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Reactive capture of CO2 via amino acid

Yurou Celine Xiao 1,5, Siyu Sonia Sun1,5, Yong Zhao1, Rui Kai Miao 1,
Mengyang Fan 1, Geonhui Lee2, Yuanjun Chen2, Christine M. Gabardo1, Yan Yu2,
Chenyue Qiu 3, Zunmin Guo 1, Xinyue Wang2, Panagiotis Papangelakis 1,
Jianan Erick Huang2, Feng Li 1, Colin P. O’Brien1, Jiheon Kim 1,2, Kai Han4,
Paul J. Corbett 4, Jane Y. Howe3, Edward H. Sargent 2 & David Sinton 1

Reactive capture of carbon dioxide (CO2) offers an electrified pathway to
produce renewable carbon monoxide (CO), which can then be upgraded into
long-chain hydrocarbons and fuels. Previous reactive capture systems relied
on hydroxide- or amine-based capture solutions. However, selectivity for CO
remains low (<50%) for hydroxide-based systems and conventional amines are
prone to oxygen (O2) degradation. Here, we develop a reactive capture strat-
egy using potassium glycinate (K-GLY), an amino acid salt (AAS) capture
solution applicable toO2-richCO2-lean conditions. By employing a single-atom
catalyst, engineering the capture solution, and elevating the operating tem-
perature and pressure, we increase the availability of dissolved in-situ CO2 and
achieve CO production with 64% Faradaic efficiency (FE) at 50mA cm−2. We
report a measured CO energy efficiency (EE) of 31% and an energy intensity of
40 GJ tCO

−1, exceeding the best hydroxide- and amine-based reactive capture
reports. The feasibility of the full reactive capture process is demonstrated
with both simulated flue gas and direct air input.

The electrolysis of CO2 presents a means to produce chemicals and
industrial feedstocks, such as CO1, while reducing atmospheric CO2

levels by utilizing captured CO2 frompoint sources or the air via direct
air capture (DAC)2,3. Integrated CO2 capture and conversion, a process
known as reactive capture of CO2, employs chemisorbedCO2 in a post-
capture solution as the feedstock – and thereby avoids CO2 purifica-
tion steps4,5 and presents an opportunity for capital and energy cost
savings6. Alkali hydroxide capture solutions provide high CO2

absorption capacity, and are applicable to dilute-CO2 and O2-rich
sources7–9. The strongly alkaline aqueous solution reacts with CO2 to
form carbonate ions (CO3

2−)10,11. Inside a reactive capture electrolyzer,
CO2 is regenerated from CO3

2− via a pH swing using protons that
electromigrated from the anode side. The regenerated CO2 is subse-
quently electrochemically reduced into CO on the cathode. However,
employing CO3

2− feedstocks resulted in lower selectivities towards CO
production (<50%) compared to other CO2 electrolysis systems,
despite strategies to modulate the cathode local pH and CO2

concentration12,13. CO2 is fundamentally limited in supply because the
protons available for CO2 regeneration are proportional to the applied
current. CO3

2− ions require 2 moles of protons to regenerate 1 mole of
in-situ CO2

14. The reaction between in-situ CO2 and local hydroxides
(OH−), a by-product of the CO2 reduction reaction, reduces the con-
centration of in-situ CO2 at the cathode15.

To attain higher CO FE, more CO2 is needed at the cathode. This
can be achieved by using capture solutions that require less protons to
regenerate in-situ CO2. Amine solutions capture CO2 in the forms of
carbamate and bicarbonate, both of which require only 1 mole of
protons to regenerate 1 mole of in-situ CO2, which increases the CO2

concentration and has resulted in CO FEs > 50%16–18. However, con-
ventional amines used in carbon capture, such as monoethanolamine
(MEA), are volatile and prone to O2 degradation, rendering them
unsuitable for capture in CO2-dilute, O2-rich environments such as
air19,20. Bicarbonate formation via hydroxide-based capture has slow
kinetics, which necessitates larger contactor areas and residence
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times, leading to unfavorable process economics21,22. We sought a
capture solution with a high CO2 absorption rate (characteristic of
amines), while also exhibiting low vapor pressure and O2 tolerance
(characteristic of hydroxides). We turned to AAS, a class of capture
solutions with potential in this regard23,24. Typically prepared using
equimolar amino acid and alkali hydroxide to form deprotonated
amino acid anions with CO2 capture capacity, their ionic nature makes
them less volatile than MEA25. With these advantages, AAS-based CO2

capture has been demonstrated, at the pilot plant scale, with excellent
capture rate and stability26,27. Since the amino functional groups can
capture CO2 to form carbamate and bicarbonate, we thought them
promising candidates for reactive CO2 capture

28.
Here, we explored the reactive capture of CO2 based on an AAS

solution, potassium glycinate (K-GLY). Amongst amino acid candidates,
K-GLY has shown particular promise for CO2 capture with a unique
combination of fast CO2 capture kinetics and high CO2 loading capacity
at low CO2 partial pressures (Supplementary Table 2)28,29. K-GLY is also
low-cost, can be produced at scale, and presents a relatively low envir-
onmental impact30. The post-capture electrolyte is used directly as input
to a membrane electrode assembly where CO is produced via the
electrochemical reduction of in-situ generated CO2. The K-GLY solution
exhibits high O2 tolerance and low evaporative loss compared to con-
ventional amines. By engineering the catalyst, tuning the solution, and
operating at an elevated temperature and pressure, we achieve a CO FE
of 64% at an applied current density of 50mAcm−2 and a measured full
cell voltage of 2.74V, corresponding to an EE of 31% towards CO. We
demonstrate proof-of-concept by performing reactive CO2 capture at
ambient conditions with an applied current density of 50mAcm−2 using
atmospheric air containing ~400 ppm of CO2 and 21% O2, and using a
simulated flue gas stream containing 15% CO2 and 15% O2, achieving a
maximum CO FE of 19% and 51%, respectively.

Results and discussion
O2 degradation and evaporative loss of amine-based capture
solutions
Carbon capture solutions are exposed to high concentrations of O2,
ranging from 1 to 15% in flue gas and 21% in ambient air31. For DAC, the
capture solutions are also subject to high air flows due to the com-
paratively low concentration of CO2 in the atmosphere7. We compared
the static O2 tolerance of three amine-based capture solutions: MEA, 2-
amino-2-methyl-1-propanol (AMP) – a sterically hindered primary
alkanolamine with improved O2 tolerance32, and K-GLY. We exposed
each capture solution to 100 sccmof air at an elevated temperature of
55 °C andwith 600 rpmof stirring to expedite the degradation process
whilemaintaining a regimewhereO2 and thermal degradations can be
decoupled (Supplementary Figs. 1 and 2)20. The amount of amine lost
after 7 days was measured and the degree of O2 degradation was
quantified by measuring the concentrations of known degradation
products: ammonia, formate, oxalate, nitrate, and nitrite (Table 1)33–35.

We found that MEA experienced the most severe O2 degradation,
evidenced by the large quantity of produced ammonia, a marker for

amine degradation (Supplementary Fig. 3)20. The extent of MEA O2

degradation can also be corroborated by its linearly increasing formate
concentration compared to the relatively steady formate concentra-
tions of AMP and K-GLY (Supplementary Figs. 4–6). 1H NMR analysis of
the capture solutions before and after 7 days was used to quantify the
amount of amine lost due to the combination of O2 degradation and
evaporation (Supplementary Fig. 7). MEA andAMP lost 29.2mmolmol−1

and 31.6mmolmol−1 of amine, respectively. AMPhad thegreatest amine
loss, a result we attribute to its high volatility36. In contrast, K-GLY lost
16.7mmolmol−1 of amine, a little over half the loss incurred with the
alkanolamines. K-GLY exhibited the highest O2 tolerance and amine
retention, making it a suitable capture solution for carbon capture
processes with high levels of O2 and low CO2 concentrations.

Integrated CO2 capture and conversion
In the integrated system, CO2-rich post-capture solution is fed into an
electrolyzer where CO electro-production and capture solution
regeneration occur simultaneously, and CO2-lean capture solution is
subsequently returned to the carbon capture unit (Fig. 1). The reac-
tions involved in the capture and conversion processes are repre-
sented by Supplementary Eqs. (1)–(9) in Supplementary Fig. 8. In the
carbon capture unit, an anionic glycinate reacts with CO2 to form a
glycine-carbamic acid, which is then deprotonated by a second glyci-
nate to form a glycine-carbamate and a glycine zwitterion (Supple-
mentary Eq. (1))30. The hydrolysis of glycine-carbamate, at a sufficiently
high CO2 loading, forms an equilibrium of glycine-carbamate, bicar-
bonate, and glycinate (Supplementary Eq. (2) and Supplementary
Fig. 9)29. The post-capture solution used for electrolysis has a pH of 8.1
and consists of 60% bicarbonate (Supplementary Fig. 10). Inside the
electrolyzer, CO2 is released from the chemisorbed forms, glycine-
carbamate or bicarbonate, via pH swing with the addition of protons
that electromigrated across the cation exchange membrane (CEM)
from the anode side (Supplementary Eqs. (3) and (4)). The glycinate
regenerated in Supplementary Eqs. (2) and (3) can capture additional
CO2. ACO2 diffusion layer between theCEMand the cathode catalyst is
added to maintain an alkaline local environment at the cathode for
efficient CO2 conversion

37. The in-situ CO2 reacts on the cathode cat-
alyst to produce CO and OH− (Supplementary Eq. (5)). In an alkaline
environment (>pH 9.6)38, OH− deprotonates the glycine zwitterion
from Supplementary Eq. (1) to form glycinate (Supplementary Eq. (6))
and regenerate the K-GLY solution. The in-situ CO2 can also react with
the produced OH− to form (bi)carbonates via Supplementary Eqs. (7)
and (8), limiting the cathode’s local CO2 concentration

15. On the anode
side of the electrolyzer, acidic oxygen evolution reaction (OER) takes
place and produces the protons required for in-situ CO2 formation
(Supplementary Eq. (9)).

Silver (Ag) is a highly selective electrocatalyst used in gas-phase
CO2 electrolysis and hydroxide-based reactive capture of CO2 to pro-
duce CO. However, when used in reactive capture with 1 M K-GLY as
the capture solution, its selectivity towards CO was low. The Ag cata-
lyst has a relatively negative potential of zero charge (PZC) whichmay
have resulted in a reduced cathode surface charge density in the
presence of bulky glycine ions, leading to unstable CO2 reduction
intermediates. A single-atom catalyst with more positively shifted PZC
could increase the surface cation charge density and improve con-
version efficiency17. Compared to transition metal catalysts such as Ag
and gold, carbon-supported single-atom catalysts also have higher
catalytic activities through stabilization of larger dipole moments on
reaction intermediates39. We synthesized a zeolitic imidazolate fra-
mework (ZIF)−8-derivednickel single-atom (Ni-N/C) catalyst for amine-
based reactive capture which significantly improved the CO FE (Sup-
plementary Fig. 11). The catalyst composition was optimized by tuning
the nickel weight percent during catalyst synthesis, the Ni-N/C loading
onto the current conducting substrate, and the ionomer content in the
catalyst solution mixture (Supplementary Fig. 12). The Ni-N/C catalyst

Table 1 | Amine loss and degradation product concentrations
for the O2 degradation of MEA, AMP, and K-GLY

Amine Amine
loss

Ammonia Formate Oxalate Nitrate Nitrite

(mmol mol−1)

Expedited static degradation (55 °C, 600 rpm, 100 sccmof air)

3M MEA 29.2 0.15 1.29 0.02 0.25 1.41

3M AMP 31.6 0.012 0.15 0.05 – 1.87

3 M K-GLY 16.7 0.002 0.14 – – 1.53

Degradation under electrolysis (ambient, no stirring, 100 sccmof air, 50mAcm−2)

2 M K-GLY + 0.1M
KH2PO4

7.7 0.0006 0.31 – – –
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also exhibited excellent selectivity towards CO when a pure bicarbo-
nate solution was used as the catholyte (Supplementary Fig. 13),
demonstrating its high catalytic activity across various carbon-
containing electrolytes. The nickel dispersion was characterized
using x-ray diffraction analysis (XRD) (Supplementary Fig. 14) and
scanning transmission electron microscopy (STEM) (Supplementary
Fig. 15). The increase in CO selectivity when employing the Ni-N/C
catalyst demonstrated the need for CO2 reduction catalysts specific to
amine-based reactive capture; highly selective gas-phase CO2 catalysts
are not directly applicable to the amine-based integrated system.

Capture solution design
Glycine-carbamate is a bulky compound compared to other chemi-
sorbed forms of CO2 such as (bi)carbonate (Supplementary Table 3).
The electrical property of capture solutions–whilenot a consideration

in conventional CO2 capture – is important in reactive capture where
the capture solution also serves as an electrolyte. We explored
potassium salt additives to increase the ionic conductivity of theK-GLY
capture solution. Potassium was chosen as the supporting electrolyte
cation to match the cation of the AAS. We operated the electrolyzer
under constant applied current and found that the supporting elec-
trolyte did not have a significant effect on full cell voltage at
50mA cm−2 (Fig. 2a). However, at a higher current density of
150mA cm−2, the full cell voltage with the modified electrolyte was
more than 1.5 V lower than that of the unmodified case, for all potas-
sium salts tested (Fig. 2b). With the exception of potassium nitrate
(KNO3), the addition of supporting potassium salts maintained ~100%
combined FE of CO and hydrogen (H2) (Supplementary Fig. 16). When
KNO3 was employed as the supporting electrolyte, the selectivity
towards CO and H2 both decreased due to the thermodynamically
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Fig. 1 | Schematic of the reactive capture system using K-GLY as the capture solution. The left panel depicts a carbon capture unit used to capture CO2 from the
atmosphere via DAC. The right panel depicts a membrane electrode assembly used for CO2 electrolysis. The capture solution is circulated between the two units.
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Fig. 2 | Optimization of the capture solution and system stability. a, b FE
towards CO and full cell voltage for a 1 M K-GLY capture solution with 0.1M of
various supporting electrolytes: potassium chloride (KCl), potassium bromide
(KBr), potassium iodide (KI), potassium nitrate (KNO3), potassium sulfate (K2SO4),
andmonopotassiumphosphate (KH2PO4). c FE towards CO and full cell voltage for
a 1 M K-GLY capture solution with KH2PO4 supporting electrolyte concentration

varying from 0 to 0.3M. d FE towards CO and full cell voltage for an unsupported 1
M K-GLY capture solution and the optimized capture solution (2 M K-GLY with
0.1M KH2PO4). e stability test of reactive CO2 capture for 32 h at an applied current
density of 50mA cm−2 using 1 L of catholyte and anolyte. Error bars represent the
standard deviation of at least three independent measurements. Source data are
provided as a Source Data file.
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more favorable nitrate reduction reaction40–42. We selected mono-
potassium phosphate (KH2PO4) as the supporting electrolyte because
it maintained a relatively high CO selectivity across a wide range of
current densities from 50 to 300mA cm−2 (Supplementary Fig. 17). The
buffering capacity of 0.1MKH2PO4may also aid in stabilizing the pH in
the CO2 diffusion layer and thereby increase CO FE13. In the absence of
the CO2 capture agent, anionic glycinate, we observed only H2 and no
CO production (Supplementary Fig. 18). This observation indicated
that glycine in the zwitterion form has no CO2 capture abilities and is
not the reactive carbon source. K2HPO4 also does not capture CO2 and
primarily functions to improve electrolyte conductivity.

We then assessed the effect of supporting electrolyte concentra-
tion and found that increasing the KH2PO4 molarity beyond 0.1M
yielded small reductions in the full cell voltage, albeit at a severe cost
to CO selectivity (Fig. 2c). One reason for this phenomenon could be
that phosphate has a high buffering capacity which, at higher con-
centrations, suppresses the acidic environment needed for in-situ CO2

generation and simultaneously acts as a proton donor for HER43,44. We
probed the electrolyzer using electrochemical impedance spectro-
scopy (EIS) and found that the addition of 0.1M KH2PO4 reduced both
the series and charge transfer resistances, and that higher KH2PO4

concentrations did not significantly change the shape of the low-
frequency semicircle (Supplementary Fig. 19). Employing a 0.1M
KH2PO4 supporting electrolyte, we examined the concentration effect
of the capture solution and found that the 2 M K-GLY capture solution
achieved the highest CO FE at current densities above 150mAcm−2

(Supplementary Fig. 20). The 3 M K-GLY capture solution did not
provide the highest CO FE despite having the highest amount of che-
misorbed CO2 (Supplementary Table 4). We reasoned that the glycine
zwitterion, which exists in equal molarity to the glycine-carbamate in
Supplementary Eq. (1), contains an ammonium cation group that can
enhance HER45,46. Thus, the design of the capture solution for high CO
selectivity should consider the solution equilibria and the concentra-
tions of all proton-donating species, including the supporting elec-
trolyte and by-products formed during CO2 capture

47,48.
The optimized capture solution, consisting of 2 M K-GLY and

0.1M KH2PO4, maintained similar CO selectivity compared to the 1 M
K-GLY unsupported capture solution while providing a low full cell
voltage (Fig. 2d). A lower cell voltage results in higher EE towards CO
and enables high current density operations. We varied the catholyte
and anolyteflow rates and found that increasing the catholyteflow rate
increased the CO selectivity via improved mass transfer which
balanced the cathode local pH and CO2 availability (Supplementary
Fig. 21)13. To evaluate the stability of the electrolyzer, we first demon-
strated a batch process where the catholyte and anolyte were refre-
shed in 5- to 7-h intervals (Supplementary Fig. 22). TheCOFE improved
after refreshing the electrolytes. Liquid analysis of the catholyte after
5 hof electrolysis revealed that theCO2 loadingdecreased from0.67 to
0.49molCO2molK-GLY

−1, with the bicarbonate concentration decreasing
from 60% to 35% of the overall chemisorbed CO2 species (Supple-
mentary Fig. 23). These results indicated that the initial decline in CO
FE was due to the reduced concentration of bicarbonate as it shifts
towards CO2 in the diffusion layer and converts into CO. We then
demonstrated the stability of the system with increased catholyte and
anolyte volumes andmaintained aCOFE > 45%over 32 hof electrolysis
at a constant applied current density of 50mAcm−2 (Fig. 2e and Sup-
plementary Fig. 24). This level of stability is competitive with the state-
of-the-art in amine-based reactive capture. However, extending stabi-
lity for CO2 conversion systems, especially those directly employing
capture solutions, remains a challenge for the field.

Temperature and pressure effects
In previous amine-based reactive capture systems, increasing the
reaction temperature increased the CO FE17,49. CO2 desorption from
amine-based capture solutions is anendothermicprocess50. Therefore,

adding thermal energy to the system can accelerate the rate of in-situ
CO2 generation. The addition of heat can also lower the viscosity of the
electrolyte, improving overall mass transfer within the system51.
However, at higher temperatures, the solubility of CO2 in aqueous
solutions decreases according to Henry’s law52. This results in CO2

bubble formation when the saturated solubility is exceeded, and a
lower concentration of dissolved CO2 is available for conversion. We
tested the hypothesis that dissolved in-situ CO2 was the active species
by replacing the acidic anolyte with 1M potassium hydroxide (KOH)
that would suppress CO2 regeneration. We found no quantifiable
amount of CO at 20 °C (Supplementary Fig. 25), suggesting that the
chemisorbed CO2 in the forms of glycine-carbamate and bicarbonate
do not participate in the reduction reaction to form CO, in agreement
with recent works17,45,46,53. When we increased the operating tempera-
ture to 40 and 60 °C, we saw a slight shift in selectivity towards CO
(<3%) which we attributed to small amounts of CO2 regenerating via
temperature-swing. The concentration of the reactant, dissolved in-
situ CO2, could be increased by improving the CO2 solubility via
increased system pressure, an approach that was beneficial in an
integrated system using bicarbonate as the electrolyte40. We posited
that simultaneously elevating the temperature and pressure of the
system would improve the CO EE by increasing the CO2 availability at
the cathode and decreasing the overall electrolyzer resistance.

We operated the electrolyzer between temperatures of 20–45 °C
and pressures of 1 to 5 bar under a constant applied current density of
50mA cm−2 (Fig. 3a, b). We found that at atmospheric pressure,
increasing the temperature decreased the CO FE. Though temperature
increased the rate of CO2 regeneration, it also decreased CO2 solubi-
lity, which led to less net dissolved CO2 available for conversion
(Supplementary Table 5). At elevated pressures of 3 to 5 bar, an
increase in temperature from 20 to 35 °C improved the CO selectivity.
We reached anoptimal operating conditionat 4 bar and40 °C, yielding
a maximum CO FE of 64%, and measured full cell voltage of 2.74 V, a
11% and 0.3 V improvement compared to the CO FE and voltage at
ambient conditions (1 bar and 20 °C), respectively. Further increases in
temperature substantially increased hydrogen evolution reaction
(HER) kinetics and significantly decreased CO selectivity54. At the
optimal operating condition of 4 bar and 40 °C, the CO FE was higher,
and the full cell voltagewas lower than those at ambient conditions for
all current densities between 50 to 200mAcm−2 (Fig. 3c). In previous
reactive capture systems, the reaction potential versus a reversible
hydrogen electrode (RHE) was reported when the catalytic perfor-
mance was evaluated in an H-cell or flow cell16,17,49,51. These electrolyzer
architectures have high electrolyte resistance, are limited in current
density, and the resulting overall EE, when calculated, is low55. We
operated reactive capture in a membrane electrode assembly to
overcome these challenges and enable energy-efficient CO produc-
tion. The simultaneous elevation of temperature and pressure, toge-
ther with the engineered catalyst and electrolyte, enabled a maximum
CO EE of 31% at an applied current density of 50mA cm−2 – perfor-
mance that exceeds hydroxide – and amine-based reactive capture
efforts to date (Fig. 3d, Supplementary Table 6, and Supplementary
Fig. 26). We achieved a maximum CO partial current density (jCO) of
89mAcm−2 at an applied commercially-relevant current density of
200mAcm−2 (Fig. 3d)56, surpassing best prior amine-based reports.

Energy cost analysis
To evaluate the potential of amine-based reactive CO2 capture towards
CO using a K-GLY capture solution, we compared the energy expen-
diture of this work to alternative CO2 electrolysis systems (Table 2,
Supplementary Note 1, and Supplementary Table 1). The processes
considered include CO2 capture for the initial feedstock, CO2 elec-
trolysis to produce CO, and CO2 recovery to separate excess CO2 from
CO and H2 in the cathode product gas stream. The energy required to
generate 1 tonne of CO was 40 GJ for K-GLY-based reactive capture,
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which was 27% less than gas-phase CO2 electrolysis
1,57,58 and 29% less

than hydroxide-based reactive capture13. The largest energy expen-
diture for this work was electrolysis energy (30 GJ tCO

−1) at 74% of the
total – motivating additional efforts to reduce cell voltage and
improve CO selectivity. The CO2 recovery energy was calculated
using the measured CO2 utilization and accounted for 25% of the
total energy (10 GJ tCO

−1). Unconverted gas-phase CO2 in the product
streammust be recovered to purify the gas products and recycle the
CO2 reactant5. The CO2 utilization represents the ratio between
converted and total CO2 measured in the cathode gas stream. The
CO2 utilization increased from 8.6% to 45.5% by increasing the cur-
rent density from 50 to 200mA cm−2 to increase overall CO2 con-
version rates and lowering the temperature from 40 to 20 °C to
reduce excess CO2 in the cathode (Supplementary Fig. 27). Improv-
ing the CO2 utilization lowered the CO2 recovery energy from 10 to 1
GJ tCO

−1. Therefore, in addition to CO EE, achieving a high CO2 utili-
zation is essential to lowering the overall operational energy of the
reactive capture system. Operational energy costs are important to
consider as they typically account for the majority of the total cost in

CO2 electrolysis technologies59. A comprehensive evaluation of the
total costs (capital and operational expenditures) requires a sig-
nificant increase in scale, current density, and stability. The reactive
capture system has the potential to improve in these metrics as it
shares many similarities in electrolyzer architecture with matured
and scaled-up water and gas-phase CO2 electrolysis technologies

60–62.
The stability and scalability of amino acid-based CO2 capture were
previously demonstrated at the pilot scale26,27.

CO2 sourced from the atmosphere and simulated flue gas
To demonstrate the industrial applicability of the AAS reactive capture
system, we tested it with dilute CO2 feeds. We adapted a humidifier to
capture air from our laboratory for DAC experiments (Supplementary
Fig. 28)63. To simulate point source capture, we employed a mixed gas
stream comprising of 15% CO2 and 15% O2 balanced with nitrogen (N2)
(Supplementary Table 7)31. Using the optimized capture solution (2 M
K-GLY and 0.1M KH2PO4) in both experiments, we recorded the pH of
the capture solution as it captured CO2 from dilute feeds, until a pla-
teau in pH was reached (Fig. 4a). The pH values of the DAC and

Table 2 | Comparison of energy towards CO for gas-phase CO2 electrolysis, hydroxide- and amine-based reactive capture

System Gas-phase CO2 electrolysis Hydroxide-based reactive capture Amine-based reactive capture (this work)

CO2 capture (GJ tCO
−1) 10.3 0.5 0.5

Electrolysis (GJ tCO
−1) 23.0 56.3 29.7

CO2 utilization (%) 25 100 9

CO2 recovery (GJ tCO
−1) 21.7 0 10.0

Total (GJ tCO
−1) 55.0 56.8 40.2

ba

dc

Fig. 3 | Effectsof increased temperature andpressure. a FE towardsCOandb, full
cell voltage at an applied current density of 50mA cm−2 for a 2 M K-GLY with 0.1M
KH2PO4 capture solution atpressures between 1 to 5 bar and temperatures between
20 to 45 °C. c FE towards CO and full cell voltage and d, jCO and EE towards CO for a
2 M K-GLY with 0.1M KH2PO4 capture solution at atmospheric conditions (20 °C

and 1 bar) and at the optimal elevated conditions (40 °C and 4 bar). Temperature
was measured at the outlet of the cathode, and pressure was measured at the
gaseous downstreamof the cathode. Error bars represent the standard deviation of
at least three independent measurements. Source data are provided as a Source
Data file.
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simulated flue gas experiments plateaued at 9.6 and 8.1, respectively.
The difference in the equilibrium pH values was due to different CO2

partial pressures45. We then fed the post-capture solutions into the
electrolyzer to achieve a maximum CO FE of 19% for the DAC experi-
ment and a maximum CO FE of 51% for the simulated flue gas experi-
ment (Fig. 4b). The limited concentration of CO2 in the atmosphere,
which resulted in a lower amount of chemisorbedCO2 in theDACpost-
capture solution, yielded in a lower CO FE. The CO selectivities for the
simulated flue gas feed and pure CO2 feed were comparable, demon-
strating feasibility of reactive capture with dilute CO2 inputs when
using AAS as the capture solution. We also investigated the O2 toler-
ance of the capture solution under continuously reducing conditions
by circulating the capture solution through an electrolyzer operated at
50mA cm−2 while exposing the solution to 100 sccm of air for 7 days
(Supplementary Fig. 29). A new electrolyzer was assembled daily to
decouple the degradation of the electrolyzer and the capture solution.
The selectivity towards CO each day remained consistent ~50% and no
FE towards the O2 reduction reaction (ORR) was observed due to the
hydrophilic nature of the reactive capture system and lowO2 solubility
(Fig. 4c)64. Compared to the expedited static degradation of K-GLY,
degradation under electrolysis was less severe, evidenced by the
reduced amine loss and degradation product concentrations (Table 1
and Supplementary Fig. 30).

In summary, we pursued energy-efficient electro-production of
CO in a reactive capture system applicable to high-O2 low-CO2 con-
ditions typical of point sources and air. Previous hydroxide-based
reactive capture exhibited low selectivity towards CO (<50%) due to a
limit on in-situ CO2 generation. Amine-based reactive capture pro-
vides higher CO FE but the conventional capture solution, MEA,
degrades in O2-rich environments. We compared different amine-
based capture solutions and found that K-GLY exhibited the lowest
solvent loss due to O2 degradation and evaporation, making it a
suitable capture solution for O2-rich CO2-lean sources. To achieve
energy-efficient CO2 conversion, we employed a nickel single-atom
catalyst, optimized the capture solution, and engineered a reactive
capture system at elevated temperatures and pressures to increase
CO2 availability at the cathode. As a result, we achieved CO pro-
duction with CO FE of 64% and CO EE of 31% at 50mA cm−2, pressure
of 4 bar, and temperature of 40 °C, surpassing the EE of hydroxide-
and amine-based reactive capture reports to date. The combination
of catalyst, electrolyte, and system engineering allowed us to sustain
high CO selectivity at an industrially relevant current density of
200mA cm−2, obtaining a jCO of 89mA cm−2. We compared the
energy intensity towards CO of this work (40 GJ tCO

−1) to gas-phase
CO2 electrolysis and hydroxide-based reactive capture and found
energy savings of 27% and 29%, respectively. We assessed the

feasibility of reactive capture using ambient air and simulated flue
gas stream and achieved a maximum CO FE of 19% and 51%, respec-
tively. This work offers a pathway to integrated CO2 capture and
conversion, from the largest CO2 sources to major carbon-based
product markets.

Methods
Materials
Unless otherwise specified, all reagents were purchased from com-
mercial suppliers without further purification. Milli-Q water with a
resistivity of 18.2 MΩ cm at 25 °C was used for all experiments.

O2 degradation
The oxidative degradation of amines is often studied under forced
oxidation conditions to accelerate the process19. For expedited static
degradation experiments, 250mL of 3M capture solution (MEA, AMP,
and K-GLY) was placed on a magnetic stirrer with temperature-probe-
controlled heating at 55 °C and stirring speed set to 600 rpm. Instru-
ment air, with approximately the same composition as atmospheric air
(21% O2 and 400 ppm CO2), was purged into the capture solution at a
constant flowrate of 100 sccm. For degradation under electrolysis
experiments, 300mL of the capture solution (2 M K-GLY and 0.1M
KH2PO4) was circulated through the cathode of a reactive capture
electrolyzer operated at 50mAcm−2 while instrument air was con-
tinuously purged through the capture solution at a constant flowrate
of 100 sccm. Once a day, the capture solution was purged with pure
CO2 until a pH of 8.1 was reached. Then, the applied current was
paused for a maximum of 5minutes while the electrolyzer was
replaced with a newly assembled one and the liquid samples were
collected. The gas samples were collected daily after at least 20min-
utes of operating the new electrolyzer for complete removal of dis-
solved CO2 and even mixing of gaseous products. The anolyte was
refreshed daily.

For all degradation experiments, the headspace of the capture
solution was connected to a 40mL deionized (DI) water trap to cap-
ture volatile chemicals including amines and degradation products.
The headspace of the DI water trap was open to the atmosphere.
Experiments were each performed over 7 days. Each day, a liquid
sample was taken from the capture solution. Then, water from the DI
water trap was poured into the capture solution to replace the
removed and evaporated water until the capture solution refilled to its
original volume. Fresh DI water was then added to the DI water trap
until it refilled to 40mL. The liquid from the DI water trap was col-
lected at the end of the 7-day experiment. All liquid samples were
stored in a refrigerator at0 °C tominimize further degradationprior to
analysis.

Fig. 4 | Demonstration of the AAS-based reactive capture with low-CO2 high-O2

conditions. a pH of a 2 M K-GLY with 0.1M KH2PO4 capture solution over time
while capturing CO2 from the atmosphere (400 ppm), CO2 from a simulated flue
gas (15%), and pure CO2 (100%). b FE towards CO using the post-capture solutions
of the capture processes in a. c FE towards CO and H2 of a newly assembled
electrolyzer while continuously operating at 50mA cm−2 and exposing the same

capture solution to 100 sccmof air for 7 days. The applied current was pauseddaily
for a maximum of 5min while the electrolyzer assembly was replaced with a new
one. The electrolyzer was operated at ambient conditions (1 bar and 20 °C). Error
bars represent the standard deviation of at least three independentmeasurements.
Source data are provided as a Source Data file.
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Ni-N/C catalyst preparation
3.39 g of zinc nitrate hexahydrate was dissolved in 180ml ofmethanol.
3.94 g of 2-methylimidazole was dissolved in 180ml of methanol in a
separate container and added to the zinc nitrate hexahydrate solution.
The mixture was continuously stirred at 500 rpm and 60 °C for 24 h.
The ZIF-8 powder was collected by centrifuging the mixture, washing
withmethanol 3 times, and drying under a vacuum at 60 °C overnight.
100mg of the prepared ZIF-8 power was then dispersed in 12ml of
n-hexanes and sonicated for 1 h at room temperature. After forming a
homogeneous suspension, 330 µl of 0.1M nickel (II) nitrate hexahy-
drate was added dropwise to the sonicating solution at room tem-
perature. The nickel-doped solution was centrifuged, washed with
methanol three times, and dried under a vacuumed at 60 °C overnight.
The collected powder was placed in a tube furnace and heated to
900 °C for 2 h under constant argon (Ar) flow to yield the Ni-N/C
catalyst.

Ni-N/C catalyst characterization
XRDwas performed using a RigakuMiniflex diffractometer with Cu Kα
radiation (1.5405Å) to identify the phase information and crystallinity
of the catalyst. The XRD patterns were obtained with a step width of
0.2° 2θ and a speed of 5° perminute. All other parameters were chosen
to enhance the signal-to-noise ratio in the data. STEM was performed
using a Hitachi HF3300 equipped with a cold field emission electron
gun and a Bruker silicon-drift energy dispersive X-ray spectroscopy
(EDS) detector, operated at an accelerating voltage of 300 kV. The
STEM images were acquired using secondary electron (SE), Z-contrast
(ZC), and bright field (BF) modes simultaneously with a convergence
angle of 18 mead in high-resolution mode. The samples were diluted
with methanol and the suspension was drop-casted onto a holey car-
bon film supported on Cu grids.

Electrolyzer operation
The cathode electrode was fabricated by spray-coating a Ni-N/C cata-
lyst ink onto hydrophilic carbon paper (AvCarb MGL190, Fuel Cell
Store). The Ni-N/C ink for a 6.25 cm2 substrate was prepared by dis-
persing 25mg of Ni-N/C catalyst and 75mg of Nafion dispersion (5
wt.%, Fuel Cell Store) in 2ml of methanol and sonicating for 1 h before
spray-coating. A catalyst loading of ~1mg cm−2 was achieved. For the
Ag catalyst, the Ag ink for a 6.25 cm2 substrate was prepared by dis-
persing 50mg of Ag nanoparticles (99.99%, 20 nm, US Research
Nanomaterials) and 150mg of Nafion dispersion in 2ml of methanol
and sonicating for 1 h before spray-coating. A catalyst loading of
~2.5mg cm−2 was achieved. The prepared catalyst was used as the
cathode electrode with an exposed area of 1 cm2. Titanium-supported
iridium oxide (Magneto Special Anodes, Evoqua Water Technologies)
was used as the anode electrode. The cathode and anode electrodes
were separated by a Nafion membrane (N117, Ion Power), with an
additional layer of mixed cellulose ester (MCE) membrane filter (8.0
μm pore size, Millipore Sigma) or polytetrafluoroethylene (PTFE)
membrane filter (5.0 μm pore size, Millipore Sigma) as the CO2 diffu-
sion layer added between the cathode electrode and the membrane.
Nafion membranes were activated via the following procedure: 1 h at
90 °C 3 wt.% H2O2, 1 h in 90 °C DI water, 1 h in 90 °C 5 wt.% H2SO4, and
1 h in 90 °C DI water again. The activated Nafion membranes were
stored in DI water.

All electrochemical experiments were conducted using a mem-
brane electrode assembly with data collected using a potentiostat
(Autolab PGSTAT204). Post-capture solution consisting of K-GLY with
different molar concentrations, with and without supporting electro-
lyte, was circulated as the catholyte. In a typical experiment, 75mL of
the capture solution was purged with 80 sccm of 100% CO2 until a pH
of 8.1 has been reached. The pH of the solution was measured using a
pH/conductivity meter with accuracy of ±0.01 (PC8500, Apera
Instruments). The amount of CO2 capturedwas quantified byweighing

the capture solution before and after purging. The anolyte was 75mL
of 0.05M sulfuric acid (H2SO4) solution. The electrolytes were pre-
pared shortly before electrolysis experiments. During electrolyzer
operation, the catholytewas constantlypurgedwithAr at 20 sccm.The
first gas sample was collected after 20minutes of continuous opera-
tion for complete removal of dissolved CO2 and even mixing of gas-
eous products.

For experiments conducted at elevated pressure and tempera-
ture, the system was pressurized with inert gas and heated using cell
heaters (Dioxide Materials) and heating coils wrapped around cath-
olyte tubes. Heating was controlled by a proportional-integral-
derivative (PID) controller and the reported temperature was mea-
sured with an in-line thermocouple at the outlet of the membrane
electrode assembly. All reported full cell voltages were not iR cor-
rected. The series and charge transfer resistances were analyzed using
EIS. Data pointswere acquired in the frequency range of 105 to0.1 Hz at
75mA cm−2.

Gas and liquid analysis
Gas chromatography (PerkinElmerClarus 590) coupledwith a thermos
conductivity detector (TCD) and flame ionization detector (FID) was
used to analyze gas products. Gas samples were analyzed in 1mL
volume and the FE towards gas products were calculated using the
following equation:

FEi %ð Þ= ziFP
RT

× νi ×
1
I
× 100% ð1Þ

where zi represents moles of electrons needed to produce one mole
of the product i, F is the Faraday constant (96485 Cmol−1), P repre-
sents the pressure at the outlet of the system where the sample is
collected (101.325 kPa), R is the ideal gas constant (8.314 Jmol−1 K−1), T
represents the temperature at the outlet of the system where
the sample is collected (293 K), νi represents the gas flow rate of
product i, and I represents the total current. The volumetric gas flow
rate was measured at the outlet of the electrolyzer using a bubble
column.

The EE toward CO was calculated using the following equation:

EECO %ð Þ= 1:33V
Ecell

× FECO ð2Þ

where 1.33 V is the thermodynamic cell potential to produce CO and
Ecell is the measured non-iR corrected full cell voltage.

Proton nuclear magnetic resonance (1H NMR) in water sup-
pression mode was used to analyze electrochemical liquid pro-
ducts. NMR was performed on an Aglient DD2 600 spectrometer
in D2O with trimethylsilylpropanoic acid (TSP) as the internal
standard. The FE towards liquid products were calculated using
the following equation:

FEi %ð Þ=mi ×
ziF
It

× 100% ð3Þ

Wheremi represents moles of product i and t represents the duration
of product collection.

Ammonia concentration in the capture solution before degrada-
tion experiments and in the DI water trap after degradation experi-
ments were quantified using ultraviolet-visible spectroscopy (UV-vis)
by the indophenol blue method65,66. The liquid from the DI water trap
was used for post-degradation ammonia analysis due to the high
volatility of ammonia and interference of amines and amino acids with
ammonia detection67. Three chemical solutions were prepared: Solu-
tion A is amixture of 1MNaOH, 5wt.% salicylic acid, and 5wt.% sodium
citrate, Solution B is 0.05M NaClO, and Solution C is 1 wt.% sodium
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nitroferricyanide. 1mL of the liquid sample was added to a glass vial.
Then, 1mLof Solution A, 0.5mL of Solution B, and0.1mLof SolutionC
were added to the vial and shielded from light at room temperature for
2 h. The absorption spectrum was measured using a Lambda 365 UV-
vis Spectrometer with spectral range from 190 to 1100 nm. The for-
mation of indophenol blue was determined using the absorbance at a
wavelength of 655 nm. The concentration of detected ammonia was
calculated using a standard calibration curve.

Anionic O2 degradation products formate, oxalate, nitrate, and
nitrite were quantified using a Thermo Dionex Integrion HPIC system
with a CR-ATC 600 trap column, an ADRS 600 suppressor, and a
Dionex IonPac AS11 4 × 250mmanion column. Analysis was performed
in isocratic mode with 10mM KOH as eluent. The amount of amine in
the capture solution before and after O2 degradation experiments
were quantified using 1H NMR. Chemical species before and after CO2

capture were identified using 1H NMR and carbon nuclear magnetic
resonance (13C NMR).

Simulated flue gas and direct air capture
To simulate flue gas capture, 80 sccm of a mixed gas stream was
purged into the capture solution. The mixed gas stream consisted of
12 sccm CO2, 57 sccm compressed air, and 11 sccm nitrogen. For DAC,
the capture solution was circulated in an Envion Four Seasons humi-
difierwhichacted as an air contactor63. DIwaterwas addedperiodically
at an average rate of 1.9mLmin−1 with a timedpump to compensate for
water evaporation and maintain the capture solution reservoir at 2 L.
The pH of the capture solution was recorded using a pH probe placed
inside the reservoir.

Data availability
All data supporting the findings of this study are available within the
paper and the Supplementary Information. Source data are provided
with this paper.
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