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Carbondioxide (CO,) and absorbent regeneration are the most
energy-intensive processes in carbon capture loops. Conventional

carbon capture technologies typically consume substantial amounts of
heat and involve multiple steps for regeneration. Here we demonstrated

one-step electrochemical regeneration of CO, and alkaline absorbent from
carbon-containing solutions in amodular porous solid electrolyte (PSE)
reactor. By performing hydrogen evolution and oxidation redox reactions,
our PSE reactor selectively split NaHCO,/Na,CO, solutions, which typically
come from air contactors after CO, absorption, into NaOH absorbent in the

catholyte and high-purity CO, gas in the PSE layer. No chemicals were
consumed and no by-products were generated. High Na*-ion transport
number (-90%), high capture capacity retention (~90%), low energy
consumptions (50 k] mol,, *and 118 k) mol,, *at 1mA cm2and

100 mA cmfor bicarbonate, respectively) and long-term stability

(>100 hours) were demonstrated. We achieved industrially relevant carbon
regeneration rates of up to1A cm2(-18 mmol cm™h™), highlighting the
promising application potential.

Before renewable energy can fully displace traditional fossil fuels in
power industry, transportation and many other human activities,
carbon capture from point sources or directly from the atmosphere,
followed by either carbon sequestration or utilization, will remain
as an effective tool to mitigate climate change' . As carbon dioxide
(CO,) isan acidic gas, one popular class of carbon capture technolo-
gies is based on the simultaneous neutralization reaction between
low-concentration CO,and abasic solution (such as monoethanolamine
or NaOH) to form carbon-containing products, followed by aregenera-
tion process to produce high-concentration CO, while restoring the
basic solution for the next round capture process*”. This regeneration

step, either thermally®®, chemically>® or electrochemically’?, involves

chemical bond dissociation to release CO, again and thus is usually
the most energy- and cost-intensive step. For example, in the widely
demonstrated amine-scrubbing carbon capture technologies, the CO,
desorption process needs ~110 to 140 °C water vapour stripping and
was estimated to account for ~70% of the overall operating cost™**.
Compared to the amine-based sorbents, basic aqueous solutions
(suchas NaOH or KOH) showed distinct advantages for large-scale car-
bon capture applicationsincluding low corrosion, high stability, high
capturerates, no sensitivity to oxygen and environmental benignity*".
However, duetoits strong CO,absorption capability to form very stable
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Fig.1| Comparison between thermal and electrochemical CO, regeneration
in the CO,-carbonate carbon capture loop. a, Schematicillustration of

the pilot-scale CO, capture process via calcium carbonate looping. The CO,
regeneration step involves high-temperature (900 °C) annealing of calcium
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carbonate, which consumes natural gas and a large portion of overall energy
consumption. b, Schematic illustration of the electrochemical CO, regeneration
from carbonate or bicarbonate solutions in our solid electrolyte reactor for a
complete carbon capture loop.

carbonate compounds, its thermal regeneration process typically takes
much higher energy than amine-based sorbents (Fig. 1a). For example,
as demonstrated in a pilot scale’, even converting more stable K,CO,
to CaCO;for calcinationand hydroxide regeneration, it requires more
than 900 °C heating, which contributes to a big portion of the overall
energy consumption. More challenging, the heating source for thermal
regeneration typically comes from the burning of fossil fuels (such as
natural gas), which not only requires centralized infrastructure but
also producesalarge carbonfootprint that has to be recaptured™>*'¢ ™%,

Electrochemical regeneration, which can use renewable electricity
astheenergyinput, isconsidered as agreen, efficient and sustainable
alternativeto the thermalregeneration counterparttorelease CO,from
the carbon-containing solutions’ 2", The electrochemical reactions
are operated under room temperature and ambient pressure, which
avoids complicated infrastructure as in the case of thermal regenera-
tionand are also energy efficient'*?>*% (Fig. 1b). The working mecha-
nism s typically based on the pH sensitivity of the carbon-containing
solutions, such as the acidification of (bi)carbonate to regenerate high
concentration of CO, via electrolysis-induced acid and alkaline solu-
tions*’. Representative examples including electrochemical pH swing
orelectrodialysis were demonstrated using cation exchange membrane
(CEM), anion exchange membrane, bipolar membrane and their mix-
ture modules”®'*”*, However, these demonstrations are typically lim-
ited by complicated acid/alkaline separation and re-mixture steps®-*?,
small CO, regeneration rates (or small operation current densities)'**
or generation of side products such as H,, O, or Cl,**"*, For instance,
inaprevious report of aconventional three-chamber electrolyser for
carbonateregeneration, a cell voltage of over 2 Vwas needed to deliver
asmall current of 15 mA cm?, suggesting high energy consumption
and low CO, regeneration rates that limit its practical applications.
Additionally, similar electrochemical devices were proposed to extract
CO, from seawater for direct air capture applications***°, which
however would suffer from the harsh seawater environments such as
Ca®/Mg? impurities to clog membranes/electrodes, bacteria fouling,

side reactions due to the high concentration of NaCl and so on. More
importantly, the carbon capturerates and efficiencies reported in most
of the seawater studies were based on pH measurements and equi-
librium assumptions instead of direct CO, gas collections®?*2313740,
which may not accurately reflect the carbon capture rates or energy
consumptions when deployed in practice.

Here we reported an efficient electrochemical regeneration of
high-purity CO, from aqueous (bi)carbonate in a modular solid elec-
trolytereactor for practical carbon capture applications. By perform-
ing hydrogen evolution reaction and hydrogen oxidation reaction
(HER/HOR) redox electrolysis (or water splitting if H, product is
desired), (bi)carbonate solutions can be continuously converted
back into high-purity CO, gas at practical rates, during which high
concentration of alkaline solutionsis regenerated. Our reactor demon-
strated highiontransport number, industrially relevant carbon capture
rates, low energy consumptions, high capture capacity retention and
good stability, suggesting a promising drop-in replacement of the
conventional thermal regeneration processes.

Reactor design principle for CO, regeneration

The fundamental working mechanism of electrochemical CO, regenera-
tion from carbonate solutions (such as Na,CO, or NaHCO;) is straight-
forward: by performing electrochemical reactions involving proton
consumption (equivalent to OH™ generation) and generation on the
cathode and anode, sodium and carbonateions can be separatedinto
the cathode and anode chamber viaion exchange membranes, respec-
tively, to form NaOH and H,CO;. The formed H,CO; simultaneously
decomposesinto CO,gas, whereas the NaOH solution canbe fed back to
aircontactors. Intraditional two-chamber membrane electrode assem-
bly (MEA) devices or three-chamber electrodialysis devices (Fig. 2a),
carbonate and protons are typically combined in the anode chamber
where regenerated CO, gas will be inevitably mixed with either O, (in
the case of oxygen evolution reaction (OER)) or unreacted H, (in the
case of HOR). Electrochemically splitting salts (such as Na,SO, or NaCl)
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Fig.2| Comparison between our porous solid electrolyte reactor design

and traditional electrolysers for CO, regeneration from (bi)carbonates.

a, Schematicillustration of the traditional electrochemical CO, release process
using a CEM-based MEA device. The regenerated CO, gas in the anode chamber
isinevitably mixed with O, produced from the OER. b, Schematicillustration

of the traditional pH swing method for carbon capture and release. Due to an
acid/(bi)carbonate solution mixing step, this method typically involves excessive
water to be evaporated to restore its original salt concentration, which consumes
extraenergy. Inaddition, the choices of half-cell reactions are restricted to gas

evolution reactions due to liquid streams in both cathode and anode, resulting in
excessive energy consumption to produce H, by-product. ¢, Our solid electrolyte
reactor is designed for CO, regeneration from carbonate or bicarbonate
solutions. It consists of a cathode for HER and an anode for HOR, a CEM and
aPEM, and alayer of PSE layer sitting in between. This three-chamber solid
electrolyte reactor design enables the regeneration of CO, in its high-purity form
and does not involve excessive water to be evaporated nor any net products such
as H,in the previous two cases.

into alkaline and acid, followed by carbon capture (via gas-alkaline
contact) and CO, release (via carbonate-acid mixing), can effectively
avoid this gas mixture issue (Fig. 2b). However, this salt splitting cycling
process typically involves by-products such as H, or Cl, and excessive
water tobe evaporated torestoreits original salt concentration, which
consumes extraenergy.

To address these challenges, here we report a three-chamber
electrochemical reactor with a porous solid electrolyte (PSE) layer
separated by a CEM and a proton exchange membrane (PEM) between
cathode and anode for efficient and scalable CO, regeneration from
carbonates (Fig. 2c and Supplementary Fig. 1). Please note that we
used the terms PEM and CEM to differentiate their purpose of use:
PEMwas used when H" isthe targetion and CEM was used when Na*or
other alkali metal cations is the target ion (Methods). In this design, (bi)
carbonate solutions will be continuously pumped into the PSE layer for
regeneration, where theregenerated CO, gas will be separated from the
cathode oranode gas during electrolysis. By continuously performing
redox electrolysis, protons (H*) generated at the anode/PEM interface

will be electrically driven into the middle layer to replace the sodium
ions (Na*) that move across the CEM into the cathode chamber. As
aresult, Na,CO,/NaHCO; in the middle layer will be split into CO, in
the middle chamber and NaOH solutions in the cathode chamber as
regenerated absorbents. The PSE layer contains dense but water-and
gas-permeable polymers (Supplementary Fig. 2) thatare functionalized
with cation-conducting sulfonate groups, which plays a central role in
nucleating CO, bubbles and minimizing ohmic loss, especially under
lowsalinity for low energy consumptions. We chose the HER/HOR redox
couple duetotheir facile reaction kinetics when compared with other
redox couples, such as oxygenreduction reaction and oxygen evolution
reaction (ORR/OER) or water splitting. Please note here that typically
HOR or ORRis not used in traditional two-chamber pH swing reactors
where both the cathode and anode chambers have liquid streams
that block gas transport channels. The key differences between this
three-chamber reactor design and our group’s recent carbon capture
study’ arealsoincluded in Supplementary Note 1, Supplementary Fig.1,
and Supplementary Tables1and 2.
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Fig.3|The CO,regeneration performance under a continuous flow of
NaHCO; and Na,CO; solutions through the middle PSE layer with different
concentrations. a-c, The/-Vcurve (a), corresponding Na*-ion transport
number (b) and CO, regeneration rate (c¢) of our electrochemical device by
directly flowing different concentrations of NaHCO; solution into the middle PSE
layer.d-f, The /-Vcurve (d), corresponding Na*-ion transport number (e) and
CO,regeneration rate (f) of our electrochemical device with different
concentrations of Na,CO; solution into the middle PSE layer. g, The cell voltage
comparison between the PSE and without PSE (sand filling with similar particle
size) in the middle layer, where the PSE layer greatly decreases the cell resistance
and voltage. When compared with the case of filling sands (with similar size to
PSE particles) inside the middle layer compartment, under a 0.5 M NaHCO,

Current density (mA cm™)

Current density (mA cm™)

solution flow, our PSE reactor saved a cell voltage of -6.8 Vwhen delivering a
current density of 100 mA cm?, representing around 80% saving of energy
consumption. h, The electrochemical energy consumption of CO, release

(k) moIE(l,z) asafunction of the CO, regeneration rate under the flow of 0.5 M
Na,CO;or 0.5 MNaHCO; through the PSE layer. The onset energy consumption is
aslowas 50 kJ mol&l)z in 0.5 M NaHCO; solution, suggesting a high energy
efficiency. i, The Na*™-ion transport number and corresponding CO, regeneration
rates under higher current densities. The ¢,,+ can be maintained as high as over
60% when delivering industrially relevant current density of upto 1.5A cm™. The
error barsina-gandicorrespond to the standard deviation of three independent
measurements. Data are presented as mean values +s.d.

Electrochemical characterizations of the PSE
reactor

Here we first introduce a few key parameters of the system including
iontransportnumber (¢, ,+) of Na*, CO,absorbent’s capacity retention
(CR) and energy consumption (Supplementary Note 2). Other impor-
tant factors/parameters including the regenerated NaOH concentra-
tions, CO, gas collection efficiency and operation stability will also be
discussed in the study. Intrinsic electrochemical performances of our
solid electrolyte reactor were first characterized under standard cell
operation conditions (Fig. 3). Commercial Pt/C catalyst was used for

both cathode HER and anode. The electrode active area was fixed at
1cm?inthis work unless otherwise noted. We first operated our cell by
continuously flowing NaHCO; solutions through the PSE layer, with
sufficient water flow at the cathode side to rapidly remove crossing-over
interfacial Na* and minimize mass transportimpacts. The onset poten-
tial of our device starts at -0.5 V (under 1 mA cm™). Please note here
that the cell voltages reported in this study were not iR compensated.
The ty,+werekept high (>90%) across awide range of current densities
and cell voltages when 0.5 M NaHCO; was fed (Fig. 3b). This perfor-
mance surpasses traditional bipolar membrane cell configurations,

Nature Energy


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-024-01654-z

a b
H\gh-purity 002
Charge
NaOH
_—
<
o
>
(&)
Na,CO,
NaHCO,
LT L
N~ —
Discharge -
Dilute CO, '@
C
0.6 10
y L\A\t/A_‘/‘/‘
18
0.4 - —{— Cathode
= —O— Middle layer ~
c 16 o
o I3y
s =
€ 034 o,
: 3
s 3
© 14 2
+§ =
0.2 4
12
0.1 A
0 T T T T T — 0
o] 30 60 90 120 150 180
Time (min)

Fig.4 | Carbonbalance analysisin aelectrolyte recirculation mode. a, The
schematicillustration of a CO, capture and regeneration process is analogous to
abattery’s charging and discharging process. Assuming we start with a certain
volume and concentration of NaOH solution, it represents the status of a fully
charged battery. Once it reacts and absorbs CO, molecules from dilute sources, it
is converted to Na,CO, or NaHCO, depending on how deeply we discharge the
‘battery’. The following CO, regeneration step represents the battery charging
process where sodium carbonate or bicarbonate is converted back to NaOH while
high-purity CO, is obtained, which closed the whole carbon capture loop.

b, Schematicillustration of recirculation operation mode for CO,and NaOH
regeneration. Inanideal case, if we can move all the Na* ions from the PSE layer
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into the cathode chamber, we can, in principle (assuming negligible volume
changesin electrolyte), obtain the NaOH solution with the same concentration of
input NaHCO; solution, collect 100% of CO, that has been captured and thus
complete the whole carbon capture loop. ¢, The Na* concentration in the middle
and cathode chamber as a function of electrolysis time. The total Na* mass
remains almost unchanged during the electrocatalysis. d, The cell voltage, ¢, +
and energy consumption of our PSE reactor under recirculation operation mode.
Inthese equations, £ represents the energy consumption, Fis the Faraday
constant, Vis the cell voltage, ji,+is the partial current density conducted by Na*
ions and j. is the total current density. The cell current density was maintained
at100 mA cm™and the electrode areawas 1 cm?,

particularly under industrial-relevant current densities®*® (Supple-
mentary Table 3). The ¢+ only slightly dropped to ~80% and 70%
whenthe NaHCO; concentration droppedto 0.1 Mand 0.01 M, respec-
tively, suggesting our reactor’s capability of pulling out most of Na*
from the (bi)carbonate solution for a high capture capacity retention
while maintaining high ¢+

Inprinciple, forevery Na* transported into the cathode chamber,
the corresponding bicarbonate anion will be balanced with one proton
from the anode chamber to form one H,CO; or CO,. Therefore, the CO,
regeneration rate can be calculated based on the operation current
and the Na®ion transport number. In our practical demonstrationsin

the following section, we also obtained the CO, regeneration rates by
CO, gas collection, which were close to the rate estimation based on
measured electrochemical performances. As shown in Fig. 3¢, under
the 0.5 MNaHCO, input, a CO,regeneration rate of 6.78 mmol cm2h™
CO, gas was achieved while maintaining a 90% ¢,,+ under a practical
operation current density of 200 mA cm™ Whereas the regeneration
rate decreased with lower Na* concentration, it can still reach
>2 mmol cm2h™even under 0.01 M solution.

Whereas converting NaOH to bicarbonatein air contactors would
double the carbon capture capacity and energy efficiency compared
with that of carbonate, the practical CO, absorption process may stop
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atthe carbonate stage due to the low CO, concentrationsin air. Unlike
NaHCO,solution where CO, gas can be readily released under anet H*
flux into the middle layer, the Na,CO, solution needs to be acidified
into NaHCO; first before CO, gas bubbles can be regenerated, which
doubles the energy consumption. As shown in Fig. 3d-f, the current-
voltage (/-V) curves and corresponding Na*-ion transport number
using 0.5M, 0.1 M and 0.01 M Na,CO; are similar to that of NaHCO;,
except for the CO, regeneration rates that are roughly half of that in
the case of NaHCO,.

The indispensable role of the PSE layer can be shown in Fig. 3g,
Supplementary Figs. 3 and 4, and Supplementary Table 3. This
improved cell voltage was due to the significantly decreased cellimped-
ance withthehelp of ion conductions through the sulfonate functional
groups along the surface of PSE particles**2, Thisimproved ion conduc-
tion and decreased cell voltage guarantee an energy efficient CO,
regeneration process as shown in Fig. 3h. The energy consumption
startsfrom50 kJ molgéz inthe case of NaHCO, and gradually increases
with ramped-up regeneration rates. The low energy consumption
enables our design to be more energy efficient than conventional
high-temperature annealing of calcium carbonate process (Supple-
mentary Fig. 5) and some other electrochemical systems (Supplemen-
tary Fig. 6).

To show the upper limit of our device’s CO, regeneration rate, we
increased the Na,CO; solution flow rate to 9 ml min™ and achieved
industrially relevant current densities of up to 1.5 A cm™2 while main-
taining a high t,+ of 65%, representing a CO, generation rate of
~18 mmol cm™h™. However, this continuous electrolyte flow typically
results in low capacity retention because only a fraction of Na* was
pulled out from the middle layer for NaOH regeneration (Supplemen-
tary Note 3 and Supplementary Fig. 7). As more practical demonstra-
tions shown below, we operated the regeneration process in batch
cyclestobalance both the t,,+and capture capacity retention.

The PSE reactor design also showed good adaptability to be
operated under different cathode or anode reactions. When switching
HOR on the anode side to water oxidation (OER), net H, generation
can be obtained from the cathode with an extra cell voltage input
(Supplementary Fig. 8). The onset cell voltage of this HER/OER cell
was at -2 Vand is ~-1.5V higher than that of HER/HOR, suggesting an
extraenergy consumption of40.2 kWh kg,,, ' for clean H, manufactur-
ing. This HER/OER cell configuration opens opportunities in combin-
ing water electrolysis with carbon capture in a single electrolyser
device, which could lower both capital and operation costin carbon
capture and clean H, production. Changing half-cell reactions does
notaffect the Na*-ion transport number, which were well maintained
at above 80% across a wide range of cell currents (Supplementary
Fig. 8b). We also found out that different types of CEM used could
affect the f,+. As an alternative to the Nafion N2100TX membrane,
we have identified a PTFE fabric-reinforced Nafion membrane, which
has shown similar performance to the original Nafion N2100TX mem-
brane (Supplementary Fig. 9). However, the use of Nafion-117, a

well-known proton conductor, on the cathode sideimproves H* con-
duction and thus decreases our £+ (Supplementary Fig. 10).

Na'balance analysis under electrolyte
recirculation mode

Our next stepisto exploreits CO, regeneration capability under more
practical operation conditions. In practice, the CO, capture and regen-
eration process are analogous to abattery’s discharging and charging
process, respectively (Fig. 4a). To fulfil these charging/discharging
cycles, we operated our PSE device for CO,regeneration, or the charg-
ing step, under an electrolyte recirculation mode (Fig. 4b) and per-
formed a Na* mass balance analysis (Fig. 4c). Specifically, we
recirculated 20 mINaHCO, solutionin the middle PSE layer and 20 ml
deionized (DI) water in the cathode chamber, respectively, during the
CO,regeneration electrolysis. A detailed Na* mass balance analysis can
help ustonotonly obtain critical parametersincluding t,,+and CR but
also confirm the high accuracy of our measurements under this prac-
tical operation mode.

TheNa*concentrations atboth the cathode and middle layer and
the cell voltage were monitored during the electrolysis process under
afixed current of 100 mA cm (Fig. 4c,d). Whereas the concentration
of'the as-prepared NaHCO, solution was 0.5 M, the measured concen-
tration at the starting point of electrolysis was ~0.45 M, which could be
due to a small amount of Na*/H" ion exchange in the PSE layer. Under
continuous HER/HOR electrolysis, the Na* concentrationin the middle
layer gradually decreased and that in the cathode increased, with the
total Na” mass well-balanced across the whole electrolysis process
(Fig. 4¢). After a 3-hour continuous electrolysis, the middle layer Na*
concentration was down to -0.05 M, which represents a 90% removal
of Na* or 90% capture capacity retention. If in practice the initial
NaHCO, concentration starts from1M, the capacity retentioncanreach
95% when the middle layer is depleted to 0.05 M. More importantly,
achieving this high capacity retention did not sacrifice ,+. Asshown
in Fig. 4d, the t,+ was maintained at above 80% across the whole
‘charging’ process. Another interesting observation we had was the
cell voltage shown in Fig. 4d. Whereas it was maintained stable at
~1.4 to 1.5V for the first 2-hour operation, the cell voltage rapidly
increased to ~4 V when the ‘charging’ process approached the end
(Supplementary Note 4 and Supplementary Fig.11). Thisrapid increase
in the cell voltage can serve as an indicator of middle layer Na* deple-
tion, where a cut-off cell voltage can be flexibly set to stop the regenera-
tion step and complete the carbon capture loop while maintaining a
good t,,+and energy efficiency (to be shown inFig. 5).

Stability test and CO, gas collection

To evaluate the stability and actual CO, gas collection, we increased
the volume of recirculation liquid to 400 ml and the electrode size to
4 cm? while maintaining a fixed electrolysis current density of
100 mA cm™ (400 mA total cell current). The electrolysis operation
was cut off at 4.5V as the end of the ‘charging’ step for each carbon

Fig. 5| Practical cycle operations for CO,regeneration in our PSE reactor.
a, The chronopotentiometry stability of the PSE reactor for cycles of CO,
regeneration. The volume of NaHCO; stock solution and catholyte in the first
cycle were both 200 ml and then changed to 400 ml for the following cycles.
The concentration of the NaHCO, stock solution was 0.5 M, and the total cell
current was 400 mA with an electrode area of 4 cm? (current density is

100 mA cm™). In these equations, n is the number of electrons involved, Fis the
Faradaic constant, ji, is the total current density, and M, and M, represent the
Na* mass before and after the cycling process. Alternating yellow and white
backgrounds represent different batch tests. The PSE reactor can stably run
for more than 100 h. In principle, for every mole of Na* transported from PSE
layer to the cathode chamber, we should be able to collect amole of CO, from
the PSE layer due to the complete acidification of amole of HCO;~, meaning
that the .+ measured by the catholyte Na' concentration should be equal to

the FEco, when we assume le” transfer per CO, molecule collected in the case
of NaHCO; solution. b, Photograph of the solid electrolyte reactor and
as-captured CO, gas flowing out from PSE layer. ¢, The /-V curve and
corresponding ¢+ When inputting the carbon-containing solution obtained
from direct air capture. d, Approaches to further improving the energy
consumption: cell voltages (at 50 mA cm™and 200 mA cm™) of PSE reactors
with different CEM thicknesses (50 pum versus 200 pum), different PSE layer
thicknesses (2.0 mm versus 2.5 mm) and different operation temperatures
(room temperature (r.t.), 60 °Cand 90 °C). e, Roadmap to CO, regeneration
cost by successive changes to cost-relevant parameters. f, Sensitivity analysis
of the CO, regeneration cost based on NaHCO; and Na,CO, inputs, with
variables including electricity price, current density, cell voltage, stack cost
and Na*-ion transport number.
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capture and regeneration cycle (Fig. 5a and Supplementary Fig.12). uptoover4 Vattheend of each cycle (-12 h of continuous electrolysis
Benefiting from the reliable Pt/C catalyst and commercial CEMand  for400 mlstock solution). We can evaluate the cell’s electron efficiency
PEM membranes, our PSE reactor exhibited excellentlong-termstabil-  incarbonregenerationbased oneither the ¢,,+or moredirectly onthe
ityand CO, gas regeneration efficiency from bicarbonate solution. The  collected CO,gas volume (Fig. 5a). We therefore also defined the Fara-
cell voltage was maintained stable at 1.7 to 1.9 V and quickly ramped  daic efficiency (FE) of collected CO,, in the case of bicarbonate input,
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asthetotal number of CO, molecules regenerated over the total num-
ber of electrons transferred. This test can distinguish our study from
many previous ones where no CO, gas collections were performed,
and the energy consumptions were estimated solely based on pH
equilibriums®*>*. In each electrolysis cycle, the t,+ started at ~90%
when there was sufficient Na* in the middle PSE layer and gradually
decreased to 70 to 80% at the end of the cycle (assuming negligible
volume change in both cathode and PSE layer electrolytes), which is
due to the gradually increased Na* concentration gradient across the
CEM. In fact, we observed an approximately 5-8% volume increase in
the catholyte at the end of each cycle due to osmosis effects. This slight
volume increase suggests that our calculated ¢+ was slightly under-
estimated. Atthe end of each cycle, around 90% carbon capture capac-
ity retention was achieved.

The collection and measurement of regenerated CO, gas from
our PSE reactor are of central importance to support the analysis of
carbonregeneration energy consumptions based on cell voltage and
Na*-ion transport number. As a visual demonstration, an empty bal-
loon (-100 ml size) was filled with recovered CO, gas from the PSE
layer (Fig. 5b). We first used gas chromatography to confirm the purity
of CO, gas collected (>99%; Supplementary Fig.13 and Supplementary
Table 4). As shown in Fig. 5a, by measuring the regenerated CO, gas
flow rate using the water displacement method (Methods), we were
able to quantify the FEcq, of our reactor. We observed that, due toan
initial CO, saturation processin the 400 ml NaHCO; electrolyte, the
CO, output flow rate usually started lower at the beginning of each
regeneration cycle but rapidly reached to a steady state of around
4.5-5.1ml min, representing a 75%-85% FEco, (Fig. 5a). Whereas the
measured FE¢o, was slightly lower than the corresponding f,+,
whichis highly likely due to gas leakage in the reactor system (Sup-
plementary Fig. 14), the two values are close enough to strongly
support our hypothesized CO, regeneration mechanism and Na*
quantifications. The cell can be operated for more than 100 h with
negligible degradation. To confirm the remaining carbon sourcesin
thereactor system, theresidual NaHCO; solutionand catholyte NaOH
solution after each regeneration cycle were further analysed using
the acid titration method* (Supplementary Fig. 15 and Supplemen-
tary Note 5). In practice, this remaining NaHCO, solution can be
reused as the catholyte in the nextround of carbon regeneration. No
carbonwas foundinthe catholyte, indicatingno CO, or bicarbonate
crossover contamination in the regenerated NaOH solution. As
proof-of-concept, we also demonstrated a full-loop direct air capture
process by bubbling airinto NaOH solution to form Na,CO,/NaHCO,
solution, which was fed into our PSE reactor for CO,and NaOH regen-
eration. No obvious electrochemical performance deviations were
observed when compared with the standard tests (Fig. 5c, Supple-
mentary Note 6 and Supplementary Figs.16-18).

Performance improvements and techno-economic
analysis

Whereas our PSE reactor design for carbon regeneration showed great
promise in energy consumption, we would like to emphasize that these
electrochemical performances are not fully optimized yet. There are
many optimizations can be done in the future to further improve the
efficiency of our reactor, such as improving the ionic conductivity
of the solid electrolyte particles, shrinking the thickness of the PSE
layer, increasing the operation temperature, improving the HER and
HOR catalysts, selecting more conductive CEMs and PEMs and so on.
Here we performed additional experiments to demonstrate some rep-
resentative factors that can help to significantly improve the energy
efficiency particularly under high operation current densities (Fig. 5d,
Supplementary Note 7, Supplementary Figs. 6 and 19, and Supplemen-
tary Table 3). Whereas these improvements in energy consumption are
encouraging, future efforts are needed to further optimize the reactor
and process for practical applications.

Onthe basis of the electrochemical performance of our PSE reac-
tor system for CO, regeneration, we performed a techno-economic
analysis (TEA) to assess its economic viability and adaptability, adapt-
ing previously reported methods”***. Several process assumptions
weremadebased on current feedstock prices and electrolyser perfor-
mance, with sensitivity analysis considering potential fluctuations in
these valuesinthe future. The analysis of NaHCO, input case indicates a
total system cost of approximately US$126 ton., * (Fig. 5e,fand Supple-
mentary Note 8). The primary cost is contributed by electrolyser stack
manufacturing (US$34.2 toncy,’), raw material (US$17.7 ton, ) and
electricity (US$49.7 toncg, ' assuming US$0.05 kWh electricity price).
Other expenses, including daily maintenance and stack replacement,
account for approximately 19.4% of the total cost. Further improve-
ments can be achieved by reducing the cost of the electrolyser and
enhancing thereaction performance. By reducing the cell voltage and
increasing the Na*-ion transport efficiency, we can further reduce the
carbon capture cost of our device by ~-US$7 and ~US$13 ton,, ?, respec-
tively (Fig. 5f). Amore detailed global sensitivity analysis (Supplemen-
tary Figs.20-22) reveals that the regeneration costis highly sensitive to
variationsin electricity price (ranging from US$0.03 to US$0.07 kWh™)
and current density (ranging from150 mA cm2to 300 mA cm™). This
is because, based on the TEA calculations in Supplementary Note 8,
electricity price is associated with operating costs, whereas current
density relatesto the electrolyser size and capital cost for a fixed duty of
1ton CO, capture. These two parameters dominate the operation cost
and capital cost. Other parameters, such as cell voltage, have arelatively
moderate impact onthe regeneration cost. Therefore, it is essential to
develop strategies to mitigate associated risks, suchas avoiding current
density drops under certain voltage changes. Additionally, monitoring
policy changes and fluctuations in the electricity grid and price will
help maintain an economically feasible CO, capture and regeneration
process. The carbon regeneration cost of carbonate input is nearly
double that of bicarbonate, due to doubled size of electrolysers and
doubled energy consumption, whereas the sensitivity analysis shows a
similar tendency. Nonetheless, the development of renewable energy
technologies and improvements in electrolysers can be leveraged to
decrease the regeneration cost in the near future.

Conclusions

In conclusion, we developed an electrochemical system to efficiently
regenerate high-purity CO, gas and alkaline absorbents from (bi)
carbonate solutions. By performing HER and HOR redox electroca-
talysis, our PSE device can efficiently extract CO, molecules from
carbon-containing solution to high-purity (99%) CO, stream without
mixing other gases. Industrially relevant carbon capture rates (up to
964.5mA cm™, 18 mmol cm2h™ or 190 kg.o, m2d™) were achieved.
Moreover, high Na*-ion transport number (>90%), high capacity reten-
tion (-90%) and low energy consumptions (50 and 118 k) mol., *at 1
and 100 mA cm2for bicarbonate, respectively) were demonstrated,
suggesting its promising practical applications. With improvements
incell components and operation temperature, a cell voltage of 1.42 V
atacurrent density of 200 mA cm™was achieved. Future research will
be focused on the scaling up of this PSE reactor for large-scale CO,
regeneration from carbonate solutions and further improvements in
cell design and configurations for better voltages, current densities
and energy efficiencies.

Methods

Materials

All chemicals, including sodium hydroxide (NaOH), sodium carbonate
(Na,CO0,), sodium bicarbonate (NaHCO,) and Nafion-117 solution, were
purchased from Sigma-Aldrich. Pt/C powder, Nafion-117 membrane and
Nafion-N2100TX membrane were purchased from Fuel Cell Store. IrO,
electrode was purchased from the Dioxide Materials. Millipore water
(18.2 MQ-cm) was used throughout all experiments.
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Preparation of Pt/C electrodes for HER reaction

Typically, 40 mg active catalyst (Pt/C) and 80 pl of Nafion-117 binder
solution were mixed with 4 ml of 2-propanol (Sigma-Aldrich).
After sonication in ice water for 30 min, the obtained homogene-
ous ink was air-brushed onto a 5 x 5-cm? hydrophilic carbon cloth
(ELAT-Hydrophilic Plain Cloth, Fuel Cell Store) electrode at 60 °C. Then
the as-prepared electrode was hot-pressed on the Nafion-N2100TX
membrane at 90 °C for 10 min.

Preparation of Pt/C electrodes for HOR reaction

The procedure of fabrication Pt/C anodes for HOR reaction followed
the same procedure to prepare the cathode electrode, except the
hydrophobic gas diffusion layer (GDL) carbon paper (Sigracet 28 BC,
Fuel Cell Store) was used. Briefly, after sonication of the mixture of
40 mg active catalyst (Pt/C), 80 pul of Nafion-117 binder and 4 ml of
2-propanol, the obtained homogeneous ink was air-brushed onto
a5x5-cm?GDL (Sigracet 28 BC, Fuel Cell Store) electrode at 60 °C.
Then the prepared electrode was further dried in a vacuum at room
temperature before use.

PSE reactor with CEM-PEM configuration

The CO, recovery process was conducted in a solid electrolyte cell.
The cell configurations and the production set-up are illustrated in
Fig. 2c. The cation exchange membrane (CEM) close to the cathode
(Pt/C on carbon cloth) is Nafion N2100TX (or PTFE fabric-reinforced
Nafionalternatives), and the proton exchange membrane (PEM) close
totheanodesside (Pt/Con carbon paper) is the Nafion-117 membrane.
The cathode side was supplied with DI water for HER reaction. The
water flow rate was controlled by a syringe pump. The flow rate at the
outlet was calibrated using ameasuring cylinder. In the middle cham-
ber, the sodium form styrene-divinylbenzene sulfonated copolymer
Dowex 50WX8 (Sigma-Aldrich) cation conductor was employed as
the solid electrolyte (SE). The Na,CO; or NaHCO, flowed into the SE
layer controlled by asyringe pump. The anode side was provided with
the 30 sccm H, gas for HOR reaction. All cell resistance was meas-
ured by the potentiostatic electrochemicalimpedance spectroscopy
(PEIS), and all the cell voltages in our work were reported without any
IR compensation.

Batch cycles of CO,/absorbent regeneration with recirculation
of carbon-containing solution and catholyte

To maximally release CO, from the NaHCO,/Na,CO; solution, the
H* produced at the anode should ideally react with all HCO,/CO,*
groups. Therefore, a closed-loop recirculation system was devel-
oped. The cell configuration and experiment set-up are schematically
shown in Fig. 4b. In batch cycles stability test (Fig. 5), a certain vol-
ume of 0.5 MNaHCO, solution (200 ml for the first cycle and 400 ml
for other cycles) was supplied into the middle SE layer with a flow
rate of 4.5 ml min controlled by a syringe pump. At the anode side,
the H, gas was supplied with a flow rate of 30 sccm. At the cathode,
the same volume of DI water (200 ml for the first cycle and 400 ml
for other cycles) was cycled with a flow rate of 4.5 ml min™. Along
withthereaction proceeding, the carbon-containing solutionin the
middle SE layer would be gradually acidified to release CO, gas. Once
the concentration of Na* in the middle chamber decreases to a low
concentration, the cell voltage will be increased suddenly. To start
anew batch, fresh 0.5 M NaHCO, and DI water were first flowed into
the middle chamber and cathode respectively for 10 min to remove
residue Na*, and then fresh 0.5 M NaHCO; (400 ml) and DI water
(400 ml) were used respectively. Theresidual Na* from the middle SE
layer and the concentration of NaOH produced at the cathode were
determined by using inductively coupled plasma optical emission
spectroscopy (ICP-OES; Perkin EImer Optima 8300 ICP-OES) andion
chromatography (IC; Shimadzu Prominence lon Chromatography
System for Cation Analysis).

Direct air capture

Thedirectair capture was operatedinaplastic flask. The air was purged
into 1.0 NNaOH solution through agas dispersal tube. The gas bubbles
were dispersed into small bubbles toincrease the capture efficiency of
CO,.The Na* concentration of the final product was determined using
ICPandIC, and the residual CO,>” and HCO; were determined by using
the titration method.

Middle layer gas and liquid analysis

After recycling electrolysis, the dissolved CO, and remaining carbon
content (in the form of HCO;") in the liquid was measured using the
acid titration method. First, 4 ml of the middle layer output stream
containing dissolved CO, was collected directly with adding 200 pl
of 1M NaOH. And then the collected liquid was titrated using 0.1 M
HCI. The titrant was dropped slowly into the sample and the change
of pH was monitored using a pH meter (Orion Star A111). The volume
difference between two equivalence points on the titration curve
determines how many moles of (bi)carbonate species exist inside the
liquid samples. The dissolved CO, and remaining carbon concentration
was then calculated as below:

_AVyxc

Q %

For only detection of the remaining carbon content (in the form of
HCO;"), 4 ml of the middle layer output stream containing dissolved
CO,was collected without adding NaOH. And continuous Ar flow was
used to purge out the dissolved CO, after the sample collection. Then
we followed the same titration procedure as mentioned above. And
the remaining carbon concentration was then calculated as below:

_ AWy xc

Q, Vv

where Q, is the total remaining carbon concentration, Q, is the total
remaining carbon concentration (in the form of HCO;") and (Q; - Q,)
isthe dissolved CO, concentration. AV,and AV, are the volumes of HCI
between two equivalence points on the titration curve, cis the con-
centration of the HCl solution used, and Vis the volume of the sample
titrated (without including the volume of the added NaOH).

Water displacement measurement was used to measure the gase-
ous CO, flowrateandreleased CO,volume. CO,-saturated 0.01 MH,SO,
was used as the solvent during the water displacement measurement
to measure the CO, bubble flow rate. It was pre-saturated with CO, to
minimize the gas dissolution, and the acid was used to further suppress
the CO, gas solubility during the bubble flow rate measuring process.
This water displacement showed high measurement accuracy.

lon transport number, Faradaic efficiency and CO, gas
collection efficiency calculations
Na'-ion transport number (z,+) describes the ratio of the number of
Na®ions crossed through CEM over the total number of electrons
transferred during electrolysis.

The concentration of Na* was determined using ICP and IC. The
transport number of Na* at the cathode under continuous catholyte
flowing was calculated using the following equation:

. -1
Jnat = € X UXF x (electrode area)

tyr = 27 % 100%

a
Jrotal

where cisthe Na* concentration determined by ICP, vis the catholyte
flow rate (ml s™) and Fis the Faradaic constant.
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In the case of catholyte recirculation, the ion transport number
for Na"is calculated using the following equation:

Cna+ (Mol 171) x 96,485 (C mol_l) x catholyte volume (ml)
Jiotal (MA) X reaction time(s)
%100 (maximum 100%)

Na+ =

FEco, is defined as the ratio of the total number of CO, molecules
regenerated over the total number of electrons transferred. It describes
the electron efficiency in releasing CO, molecules.

Faradaicefficiency for CO,gas regenerationin the case of NaHCO,
was calculated as below:

x nF

v
ICOZ N l/mo]

I
02 100%

Fco, = total
ota

wherevis the gaseous CO, volumetric flow rate (ml s™) determined by
the water displacement method, V,,, is the volume of an ideal gas at
roomtemperature, nisthe number of electrons involved (n = 1for bicar-
bonate case and n =2 for carbonate case) and Fis the Faradaic constant.
Capacity retention of Na* (CRy,+) is defined as the following:

M;
Capacity retention = (1 - M—1> x 100%
0

M, and M, represent the Na* mass in the middle PSE layer elec-
trolyte before and after reaction, respectively, determined using ICP
andIC.

Data availability

The datasupporting the findings of this study are available in the main
text, Supplementary Information and source data provided with this
paper. Additional data related to this study may be requested from
the corresponding author. Source data are provided with this paper.
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