows substantial CO
production even at 20% and 10% CO,, corresponding to CO Faradaic
efficiencies of 54% and 18%, respectively.

Collectively, spectroscopic and product analyses confirm selec-
tive capture and conversion of the amine-CO, adduct in DMSO for CO,
concentrations as low as 10%. We therefore evaluated performance
under simulated flue gas (17% CO,, 3% O,, 81% N,). As shown in Fig. 5b,
the system achieves up to 43% CO FE under this condition. A 24 h sta-
bility test (Fig. 5¢c) shows sustained CO formation with FE near 58% at
24 h and minimal oxygen reduction losses (unaccounted FE < 5%). No
carbamic acid crossover (Supplementary Fig.18) or electrolyte degra-
dation was observed. The small unaccounted FE may also arise from
formic acid formation (Supplementary Fig.19). The gradual increase
in CO FE probably reflects slow carbamic acid equilibration in DMSO,
which can require up to 72 hours?*2,

Experiments conducted under quiescent conditions (that is,
without the flow of a carrier gas) revealed higher production of CO
compared with H,, with a ratio of approximately 2:1 over 6 hours of
electrolysis (Fig. 5d). These findings along with a change in carbamic
acid speciation (Supplementary Fig. 20) suggest that CO, is primarily
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Fig. 6| Amine-CO, reduction under industrially relevant conditions.

a, Scanning electron microscopy image of the electrodeposited Zn particles
over astainless-steel cloth. b, Linear sweep voltammograms at 50 mV s over
aZncloth electrode of DMSO solution containing 0.3 M MEA and 0.5 M CsCIO,
saturated with HOC-FG (17% CO,, 17% O,, 66% N,) at different temperatures.
Experiments were conducted in an H-cell setup and Pt wire was used as a counter
electrode. ¢, Galvanostatic product distribution analysis for the solutionin

b under different current densities and temperatures. HOC-FG at 20 sccm was
used as a carrier gas. d, Galvanostatic testat 100 mA cm2and 40 °Cin athree-
electrode H-cell setup for solutions in b. Anolyte was purged with either H, or

Airat 20 sccm and approximately 1.5 C ml™ was passed during the test. A porous
palladium membrane was used as a counter electrode and Zn cloth was used as a
working electrode. e, GC-MS analysis of the anolyte solutionsin d. f, Accelerated
recycling performance of the 0.3 MEA and 0.5 M CsCIO, electrolyte at a constant
applied current of 100 mA cm™over Zn cloth at 40 °C in an H-cell configuration,
and H, at 20 sccm purged in the anolyte. Each cycle comprises a step for catholyte
saturation with HOC-FG, followed by purging with synthetic air 20% O,, 80% N,)
at10 sccm. Datain c are presented as mean values, while dots represent individual
measurements (n = 3) and bars show mean +s.d.

supplied by the amine-CO, adduct as the reaction progresses. The
high CO selectivity observed under quiescent conditions indicates a
promising strategy to minimize potential CO, losses associated with
thereversible amine-CO, equilibrium and the purging of carrier gas.

Next, we engineered both the electrode and the electrolyte to
enhance the amine-CO, reduction current density and improve elec-
trolyte stability under higher oxygen-content conditions. A porous

Zn electrode was fabricated by electrodepositing Zn microparticles
and nanoparticles onto a stainless-steel cloth. As shownin Fig. 6a, the
Zn deposits exhibit hexagonal shapes, offering a higher surface area
compared with a flat disc architecture of the same geometric area
(additionalimagesin Supplementary Fig.21a-f). The geometric surface
area was used here as others have done for a porous structure®*>*,
The electrochemical performance of the new porous electrode was
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Fig.7|Electrochemical performances of amine-CO, reduction. Comparative
performance of different reactive capture systems using MEA at room
temperature. The shaded regions labelled ‘Aqueous’ and ‘Non-aqueous’
represent literature-reported performance for systems operating with MEA
solution in water and any organic solvent, respectively. The literature data used
to construct these regions are summarized in Supplementary Table 6. Simulated
flue gas refers to HOC-FG (17% CO,,17% O,, 66% N,).

evaluated ina DMSO-based electrolyte saturated with a HOC-flue gas
(HOC-FG) mixture composed 0f17% CO,,17% O, and 66% N,. HOC intro-
duces two challenges: prevalence of oxygen reduction reaction and
oxygen-induced amine degradation®. After 5 days under oxygen-rich
conditions, degradation markers, such as formate and nitrite were
detected in aqueous MEA but not in DMSO (Supplementary Table 3).
Evaporate losses in DMSO were also less than half those observed
inwater.

Regarding the electrochemical performance at HOC, the porous
Znelectrode reaches 80 mA cm2at-2.2 Vversus Me,,Fc at room tem-
perature (Fig. 6b). Operation at higher current densitiesis constrained
by a-~6V cell voltage (Supplementary Fig. 22), reflecting the lower
conductivity of non-aqueous electrolytes'”*, We then increased tem-
perature to close to MEA scrubbing conditions” toreduce electrolyte
resistance (Supplementary Table 4). At 30 °C and 40 °C, current den-
sities increased to 100 mA cm™ and 120 mA cm?, respectively, at the
same voltage cut-off. Despite the HOC, DMSO electrolyte maintains
substantial CO selectivity. Figure 6¢c shows stable CO FE between 30%
and 40% across 20-40 °C and 50-100 mA cm2, With pure CO, feed, CO
FE reaches ~-85% and partial current densities up to 170 mA cm™ (Sup-
plementary Fig. 23). Since experiments were conducted in an H-cell
with-6-cmelectrode spacing (Supplementary Fig. 24), compact archi-
tectures should further reduce resistance and enhance performance.

While the cathodic reactions consist mostly of amine-CO, reduc-
tionand HER, the anodic process remains unclear and probably involves
either oxygen evolution fromresidual water (Supplementary Table 5)
orundesired oxidation reactions. Toimprove electrolyte stability and
ensure proton availability for CO formation, we explored hydrogen
oxidation reaction (HOR) as an anodic reaction, as illustrated in Sup-
plementary Fig. 25a. To mitigate the challenges associated with low
H, solubility, we use a porous palladium counter electrode®® (Supple-
mentary Fig. 25b), which exhibits superior activity for HOR and may
effectively sustain high current densities (for example, 100 mA cm™)

atlower overpotential. Asshownin Fig. 6d, the addition of H, reduces
the cell overpotential up to 1.1V, driven by amore thermodynamically
favourable HOR. Cell voltage without infrared correction canbe found
inSupplementary Fig. 25b. No differencesin the cathodic product dis-
tribution were also observed (Supplementary Fig. 24c). However, gas
chromatography coupled with mass spectrometry (GC-MS) analysis
showninFig. 6e revealed the presence of pyrazine and dimethyl sulfone
for the air purge anolyte. These side products are associated with the
oxidation of MEA* and DMSO*’, respectively. The absence of substan-
tialamounts of these or any new side products (Supplementary Fig. 26)
in the presence of H, highlights HOR as a possible anodic reaction for
amine-CO,reductionin non-aqueous media.

Finally, we performed an accelerated cycling test on CO, capture
and conversionunder HOC to evaluate the electrolyte’s recyclability.
The solution was first saturated with HOC-FG and then purged with
syntheticair (20% 0,,80% N,) to accelerate CO, displacement from the
amine-CO,adduct. AsshowninFig. 6f, the initial CO FE reached ~43%
in the HOC-FG-saturated solution. Even as the CO, content dropped
to 3%, the system maintained a CO FE of ~20%. Some fracturing of
the Zn nanoparticles and microparticles was also observed (Sup-
plementary Fig. 21h-j). This electrode restructuring may account for
the decrease in peak CO FE over the recycling cycles. Despite these
structural changes, the system demonstrated stable performance
during 20 recycling tests.

Theuse of anon-aqueous electrolyte enables integrated CO, cap-
ture and conversion with substantial CO formation from industrially
relevant streams compositions. Figure 7 summarizes the performance
of MEA-based RCC systems at ambient pressure and temperature (lit-
erature datain Supplementary Table 6). Compared with state-of-the-art
aqueous reactive capture systems®, which report ~40% CO FE over
Ag under pure CO,, we achieve up to 43% CO FE over a Zn catalyst at
HOC-FG conditions. For processes supplying pure CO,, such as etha-
nol or ammonia production? we may expect CO FE up to 80% over an
earth-abundant catalyst.

Conclusions

In this study, we integrated CO, capture and electrochemical conver-
sion in a non-aqueous electrolyte. Shifting amine-CO, speciation
from carbamate to carbamic acid increases CO, loading threefold
when moving from water to DMSO, enhancing CO, reduction activity
and selectivity and enabling non-precious catalysts. DFT and elec-
trochemical analysis show lower limiting potentials for Zn relative to
Ag, consistent with improved CO formation. Our TEA indicates that
the enhanced electrochemical performance of the Zn-DMSO system
offsets higher solvent costs compared with aqueous systems. Under
flue gas conditions, we achieve CO Faradaic efficiencies up to 43% at
100 mA cm over multiple capture-conversion cycles. These results
establish electrolyte-controlled speciation as a viable design strategy
for selective and stable integrated CO, capture and conversion.

Methods

General procedures

Dimethylsulfoxide (anhydrous, 99.9%), MEA (99%) and caesium chlo-
ride (99.9%) were purchased from Sigma-Aldrich, while caesium per-
chlorate (99.5%) was purchased from Thermo Fisher Scientific. All
other reagents were used as received, unless stated otherwise. After
salt dissolution, all electrolytes presenting water content lower than
500 ppm were determined through Karl-Fischer coulometric titra-
tion. All glassware used was cleaned by first rinsing with soap and
subsequently rinsing three times with each of the following solvents:
ethanol (Fisher, 70%), isopropanol (StatLab, 99%) and Mili-Q water
(resistivity 18.2 MQ cmat 25 °C). Then, they wererested in afresh acid
bath containing10% (v/v) HNO; solution (Fisher Chemical, TraceMetal
Grade) for 24 h, rinsed again three times with Mili-Q water and dried at
80 °Cfor atleast 6 hbefore use.
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NMR spectroscopy characterization

d,DMSO and D,0 were purchased from Cambridge Isotope Labora-
tories (99.8%). Here 10 mM tetramethylsilane (Sigma-Aldrich, 99%)
was added to all samples and used as a'H NMR internal reference as
0 ppm. All'H NMR and *C NMR spectra were collected using a Bruker
Ascend 9.4 T/400 MHz. For the speciationstudies, *C-labelled carbon
dioxide (MilliporeSigma, 99 atom%*C and 99.93 atom% '°O) was purged
for 30 min at 1sccminto 0.5 ml of sample inside an NMR tube. Then,
Argon (Air Gas, 99.9995%) was purged at 1 sccm for 5 min to eliminate
any dissolved CO,. Relaxation time (T1) was set to 40 s for the collec-
tion of ®*C NMR spectra.

Conductivity and pH measurements

Conductivity measurements were takenin a Vernier platinum-cell con-
ductivity probe with an epoxy body. pH measurements were taken with
aMettler-Toledo SevenCompact pH meter with a pH probe Sensor InLab
Smart Pro-ISM with Xerolyt polymer as a reference electrolyte and
had anopenjunctionto prevent clogging and contamination with the
non-aqueous electrolytes. pH measurements taken in anon-aqueous
medium were reported as apparent pH (pH,,,).

Electrode preparation

Zinc (3.18 mm diameter, 99.994% metals basis, Thermo Scientific) and
silver (3.175 mm diameter, 99.9% metals basis, Thermo Scientific) elec-
trodes were prepared by inserting the rodsina polyether-ether-ketone
(PEEK) tube. Disc electrodes were first rinsed with ethanol, isopropanol
and Mili-Q water, and then intensely polished with alumina slurry to
remove any superficial oxide layer before each experiment. The excess
aluminaslurry was removed by rinsing the electrode with Mili-Q water
and using a high-pressure N, blow at the electrode surface. Platinum
wires (25 cmlong, 0.25 mm diameter, 99.9% metals basis, Thermo Sci-
entific) were flame touched, stored in 10% HNO, for 24 h, rinsed with
Mili-Q water and dried at 80 °C before use. Zn cloth was prepared by
electrodepositingasolutionof0.1M ZnS0,20 g " HBO, at 60 °Covera
stainless-steel cloth (McMaster Carr, mesh size 400 x 400, opening size
0.00381 mm and wire diameter of 0.0254 mm) for 1 hunder continuous
stirring at —0.6 V versus Zn/Zn* on each side facing the counter elec-
trode. A Zn foil (99.9% metals basis, Thermo Scientific) of equivalent
size was used as a counter electrode in an two electrode cell setup.
The stainless-steel cloth was first cleaned by immersing it in H;PO,
30% v/v for 30 min. The high surface porous palladium membranes
were prepared by electrodepositing asolution of15.6 mM PdCl,in1M
HCl over aPd metallicmembrane (2.5 x 2.5 cm, 0.025 mm thick, 99.9%
metals basis, Thermo Scientific) at 3.5 mA cm™and a total charge of
12 C cm™ on each side facing the counter electrode*. Pt wire and Ag/
AgClwere used as counter and reference electrodes, respectively.

Electrochemical measurements

Electrochemical datawere acquired using a Biologic VSP potentiostat.
A platinum wire (surface area of approximately 4 cm?) was used as a
counter electrode, if not stated otherwise. An Ag/AgCl leakless elec-
trode (eDAQ, PEEK tube) was used as a pseudo reference electrode
calibrated against either the reversible hydrogen (following the pro-
cedures further described in Supplementary Note 1) or 3 mM Me,Fc
using aglassy carbon working electrode (eDAQ) after each experiment.
The uncompensated resistance (R,) was acquired at —1.0 versus Ag/
AgClatthe high-frequency regime of the electrochemicalimpedance
spectra (100 kHz). All potentials were reported after 100% manual
after-the-scan infrared compensation using the average R, value for
eachelectrolyte.

Product distribution analysis

Production distribution analysis was performed using a Biologic VSP
potentiostat with a glass H-cell illustrated in Supplementary Fig. 23.
Both catholyte and anolyte chambers were filled with the same

solutions, which were separated by a Nafion-N117 (Alfa-Aesar) proton
exchange membrane. A stir bar at 900 rpm was kept going on both
chambers. Vigorous stirring was needed to remove bubbles formed on
the electrode surface. Three gas flow controllers (Alicat Scientific) were
connected in parallel to agas mixer and then aligned to the catholyte
chamber of the H-cell. CO, (99.9995%), N, (99.9995%), synthetic air
(20% 0, and 80% N,, 99.999%) and Ar (99.9995%) were all purchased
from Airgas. H, (99.9%) was supplied by a portable hydrogen gen-
erator (Hydrofill Pro, Horizon Education). Products in the gas phase
were analysed in-line using a CO, sensor (SprintIR-W100%, CO2Meter)
and Shimadzu GC-2014 gas chromatograph with both a flame ioniza-
tiondetector and athermal conductive detector. Current values were
averaged for 1 min before eachinjection. Products in the liquid phase
were analysed using'HNMR inaBruker Ascend 9.4 T/400 MHz instru-
mentor had their headspace analysed at120 °C using a gas chromato-
graph coupled with a mass spectrometer (GC-MS-QP2020 NX Single
Quadrupole, Shimadzu).

CO,displacement test

The CO, displacement test was performed in an air-tight cell as illus-
trated in Supplementary Fig. 7a. The cell compartment had a total
volume of 15 ml. Then 10 ml of the CO,-saturated sample was stirred
at 750 rpmwhile being purged with Ar at 10 sccm. An ExplorIR-M100%
CO,Sensor (CO2meter) was used to monitor the cell headspace outlet.
The cell pressure was kept near 1atm.

Expedited amine loss and degradation test

Solutions of 1 M MEA in either water or DMSO were kept at 50 °C in
an air-tight cell and stirred at 750 rpm while being purged with air
at 20 sccm for 5 days. Products in the liquid phase were quantified
at the end of the fifth day by using ion chromatography (LC-20Ai IC,
Shimadzu) consisting of a conductivity detector (CDD-10AVP) and an
analytical column (Shodex IC NI-424, anion-specific) coupled with a
guard column (Shodex ICIA-G). The column was maintained at 40 °C,
while the mobile phase consisted of 8 mM 4-hydroxybenzoic acid,
1.9 mM Bis-Tris, 2 mM phenylboronic acid and 0.005 mM trans-1,
2-diaminocyclohexane-N,N,N’,N'-tetraacetic acid inaqueous solution

DFT calculations

DFT calculations with periodic boundaries were carried out using the
plane-wave-based Vienna abinitio Simulation Package***. The projec-
tor augmented wave method*® was used to describe the ionic cores;
the generalized gradient approximation PBE functional*’ was used
to account for the exchange-correlation effects in the Kohn-Sham
framework. The bulk structure of Ag and Zn were optimized using
520 eV of cut-off energy and an 8 x 8 x 8 k-point mesh based on the
Monkhorst-Pack scheme. The Ag (111) and Zn (101) facets were cleaved
from the optimized bulk. Further details about surface calculations,
box size, number of molecules, ionic relaxation and reaction coordi-
nates are further described in Supplementary Note 3.

TEA

The TEA was based on the process for integrated carbon capture and
electrochemical conversion, further described in Supplementary
Note 3. The process model included a physics-based, 0-D model of
the electrochemical cell to model CO reduction, and a flash column
to model the vapour-liquid phase equilibrium to account for solvent
and amine loss into the vapour-phase stream. The outlet stream from
the capture unit (comprising solvent, amine, salt and captured CO,)
constituted the feed stream into the electrochemical cell. Product
recovery was by phase separation as no liquid products were formed,
andtheregenerated amine stream was recycled backinto the capture
unit. Amine make-up was included to account for amine and solvent
loss. A purge was added to account for water treatment. Model inputs
included economic data such as material and electricity costs, and
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experimental data such as amine-CO, uptake, FE and total current
density measured at different potentials, corresponding component
molar fractionsintheliquid and vapour phase of the electrochemical
cell outlet stream, and carbonate loss. Key model outputs included
energy and conversion efficiency, overpotentials, overall reaction
rates, outlet and/or product stream compositions and molar flow
rates, energy demand, system size, material quantities, capital costs
(for example, anode, cathode, membrane and cell material costs) and
operating costs (for example, electricity, maintenance and make-up
costs). Details of the TEA model are included in Supplementary Note 2.

Data availability

Theauthors declare that all data supporting the findings of this study
are provided within the article and Supplementary Information. DFT
optimized structures and TEA inputs underlying the computational,
thermodynamic and cost modelling results are publicly available via
GitHub at https://github.com/AmanchukwulLab/reactive-co2-cap-
ture-nonaqueous-electrolyte iref. 48).Source data are provided with
this paper.

Code availability

All scripts used to generate the TEA figures, heatmaps, sensitivity
analyses and associated input datasets are publicly available via GitHub
at https://github.com/Amanchukwulab/reactive-co2-capture-non-
aqueous-electrolyte (ref. 42).
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