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Electrified CO, capture and release from air offers net-negative emissions,
but today’s liquid-carbonate-based systems have a high energy cost (6-10 GJ
per ton of CO,), and organic sorbents are oxygen sensitive. Here we report
electrified CO, surface mineralization/demineralization capture/release,
wherein aninorganic capture sorbent, MnO,, is electrochemically reduced/
activated to generate Mn(lll), which mineralizes CO, to form MnOOCO,H
(operando Raman); the process is reversed under oxidative potential.

This approachis built upon Mn redox reaction that resides within the
water-stable bracket, offering tunable driving force (kinetics/productivity)
with applied potential (energy). After optimizing the electrochemical
protocol, we capture from air (0.04% CO, and 21% O,) at 4.1 GJ per ton of CO,,
with capacity and kinetics comparable to prior sorbents, low sensitivity to
oxygen/humidity, 80% single-pass CO, capture ratio and release under a
pure CO, carrier gas stream and pressure drop <150 Pa. The system operates
>1,000 hwith >90% capacity retention and scales to 20 cm? without loss;
remaining challenges include material utilization, electrolyte, gas flow/
pressure drop and CO,-purity management.

Direct air capture (DAC) has the potential to contribute to net-zero
goals by offsetting hard-to-abate emissions'* Key priorities for DAC
include lowering energy consumption to well below 10 GJ per ton of CO,
(tonco,); powering the process using low-carbon-intensity electricity®”
and enabling capture frominput air with substantial partial pressures
of both oxygen and humidity.

Electrified carbon capture technologies using pH-swing
devices***7'° (Fig. 1a) have shown promise in DAC, but these are
bounded by a typical minimum energy cost of - 3.6 GJ per ton,, since
aNernst potential difference of 0.83 Varises due to the large pH gradi-
entatmembraneinterfaces foracceptable capture and release kinetics
(>5mA cm™) (ref.11). This bound arises from the pH required (pH ~14)

for the capture of carbon dioxide (CO,) and the low pH (pH~0) required
for CO,release from the aqueous capture liquid and the minimum of
two electrons per CO, mandated by the need to effect the shift first
from carbonate to bicarbonate, and thence from bicarbonate to CO,,
The empirical energy expended in experimentally implemented sys-
tems processing post-capture liquids has to date been in the range of
2.5x to 5x this value’.

In contrast, reversible CO,adsorption devices (Fig. 1b) thatemploy
redox-active sorbents, such as quinone-based organic nucleophiles,
are capable of capturing CO, via a one-electron process, and the CO,
capture and release driving force is progressively controlled (tuned)
across theredox window (redox gap) of the sorbent, allowing a voltage
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Fig.1|Electrified capture/release devices and chemical concepts, including
eC0,-sMDCR. a, Indirect, bulk-pH-swing device. b, Adsorption/surface
mineralization device. In the indirect system, to capture CO, with kinetics

suited for DAC, CO, is captured by forming CO,*", which consumes two OH"

ions and thus requires two electrons. The reversible CO, adsorption/surface
mineralization device can be operated in a regime employing one electron per
CO.. ¢, Surface chemistry of direct surface mineralization CO, capture compared
to pH-swing CO, capture. Red: oxygen atoms, purple: metal (Mn) atoms, grey:
carbon atoms, white: hydrogen atoms. d, Pourbaix diagram screening of arange
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of candidate transition metal oxides. MnO, avoids dissolution and has aredox
window within the water-stable potential bracket at near-neutral conditions'* ™.
Data adapted from the Materials Project under a Creative Commons Attribution
4.0 License'. e, DFT calculation of the *OCO,H adsorption energy in the form of
Mn-OCO,H versus potential. The crossover in free energy circa 0.7 Vindicates
that CO, capture and release are tuned using the applied potential. We use the
chemical formulaMnOOCO,H to denote the formation of Mn-OCO,H on the
surface when MnO, is reduced. lllustration in c was generated by Ovito and the
structures for calculation in e were generated by Vesta 3 (ref. 45).

swing lower than the Nernst minimum of 0.83 V (refs. 3,12). However,
some organic implementations of redox-swing DAC systems suffer
sensitivity to O, in air, as the low reduction potential of the organic
redox mediator (for example, quinones) often leads to the formation
of destructive superoxide®®*,

We asked whether inorganic materials might be used in
solid-state electrochemically controlled capture and release from a
redox-active sorbent. We noted that at the metal-oxygen site (M-0)
within metal (hydro)oxides, electroreduction has the potential to
create electron-rich oxygen sites (M-0~) and that these may have
CO, capture ability. The metalloenzyme carbonic anhydrase, which
withits Zn-O Hintermediate containing an electron-rich oxygen'**
has a CO, reaction rate constant that is greater than ten times that
of the free hydroxide anion, provides one such precedent of high
reactivity with CO,.

Motivated by this concept, here we explore and report electri-
fied CO, surface mineralization/demineralization capture/release
(eCO,-sMDCR) based on Mn redox couple: the MnO, is electrically
reduced to generate Mn(lll), which mineralizes with CO, to form
MnOOCO,H, and subsequent oxidation reverses the reaction to
release CO,. We construct an eCO,-sMDCR device and study the elec-
trochemical protocol and demonstrate CO, capture across awide range
of concentrations (0.04% to 100%), low oxygen/humidity sensitivity
and good cyclic stability. We explore the path towards pilot-scale dem-
onstration and envision remaining challenges and opportunities in

electrochemical device architecture, low pressure-drop contactor
design and CO,-purity management.

Concept and mechanism

We depict in Fig. 1c the hypothesized process of direct surface min-
eralization of CO,. Surface electron-rich active sites are posited to
be created during electroreduction, and it is of interest to study the
kinetics and energetics compared to indirect bulk-pH-swing capture.

In such eCO,-sMDCR device, the electrochemical capture and
release sorbent should fulfil several requirements. First, it should be
redox-active in near-neutral conditions: the reduction reaction must,
under these conditions, create active electron-rich oxygen at the metal
oxide surface nucleophilic sites to react with CO,. Second, to be able
to operate in an aqueous system, a metal oxide should have a redox
potential window that exhibits minimal overlap with the undesired
side reactions of water dissociation and oxygen reduction. Finally,
to ensure the stability of the capture and release electrode, the redox
reactions should occur between two solid phases; in other words,
the active electrode materials should not dissolve in the near-neutral
conditions during the redox cycling.

We consider representative redox-active metal oxide candidates
MnO,, Co;0,, Fe,0;and Ni(OH), and examined their Pourbaix stability
in light of these criteria (Fig. 1d)'*". Density functional theory (DFT)
simulations show that CO, capture and release are controlled by the
potential at the MnO, surface, with the crossover (from capture to
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Fig. 2| Proof-of-concept of the eCO,-sMDCR device and mechanistic study
using operando Raman spectroscopy. a, The eCO,-sMDCR device and the
proposed CO, reversible surface mineralization capture and release mechanism.
Only the working electrode was analysed in this study. b, Experimental evidence
of potential-dependent CO, capture and release. ¢, CO, capture from 1.0 to

0.4 VvsRHE and CO, release from 0.4 t0 1.0 V vs. RHE, witnessed using Raman
spectroscopy. InRaman, a potential-dependent increase/decrease in bicarbonate
(Mn-0CO,H) and then carbonate (Mn-OCO,") peaks are observed during
capture/release.

release) potential residing within the water-stable potential region
near 0.65Vvs RHE (Fig. 1e).

It is seen in Fig. 1e that the driving force for capture or release is
potential-dependent in the redox-active sorbent system, that is, it
increases in amplitude as a higher potential is applied. This can be of
use when tuning the applied potential window to different scenarios,
such as point source versus direct air capture. In contrast, many prior
sorbent-based strategies for CO, capture are determined by anintrin-
sic/pre-ordained CO, binding strength, and it is thus not possible to
fine-tune adsorption kinetics and release/regeneration energy®.

To study capture and release, both using MnO, and control metal
oxides, we developed amembrane-electrode-assembly systeminwhich
the metal oxide electro-sorbent was coated on both sides of the mem-
brane: asymmetric eCO,-sMDCR device (Fig.2a). We apply anegative
(reducing) potential to begin the CO, capture phase and later switch
the cell voltage to an oxidative potential for CO, release.

As in prior bench-scale analyses*'**?*, we use a CO, analyser
(Supplementary Fig. 1a) and a continuous flow carrier gas to quantify
the capture andrelease of CO,. We note that the energy costs reported
here are those associated with electrochemical capture and release
event; in future implemented systems, energy costs associated with

processes such as vacuum pumping and compression will also be
important. We discuss andinclude these in the techno-economic analy-
sis herein (Supplementary Notes 1 and Methods)>.

The pH of the electrolyte was monitored and, through the use of a
mixed Na,SO, and Na,HPO, solution (total Na* concentration of 1 M),
was buffered, residing at - pH 7 to minimize the impact of pH fluctua-
tionson CO, capture and release.

We first studied capture from pure CO, in the inlet stream. When
we scanned the cell voltage using cyclic voltammetry between -1V
to1V, we observed a voltage-dependent pressure swing, where scan-
ning towards an oxidative potential of 1V led to a pressure increase
and scanning towards a reduction potential of -1V led to a decrease
(Supplementary Fig. 1b). Control experiments, including using pure
N, as feed gas (Supplementary Fig. 1c) and also using only carbon
paper as the electrode (Supplementary Fig. 1d), each showed no
voltage-dependent pressure swing. This suggests that possible side
reactions, such as oxygenreductionreaction during reductive capture
and the oxygenevolutionand carbon oxidation reactions during oxida-
tiverelease, are not dominant.

We then used a CO, analyser to measure CO, capture and release
directly (Fig.2b), finding that the reductive scanled to decreased CO,
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concentration (capture) in the outlet stream and the oxidative scan
led to increased CO, concentration in the outlet gas stream (release).
Theimpact of possible CO, capture with aqueous electrolyte was also
examined and found to be minimal (Supplementary Fig. 1e).

Quantitatively, we monitored the CO, capture and release rate
based on the CO, analyser response (Supplementary Fig. 2 and Meth-
ods), finding that increasing the current from1to4 mA cm™2led toan
increase in the CO, capture and release rate from 3 to 10 pmol min™
(Supplementary Fig. 2a). Over this range, the capture rate increased
linearly with the charging rate (Supplementary Fig. 2b). The Coulom-
bic efficiency and energy cost of CO, capture/release we estimated
by integrating the current and electrical power vs time (to obtain the
charge and energy) and also the CO, flow rate vs time (to obtain mols
of CO,) for each electrochemical cycle (Methods). We are able to adjust
the chargingrate to conserve energy (for example 2.9 GJ per tonc, at
1mA cm™) orincreaseit for higher kinetics (4 mA cm™) and amodestly
higher 3.4 G) per toncy, (Supplementary Fig. 2c). Notably, we observed
near-100% release Coulombic efficiency, indicative of the one-electron
process for CO, release (Supplementary Fig. 2d).

We then used operando Raman spectroscopy in a gas-diffusion-
electrode cell under ambient air to investigate the CO, capture
and release mechanism (Fig. 2c and Supplementary Fig. 3a-c). To
simulate the capture process, we scanned the potential from 1.0 V
to 0.4 Vvsreversible hydrogen electrode (RHE), which correlated
with the typical cell voltage we used in capture and release stud-
ies (Supplementary Fig. 3d). Bicarbonate (-OCO,H) characteristic
peaks at 1,007 cm™ and 1,376 cm™ (whose identity as -OCO,H was
ascertained by measuring bicarbonate anion reference samples in
Supplementary Fig. 4a) were observed once the applied potential
descended to 0.7 V: we concluded that MnO, surface had begun to
reduce and mineralized with CO,, forming Mn-O-CO,H. We thus
describe 0.7 V as the onset of capture, substantially consistent with
theturnover point predicted from the DFT-free energy analysis (Fig. 1e).
The peak intensity then progressively increased as we decreased the
potential towards~0.4 Vvs RHE (Fig. 2c and Supplementary Fig. 3b),and
the carbonate (Mn-0CO,") peak at 1,065 cm™ (assigned based on car-
bonate anionand MnCO, reference samplesinSupplementaryFig.4a,e)
emerged. We refer this as the capture state, which corresponds to the
typical cell voltage of -1V used in capture and release studies (for
example, Fig. 2b) for capturing. It is worth noting that this surface min-
eralization state is distinct from bulk carbonate formation, as seen in
Supplementary Fig.4e. The potential-dependent change in peak inten-
sity suggests that the -OCO,H/-OCO, were bound to the surface of the
metal oxide. Weincluded a control study (Supplementary Fig. 4b) with
no metal oxide and found neither carbonate nor bicarbonate peaks.

We sought to study how the surface is influenced by the presence
versus the absence of CO,. When we exclude CO, in the system, we see
afeature in Raman at 830 cm™ when the potentialisbelow 0.7 Vvs RHE,
whichwe tentatively ascribed to Mn-OH (Supplementary Fig. 4c). To test
this assignment, we replaced water with deuterated water and found that
the peak shifted to lower wavenumber (630 cm™): the fact that heavier
deuteriumshiftsthe Mn-OH interaction to lower wavenumber is consist-
entwith the picture of hydroxide emerging as the species produced under
reducing conditionsin the absence of CO, (Supplementary Fig.4d). This
is compatible with prior studies in which the MnO,-MnOOH transition
was used to produce solution-phase OH™ for liquid-phase capture and
carbonate transport to the anode inside electrochemical capture cells
(similar to the pH-swing process depicted in Fig. 1a).

The striking difference relative to this workis thatin the presence
of CO,, the CO,isadsorbed onto the reduced solid metal oxide sorbent,
is not released into solution and thus remains bound for later release
fromthe sameside of the electrolyser. This process was corroborated
by Ramanstudies: in the presence of CO,, the Mn-OH, a characteristic
peak of MnOOH, was not observed, and instead a Mn—-OCO,H peak
emerged at potentials below 0.7 V vs RHE (Supplementary Fig. 3b,c).

Additionally, the Raman spectrum at the capture stated at 0.4 Vvs RHE
matches well with that of the reference MnCO, sample at 660,720 and
1,065 cm™ (Supplementary Fig. 4¢). These observations are consistent
with the picturein which Mn-O~ provides high nucleophilic reactivity
with CO, (ref. 14), leading to the formation of surface-mineralized
Mn-0OCO,H, replacing Mn-OH when CO, is introduced.

We carried out a DFT study based on the &-phase MnO,
(Supplementary Fig. 5a) to explore further this concept. Under suf-
ficiently negative potential, the Mn-O" intermediate will prefer to
react with CO,, forming Mn-OCO,H, instead of H,0, a reaction that
would form Mn-OH (Supplementary Fig. 5b), an effect also observed
inaprevious pH-swing study*. These findings agree with the operando
Ramanspectroscopy results, wherein the Mn-OCO,H peakis observed
instead of Mn-OH.

Experimentally we explored the release process by increasing
the potential towards +1.0 V. When we employed operando Raman,
we saw the reverse of the capture process: the Mn-OCO, peak and
the Mn-OCO,H peak progressively decreased when the potential was
scanned from the capture state at 0.4 V to the release state at 1.0 V,
at which an equilibrated state that includes the presence of MnO, is
produced (Fig. 2c and Supplementary Fig. 3c).

Takentogether, operando Ramanand DFT results point to revers-
ible surface CO, mineralization driven by an electrochemical surface
redox reaction of manganese dioxide: we propose that CO, species are
specifically absorbed on the surface of manganese oxide during this
pseudo-capacitive process. This is distinct from indirect pH-swing
CO, capture/release that relies on the chemical reactionbetween OH™
and CO,, with its lower bound on energy prescribed by the requisite
pH gradient (Fig. 1a—c). This picture in which CO, is implicated in the
redox cycling of MnOQ, is also suggested by the increase in the redox
current density in cyclic voltammetries (CVs) when we increase the
CO, concentrationinthe feed gas (SupplementaryFig. 6). Such atrend
issimilarly seenin quinone-based systems when the carboxylation of
the reduced quinone alters the shape of the CV as a function of CO,
concentration in the feed gas®*.

Wealso studied eCO,-sMDCR devicesin aflue gas capture scenario
(Supplementary Fig.7) using 4% CO, (relevant to natural gas combined
cycle power plants) balanced with N,”. When we used a high-loading
electrode optimized for the flue use case, the eCO,-sMDCR device
simultaneously achieves these performance metrics: a CO, capacity
and productivity of ~ 300 toncg, per tong,,.. Per year, a single-pass
removal depth of 70% and an energy cost of ~ 1.7 GJ per ton, for 4%
flue gas CO, at 50 mA cm2with good cyclic durability.

Performance evaluationin direct air capture

We then attempted to capture and release CO, fromair at 0.04% concen-
tration; atask often rendered challenging in general by many materials’
sensitivity to oxygen*?**?°, Asan additional challenge, water in ambi-
entair often competes with CO, for the active sites and thus adds extra
regeneration energy in thermal-regenerated solid-sorbent systems™.

However, inthe present system, we see little evidence of the forma-
tion of superoxide—a finding that we attribute to the moderate MnO,
redox potential at around 0.7 V vs RHE (Fig. 2¢). In addition, MnO,
prefers, as noted above, to react with CO, instead of with H,0.

We therefore introduced air with 0.04% CO, and 21% O,, and we
monitored the humidity, observing20-30% and 60-70% relative humid-
ity at the cell inlet and outlet, respectively (Supplementary Fig. 8a),
whenwe operated the system under a (DAC-relevant) pressure drop of
150 Pa (Supplementary Fig. 8b). To study oxygen tolerance, we com-
pared CVs under said air flow vs N, (Supplementary Fig. 8c), finding
these tobe near-identical, indicating an absence of competing oxygen
reductioninthe operating voltage range. Then, the DAC performance
was evaluated with the charging rate of 1 mA cm™2between -1V and
1V, the CO,was captured at anincreasing capture rate, which reached
the maximum of around 0.6 pmol.,,,.. min™ when the cell voltage
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Fig. 3 | Direct air capture performance of eCO,-sMDCR devices. a, The applied
electrochemical charging protocol (grey), cell voltage profile (blue), CO, molar
flow rate (red) and CO, capture ratio (purple) inatypical -1V to1V DAC cycle.

b, Corresponding peak Coulombic efficiency and energy cost for capture and
release processesinthe -1V to1VDAC cycle. ¢,d, Optimization of protocol
through tacking the Coulombic efficiency, captured/released ratio in each voltage

Total Capex Opex

step and CO, molar flow rate with stepped capture (c) and release (d) at a step of
0.2V.e, Comparison of energy cost and productivity (kinetics) of -1V to1V DAC
and optimized -1V to 0.4 V DAC protocol. f, Techno-economic analysis of the
levelized cost of carbon capture based on experimentally measured eCO,-sMDCR
device performance. Inband e, theresults are presented as averaged values, and
error bars represent the standard deviation from at least four independent tests.

approached -1V (Fig. 3a), leading to a peak CO, captureratio of nearly
80%. Then, when the cell voltage was scanned towards 1V, a fast CO,
release was observed with a maximum rate of 0.7 umol .,y min™
(Fig. 3a). The peak Coulombic efficiency approached 22% and 30%
for capture and release, which resulted in energy costs of 6.6 GJ per
toncgy, and 4.8 GJ per tonc,, for capture and release, respectively
(Fig. 3b). The lower Coulombic efficiency and higher energy cost
compared to pure CO, (Supplementary Fig. 2d) and flue gas capture
(Supplementary Fig. 7d) we attribute to the low concentration of CO,
inair, which limits contact of CO, near the MnO, surface over a specific
time duration, thus affecting productivity—and the judiciously man-
aged air flow rate, selected to keep projected pressure drop accept-
able—these factors leading to parasitic reactions (for example, with
H,0, as seenin Supplementary Fig. 4c).

We then sought to tune the conditions of the capture and release
protocol to improve these energetics (Methods). In particular, we
sought to optimize the operating voltage window for CO, capture and
release in a stepped capture and release experiment, which captured
CO, at -1V and stepped released CO, towards 0.4 V (Fig. 3c,d). This
leads to an energy cost of 3.9 GJ per tongy, for DAC (Fig. 3e, left axis),
encouragingin comparisonwith prior DAC approaches, whichwerein
the 8-10 GJ per ton range®*,

We sought to characterize capture and release capacity and kinet-
ics, measuring an estimated capacity of 0.42 mmol g and peak cap-
ture and release rate of 0.01 and 0.02 mmol,, g min™, respectively

(Supplementary Fig. 10), similar in order to that achieved in typical
solid amine sorbents®?*, We sought also to test how the energetics
when CO, is released into a highly concentrated stream; we therefore
studied the same air capture process, but released with pure CO, as
carrier gas (Supplementary Fig. 11). In this configuration, the energy
costwas 4.1GJ per tong,, and the CO, sorbent capacity was estimated
to be 0.41 mmol g (Supplementary Fig. 11). We thus use this value to
reflect the release performance under a pure CO, condition, while
also noting that the most practical-relevant case might not involve
a carrier gas. Nevertheless, in the techno-economic analysis (TEA),
we include estimated additional energy costs for vacuum pumping
and compression.

To provide areference, we tested a widely employed amine sorb-
ent, tetraethylenepentamine (TEPA), loaded in the same porous
gas-diffusion media in the same reactor under the same flow condi-
tions. Under dry condition, the performance of the TEPA sorbent in
terms of sorbent capacity and productivity is found to be in similar
range as the reported values (Supplementary Table 1)*. That said,
we did find a striking difference when humid air (80 relative humid-
ity (RH%)) was fed to the system: the capture rate was substantially
reduced for TEPA sorbent while the rate maintained for e-switching
MnO, (Supplementary Fig. 12), highlighting the advantage of humid-
ity tolerance of the electrochemical strategy. The active Mn atom
utilization was ~4%, consistent with the surface atom ratio; while
this surface utilization offers competitive electrode capacity (1.1 mmol
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4 A

Fig. 4 | Direct air capture durability evaluation of the eCO,-sMDCR device. The
device was subjected to acomplete capture and release voltage cycle (around

1.4 hours per cycle) with continuous airflow. a, The CO, release performance
remained stable throughout the 290 hours of the test, while the release-to-
capture ratio gradually reached 100%, indicating a balance in carbon mass during
stable operation. The replacement of the counter electrode and electrolyte was
to evaluate the degradation of the CO, capture and release working electrode.

b, Durability cycling of the device over 1,000 hours. The inset represented the
zoom-in of the cyclic voltage profile from -1V to 0.4 V, while a higher upper

voltage was also examined occasionally. The x-axis breaks are in three sections

to show the period when the CO, capture and release performance was recorded
at the begining-of-life (BOL), after around 500 hours and after 1,000 hours;

the cycling was continued between these performance tests. ¢, Corresponding
capacity of the working electrode and energy cost for the capture+release
processes throughout the stability test. In ¢, the results are presented as averaged
values, and the error bars represent the standard deviation. The BOL results were
obtained from at least four independent tests while the post-stability results were
averaged from at least five capture and release test cycles.

per cm?®y;,0, Vs 0.28 mmol per cm®;q..mine; SUpPlementary Table 2), we
still note opportunities for further materials engineering (for example,
high-surface-area MnO, shown in Supplementary Fig. 13) and porous
electrode engineering toimprove further the volumetric performance
ofthe electro-switched contactor. Notably, this potential-driven elec-
trochemical surface mineralization shows a rate over eight orders
of magnitude higher compared to more kinetically limited natural
chemical mineralization® (-100 vs 1 x 107 tonc, per toNy,.. Per year),
indicating the high reactivity of M-O~ with CO,. The capture and release
kinetics are reflected in the productivity of ~100 toncg, per tony,o,
per year (Fig. 3e, right axis), which is in a similar regime as sorbent
approaches (shown in Supplementary Table 1).

These results lead to an estimated capital cost contribution of
US$90,,pex PET tONco, When the membrane electrode assembly (MEA)
devices are loaded into a laminar contactor structure similar to the
solid-sorbent contactor (Fig. 3f, Supplementary Fig. 14 and detail in
Supplementary Note 1). Operating cost (dominated by electricity cost)
contributes an additional US$52,,., per tonc, in an analysis of a DAC
plant that captures 1 Mtony, per year (Fig. 3f, Supplementary Fig. 14
and detail in Supplementary Note 1).

Evaluation of durability in direct air capture

Akey criterion for DAC application is system durability, which deter-
mines the system-lifetime-averaged cost (levelized cost) of the DAC
technology. The presence of O, poses durability challenges for sev-
eral organic-based technologies (for example, superoxide formation

between reduced quinones and 0,)"?, and these challenges are exacer-
bated in DAC while the O, concentrationis over 500 times that of CO,.
The DAC durability of the eCO,-sMDCR device was evaluated by con-
tinuously running complete DAC capture and release cycles (roughly
1.4 hours per cycle). It was found that the eCO,-sMDCR performance
was stable over 200 hours of continuous cycling operation (Fig. 4a),
and the oxygentolerance remained as before (Supplementary Fig.15).
The ratio of CO, release and capture reached ~100%, consistent with
apicture wherein all captured CO, was later released in steady-state
cyclic operation. We examined the degradation in CV following con-
tinuous voltage cycling and found that this arose due to an increased
rate of loss at the electrolyte-immersed and flushed counter electrode.
The CV capacitance was fully recovered when the counter electrode
was replaced (Supplementary Fig.16), and the DAC performance was
equilibrated and maintained for an additional 100 hours. We note
that in a symmetric eCO,-sMDCR device, the counter electrode is
not flushed by electrolyte while it carries out CO, capture and release
180° out-of-phase with the working electrode (Supplementary Fig.17).
Structural characterization showed that the major structural features
were still preserved (Supplementary Fig. 18). To examine stability, we
cycledadevicefor1,000 hours and analysed DAC performance (Fig. 4b)
every 500 hours. The DAC capacity was retained above 90% of its initial
value (Fig. 4c), and the pro-rated relative performance was estimated
to be -92% (Supplementary Fig. 19), and the total capture + release
energy cost remained below 5 GJ per tonc,, following operation over
1,000 hours (Fig. 4c and equation (3) in Methods for calculation detail).
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Materials and system requirements for scaling

To test initial scalability, we sought to go from 5 cm?to 20 cm? In the
20 cm?device (Supplementary Fig. 20), the sorbent capacity was meas-
ured to be 0.57 mmol g compared to 0.42 mmol glinthe 5 cm?case,
corresponding to an - 1.3x increase in productivity (to 135 toncg; per
tON,,pene PET Year), all with a similar energy cost of 3.4 GJ per toncg,
(Supplementary Fig. 20).

Asapreliminary exploration, we studied (Supplementary Fig. 21)
the use of capture material at high loading in both counter and work-
ing electrodes, where these experiments led to 1,230 umol of CO,
separated per cycle in the 20 cm? high-loading device, nearly two
orders of magnitude increase from the previously demonstrated
value from a 5 cm? device. We portray a laminar unit and contactor
arrays of a potential future configuration in Supplementary Fig. 22
and Supplementary Table 2, drawing analogy with representative
commercial demonstration pilot plants®.

We point outimportant areas of future research, including man-
agement of gas, electrolyte, pressure drop, volumetric productivity
and CO, purity in future scaled systems. Future studies can include
exploration of stable, high-surface-area materials; mechanically
self-supported electrode-current collector architectures tostrengthen
the laminar scaffold and solid-state electrolyte systems that offer to
reduce the complexity of electrolyte management and address the
issue of evaporative loss.

Conclusion

The performance of eCO,-sMDCR devices and the mechanistic picture
elaborated using operando Raman spectroscopy suggest aninorganic
electrochemical pathway to contribute to addressing the combined
challenge of cost, energy consumption and durability in carbon cap-
ture, particularly direct air capture. The eCO,-sMDCR device can, by
its driving voltage profile in time, be tailored to different CO, capture
and release scenarios.

Methods

Materials

Manganese(ll) sulfate monohydrate (ReagentPlus, >99%), potassium
permanganate (ACS reagent, >99.0%), sodium sulfate (ACS reagent,
>99.0%, anhydrous, powder), sodium phosphate dibasic (ACS reagent,
>99.0%), sodium hydroxide (puriss, 98-100.5%), potassium hydroxide
(ACSreagent, >85%), gold(lll) chloride trihydrate (> 99.9%), citric acid
(>99.0%), methanol (99.8%), were all purchased from Sigma-Aldrich
without further treatment. Freudenberg H23C3, H23 graphite felt
(GF020), carbon black (Vulcan XC72) and a Piperion membrane (40
pm) were purchased from Fuel Cell Store. Nafion perfluorinated resin
solution (D520), Nafion 212, Nafion 117 membrane were purchased
from lon power. PP separators (Celgard 3400) were purchased from
Celgard. The Ag/AgClreference electrodes used in the flow cell were
purchased from CHI Instruments Inc. Gaseous CO, (research grade),
N, (ultra-high purity) and Ar (ultra-high purity) were purchased from
Airgas. Ultra-pure water (18.2 MQ from MilliQ) was used to prepare all
the solutions and electrolytes.

Synthesis of MnO,

To synthesize the MnO,, 120 ml 0.2 mol I MnSO, solution was mixed
with 80 ml 0.2 mol I KMnO, solution under stirring in a 325 ml glass
vial. The mixture was then stirred for 30 minatroom temperature. The
brownMnO, precipitate was then collected by centrifugation, washed
several times with water and dried under vacuum.

Synthesis of 55 nm Au@MnO, NPs for surface-enhanced
Raman spectroscopy tests

Au nanoparticles (NPs) were synthesized by adding 2.537 ml of a
0.863 wt% HAuUCIl, aqueous solution into 200 ml of ultra-pure water
ina250 mlround-bottom flask. The solutionwas then heated to aboil,

followed by the addition of 1.5 ml1% citricacid (CA) solution. Then, the
mixture continued boiling for 30 minutes and was cooled naturally to
obtain the Au NPs solution.

Au@MnO, core-shell nanoparticle was then synthesized by taking
10 ml of the prepared AuNPs solution and adding 170 ml of 0.1 MKOH,
0.5 mlof0.01MKMnO,and 2.5 ml of 0.01 MMnSO, orK,C,0,asareduc-
ingagent. The mixture was then placedinanice bath for 60 minutes to
ensure complete reaction.

Electrode preparation

To prepare the electrodes used in the membrane-electrode assembly
(MEA) device, 300 mg of synthesized MnO,, 30 mg of carbon black,
15 ml of methanol and 600 mg of 5 wt% Nafion solution were added
intoa40 mlvial. The mixture was sealed and sonicated in a water bath
for2 hoursatroomtemperature. The solution was then sprayed ontoa
5cm x5 cmgas-diffusionelectrode (Freudenberg H23C3 for the work-
ing electrode and H23 for the counter electrode). The final material
loading was controlled to be -10 mg cm™, and the MnO, sorbent load-
ing was estimated to be ~83 wt% based on the ink composition. After
drying, the gas-diffusion electrode was cut into four 5 cm? pieces for
further use. The high-loading 70 mg cm™ electrodes were prepared
with a similar ink compositionbut with asimple dip-coating approach.
Specifically, 700 mg of synthesized MnO,, 70 mg of carbon black, 30 ml
of methanol and 1,400 mg of 5% Nafion solution were added and soni-
cated in a 40 ml vial. Two 5 cm? graphite felt were immersed into the
ink, followed by vacuum drying repeatedly until all the materials were
loaded into the graphite felt. The final catalyst loading was measured
tobe-70 mgcm™.

CO, capture and release device assembly

To fabricate the electrified CO, surface mineralization/demineral-
ization capture/release (eCO,-sMDCR) device, two pieces of 5 cm?
MnO,-coated electrodes were pressed onto a membrane separator.
The hydrophobic-coated H23C3 was used as the working electrode
contacting with gases, and the coated H23 was used as the counter
electrodein contact withthe aqueouselectrolyte. Two sets of silicone
rubber gaskets (0.01inch) with a5 cm? opening were placed between
the membrane-electrode assembly and the titanium current collec-
tor plates to prevent gas and liquid leakage. The electrolyte (0.5 M
Na,SO,, buffered by Na,HPO,) was pumped to the counter electrode
side through a peristaltic pump ataround 5 ml min™. The 20 cm?device
was assembled following the same protocol as the 5 cm? device. The
20 cm?symmetric high-loading device was assembled similarly except
that the graphite felts were used for the working and counter elec-
trodes, and the electrolyte was fed between the two electrodes.

Electrochemical measurement

Electrochemical measurements were all conducted using a BioLogic
VSP300 potentiostat. Gases (N,, CO,, house air) were supplied to the
working electrode by a mass flow controller (Alicat Scientific). The
gas flow was controlled to be a low flow rate of around 30 sccm for
airand around 10 sccm for flue gas since a high flow rate would result
in a high pressure drop in the practical gas contactor, which would
cost a considerable amount of fan energy, particularly in the direct
air capture scenario. The pressure drop through the device was meas-
ured by adifferential pressure gauge. The change of pressure during
the electrochemical testing was monitored in separate tests using a
pressure transducer (Alicat Scientific) with the inlet and outlet valves
closed. The concentration of the CO, from the outlet of the device
was measured by a CO, analyser (T360M, Teledyne and WMA-5 PPSys-
tems). To sustain the required gas-flow rate (> 700 ml min™) for the
CO, analyser, the gas flow from the device outlet was diluted with Ar
flow (-~ 690 sccm) to ensure sufficient gas supply. Before testing, the
CO,analyser was calibrated with Ar UHP to set the zero point and with
diluted CO, to check the accuracy of concentration measurement.
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The concentration of CO,inthe house air was measured to be around
435 ppm. The pH of the electrolyte was monitored by a pH meter
(Oakton PC450), and the pH was buffered to be around 7 (neutral
condition). For device activation, cyclic voltammetry experiments
were conducted between-1Vand1Vat10 mVs™and 50 mV s*under
stabilization. For the CO, capture and release protocol, the device was
charged and discharged at various constant current densities (typi-
cally1 mA cm™) until the cell voltage reached the set values and held
atthesetvaluesforaset period of time. Stepped capture and release
experiments were conducted, in which the cell voltage was scanned
and held every 0.2 V between -1V and 1 V. The optimized voltage
window was selected based on the averaged coulombic efficiency and
the CO, capture/release capacity. All voltages in device performance
testing were reported in full-cell voltage without any iR compensa-
tion. The potential applied to the working electrode of the device
was probed with an Ag/AgCl (saturated KCI) electrode (0.197 Vvs the
standard hydrogen electrode) and then converted to the reversible
hydrogen electrode using the Nernst equation to correlate with the
operando Raman tests.

CO, capture and release measurement

The amount of CO, being captured or released during an electro-
chemical cycle can be calculated by integrating the CO, flow rate cor-
responding to the capture or release cycle. The CO, capture ratio can
be calculated as the ratio of the measured CO, concentration during
capture to the baseline CO, concentration (for example, 435 ppm for
air). The CO, flow rate can be calculated by the CO, concentration dif-
ference between the measured value and the baseline concentration
of the supplied gas (equation (1)). Ccoy, measure iS the concentration of CO,
inthe gas flow into the analyser, ¢, paseiine is the concentration of CO,
inthe feeding gas to the device and the ;. is the flow rate supplied
to the analyser. The conversion from volumetric flow rate (I min™) to
molar flow rate (mol min™) is calculated by the ideal gas law. The CO,
removal depth (capture ratio) is calculated by the ratio of ¢coy, measured
and CCOZ,baseIine'

mol
CO, flow rate (m) = {CCOZ,measure - CCOZ, baseline} (%)

101 (kPa)
8.314 (J (mol K)™) x 29315 (K)
0

|
><fcmalyser <_) X

min

The Coulombic efficiency (equation (2)) and energy cost (equa-
tion (3)) can then be obtained by calculating the quantity of CO,
from theinitial point (¢,) to the final point (¢;) with the corresponding
charge (Q) and energy (E) of the electrochemical process. Fis the
Faradaic constant. Note that the energy cost here only considers
the electric work associated with the electrochemical protocol,
an additional electric work of 1-2 GJ per tong, (ref. 38) might be
required for the vacuum pumping and compression processes in the
practical application.

f;’COZ flowrate x dt x F
Q

Columbic efficiency (%) =

2

Energy cost (GJ per toncg,) = E 3)

+/CO, flow rate x dr

The mass-specific or area-specific productivity that reflects the
capture andrelease kinetics was calculated by normalizing the amount
of CO, released inacomplete cycle by the weight of the applied sorbent
materials (Wy,men,) OF the active geometricarea of the cell (4,,) and the
duration of the complete capture and release cycle (t.,.), as shownin
equations (4) and (5), respectively.

Mass specific productivity (tonco, per tonggpene Yr1)

f:ifCOZ flowrate x dt 4)

Wsorbent tcycle

Area — specific productivity (toncg, per tonggpene Yr™1)

f:{COz flow rate x dt (5)

A geo tcyc]e

For example, the mass-specific productivity under DAC condi-
tions, which captured 15.2 umol CO, per cycle with atotal cycling time
of 1.4 h, aMnO, electrode loading of 41.5 mg and continuous cycling
throughout the year, was calculated as shownin equation (6):

15.2 x 10~° mol I
5.2 x10™° mol per cycle X(44i)x(365x24l>
mol year (6)

41.5x107° Evnoz X 1.4 hpercycle
=101 (tonCOZ per tOnsorbentyr_l)

Similarly, the productivity at 50 mA/cm? under 4% flue gas condi-
tion was calculated in equation (7):

-6
462 x 10" " mol per cycle x(44i>x(365x24 h
mol year

290.5 x 1073gMnoz x 1.7 hpercycle ) (7)

=356 (tonco; Per toNgorhent Y1)

Release into pure CO, stream

The direct air capture followed by release into a pure CO, carrier gas
stream was evaluated by conducting same air capture process, followed
by switching the carrier gas into pure CO, (2 sccm). Before switching
the cell voltage to initiate a release event, a stable CO, concentration
baseline was established by mixing the pure CO, carrier gas fromthe cell
outletwithpureN, (300 sccm) for precisely measuring release rate into
pure CO,using CO,analyser (WMA-5PPSystems). After the CO, baseline
concentrationwas stabilized, we started the release programme, moni-
tored the change in CO, concentration asaresult of the additional CO,
released into the pure CO, carrier gas stream and quantified the release
rate and performance metrics using equation (1). The purity of gas
during release event was analysed by gas chromatography (Shimadzu).

DAC electrochemical protocol optimization

We evaluated the impact of charging rate on the CO, capture and
release efficiency and energetics. When we lower the charging rate to
0.5mA cm?from1.0 mA cm™?, the energy cost decreases to12GJ ton™
(Supplementary Fig. 9a-c). However, in light of our capital cost esti-
mates, we kept productivity at 1.0 mA cm™, which had already enabled
anover 70% CO, capture ratio (Fig. 3b).

The optimum operating voltage window was probed for CO, cap-
tureandrelease inastepped capture and release experiment (Fig. 3c,d).
By analysing the corresponding CO, capture/release quantities, charges
andenergy foreach step, we are able to determine the optimum capture
and release voltage and duration. Interestingly, it was found that the
average capture Coulombicreached amaximum of 33% whenheld at -1
V, and this contributed 40% of the total captured CO, quantity (Fig. 3c).
The peak release coulombic efficiency of 20% was achieved at 0.2V,
while 80% of CO, is released at 0.4 V (Fig. 3d). On the basis of these
results, an optimized CO, capture and release protocol was derived,
which captured CO,at -1V and stepped released CO, towards 0.4 V.

Materials characterization

The transmission electron microscopy (TEM) images were taken from
aJEOL GrandArm 200 microscope atan acceleration voltage of 200 kV.
A probe convergence angle of 20 mrad was used. The XRD measure-
ments were conducted on a STOE STADI MP diffractometer using Mo
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or Ag K-aradiation (A,, = 0.056 nm, Ay, = 0.071 nm) to avoid Mn fluo-
rescence; the 20 value was converted to one based on CuK-a radiation
(Acy = 0.154 nm) to be compared with the reference.

Operando Raman spectroscopy

The operando electrochemical surface-enhanced Raman spectroscopy
(SERS) measurements were carried out using a PGSTAT204 electro-
chemical workstation coupled with a RENISHAW inVia confocal Raman
microscope. The wavelength utilized in the experiment was 633 nm. A
custom-designed Raman cell was employed, featuring aplatinumwire as
thecounterelectrode and an Ag/AgClelectrodeasthereference electrode
(0.197 Vvsthe standard hydrogen electrode). Core-shell Au@MnO, nano-
particleswere coated on carbon paper and used as the working electrode.

DFT calculations
Density Functional Theory calculations were performed using the
Vienna Ab initio Simulation Package version 6.3.2 (ref. 39) (VASP) and
JDFTx*, Structural optimizations were performed in VASP and fea-
tured the Perdew-Burke-Ernzerhof (PBE) functional*. Grimme’s D3B])
empirical correction* for London Dispersion forces were also included.
All atoms were described using Projector Augmented Wave (PAW)
pseudopotentials* with a global planewave energy cut-off of 520 eV.
To avoid antiferromagnetic states, all calculations featured polarized
spins, with theinitial magnetic moments all aligned to a high spin. The
wavefunction convergence criterion was set to 1E eV, and the force
convergence criterion was set to 1E2 eV A™. All calculations used a
gamma-centred 3 x 3 x 1K point grid. VASP was also used to compute
phonons to predict thermochemical properties, namely zero-point
energies, enthalpies (H) and entropies (S). Gibbs free energies (G) were
then computed according to G = H - TS, where temperature (7) was
set to 298.15 K. A detailed discussion of the DFT calculation and the
analysis of adsorption structureisincludedin Supplementary Note 2.
Following structural optimizations, Joint density-functional the-
ory (JDFTx) was used for computing high-accuracy solvation ener-
gies. Solvation energy calculations utilized the charge-asymmetric
nonlocally determined local-electric (CANDLE) implicit solvation
model** with solvent parameters matching those of liquid water. Cou-
lomb energies were tapered in the direction orthogonal to the slab
surface to eliminate artefactual interaction of the slab with itself in
periodicimages.

Data availability

The authors declare that all data supporting the major findings are
available in the main text or the Supplementary Information. Source
dataare provided with this paper.
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