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ABSTRACT: Direct supply of dilute CO, sources to an electro-
chemical porous solid electrolyte (PSE) reactor enables simultaneous
CO, capture and conversion. However, its catalytic performance is
significantly limited under ambient pressure due to low CO, surface
coverage and mass transport constraints. Here, we demonstrate a high-
pressure CO, reduction reaction (CO,RR) of a dilute stream in a PSE
reactor, achieving markedly enhanced formic acid selectivity. Pressur-
izing a $ mol % CO, gas stream to 10 atm led to a Faradaic efliciency
for formic acid (FEycoon) of up to 81.0% at 100 mA cm™2, compared
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to only 47.8% under ambient conditions. By balancing the liquid

pressure within the PSE layer with the cathode gas pressure, we minimized the transmembrane pressure differential, enabling
stable operation for 90 h at 20 atm. In addition, high-pressure operation shifted the cathode-membrane interfacial pH from a
carbonate-dominated regime toward bicarbonate, thereby improving the electron efficiency of the simultaneous carbon
capture process by up to 57.0% during the conversion process.

ractical strategies to capture and utilize carbon dioxide

(CO,) from low-concentration sources, including

ambient air and industrial tail/flue gases, are increas-
ingly important in the context of sustainable chemical synthesis
and robust manufacturing chains." The electrochemical
reduction of CO, into valuable chemicals (such as formic
acid) represents a promising approach for CO, utilization
integrated with renewable energy.”’ But traditional electro-
chemical CO, reduction reaction (CO,RR) electrolyzers face
significant challenges when adjusted to dilute CO, streams,
including low catalytic activity and selectivity due to limited
reactant mass transport." ® Consequently, in an industrial
setting, these methods would require costly CO, purification
steps and may incur a depressurization penalty before
electrolysis when sourcing carbon from flue gas or directly
from air. In response, we leverage dilute-CO, point sources
already pressurized enough to achieve sufficient CO, mass
transport for high activity.”® Mainly, the tail gas of steam
methane reforming (SMR) and subsequent water-gas shift
reaction for blue hydrogen production may comprise 9—20
mol % CO, pressurized around 15—30 atm.”'’ Advanta-
geously, point-source CO, conversion bypasses the conven-
tional multistep approach for carbon utilization and could
achieve a higher energy efficiency and cost savings for the
whole process. Although nascent in the literature, the impact of
trace impurities in tail gases, such as NO, and SO,, on
electrochemical CO,RR has shown optimistic results, specif-
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ically, that bismuth-based catalysts without modification for
formate production can tolerate NO and SO, impurities.''
However, technical challenges, such as effects of oxygen
content and electrolyzer reliability under high pressure, persist,
and extensive efforts need to be made in our field.*
Currently, most CO,RR studies operate at atmospheric
pressures with high-purity CO, gas as the feedstock, but these
idealized conditions may not be viable for industry-scale
electrolysis. As the field advances to larger scales, electrolyzers
may need to adopt high-pressure systems to maintain high
efficiencies and manage considerable pressure drops in gas flow
fields."”~"* Many preliminary studies focused on high-pressure
conditions were only done with aqueous electrolyzers. In some
cases, researchers linked the improved CO,RR Faradaic
efficiency (FE) to increased solubility of dissolved CO, in
electrolytes.'® > In other cases, high liquid pressures
influenced the reaction environment to cause a change in
product selectivity.”' ~>* Still, membrane electrode assembly
(MEA)-based electrolysis with the development of the gas
diffusion electrode (GDE) is more practical for delivering
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industrial-relevant current densities.”* The use of higher gas
pressures in MEAs has shown improved electrocatalytic
performance due to increased CO, coverage on the catalytic
surface.”> " Therefore, we sought to develop an advanced
high-pressure electrolyzer with a low-concentration of CO, as a
feedstock.

Previously, we established using a porous solid electrolyte
(PSE) reactor for several electrochemical applications,
including high-purity formic acid synthesis and CO, capture
from simulated flue gas.”’~*> Compared with conventional
MEA reactors with two chambers, our reactor contains a third
PSE interlayer to exploit ionic movement. Here, in this study,
to evaluate the potential of using our PSE reactor under high-
pressure operation, we demonstrated a simultaneous reduction
and capture of low-concentration CO, with a PSE reactor. This
method presents an attractive route for formic acid production
as we avoid the carbon capture step by directly feeding a low-
concentration, high-pressure source, as well as the separation
costs of formate from liquid electrolytes used in conventional
CO, electrolyzers (Figure 1). At the same time, the extra PSE
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Figure 1. Process overview of waste CO, utilization. This work
focuses on maintaining and utilizing the high-pressure of waste
CO, (for example, steam methane reforming tail gas) to do the
CO,RR, while typical studies rely on the purification of waste CO,,
which involves an energy intensive capture and release process
with a depressurization penalty, before electrolysis. The high
pressure of low-concentration CO,RR has electrochemical activity
similar to that of pure CO, at atmospheric conditions, presenting
this work as a robust and simplified pathway. We further extend
this study by utilizing a PSE electrolyzer architecture. The PSE
electrolyzer adds value by simultaneously capturing CO, (in the
case of low-concentration CO, feed) or recovering lost CO, (with
pure CO, feeds) while electrochemically reducing CO, to high-
purity formic acid.

layer helps to mitigate the significant carbon loss issue (which
could be even more prominent under high-pressure
operations) inherent to alkaline-based MEA CO, electrolysis.*®
Instead, CO, is continuously recovered as a high-purity stream
from the solid-electrolyte middle chamber.*

In this study, with 10 mol % CO,, we successfully
demonstrated a 91.2% FE toward formic acid (FEycoon) at
100 mA cm™ and 91.1% FEycooy at 150 mA cm™ by
increasing the pressure to S atm. Utilizing S mol % CO, also
shows significant improvement from 47.5% FEycooy at 1 atm
to 81.0% FEycooy at 10 atm at 100 mA cm™2 The high
pressures also boosted carbon capture rates up by 57.0%
(relative, for 1—7.5 atm, from 0.204 to 0.320 mL min~' cm™)
for 10 mol % CO, and 18.1% (relative, for 1—5 atm, from
0.218 to 0.258 mL min™' cm™2) for 5 mol % CO, at 100 mA
cm™2 In recent years, a handful of studies have reported low-
concentration CO,RR (5—15 mol %) via microenvironment
tuning and CO, enrichment strategies, but these are still
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7,37—42

limited by short stability under 30 h and versatility.
Therefore, we showed 90 h stability with >70% FEycooy at SO
mA cm 2 using S mol % CO, at 20 atm. This high-pressure
approach can be a broad tool to convert low-concentration
CO, for various catalysts and electrochemical cell config-
urations.

We adapted our original PSE reactor to accommodate high
pressures with a few modifications (Figure 2a, Supporting
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Figure 2. High-pressure diagram and mechanisms of low-
concentration CO,RR and capture. (a) High-pressure equipment
setup and expanded view of the PSE reactor illustrating the
simultaneous CO, capture and conversion concept. BPC: back-
pressure controller. BPR: back-pressure regulator. MFC: mass flow
controller. GC: gas chromatography. NMR: nuclear magnetic
resonance. HPLC: high-performance liquid chromatography.
COMSOL Multiphysics simulations of steady-state CO, concen-
tration in the GDE of (b) $ mol % and (c) 10 mol % CO, at
different pressures. CO, is consumed at the catalyst-membrane
interface, assuming a 100% FE toward reducing CO, at each
current density. Negative CO, concentrations denote complete
consumption of CO, and do not have significant meaning other
than HER must be occurring to sustain the current density.

Information Figure S1). First, we replaced standard polytetra-
fluoroethylene (PTFE) gaskets that hold the GDEs in place
with a silicon material to create a gastight seal within the cell.
Next, we replaced all nylon and polypropylene fittings with
stainless-steel Swagelok compression fittings and vinyl tubing
with either PTFE, copper, or polyether ether ketone (PEEK)
material to prevent leaks between different equipment
(Supporting Information Figure S2). A custom-made stain-
less-steel piece was utilized to bubble gas through deionized
water for humidifying gas at high pressures. Lastly, we replaced
the peristaltic pump with an HPLC-grade piston pump to flow
deionized (DI) water or 3 mM KHCO; into the middle
chamber and added a gas back-pressure controller (BPC) and
liquid back-pressure regulator (BPR), all built to withstand up
to 34 atm. Due to the anion exchange membrane’s (AEM)
inadequate mechanical strength and the PSE being loose-
standing particles (and therefore pliable), too much stress from
the cathode-side pressure could tear the AEM. So we designed
the system to have a minimal pressure differential across the
AEM by using the gas pressure to push a diaphragm in the
BPR that regulates the liquid pressure. In contrast, the
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Figure 3. Characterization of prereduced Bi,S; catalyst and performance. (a) TEM image, (b) SEM image, (c¢) HAADF-STEM with EDS
elemental mapping of Bi and S of Bi,S; catalyst. (d) XPS narrow scan of (top) pre- and (bottom) postreduction Bi,S; catalyst. (e)
Electrochemical CO,RR FE in a nonpressurized PSE reactor with pure CO, feed. Average values from three independent tests are shown
with error bars (FEycooy only) representing one standard deviation for current densities of 50—200 mA cm™2 Otherwise, average values

from two independent tests are shown.

excellent mechanical strength of the proton exchange
membrane (PEM) allows the anode reaction to occur at
ambient pressure. Therefore, we could use a low pressure-rated
peristaltic pump to flow DI water on the anode. This aspect of
the PSE reactor allows us to decouple the cathode and anode
operating pressures which may be beneficial for certain redox
reactions, whereas some AEM-based MEAs may not be able to.

The chemistry within the electrolyzer is straightforward: the
electrochemical CO,RR into formate in an alkaline environ-
ment releases free hydroxide ions that chemically react with
excess CO, to form (bi)carbonates at the high alkaline
interface. In a PSE reactor design, formate and carbonate
anions co-transport through an AEM and are neutralized to
release pure CO, in the gas phase and high-purity formic acid
in the liquid phase (Figure 2a). The anions are neutralized by
running an acidic oxygen evolution reaction (OER) on the
anode side, allowing generated protons to migrate through a
PEM.

According to COMSOL Multiphysics simulations, the high-
pressure operation shows an increase in the CO, concentration
in the catalyst layer (Figure 2b,c and Supporting Information
Note 1). For both S and 10 mol % CO,, there is not enough
CO, available at the reaction interface to achieve high CO,RR
performance when operating at 1 bar. However, at 5 and 10
bar, there is theoretically enough CO, to achieve 100% CO,RR
FE (except at 150 mA cm ™2 where greater than 5 bar is needed
to fully convert S mol % CO,) showcasing that elevating the
pressure can have a significant impact on electrochemical
activity.

To demonstrate low-concentration CO,RR, we sought a
well-defined electrocatalyst for formic acid production under
standard conditions. Adopted from previous literature, we
synthesized Bi,S; nanorods via hydrothermal method due to its
facile synthesis process and high CO,RR performance.”’ The
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transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) images of the as-obtained Bi,S,
catalyst confirm its nanorod-like structure that is consistent
with the literature (Figure 3a,b and Supporting Information
Figure S3). Energy-dispersive X-ray spectroscopy (EDS)
element maps show uniformly distributed Bi and S elements
within the catalyst at approximately a 41.1:58.9 atomic ratio
(Figure 3c and Supporting Information Figure SS). X-ray
diffraction (XRD) results clearly show that the catalyst follows
the facet structure of Bi,S; (Supporting Information Figure
S6). We directly applied this electrocatalyst to our PSE reactor
system under regular CO,RR electrolysis conditions (100 mol
% CO,, ambient pressure) to verify its intrinsic activity (Figure
3e and Supporting Information Figure S10). We obtained
89.9% FEycoon at 100 mA cm™ at a full cell voltage of 3.40 V,
which suggests impressive formic acid selectivity/activity and is
consistent with our previous reports of bismuth-based catalysts
in PSE reactors.”” > Proton 'H NMR and ion chromatog-
raphy (IC) results show that formic acid is of high-purity
demonstrating the PSE reactor’s ability to produce pure liquid
fuels (Supporting Information Figures S8 and S9). Since
postreaction SEM images showed an agglomerated morphol-
ogy and the Bi,S; catalyst turned from dark gray to black color
after catalysis, we hypothesized that it could undergo a
prereduction to metallic phase as we typically see with many
metal sulfide and oxide catalysts in cathodic reactions
(Supporting Information Figure $4).”~*" To verify this, we
performed postelectrolysis XRD with sophisticated exper-
imental steps to avoid catalyst reoxidation (Supporting
Information Methods). The result shows that the catalyst
was reduced to Bi’ after the preactivation process under
CO,RR (Supporting Information Figure S6). In agreement
with XRD, postelectrolysis X-ray photoelectron spectroscopy
(XPS) also shows the removal of sulfur and formation of
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Figure 4. Electrochemical CO,RR performance with a PSE reactor. (a) CO,RR Faradaic efficiency and corresponding cell voltage at different
CO, concentrations under ambient temperature and (b) with increasing pressure at 100 mA cm 2. (c) Long-term stability test of the CO,RR
at different CO, concentrations and pressures at 50 mA cm™> showing (top) voltages and (bottom) FEycooy’s calculated by 100 minus the
FE of hydrogen and CO due to frequent and automated collection of gas chromatography data. Average values of (a) voltages of S, 10, and
100 mol % CO, and (b) FEycooy's from three independent tests are shown with error bars representing one standard deviation.

metallic bismuth due to electroreduction (Figure 3d and
Supporting Information Figure S7).

We presume that the main challenge in low-concentration
CO, is its sluggish mass transfer to the electrocatalytically
active sites. Maintaining the current density at 100 mA cm™?,
we gradually decreased the CO, concentration to see its impact
on FEycoon and cell voltage under ambient pressure (Figure
4a). Notable differences in performance are seen once the CO,
concentration reaches below 25 mol %, at which voltages start
to increase above 3.70 V and the hydrogen evolution reaction
(HER) becomes more prominent. At 50 mA cm™?, although a
change in FE is less noticeable, the voltage still increased 250
mV, meaning that even under lower current densities and CO,
consumption rates, there might still be some conversion
inefficiency since we are nearly choking the GDE of CO,
(Supporting Information Figures S11 and S13). At 150 mA
cm™?, the FE change became more dramatic as the CO,RR
became limited by the mass diffusion of CO, to the catalyst
surface compared to the reaction rate. These results agree with
COMSOL simulations that at 100 and 150 mA cm™2, where
CO, availability is limiting and we cannot obtain high
FEycoon- Also, at S0 mA cm™ there is scarcely enough
CO, to achieve a moderate performance.

To recover the CO,RR FE losses, we elevated the gas stream
pressure to ensure sufficient CO, coverage on the catalyst
(Figure 4b). In the case of 10 mol % CO,, at 100 mA cm™?,
increasing the total absolute pressure to 5 atm brings the
FEycoon from 75.4% back up to 91.2%, mimicking the formic
acid production rate (~1.70 mmol h™' cm™2) of pure CO,RR
at atmospheric pressure. For 5 mol % CO,, the FEycooy is not
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fully recovered, but there remains a significant improvement in
the FEycooy from 47.8% to 76.4% at S atm and even to 81.0%
at 10 atm. A similar phenomenon was observed with 5 and 10
mol % CO, when maintaining the current density at 150 mA
cm ™2, where there is a clear increase in FEycoon at elevated
pressures (Supporting Information Figure S14). These results
indicate that high pressures significantly improve CO, mass
transport to the catalyst layer such that we obtain great formic
acid selectivity and activity at such low CO, feed
concentrations.

Overall, for pure CO,, the voltages remain relatively
constant at any pressure (Supporting Information Figure
S$12). In contrast, for 10 mol % CO,, the voltage decreases 180
mV from 1 to 7.5 atm, likely due to decreasing HER and, thus,
a lower overpotential to drive the Faradaic current on the
bismuth-based catalyst. However, further increasing the
pressure to 10 atm caused a notable increase in the voltage.
This may be due to the presence of argon, which at high
pressures could become unsupportive to ionic conduction.
Another possibility is that the high pressures induce GDE and
AEM delamination during the reaction, which could also
adversely affect ionic conduction. For S mol % CO,, the
voltages remain higher, presumably from inefficient HER and
high argon flow. These results suggest that challenges remain
in energy efficiency for low-concentration CO,RR due to
inflated voltages.

We then performed stability tests for the different CO,
concentrations where the partial pressure of CO, remained
near 1 atm at 50 mA cm™> (Figure 4c and Supporting
Information Figure S15). The stability of the tests ranged from
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Figure S. Electrochemical performance metrics and carbon capture efficiency with a PSE reactor. (a) This work’s catalytic performance
compared to other low-concentration CO,RR works reported in literature. Carbon capture electron efficiencies for different pressures at (b)
50 mA cm™ and (c) 100 mA cm™> The electron efficiency is calculated as discussed in Supporting Information Note 2. The bottom red
region represents CO, from carbonate crossover, and the top green region represents a combination of carbonate and bicarbonate crossover.

42 to 90 h, during which the FEycooy remained above 70%
(correlating to greater than 0.65 mmol h™" cm™ of formic
acid), proving the robustness of high-pressure as a method to
convert low concentrations of CO,. The variability in stability
time may be caused by the difference in total gas flow rates that
could result in varying rates of gas diffusion layer (GDL)
flooding. It could also be due to small differences in interlayer
contact arising from variations in cell assembly, which may
become more pronounced under high-pressure operation."’
We ruled out the catalyst as a factor in degradation since, with
pure CO, at § atm, we could maintain >90% FEy ooy at 100
mA cm™? for at least 338 h, suggesting that GDL flooding was
the limiting factor (Supporting Information Figure S16).
Nonetheless, this work’s stability exceeds that of other studies
involving low-concentration CO,RR (Figure Sa and Support-
ing Information Table S3). We maintained high FE while
pushing lower CO, concentrations; however, this is in part due
to running a lower current density. But, anyone at a current
density higher than 100 mA cm™ uses CO, with a
concentration three times greater (15 mol % CO,) which
creates a skewed comparison but highlights the limited
research of low-concentration CO,RR.

In the CO,RR, high pressure may also influence the local
reaction environment at the catalyst-membrane interface. The
alkaline CO,RR produces hydroxide ions (OH™) creating a
basic environment (eq 1). CO, rapidly buffers the interface by
chemically reacting with OH™ to form carbonate species that
will crossover the AEM (egs 2 and 3).*° For every 2 mol of
electrons transferred for CO,RR to formate, 1 mol of CO, can
be captured as bicarbonate (eq 2) and neutralized in the
middle chamber, which we assume to be 100% electron
efficiency since electrons (or produced hydroxides) are utilized
fully toward achieving the maximum theoretical carbon capture
rate. In the case of carbonate species formation (eq 3), only 0.5
mol of CO, can be captured, which we assume to be 50%
electron efficiency.

CO, + 2¢~ + H,0 - HCOO + OH"~ (1)
CO, + OH™ — HCO; )
1 S I |

2CO, + OH = —CO.>™ 4+ —H,0

2 2 2 3 2 2 (3)

At atmospheric pressure, we typically observed only the
crossover of carbonate ions. But at higher pressures, with
higher availability of CO, at the interface, there may be a slight
decrease in pH from the acidity of CO,. This pH change could
partially push the carbonaceous species in solution from
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carbonate to bicarbonate at the interface. This could be why
we can produce stable results at SO mA cm™> when the partial
pressure of CO, is 1 atm, since we may slightly produce
bicarbonate at the interface rather than inside the GDL,
partially preventing flooding (Figure Sb). Moreover, at 100 mA
cm™2, when the pressure is 1 atm, we practically see only
carbonate crossover (Figure Sc). However, at S atm, for pure
CO,, the interfacial anions include some bicarbonate and we
obtain improved stability. Although we observe better stability
when bicarbonate ions are formed, more evidence is required
to show that direct bicarbonate formation helps prevent
flooding or supports better conduction.

With the help of elevated pressure, carbon capture rates tend
to increase. At 100 mA cm ™, the carbon capture increases a
relative 57.0% from 1 to 7.5 atm for 10 mol % CO, and a
relative 18.1% from 1 to S atm for S mol % CO, (Supporting
Information Figure S18). However, these carbon capture rates
are not normalized to the FE since electrosynthesis of
hydrogen and CO produces two hydroxides, resulting in
higher theoretical capture rates than OH™ produced with
formic acid. Therefore, the carbon capture results may better
be represented by the electron efficiency, which is normalized
to the FE. Generally, as the pressure increases from 1 to S atm,
the electron efficiency increases because of increased CO,
activity (Figure Sb,c and Supporting Information Figure S17).
At 7.5 and 10 atm, there seem to be some abnormalities with
the electron efficiency of 5 and 10 mol % CO,; however, the
measured carbon capture rates fall within error (Supporting
Information Figure S18). Regardless, at SO mA cm™?, we reach
a peak electron efficiency of 49.6% (a 72.7% relative increase
from 1 atm), and 36.9% (an 83.5% relative increase from 1
atm) at 100 mA cm ™ for capturing 10 mol % CO,. Similarly,
for 5 mol % CO,, we can achieve up to a 65.6% relative
increase in electron efficiency. This data show that we obtain
greater electron efficiencies at the expense of some pressure,
resulting in a possible synergistic effect with stability.

We demonstrated the PSE reactor’s capability to operate at
high pressures of up to 20 atm. The high pressures function to
increase the CO, concentration, which boosts the CO, activity
at the catalyst-membrane interface for electrochemical CO,RR
and CO, capture purposes. With this, we directly convert low
concentrations of CO, into valuable liquid products at high
efficiencies with stability for up to 90 h. Simultaneously, we
capture CO, at greater rates via (bi)carbonate formation and
crossover at the alkaline interface. This work could be
extended to other catalysts of interest for the electrosynthesis
of other liquid fuels (such as ethanol) from CO,, as this is a
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catalyst-independent method. For future work, it may be

possible to leverage the PSE reactor’s ability to run high-

pressure hydrogen oxidation reaction (HOR) on the anode

side, further integrating this system within an SMR
29,30,35,49

process.
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