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ABSTRACT: While much of the current research in electro-
chemical CO, reduction reaction (CO,RR) identified the CO,
single-pass conversion efficiency (SPCE) as a key performance
metric for the technology practical deployment, recently
reported high SPCEs in CO,RR are typically at the expense of
higher cell voltages or compromised product selectivity. In this
work, we use the porous solid electrolyte (PSE) reactor to
achieve high CO, SPCE to high-purity formic acid (HCOOH)
while preserving the cell voltage and HCOOH Faradaic
efficiency. We successfully recovered the carbon losses in the
PSE system to reach a 95.1 + 1.7% CO, SPCE to HCOOH at
100 mA cm™* and demonstrated a stable operation for 100 h. To
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widen the applicability of the CO,RR technology, we demonstrate a continuous simulated flue gas (10% CO,, 10% O,, balance
N,) conversion to high-purity formic acid with CO, SPCE reaching more than 80% through an electrochemical sequential CO,

capture—CO, reduction system.

anked as the largest consumer of industrial energy and
Rthe third-largest subsector in direct CO, emissions,’

chemical manufacturing represents a major contributor
to global warming. However, with the plummeting prices of
renewable electricity and initiatives like the United States
Department of Energy’s (DOE) SunShot, which targets utility-
scale photovoltaics electricity prices as low as 3 ¢/kWh by
2030, decarbonizing chemical manufacturing through elec-
trification is becoming a feasible contributor towards net zero
emissions. One promising technology for chemical industry
decarbonization is the electrochemical carbon dioxide
reduction reaction (CO,RR), which has shown significant
potential in converting captured CO, into value-added fuels
and chemicals while utilizing intermittent renewable energy
sources such as solar or wind.”*

Among different CO,RR products, liquid fuels and
chemicals are particularly intriguing given their high energy
densities, as well as their versatile storage and distribution.”
While several liquid products have been demonstrated with
reasonable energy efficiencies using different electrocatalysts,
formate/formic acid (HCOO™/HCOOH) is the most
promising for short-term commercialization opportunities.
Formic acid has been used in various industries, including
pharmaceuticals and biofuel manufacturing,” besides its
potential to serve as a hydrogen carrier.® Furthermore,
industrially relevant CO,RR performances have been reported
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for this reaction, with partial current densities reaching as high
as 2.5 A cm™2 and more than 80% Faradaic efficiency.” A
cornerstone that made this mature performance possible is the
adoption of gas diffusion electrodes (GDEs), which paved the
way for high-performance gas-fed CO,RR electrolyzers.'*"*
However, conventional CO,RR electrolyzers rely on liquid
electrolytes to transport generated liquid molecules and
conduct electricity, necessitating energy- and cost-intensive
downstream separation processes to recover high-purity liquid
products and electrolytes separately.”® Additionally, the
carbon losses through (bi)carbonate formation, a thermody-
namically favorable reaction between reactant CO, and
hydroxide (OH™) ions that are present in either the electrolyte
reservoir or that are generated at the GDE/membrane
interface, limit the CO, single-pass conversion efficiency
(SPCE) in these systems and negatively affect the overall
process energetics.m_18 Some of the previous studies targeting
high CO, SPCE restricted the input CO, to levels that

compromised the electrolyzer performance, resulting in lower
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Figure 1. Comparison of different CO,RR electrolyzers for liquid product generation. (A) A schematic of the traditional flow cell reactor,
which typically contains an alkaline or neutral catholyte for CO,RR liquid product collection. This reactor produces formate salts mixed with
impurity ions in the catholyte with low CO, utilization due to carbonate formation. (B) A schematic of acidic CO,RR systems that employ
an acidic catholyte to enable high CO, SPCE by regenerating carbonate ions as CO,. These systems produce formic acid mixed with high-
concentration supporting electrolytes. (C) A schematic of the capture solution CO,RR systems, which may include (bi)carbonate
electrolysis or amine-CO, adducts reduction. They achieve high CO, SPCE but are unable to produce electrolyte-free liquid products. (D) A
schematic of the perforated-CEM electrolyzer, which comprises an AEM on the cathode side and a perforated CEM on the anode side. With
hydrogen oxidation reaction (HOR) on the anode side, this setup produces high-purity formic acid in the anode stream, but carbonate
formation still results in low CO, SPCE. (E) A schematic of the proposed PSE electrolyzer with CO, recovery. The PSE middle layer
facilitates high-purity formic acid generation and offers an avenue to recover the lost CO,, enabling high CO, SPCE. (F) A summary
comparison of the systems presented here. PSE reactor with CO, recovery is the only system that can attain both high-purity formic acid

generation and high CO, SPCE.

target product Faradaic efficiency and higher cell voltage. This
approach is impractical from an energy efficiency perspective,
even when considering the potential benefits of downstream
gas separation.'” ™!

Herein, we aim to hit two targets with one arrow by
designing a CO,RR system that efficiently produces high-
purity formic acid while also operating at high CO, SPCE
without compromising key performance metrics such as cell
voltage and Faradaic efficiencies (FEs). Figure 1 displays
different types of gas-fed CO,RR reactor configurations
reported in previous studies. We evaluated their potential to
attain the two targets outlined here: high-purity formic acid
production and high CO, utilization. Figure 1A depicts the
traditional three-electrode flow cell configuration, in which a
neutral/alkaline supporting catholyte is used, resulting in low
CO, SPCE due to the reaction between gaseous CO, and the
supporting electrolyte. Additionally, the product is formate
salts mixed with the catholyte. Figure 1B shows acidic CO,RR,
which uses an acidic catholyte to achieve a higher CO, SPCE
compared to alkaline or neutral CO,RR. Yet, this configuration
requires high-concentration supporting electrolytes to suppress
the competing hydrogen evolution reaction (HER),*™*
leading to a product mixture of formic acid and high-
concentration supporting electrolytes. Another approach for
high CO, SPCE is the direct CO,RR of capture solutions”’
such as (bi)carbonates®® or amine-CO, adducts,’>*' as
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shown in Figure 1C. Nevertheless, the capture solution would
be mixed with the liquid product in this scenario. More
recently, Neyerlin et al.”” reported an interesting perforated-
CEM (PCEM) cell architecture to produce high-purity formic
acid, as displayed in Figure 1D. However, this approach still
does not limit carbon losses caused by the carbonate crossover
to the anode side. Besides, high input CO, flow rates are
required to sustain the biphasic flow on the backside of the
cathode GDE. Another potential reactor design is the
innovative microchanneled CEM design developed by Sinton
et al.”> While promising, the scalability limitations of soft
lithography require careful consideration when implementing
this design.

In this work, we propose using the three-chamber porous
solid electrolyte (PSE) cell shown in Figure 1E to address
these two challenges. The PSE reactor design has been
reported and optimized for high-purity formic acid generation
in previous studies,”* ™" and its capability to convert CO, to
CO with high SPCE has been demonstrated.'> Yet, the
challenge of achieving high-purity liquid products under high
CO, SPCE conditions remains elusive. The modular PSE
design®® is suitable for our aims here, as it introduces a porous
ion-exchange resin layer between a CEM on the anode side
and an AEM on the cathode side, adding a buffer region from
which we can collect high-purity formic acid by flowing
deionized water and recover CO, losses through a neutraliza-
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Figure 2. Electrochemical performance of CO,RR to HCOOH in the PSE reactor without CO, recovery. (A) A HAADF image of the
synthesized BOON catalyst with the corresponding TEM-EDS mapping showing the uniformity of the elements introduced during the
hydrolysis synthesis. (B) A schematic illustration of the PSE reactor consisting of a BOON cathode catalyst, a PiperION AEM, a middle layer
of cation-exchange resins for high-purity HCOOH generation, a Nafion 117 CEM, and an IrO, anode. The illustration showcases the
carbonate formation and carbon losses associated with the PSE system. (C) The IV curve of the BOON catalyst in the PSE reactor with a
catalyst area of 2.56 cm” and a 20 SCCM CO, gas input. (D) The corresponding FE and CO, SPCE of the BOON catalyst under various
current densities in the PSE reactor with a catalyst area of 2.56 cm” and a 20 SCCM CO, gas input. (E) The effect of the binder identity,
comparing CEI vs AEI, on the CO, SPCE with a fixed catalyst loading of 1 mg cm™ in the PSE reactor at 100 mA cm™> while varying the
input CO, flow rates. (F) The effect of the BOON catalyst loading (1 vs 2 mg cm™2) on the CO, SPCE with an AEI binder in the PSE reactor
at 100 mA cm™? while varying the input CO, flow rates. (G) The HCOOH FE and the corresponding CO, SPCE using the conditions
optimized for SPCE (1 mg cm > BOON catalyst loading with an AEI binder) at 100 mA cm™2 with various input CO, flow rates in the PSE
reactor without CO, recovery. Measurements were taken at least three times, and the average values are shown with the standard deviation
as error bars.

tion reaction between the (bi)carbonate ions from the cathode convert simulated flue gas (10% CO,, 10% O,, and balance
side and protons from the anode side. The regenerated CO, N,) into a high-purity formic acid solution with high CO,
gas from the PSE layer can be refed into the cathode chamber SPCE.
to improve the carbon utilization efficiency during CO,RR. By We first sought to optimize the CO, SPCE in the PSE
implementing the PSE design, we successfully demonstrated a reactor without CO, recovery. The middle layer of the PSE
CO,-to-HCOOH operation with a CO, SPCE of 95.1 + 1.7% consisted of ion-exchange resin particles made of styrene-
at 100 mA cm™> We then showcased a stable performance for divinylbenzene with sulfonic acid functional groups and an
100 h at 100 mA cm™ Integrating this CO,RR PSE reactor average diameter of 200 ym (Figure S1), enabling high-purity
with our recently reported PSE carbon capture reactor,” we formic acid generation that was collected by a deionized water
successfully designed a sequential carbon capture and stream. On the cathode side, we used a scalable, well-
conversion system that can efficiently and continuously established, formate-producing catalyst: layered basic bismuth
452 https://doi.org/10.1021/acsenergylett.4c02773
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Figure 3. Electrochemical performance of the PSE reactor with CO, recovery for high-purity HCOOH generation and high CO, SPCE using
the BOON catalyst. (A) A schematic illustration of the PSE reactor with CO, recovery through recycling the CO, that crosses over to the
middle layer back to the reactant stream. The PSE reactor uses a BOON cathode catalyst (A = 2.56 cm?), a PiperION AEM, a cation-
exchange resin in the middle layer, a Nafion 117 CEM, and an IrO, anode. (B) The HCOOH FE and CO, SPCE of the PSE reactor with and
without CO, recycling at 100 mA cm ™2 with various input CO, flow rates. CO, recovery through recycling the middle layer CO, reaches a
high CO, SPCE of 95.1 + 1.7%, ~20% higher SPCE compared to the case of no recycling while maintaining more than 80% HCOOH FE.
Measurements were taken at least three times, and the average values are shown with standard deviation as error bars. The PSE with CO,
recovery 100-h stability at 100 mA cm™* with 3.34 SCCM of CO, input using the BOON catalyst with (C) the corresponding cell potential
and CO, SPCE and (D) HCOOH FE and concentration in wt %. The stability test was carried out in 20-h cycles, and the voltage dips
correspond to instances where the cell was stopped, and the product HCOOH was collected.

nitrate  BizO4(OH);(NO;);-1.5H,0 (BOON; Figure 2A),
which our group previously reported.” The anode side
reaction was oxygen evolution reaction (OER) on an iridium
oxide (IrO,) catalyst. Besides unreacted CO,, the carbon losses
in this system were due to the carbonate formation reaction on
the cathode side, after which the carbonate ions cross the AEM
and into the middle layer, as shown in Figure 2B.

We aimed to evaluate the performance of CO,RR to formic
acid and study its associated carbon losses in the PSE reactor.
The synthesized BOON catalyst had a nanosheet morphology
(Figure S2) with a uniform distribution of its constituent
elements (Bi, O, Br, and N), as evidenced by the high-angle
annular dark-field (HAADF) image and the transmission
electron microscopy energy-dispersive X-ray spectroscopy
(TEM-EDS) mapping in Figure 2A. Post-reaction BOON
confirmed the removal of Br based on XPS and TEM results
(Figures S3 and S4). The BOON catalyst proved to be highly
active and selective toward HCOOH in the PSE reactor, with
HCOOH as the sole liquid product detected using NMR
(Figure SS). Besides, it delivered a current density of 200 mA
cm™? with a cell voltage below 3.7 V while maintaining
HCOOH FE above 85% (Figures 2C and 2D). Please note
that all the two-electrode full-cell voltages reported in this
study were not subjected to any iR compensation. Gas
chromatography (GC; Figure S6) was used to quantify the gas
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products (CO and H,) from the BOON PSE, which stayed
below a total of 15% under the current densities explored here
(25 to 200 mA cm™2). At an input CO, flow rate of 20 SCCM,
the maximum CO, SPCE was below 17%, observed at 200 mA
ecm™?, as illustrated in Figure 2D. The details of the SPCE
quantification method are included in the Experimental
Procedures in the Supporting Information.

We then targeted higher CO, SPCE in this PSE system by
first lowering the input CO, flow rate. Furthermore, we
identified two other potential knobs to optimize the CO,
SPCE: binder selection and catalyst loading. We reasoned that
these two factors could help control the local reaction
environment, which is key to enhancing the CO, SPCE, as
the carbon loss phenomenon is highly dependent on the
identity of the ions crossing the catalyst/membrane interface
and their associated mass transfer. For binder selection, we
chose a cation-exchange ionomer (CEI) and an anion-
exchange ionomer (AEI) (Nafion and Sustainion). The CEI
was selected for its fixed negative charge, which promotes the
transport of positively charged ions, while the AEI, with its
fixed positive charge, was selected to facilitate the transport of
negatively charged ions. We compared the performance of
both binders at a fixed catalyst loading of 1 mg cm™2, a current
density of 100 mA cm™> (total current of 256 mA; theoretical
CO, consumption of 1.94 SCCM, assuming a 100% FE toward

https://doi.org/10.1021/acsenergylett.4c02773
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a 2-electron transfer process), and input CO, gas flow rates
ranging from 5.14 to 1.65 SCCM. We found that an AEI
consistently outperformed the CEI in delivering superior CO,
SPCE. Using an AEI, we achieved a maximum CO, SPCE of
76.8% at a CO, input of 1.65 SCCM (HCOOH FE of 65.9%)
compared to 68.7% CO, SPCE (HCOOH FE of 59%) when
using a CEI (Figure 2E). This enhanced CO, SPCE when
using an anion-exchange binder can be attributed to the fact
that Sustainion has been shown to helé) transport hydroxide
ions away from the catalyst surface.*” In contrast, Nafion
increases the residence time of OH™ ions at the catalyst/AEM
interface, enhancing the probability of (bi)carbonate formation
through the reaction between the input CO, gas and hydroxide
ions, leading to more carbon losses. Using Sustainion binder,
we then varied the catalyst loading from 1 to 2 mg cm™ to
study the effect of a thicker catalyst layer on the CO, SPCE. As
shown in Figure 2F, the higher BOON loading of 2 mg cm™>
negatively affected the CO, SPCE compared to 1 mg cm™>
with a CO, SPCE difference of more than 9% at 1.65 SCCM
CO, input (76.8% for 1 mg cm™> vs 67.4% for 2 mg cm ™). We
hypothesize that the lower CO, SPCE is due to the fact that,
under the same hydroxide ion flux, a thicker catalyst layer
increases the reaction zone between gaseous CO, and OH™
ions, leading to higher carbon losses. This can be corroborated
by the recent model developed by Lees et al,'® where the
authors observed a similar correlation between the catalyst
layer thickness and carbon losses. With the optimal binder
(AEI rather than CEI) and catalyst loading (1 mg cm™ as
opposed to 2 mg cm?), the CO, SPCE was improved from
34.3% to 76.8%, as the CO, input was decreased from 5.14 to
1.65 SCCM (Figure 2G). Based on eqs 1 and 2, the theoretical
CO, SPCE of the 2-electron reduction of CO, to formate
should be capped at 67%.

CO,(g) + H,0(1) + 2¢” - HCOO + OH~ (1)

CO, + 20H™ - CO,*” + H,0 )
This maximum CO, SPCE theoretical guideline presumes that
all the OH™ ions produced during the electrochemical CO,RR
in eq 1 react with gaseous CO,, forming carbonate before
crossing the AEM. However, if OH™ ions are efficiently
transported away from the catalyst layer, fewer CO, molecules
will cross the AEM, and more CO, can participate directly in
the CO,RR reaction, pushing the SPCE beyond this
theoretical limit. Our results showing a maximum of 76.8%
CO, SPCE under optimized conditions were further supported
by a carbon balance that indicated a measured ratio of around
3 for reacted/crossover CO, (see Figure S7). These findings
suggest that the established theoretical guideline has
limitations that could be overcome by optimizing the
CO,RR reaction environment through tuning key parameters
such as binder choice and catalyst loading.

Even though the results discussed here showed that the CO,
SPCE can be optimized up to 76.8%, the HCOOH FE started
to decline as the input CO, flow rate was decreased below 3.41
SCCM, reaching a minimum of 65.9% at the lowest CO, gas
input (Figure 2G). However, from an overall energy
expenditure perspective, optimizin% the CO, SPCE at the
expense of FE is not always feasible.” ' Therefore, we sought
to preserve the FE while reaching even higher CO, SPCE by
taking advantage of the PSE design and recovering the lost
CO,.
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As discussed earlier, the PSE reactor offers the advantage of
producing high-purity formic acid while allowing for the
possibility of leveraging ionic movements for CO, recovery. As
represented in Figure 3A, the solid-electrolyte layer serves as a
buffer zone, in which the (bi)carbonate ions traveling across
the cathode/AEM interface are met with the protons coming
from the anodic oxygen evolution reaction. This leads to a
neutralization reaction that releases CO, gas, given that the
input deionized water stream is saturated with CO,. Using the
optimized conditions from the previous section (Sustainion
binder and 1 mg cm™> BOON loading), we tested the PSE
configuration at 100 mA cm™> while refeeding the unreacted
CO, from the middle layer back to the cathode side (Figure
S8). As shown in Figure 3B, we found the HCOOH FE
remained above 80%, as the input CO, gas flow rate was
decreased from 5.14 to 1.65 SCCM. This indicates that
recycling the CO, from the middle layer could allow for a high
HCOOH FE even at reduced CO, gas inputs. When compared
to the case of no CO, recycling at a CO, input of 1.65 SCCM,
recovering the CO, losses using the PSE reactor shows a
notable maximum CO, SPCE of 95.1 + 1.7% (76.8 + 2.6% for
no recycling) with HCOOH FE of 80.8 + 1.4% (65.9 & 2.3%
for no recycling). This represents an approximately 20%
improvement in CO, SPCE when recovering the CO, losses
compared to the control case of no recycling.

We then designed a stability experiment to examine the
durability of this CO, recycling approach. To exclude other
factors that could influence the device stability and provide a
fair investigation regarding the stability of the PSE CO,
recovery system, we chose to keep the formic acid
concentration inside the middle layer below 1 wt % by
collecting the product formic acid after every 20-h cycle and
flushing the middle layer with DI water to remove any residual
formic acid before initiating the following cycle (Voltage dips;
Figure 3C). We also set the input CO, gas to 3.34 SCCM and
operated under a current density of 100 mA cm™> (total
current of 256 mA) throughout the stability test. As shown in
Figures 3C and 3D, the system showed excellent stability over
100 h (five 20-h cycles), consistently maintaining an HCOOH
FE of 80—95% and a CO, SPCE 47-55%. Each cycle
produced 400 mL of ~1 wt % high-purity formic acid. SEM
images of the post-stability BOON catalyst (Figure S9) show
that the catalyst morphology transformed from the initial
nanosheet structure to nanoparticles while still preserving its
activity and selectivity toward HCOOH, as evidenced by the
stability test. Further reducing the CO, input from 3.34 SCCM
to 1.9 SCCM while testing the durability at 100 mA cm™? still
yielded encouraging results of HCOOH FE and CO, SPCE
above 90% at the start of all five cycles, as shown in Figure S10.
However, the performance decreased to a low HCOOH FE
between 62 and 76% FE at the end of each cycle. The
performance decline can be attributed to HCOOH back
diffusion, which becomes more pronounced as its concen-
tration increases during each cycle. Alternatively, this could be
linked to GDL flooding, which might have a more significant
impact on performance under low CO, inputs. These open
questions should be reconciled in future studies.

In addition to enhancing the CO, SPCE and producing
high-purity formic acid, we wanted to take a step further
toward the practical deployment of the CO,RR technology by
investigating the feasibility of flue gas conversion to formic
acid. However, flue gas conversion to value-added products
using CO,RR encounters challenges such as the presence of
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Figure 4. The effect of oxygen presence and low CO, concentrations on the electrochemical CO, RR performance. The effect of O, presence
on the CO,RR performance in a standard three-electrode flow cell. The introduction of 1% O, shifted the performance to ORR instead of
CO,RR, especially at low current densities, evidenced by (A) The IV curve with 80% iR compensation and (B) the formate FE. The gas input
was fixed at 100 SCCM. The three-electrode flow cell consisted of a BOON catalyst as the working electrode, 1 M KHCO; catholyte, an SCE
reference electrode, Nafion 117 CEM, 1 M KOH anolyte, and a Ni foam anode with an active area of 1 cm* (C) FE of HCOOH, H,, and CO
as a function of the input CO, concentration when using an input mixture of CO, and Ar at a total of 100 SCCM in the PSE reactor without

CO, recovery at 100 mA cm™> and a BOON catalyst area of 2.56 cm’.

impurities (e.g, SO,, NO,), high temperatures and pressures,
oxygen presence, and low CO, concentrations. We chose to
focus on two prominent challenges—oxygen presence and low
CO, concentrations—and developed a series of experiments to
isolate and evaluate the impact of each factor on the CO,RR
performance. We used a standard three-electrode flow cell to
investigate the intrinsic effects of introducing oxygen on the
BOON performance. We started by benchmarking perform-
ance in the flow cell using a 1 cm? active area with a total CO,
input of 100 SCCM while increasing the current density from
25 to 150 mA cm™? and found that the BOON catalyst could
deliver up to 150 mA cm™2 at —0.95 V vs RHE with ~86% FE
toward HCOO™. We then introduced 1% O, while keeping the
total input flow rate at 100 SCCM (99 SCCM CO, + 1 SCCM
0,) and noticed drastic differences in the half-cell potential
and the CO,RR FE. As the IV curve in Figure 4A shows, the
half-cell potential for 1% O, was —0.11 V vs RHE under —25
mA cm™; this is 0.64 V lower than the 100% CO, case at the
same current density, which could be explained by the fact the
current was exclusively used toward oxygen reduction reaction
(ORR)*" with no CO,RR observed. This was confirmed by the
NMR results in Figure 4B, where no formate product was
detected at 25 mA cm™2. As the current density was ramped up
to 50, 100, and 150 mA cm™2, the HCOO~ FE gradually
increased to 8%, 60%, and 68%, respectively. Although more
formate was collected at higher currents for 1% O,, the
HCOO™ FEs were significantly lower than the control case of
100% CO,. These results confirm that introducing even as
little as 1% O, would significantly worsen the CO,RR
performance.

We then aimed to isolate the effect of low CO,
concentration on the CO,RR-to-HCOOH reaction. To stay
consistent with the system presented earlier, we tested the CO,
concentration effects in a PSE electrolyzer to produce high-
purity formic acid while fixing the applied current density at
100 mA cm ™ and varying the input gas CO, concentrations
starting from 100% and going down to 10% by introducing a
mixture of CO, and argon. As shown in Figure 4C, decreasing
the CO, concentration from 100% to 10% at 100 mA cm™
resulted in an increased HER from ~3% to ~14% and an
associated decrease in CO,RR. Although the effect of lower
CO, concentration on the CO,RR performance is not as
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detrimental as O, presence, operating at CO, concentrations of
10% or lower—levels typical of flue gas sources”**—will likely
result in compromised CO,RR performance. Therefore, to
attain successful flue gas conversion to CO,RR products, it is
essential to develop a system capable of continuously capturing
highly concentrated CO, while remaining tolerant to the
oxygen present in flue gas sources.

Hence, there is a need to introduce a carbon capture step
that captures and regenerates high-purity CO, gas that can be
fed to the CO,RR electrolyzer. However, typical carbon
capture systems operate in batches, relying on sorbent charge
and discharge processes to capture and release CO,,*>** which
constrains the implementation of a continuous sequential
system of CO, capture followed by CO, reduction. To address
this, we introduce a sequential system, where simulated flue gas
is first fed to a CO, capture PSE electrolyzer that continuously
releases pure CO, gas from the middle layer, which is then fed
to a CO, reduction PSE electrolyzer that produces high-purity
formic acid while recovering CO, losses to achieve a high CO,
SPCE. As depicted in Figure SA, the CO, capture device is a
PSE architecture that we recently reported,®” where simulated
flue gas (10% CO,, 10% O,, balance N,) is fed to the cathode
side. The IV curve of the CO, capture device is shown in
Figure S11. In this device, we fully utilize the oxygen present in
point sources by performing ORR on a platinum-on-carbon
(Pt/C) cathode that generates hydroxide ions, creating a
highly alkaline environment that efficiently and continuously
absorbs CO, as carbonate ions. These ions then migrate across
the AEM and into the middle layer, where they react with
protons generated by the anodic OER. This reaction enables
the release of high-purity CO, gas from the middle layer,
provided that the middle layer solution is saturated with CO,,
which can be achieved by recycling the deionized water in the
middle layer until saturation. Figure 5B shows the successful
implementation of this proposed capture—reduction sequential
system for flue gas conversion to formic acid. We operated the
ORR/OER cell at 50 mA cm™ (312.5 mA total current), with
the captured CO, gas fed to the CO,RR cell, which was
operated at 100 mA cm™2 (256 mA total current). Similar to
the test in Figure 3, we limited the formic acid concentration
to below 1 wt % by controlling the recycled middle layer
volume in the CO,RR cell and refreshing the middle layer
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Figure 5. A demonstration of the continuous CO, capture—CO, reduction sequential system for simulated flue gas conversion to high-purity
formic acid with high CO, utilization. (A) A schematic illustration of the continuous CO, capture—CO,RR sequential system. Simulated flue
gas (10% CO,, 10% O,, balance N,) was fed to a CO, capture PSE reactor, in which CO, was captured via electrochemical ORR and released
as pure CO, gas, which was then fed to a CO,RR PSE to produce high-purity formic acid with high CO, SPCE through recovering the lost
CO,. (B) Experimental demonstration of the continuous simulated flue gas (10% CO,, 10% O,, balance N,) conversion to high-purity formic
acid in the sequential CO, capture—CO,RR. The ORR/OER PSE CO, capture cell was operated at 50 mA cm™ with an active area of 6.25
cm” using Pt/C as an ORR catalyst and IrO, as an OER catalyst. The CO,RR PSE cell was operated at 100 mA cm™” using 2.56 cm®> BOON

as a CO,RR catalyst and IrO, as an OER catalyst.

solution after around 20 h. The carbonate FE of the CO,
capture system prior to the first CO,RR cycle was measured at
79.2%, corresponding to an input CO, flow of 1.88 SCCM to
the CO,RR cell. The initial CO, SPCE was 88.4% at the start
of the test, but it decreased to 71.9% by the end of the first
cycle. This decrease resulted from a decline in the carbon
capture efficiency, as evidenced by the drop in the carbonate
FE after the first cycle, decreasing from 79.2% to 72.8% with a
corresponding decrease in the CO, input from 1.88 SCCM in
the first cycle to 1.72 SCCM. Even with 1.72 SCCM CO,
input in the second cycle, the CO,RR PSE delivered a high
CO, SPCE of 85.6% at the beginning of the cycle, which then
dropped to 74.3%. The declining CO, capture performance
reached a 69.7% carbonate FE before the third cycle,
translating to a CO, input of 1.65 SCCM to the CO,RR
reactor. At this low CO, input flow rate, the HCOOH FE
dropped significantly, reaching 55.7%, making the CO, capture
cell the limiting factor in this demonstration. In conclusion, the
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CO,RR-to-HCOOH PSE with CO, recovery could operate
stably as long as there is enough CO, input, which was proven
by the stability test in Figure 3. The demonstration in Figure 5
confirms that the concept of the sequential CO, capture—CO,
reduction system presented here is viable for the conversion of
flue gas to value-added products. Notably, this sequential
process can operate continuously, eliminating the need for
regeneration steps typically required in conventional carbon
capture systems.

In this work, we showcased the ability of the PSE platform to
produce high-purity formic acid while reaching a high CO,
SPCE of 95.1 + 1.7% at 100 mA cm > without sacrificing key
performance metrics such as cell voltage or HCOOH FE. This
high SPCE was achieved by systematically optimizing key
parameters in the CO,RR reaction environment, including the
ionomer binder and catalyst loading, and by employing these
optimal conditions in conjunction with recovering carbon
losses from the PSE middle layer. We expanded the scope of
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this work by exploring the feasibility of directly feeding
simulated flue gas (10% CO,, 10% O,, balance Ar) into a
CO,RR cell and assessing the impacts of oxygen presence and
low CO, concentrations. Finally, a CO, capture—CO,
reduction sequential system was introduced to allow for
continuous and efficient flue gas conversion to high-purity
formic acid with high CO, SPCE. While the PSE design
enables the application demonstrated in this study, incorporat-
ing an extra layer within the electrochemical reactor introduces
ohmic losses, thereby reducing the overall energy efficiency.
Future PSE designs should aim to reduce the middle layer
thickness, potentially by incorporating resin wafers developed
in the field of electrodeionization,” while also focusing on
creating more ionically conductive PSE layers.
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