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Broader Context Statement DOI: 10 1039/D5EY00034C
Efforts to mitigate the adverse effects of carbon dioxide emissions while meeting global
energy demands have driven extensive research in carbon capture and utilization
technologies. Electrochemical CO, reduction reactions (CO,RR) have emerged as a
promising pathway to convert CO, into valuable products such as carbon monoxide,
formate, and hydrocarbons using renewable electricity. Among these, CO is
particularly attractive due to its versatility in producing chemicals and fuels with
positive technoeconomic potential. Advancements in CO,RR, particularly under
industrially relevant conditions, hold the potential to revolutionize sustainable energy
and environmental catalysis by reducing reliance on fossil fuels and lowering
greenhouse gas emissions. The successful integration of optimized reaction parameters,
such as high pressure and temperature, addresses mass transport and kinetic limitations,
advancing scalable solutions for industrial CO, conversion. As renewable-powered
CO, electrolyzers develop, they could seamlessly integrate with CO, capture systems,
offering a circular carbon economy that aligns with decarbonization goals.
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a Membrane Electrode Assembly Electrolyzer
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Abstract

Achieving high selectivity for carbon monoxide (CO) in the electrochemical reduction of
carbon dioxide (CO;) at industrially relevant current densities, particularly with dilute CO,
feedstocks, remains a significant challenge. Herein, we demonstrate that combing elevated
temperature and CO, pressure substantially enhances CO production in a membrane electrode
assembly (MEA) electrolyzer using commercially available silver nanoparticles. Elevated CO,
pressures increase CO, concentration and reduce diffusion layer, counteracting the reduced
CO; solubility caused by high temperature. The synergy of high pressure and temperature still
ensure high CO, flux to the catalyst surface while leveraging elevated temperatures to
accelerate reaction kinetics. Therefore, the pressurized and heated CO, electrolyzer achieves
an FEco of 92% at a high current density of 2 A cm™ and a low cell voltage of 3.8 V under 10
bar and 80 °C when using 0.1 M KHCOs; as the anolyte. Even when using pure water as the
anolyte, the system maintains a FEco of 90% at 300 mA c¢cm and a cell voltage of 3.6 V.
Furthermore, the system demonstrates exceptional performance with dilute 10 vol% CO,
feedstocks, achieving a FEcq of 96% at 100 mA c¢cm2 and 2.4 V. These findings underscore the
potential of combined temperature and pressure optimization to overcome mass transport
limitations and enhance reaction kinetics, offering a viable pathway for scaling CO,

electrolyzers to industrial applications.

KEYWORDS: CO,-to-CO conversion, pressurization, temperature, MEA, pure-water fed,

dilute CO;, reduction
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1. Introduction DOI: 10.1039/D5EY00034C

In response to the escalating carbon dioxide (CO,) emissions driven by increased fossil
fuel consumption, CO, capture and utilization has become a global priority with accelerated
research efforts.! The electrochemical CO, reduction reaction (CO,RR) presents a dual
function to mitigate greenhouse gas emissions and generate sustainable feedstocks by
integrating with renewable electricity.? By tailoring the catalyst, reaction environment, and
operating potential, CO,RR enables the production of a wide array of valuable products.3-6
Among these, carbon monoxide (CO) stands out as a versatile feedstock for downstream
upgrading to various hydrocarbon chemicals and fuels with promising market potential.
Technoeconomic assessments indicate that CO is among the few CO,RR products capable of
achieving positive gross margins.” Extensive research has identified silver (Ag) as an optimal
catalyst for selective CO production, yet achieving high CO selectivity at a high current density
(>1 A cm™) remains a significant challenge due to the high energy barrier of CO, activation
and sluggish kinetics of multi-electrons/protons transfer steps.®

A significant advancement in CO,RR systems was achieved with the introduction of gas
diffusion electrodes (GDEs), which effectively reduce the diffusion layer of gas phase CO,,

thereby enabling operation at industrially relevant current densities.®!! Among various cell

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

configurations, the membrane electrode assembly (MEA) cell stands out as a promising

approach, integrating GDEs to offer low ohmic resistance and scalability potential for multicell
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stacks.!>13 Tt is widely considered that, under operating conditions, the catalyst layer pores
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become saturated with liquid electrolyte, limiting the reaction primarily to the aqueous phase
via dissolved CO,.!1>!7 However, high current densities often induce electrode flooding that
thickens the diffusion layer of CO,, posing mass transfer limitation in MEA cell. Efforts to
overcome these current density limitations have primarily focused on modifying catalyst layer
with materials such as incorporating polytetrafluoroethylene (PTFE) to enhance
hydrophobicity, silicon dioxide (Si0O,) to consume the hydroxide ions and thereby reducing the
local pH, and cesium (Cs*) with induced electric field to lower the barrier of CO, activation at
high current densities.!®20 Despite these advances, there has been comparatively little

exploration of process intensification. To date, most CO,RR-MEA cell studies have been
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conducted under ambient conditions, with only limited reports investigating pressafized MBAY00034C

cells.?!22 In these studies, pressure was typically applied only to the cathode side, leading to
gas crossover through the membrane due to pressure imbalances when the differential exceeded
6 bar, ultimately resulting in decreased performance.?

On the other hand, raising the reaction temperature enhances CO,RR kinetics, as the rate
generally increases exponentially with temperature.?*?> Industrial CO, electrolyzers are
expected to operate under elevated temperatures due to heat generated by overpotentials,
resistive losses, as well as the high temperatures of flue gas streams, often exceeding
100 °C.?6?7 However, as temperature rises, CO, solubility in aqueous electrolytes decreases,
where the hydrogen evolution reaction (HER) tends to accelerate, complicating the
optimization of CO,RR selectivity.?® Several studies have examined the effects of temperature
on GDE-based CO,RR systems with varying results depending on catalysts and cell
configurations. For instance, in MEA cells using Ag catalysts, rising temperatures have been
associated with reduced jco and FEq at reported cell voltages of 2.2-3.4 V, largely attributed
to diminished CO, adsorption, lower solubility, and increased water presence.?!->3 Conversely,
under constant current conditions (100-500 mA c¢m?), elevated temperatures have been shown
to enhance FEo.!” In flow cell systems, peak FEco occurred at moderate temperatures under
certain current, with performance declining at higher temperatures due to CO, solubility
constraints.?” For Au catalysts, FEco generally decreased with increasing temperature under
both constant potential (-0.7 Vryg in the flow cell) and constant current conditions (100 mA
cm? in the MEA cell), consistent with CO, solubility limitations.3%3! Similarly, Sn-based
catalysts exhibited a decline in formate selectivity at higher temperatures in both flow cell and
MEA cell systems under the same cell voltage of 2.2 V, although partial current densities of
formate plateau at elevated temperatures in MEA systems.?’> Notably, these previous studies
often focused on a single cell voltage or a narrow temperature range at ambient pressure,
leaving a gap in understanding how combined temperature and pressure impacts catalytic
performance across varying cell voltages. Given that practical CO, electrolyzers are expected
to operate at elevated temperatures and pressures for seamless integration with upstream and
downstream processes,’>3? a systematic investigation into the interplay of these parameters on

CO,RR performance is essential to advance catalyst and electrode design as well as
3
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intensifying process operation. DOI: 10.1039/D5EY00034C
In this work, by systematically varying reaction temperature and pressure using a
commercial Ag catalyst in a MEA cell, we demonstrate the synergy of high temperature and
pressure operation to drive the CO,-to-CO conversion at simultaneously high current density
and selectivity. Our results reveal that (i) High-pressure operation effectively enhances CO,
availability and promotes selective CO, adsorption, thus facilitating CO,RR at high current
density while suppressing parasitic HER; (i) The effect of temperature on jco is strongly
influenced by the cell voltage and CO, partial pressure. At lower cell voltages and higher CO,
pressures, elevated temperatures positively improve the CO formation rate. The combined
effects of high temperature and pressure achieve an impressive FEco exceeding 92% at a
current density of 2 A cm at a cell voltage of 3.8 V when using 0.1 M KHCO3 as the anolyte,
a stark improvement over that of ambient condition, where FEcq drops from 95% at 100 mA
cm? to 73% at 200 mA cm2. Additionally, pressurized and high-temperature operation
presents a compelling strategy to substantially enhance CO,RR performance when using pure

water as the anodic feedstock or processing dilute CO, concentrations.

2.Experimental Section

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Potassium bicarbonate (KHCO;, 99.7%) and potassium hydroxide (KOH, 99.99%) were
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purchased from Sigma-Aldrich and used as received without further purification. Silver
nanoparticles (Ag, 20-40 nm) were purchased from Thermo Scientific. All solutions were

prepared with Milli-Q water (17.8 MQ cm).

2.2. Preparation of the Ag electrode

The Ag electrodes were fabricated using a standard air-brush technique. Initially, the Ag
catalyst ink was prepared by dispersing Ag nanoparticles (40 mg) in iso-propanol (4 mL),
followed by sonication for 30 minutes. The resulting ink was uniformly air-brushed onto
carbon paper (Sigracet GDL 34BC, Fuel Cell Store) to achieve a catalyst loading of

approximately 0.8 mg cm=. The geometric area of the GDE cathode was 1.0 cm x 1.0 cm.
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2.3. Electrochemical measurements DOI: 10.1039/D5EY00034C

The CO,RR performance under varying temperatures and pressures was evaluated in a
MEA cell with 0.1 M KHCOj as the anolyte. The GDE cathode and an [rO,/Ti felt anode were
separated by a Piper[ON anion exchange membrane (AEM, 20 um, Fuel Cell Store). For pure
CO,RR, dry CO, gas was supplied to the cathode at a flow rate of 250 sccm via a mass flow

controller (Alicat Scientific) without external humidification. For diluted CO,RR, a CO,/N,

gas mixture was used, with the total mass flow controlled at 250 sccm. For instance, for 10 vol%

CO3RR, 25 scecm of CO;, was mixed with 225 scem of N,, whereas for 50 vol% CO,RR, 125
sccm of CO, was mixed with 125 sccm of Nj. A potentiostat (Gamry Interface S000E) was
used to apply a constant current to the MEA cell and record the corresponding cell voltage
without iR correction. The cell temperature was controlled by electrical heating rods directly
connected to both the cathode and anode flow fields, with a thermocouple inserted into the cell
to maintain the desired temperature (Figure S1), which was regulated by a PID temperature
controller (Cole-Parmer TC5000).

A schematic and photograph of the pressure setup is shown in Figure S2-3. In all
pressurized MEA setups, the pressures on the cathode and anode sides were balanced to ensure
consistent conditions. The anode side pressure was controlled using a back-pressure regulator
(BPR, Equilibar model LF2 with PEEK non-reinforced diaphragm) downstream of the cell,
equipped with a high-pressure electronic pilot controller (Equilibar). The anolyte was fed to
the anode using a high-pressure syringe pump (Fusion 6000X, Chemyx) at a flow rate of 0.5
mL min!. For cathode side, gas pressure was maintained using stacked back-pressure
regulators (Swagelok, KBP1JOA4A5A20000). A cold trap was positioned downstream of the
cathode effluent to separate gaseous and liquid products. Due to liquid product crossover, the
FEs of the liquid products were calculated based on the total amount collected from both the
anode and cathode sides during the same time period. Gas samples were collected downstream

of the BPR, ensuring that the gas was at atmospheric pressure.

2.4. Product detection

During the electrochemical reaction, an in-line gas chromatograph (GC, Agilent 8860)

was employed to monitor gaseous products. To calibrate the outlet gas flow rate of CO,, a mass

5
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flow meter (MFM, Alicat Scientific) was used to measure the outlet gas stream!: feome/thero0os4c
cathode prior to sampling to the GC loop.3* The FE for gaseous products was calculated using

the following equation:

zFxV
FE(%) = - X 100%

Jtotal

where z is the number of electrons transferred for producing a target product; F is the Faraday
constant; x is the molar fraction of a target product determined by GC; V' is the molar flow rate
of gas; and ji. is the total current density.

The liquid products after electrolysis were collected and quantified via '"H nuclear
magnetic resonance (NMR) spectroscopy using a Bruker NEO 400 MHz spectrometer. The
electrolyte (500 pL) was mixed with an internal standard (100 pL of 5 mM 3-
(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt in D,0O). The partial current densities of
CO and H; (jco and jp») at different cell voltages were determined by multiplying the overall
current density by the corresponding FE. The single-pass CO, conversion efficiency (SPCE) is
calculated as follows:

jco ,RT

zF P
CO, flow rate

SPCE =

where R is the gas constant, T is the reaction temperature, P is the reaction pressure.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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3.1. Pressurized Electrolysis of CO, to CO

We systematically examined the effects of CO, partial pressure on the performance of an
Ag GDE for CO,RR over a pressure range of 1 to 10 bar. Figure 1 illustrates the influence of
pressure on FEp and cell voltage under galvanostatic conditions at various temperatures of
20 °C, 40 °C, 60 °C, and 80 °C. We note that only CO and H, were detected across all
experiments, with no liquid products observed or under the detection limit. Under ambient
pressure and temperature (Figure 1a), FEcq reached 95% at 100 mA c¢cm™, demonstrating the
superior capability of Ag catalyst in converting CO, to CO. However, FEg sharply declined
to below 40% as the current density increased to 600 mA cm. This trend highlights a key

challenge in MEA cell with AEM: high current densities drive substantial electroosmotic water
6
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flow accompanied with cation migration from the anode, resulting in electrode flooditigogridrooossc

thickened CO, diffusion layer. The reduced flux of CO, near the catalyst surface leads to HER
dominance.

Meanwhile, the elevated CO, consumption rate at higher current densities exacerbates
mass transport limitations, hindering conversion efficiency. To substantiate this claim, we
evaluated the CO, single pass conversion efficiency (SPCE) under varying current densities at
1 bar and 10 bar CO, pressures. As shown in Figure S4, under 1 bar CO,, SPCE initially
increases with current density but plateaus at ~400 mA cm, indicating mass transport
constraints. In contrast, at 10 bar CO,, SPCE continues to rise, reaching a maximum at ~800
mA cm2. These observations confirm that rapid CO, consumption at high current densities
intensifies mass transport limitations, particularly under low CO, partial pressures.

By increasing the CO, pressure up to 10 bar, we effectively mitigate these limitations,
resulting in higher FEqq at elevated current densities. Specifically, under 10 bar and 20 °C,
FEco remained above 95% even at 600 mA cm2. This trend was also observed at higher
temperature conditions (Figure 1b—d). FEo consistently increased with pressure under the
current density, signaling the effectiveness of pressurized conditions for CO,RR to CO

production.
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The enhancement of FE(q at high j with increasing pressure is associated with multiple
factors: (i) Henry’s law predicts that elevated CO, pressure increases the dissolved CO,
concentration,®> boosting CO, availability in the wetted catalyst layer as well as reducing
proton adsorption, thereby effectively suppressing HER; (ii) Elevated pressure reduces the
density difference between gas and liquid phases, thereby mitigating water flooding under high
current densities.3

Encouragingly, elevated pressures across all temperatures consistently led to reductions
in cell voltage, as shown in Figure 1. At relatively lower current density, the drop is

insignificant, as shown in Figure 1(a), from 100 mA cm? to 300 mA cm2, the cell voltage

8
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variation is within 0.1 V from 1 bar to 10 bar. However, at higher current densities, the deeieaser00034c

of cell voltage with increasing of pressure becomes particularly evident. For instance, at 80 °C
under a current density of 1.8 A cm, increasing the pressure from 3 bar to 10 bar lowers the
cell voltage from 5 V to 3.6 V. Calculations of thermodynamic potential across the studied
range of pressure and temperature indicate minimal variation (~0.1 V; see Figures S5 and S6)
for both CO,RR and OER. Considering that under high current density, the fast CO,
consumption rate leads to severe mass transfer limitation, we assume that the cell voltage

reductions with increasing pressure are primarily due to decreased mass transfer resistance.

3.2. Effect of Elevated Temperature on CO,-to-CO Conversion

Increasing the temperature also effectively reduces the overall cell voltage across all CO,
pressures under a current density range of 0.1 to 2 A cm™? (Figure S7), consistent with previous
high temperature MEA studies. The AEM shows negligible increase of ionic conductivity by
10 mS cm! from 20 to 80 °C at 1 bar,3%37-3 corresponding to Ohmic potential drop of around
0.20 V at I A cm, much lower than the cell voltage drop by 2.3 V. Considering the minimal
thermodynamic potential variations for the pressure and temperature range under investigation
(Figures S5 and S6), we posited that the reduction in cell voltage mainly arises from diminished
kinetic overpotentials.

Figure 2(a—c) illustrates the trend of FEq and jco as temperature increases under different
CO; pressures (0.1 bar to 10 bar) and different applied cell voltages of 3 V,3.4 V, and 3.8 V.
At ambient CO, pressure (1 bar), FEco and jco exhibit a distinct temperature-dependent
response related to cell voltage. Specifically, at a lower cell voltage of 3 V, FE(q initially
increased slightly as temperature rose from 20 to 40 °C before decreasing beyond 60 °C.
Conversely, at higher cell voltages (3.4 V and 3.8 V), a progressive decline in FE-o was
observed with an increasing of temperature from 20 to 80 °C, with the rate of decrease
becoming more pronounced at higher cell voltage. Regarding jco, at 3 V, a positive correlation
with temperature was observed from 20 °C to 80 °C. However, at elevated cell voltages, jco
followed a volcano-shaped trend, peaking at 60 °C for 3.4 V and at 40 °C for 3.8 V, indicating
excessive heating suppresses CO production at higher cell voltages.

Temperature influences not only the intrinsic reaction kinetics of CO,RR but also other

9
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critical parameters, such as CO, solubility and diffusion coefficients.?® Withvoinereagirigrooosac
temperature, the diffusion coefficient of CO, in water rises (Figure S8)," potentially enhancing
mass transport. However, CO, solubility within the wet catalyst layer decreases (Figure S9),
which could limit CO, availability at the catalyst surface. The interplay of these factors can be

described by the diffusion-limited current density equation:
D-C
6
Where j is the limiting current density, n is Number of electrons transferred per mole of

j=nF

reactant (n = 2 for CO, reduction to CO), D is diffusion coefficient of CO, in the electrolyte, C
is concentration (or solubility) of CO,, and 9 is diffusion layer.

As demonstrated in Figures S8 and S9, increasing the temperature from 20 °C to 80 °C
results in a 3-fold decrease in CO, solubility while a concurrent ~3-fold increase in its
diffusivity. Intuitively, this would suggest a neutral net effect on jco if only D and C were
considered. The decrease of joo with increasing of temperature is linked to the improved
surface wettability. Elevated temperatures also reduce the contact angle of water on the cathode
surface, from 137 © at 20 °C to 122 © at 80 °C (Figure S10). Enhanced wettability increases the
effective diffusion layer (J), imposes an additional mass transport barrier for CO,.

At lower cell voltages (e.g., 3.0 V), CO, consumption rates are modest, and the available

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

CO, concentration remains in excess across the studied temperature range. Under these

conditions, mass transport limitations are minimal, and jco benefits from enhanced intrinsic

Open Access Article. Published on 22 April 2025. Downloaded on 5/5/2025 10:44:46 PM.

reaction kinetics as temperature rises under 1 bar CO, (Figure 2a). In contrast, at higher cell

(cc)

voltages (e.g., 3.4 V and 3.8 V), CO, consumption rates rise substantially, and mass transport
limitations become a dominant factor. As temperature increases, the combined effects of
reduced CO, solubility and increased diffusion layer limit CO, flux to catalyst surface. This
results in a decline in jco with increasing temperature under ambient pressure (Figures 2b and
2¢).

While 0, D, and CO, solubility are all senstitive to temperature, CO, solubility is also
tunable by pressure. Elevating CO, pressure above 1 bar significantly increases solubility,
thereby improving CO, flux and enabling a linear increase in jco as temperature rises (Figures

2b-c). This synergy between high pressure and high temperature effectively overcomes the

10
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limitations imposed by mass transport and enhances overall CO,RR performance. ©onversélssyooosac

reducing the operating pressure below 1 bar shifts the temperature for peak jco to lower values
(Figure 2d), as the system becomes increasingly constrained by limited CO, solubility.

The temperature-dependent performance of CO, reduction at varying cell voltages is
closely linked to the shift in the reaction order of CO,. As shown in Figure 3a, at 3 V, the
reaction order approaches zero from a pressure range of 0.75 bar to 10 bar, indicating sufficient
CO; availability to drive the reduction process. In contrast, at 3.4 V and 3.8 V, the reaction
order increases to 0.15 and 0.3, respectively. At higher cell voltages, increased adsorption free
energy of CO,, as well as the rising surface coverage of adsorbed hydrogen (6y,_,), which
introduces repulsive effects on the adsorbed carboxyl intermediate (8¢cpon,,), improve the

reliance on CO, availability.*!4?
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Figure 2. Effect of reaction temperature on the CO,RR performance. (a-c) FEco and jco as a
function of temperature at various CO, pressures for applied cell voltages of (a) 3 V, (b) 3.4V,
and (c) 3.8 V, (d) Temperature for peak jco as a function of CO, pressure under different cell
voltages. For diluted CO,RR (0.1 bar to 0.75 bar) in (a), a CO,/N, gas mixture was fed with a
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total mass flow rate of 250 sccm. For CO,RR under 1 bar and above in (b-c), dry pureliCOrp/@asr00034C

was supplied to the cathode at a flow rate of 250 sccm.

To elucidate the temperature dependence of product selectivity in CO,RR, the jco and jy,
were analyzed as a function of reciprocal temperature. Here we define the electrochemical

driving energy (E4) using the following relationship:*3

) = —=4(2) +n(4) (1)

E;=E,—aFn (2)
where E, is the activation energy, A is the pre-exponential factor, o is charge transfer
coefficient, n is the overpotential. As illustrated in Figure 3(b,c), Ag exhibits a notably lower
E4 for CO formation (17.97 kJ mol!) compared to that for H, (49.38 kJ mol-') at 3 V under 1
bar, underscoring the inherent capability of Ag to suppress the HER in favor of CO production
under CO,RR conditions. In addition, this difference of Ey4 suggests that HER is significantly
more sensitive to temperature variations than CO formation, benefiting more from elevated
temperatures. As a result, at a CO, pressure of 1 bar, while the temperature dependence of jco
varies with applied cell voltages, ju, consistently increases with temperature across all cell

voltages (Figure S11). As expected, both E4 values for CO,-to-CO conversion and HER exhibit

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

a decreasing trend with increasing cell voltage. Meanwhile, as the pressure further increased to

10 bar, we found a rising trend of E4 of CO,RR while decreasing trend of E4 of HER (Figure
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o S12), which might be related to the change of o under different pressures.
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Figure 3. (a) Reaction order for CO, derived from the logarithmic dependence of joo on CO,
pressure at various applied cell voltages (3 V, 3.4 V, and 3.8 V) from a pressure range of 0.75
bar to 10 bar. (b) E4 for CO,RR to CO at 2.8 V, 3V, 3.2 V at 1 bar. (¢) E; for HER at 2.8 V, 3
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V, 3.2 V at 1 bar. The error bars represent the standard deviations of three rndependesntrooossc

measurements.

3.3. Synergy of pressure and temperature effects

Temperature and pressure were found to have synergistic effects on CO,RR performance.
The CO, availability plays a crucial role in modulating the temperature effect on CO,RR
performance, including the FEco and jco. Under a constant current density for CO,RR, at a
pressure of 1 bar, increasing the temperature from 20 to 40 °C slightly enhances the FEcq
ranging from 100 to 1000 mA cm2 (Figure S13). Specifically, at 500 mA c¢cm2, increasing the
temperature from 20 to 40 °C leads to the FEq increase from 48% to 64%. However, further
increasing the temperature did not result in substantial improvements in FEq, with only a 10%
variation (60 °C > 80 °C > 40 °C) in FEo observed. In contrast, at pressures exceeding 3
bar, the FE-o shows a gradual increase with rising temperatures from 20 to 80 °C, signaling
that the impact of temperature on FEo under constant current density is more evident at higher
pressures, particularly under high current densities. This trend underscores the critical interplay
between pressure and temperature in enhancing FEco under constant current density. At higher
pressures, the increased CO, concentration around the catalyst layer counteracts the solubility
limitation imposed by elevated temperatures, overcoming mass transfer limitations of reactants
to sustain high reaction rates of CO,RR. Remarkably, as illustrated in Figure 1d, at 80 °C, the
FEco increases from 19% at 1 bar to nearly 100% at 10 bar under a current density of 1 A cm-
2, further maintaining a high FEcq close to 95% from 1 A cm™ to 2 A cm™.

Under constant cell voltage conditions for CO,RR, the intrinsic temperature-dependent
increase in reaction rates drives simultaneous rises in jco and jy, at lower cell voltages where
CO; availability remains sufficient to sustain CO,RR despite diminished solubility at elevated
temperatures (e.g., 80 °C) even under ambient pressure, demonstrating the positive kinetic
effects of temperature. However, at higher cell voltages, where CO, reliance and mass transfer
limitations increases, the reduced CO,; solubility at elevated temperatures results in a decline
in jco. Increasing CO, availability through elevated CO, pressure mitigates these limitations
and allows for the full utilization of the temperature-dependent enhancement of jco. As shown

in Figure 2(c), at an applied cell voltage of 3.8 V and a pressure of 3 bar, jco increases steadily
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with temperature up to 60 °C, although the rate of improvement diminishes at 80 °CoHow@vet, 00034C
as long as the CO, pressure is sufficiently high (above 6 bar), the positive temperature effects

on jco still consistently outweigh the adverse impact of reduced CO, solubility, enabling
sustained increases in jco With temperature. Additionally, we observed that elevated pressure
effectively constrains the increase in jy, with temperature (Figure S11), further underscoring

the efficacy of high-pressure operations at high temperatures to constrain HER.

To further validate the critical role of CO, availability in shaping the temperature
dependence of CO,RR performance, we explored CO,RR performance under diluted CO,
conditions at varying temperatures. CO, was mixed with N to get controlled concentrations of
10 vol%, 50 vol%, and 75 vol% (with a total flow rate of 250 sccm). As shown in Figure 2a, at
3 V, both FE¢p and jco declined sharply with increasing temperatures under extremely low
CO; partial pressure (0.1 bar), where the positive kinetic effect of temperature on CO,RR is
entirely offset by reduced CO, solubility. In contrast, when CO, pressure exceeded 0.5 bar,
FEco shows a slight increase from 20 to 40 °C before declining significantly above 60 °C.
Interestingly, with increasing CO, pressure, the peak temperature for jco gradually shifted to a
higher position: 20 °C, 40 °C, 60 °C, and 80 °C for 0.1 bar, 0.5 bar, 0.75 bar, and 1 bar,

respectively (Figure 2d). It highlights that the temperature effect on jco is highly reliable on

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

CO; pressure: as CO, partial pressure increases, CO,RR could benefit more from temperature

elevation. In addition, we investigated the effect of CO, supply rate on CO,RR performance

Open Access Article. Published on 22 April 2025. Downloaded on 5/5/2025 10:44:46 PM.

by varying flow rates (10-250 sccm) under pure CO, conditions. The nearly constant FEcq

(cc)

across all flow rates at 20-80 °C suggests that reduced performance at low CO, partial pressure
is due to decreased CO, concentration rather than the absolute CO, supply (Figure S14).
Although previous studies have explored the individual effects of elevated pressure and
temperature on Ag-based catalysts for CO, reduction to CO, comprehensive investigations that
systematically examine the combined influence of temperature, pressure, and cell voltage
within MEA systems remain limited. In contrast, our study presents a holistic optimization
strategy, integrating temperature, pressure, and cell voltage control within an MEA system.
Notably, we demonstrate a remarkable jco of 1,840 mA cm? with a FEcq of 92% at 10 bar and
80 °C. To the best of our knowledge, this represents one of the highest performances reported

for CO,RR to CO under industrially relevant conditions in an MEA configuration. This
14
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performance significantly surpasses previous reports that explored either elevated temperataze 0oos4c

or pressure independently (Figure S16).

Furthermore, while earlier studies have investigated pressurization in MEA cells, they
typically applied pressure solely to the cathode compartment. Such asymmetric pressurization
can result in significant pressure differentials across the membrane, leading to gas crossover,
increased membrane degradation, and ultimately compromised system stability and
performance. Our study, by contrast, adopts a balanced pressure strategy, applying equalized
pressures to both the anode and cathode compartments. This approach mitigates pressure-
driven membrane stress, eliminates crossover issues, and enables stable operation at high
pressures, thereby advancing MEA durability and practical scalability.

To evaluate long-term operational stability, the pressurized CO, electrolyzer employing
an Ag-based cathode was tested at 40 °C and 10 bar for over 100 hours at a constant current
density of 300 mA cm. During earlier experiments, we found that the 20 um AEM was prone
to mechanical failure under combined high-temperature (> 60 °C) and high-pressure (> 6 bar)
conditions. To address this, a thicker 40 um AEM was employed for the stability test. While
this modification improved mechanical robustness, it also led to higher cell voltages due to
increased ohmic resistance.

As shown in Figure 4, the FEo remained above 95% for the first 83 hours, indicating
highly stable performance. Beyond this point, a gradual decline in FE-o was observed. Notably,
this drop in selectivity was not accompanied by a significant increase in HER, and the total FE
remained around 85% after 95 hours. We hypothesize that the decline in FE¢q arises from
increased gas permeability of the membrane. This is supported by the observed 10% reduction
in the measured flow rate at the cathode outlet and the presence of gas bubbles on the anode
side when the electrochemical reaction was paused. These signs suggest that prolonged
exposure to elevated pressure and temperature may compromise membrane integrity. In
additional tests conducted at 60 °C and 10 bar, membrane degradation occurred more rapidly,
with total FE decreasing from nearly 100 % to 60 % within 30 hours, further highlighting the
challenge of maintaining membrane stability under desired temperature and pressure

conditions.
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Figure 4. Long-term stability test of the pressurized CO, electrolyzer using Ag cathode at
40 °C and 10 bar with a constant current density of 300 mA cm™2. The cell voltage (left axis,
grey) and FEq¢o (pink) and H, (green) (right axis) are shown over 100 hours of continuous

operation. A 40 um AEM was employed.

3.4. Pure-Water-fed electrolysis under high pressure and temperature

To reduce the cell voltage, we explored the use of 1 M KOH as the anolyte. Alkaline
electrolytes like 1 M KOH offer reduced ohmic losses compared to 0.1 M KHCO; due to their
higher conductivity. As shown in Figure 5a, substituting 1 M KOH for 0.1 M KHCOj did not
affect the FEco, which still reached 90% at 2 A cm under 10 bar and 80 °C. Importantly, the
cell voltage was further reduced to 3.2 V for 2 A cm (Figure S17).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

During experimentation, however, we observed that using 1 M KOH under 10 bar and

20 °C led to blockage of cathode flow field due to salt precipitation within five minutes, causing

Open Access Article. Published on 22 April 2025. Downloaded on 5/5/2025 10:44:46 PM.

the CO, inlet pressure rising over 1.4 bar. This effect is likely due to the increased CO,

(cc)

concentration, which enhances the reaction between CO, and cathodically generated OH",
resulting in intense salt formation. The resulting salt precipitation obstructs the flow field and
GDE, limiting CO, mass transfer. Interestingly, when operating at an elevated temperature of
80 °C under the same 10 bar pressure, salt precipitation is significantly mitigated. Blockage
only occurred after two hours of continuous operation, as indicated by a similar rise in CO,
inlet pressure beyond 1.4 bar. While some studies suggest that K,CO; is the dominant salt
precipitating at the cathode and that CO, crossover occurs primarily via carbonate ions rather
than bicarbonate, 3444 others observed the exclusive formation of KHCO; at the cathode

which have lower solubility than K,COs.*6 Regardless of the specific salt species, elevated
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temperatures effectively increase the solubility of both KHCO; and K,COs; (Figuee :818oarndrooos4c

S19), thereby reducing the extent of salt buildup and mitigating flow field obstruction.
Although elevated temperatures can mitigate salt accumulation, eventual blockage
remains inevitable due to the crossover of K* ions, resulting in system instability over time.*’
Several strategies have been explored to address this issue. Acidic electrolytes, for example,
allow bulk protons to react with carbonate, regenerating CO, locally. However, acidic media
require high concentrations of alkali metal cations to suppress HER in the proton-rich
environment.*8->! Their continuous accumulation in the Helmholtz layer can eventually cause
alkali metal salt crystallization on the catalyst and GDL.>? Bipolar membrane (BPM) systems
present an alternative strategy by creating an acidic cathode environment that eliminates
carbonate formation. These systems regenerate CO, through the reaction of carbonate or
bicarbonate with protons, effectively addressing salt precipitation.333* However, the acidic
cathode environment promotes HER, thus reducing CO,RR selectivity, while BPM systems

suffer from intrinsic drawbacks, including high resistance and long-term instability.

1M KOH (80 °C, 10 bar) 13.2 b Pure Water 7777 10 bar 80 °C[__|1 bar 20 °C
100 1004 il
Z 16
2.82 80 - E
e 3 Z o
g e0- 7 158
24= 2 =
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Figure 5. (a) FE¢( and cell voltage as a function of current density for CO,RR in 1 M KOH
anolyte at 80 °C and 10 bar. (b) Comparison of FEco and cell voltage at varying current
densities for pure-water-fed CO,RR at 10 bar and 80 °C versus ambient conditions (1 bar,
20 °C).

We employed a pure water feed (deionized water, 17.8 MQ cm) at the anode of the AEM-
based MEA cell. No anion exchange ionomer was incorporated into the cathodic catalyst layer.

However, the PiperlON AEM used in this study is functionalized with highly stable
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piperidinium cations, which are embedded within a rigid, hydrophobic, ether-bord-freearsdrooossc
backbone™. Recent studies suggest that organic cations, such as tetraalkylammonium species,
could efficiently catalyze CO,RR by modulating the interfacial electric field, facilitating the
activation of CO, and stabilizes the transition state, improving both the rate and selectivity of
CO,RR?. Similarly, the piperidinium cations in the PiperlON AEM are proposed to enhance
CO,RR performance via a comparable mechanism, despite the absence of alkali metal cations

in the cathode compartment.

Under ambient conditions, HER was the dominant reaction. FE-q was below 30% at 100
mA cm?, further dropping to less than 10% at 500 mA cm (Figure 5b). In stark contrast, under
10 bar and 80 °C, FE¢( reached nearly 100% at 100 mA ¢cm? and 200 mA c¢m2, with a slight
reduction to 90% at 300 mA cm. In addition, the cell voltage decreased dramatically under
high-pressure and high-temperature conditions. For example, at 300 mA c¢cm2, the cell voltage
dropped from 5.3 V at ambient conditions to 3.6 V under 10 bar and 80 °C.

Compared to previous MEA studies employing pure water feeds to anode, our system
exhibits comparatively lower performance 2'-3°. Notably, Zhuang et al*°. reported an impressive
FEco exceeding 85% at 60 °C and 1 bar, achieving current densities as high as 500 mA cm™.

Our system achieved 65% FEco at 500 mA cm2 at 10 bar and 80 °C. This performance

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

difference likely arises from variations in membrane composition and the use of ionomers with

smaller organic cations, known to strengthen interfacial electric fields and enhance CO,

Open Access Article. Published on 22 April 2025. Downloaded on 5/5/2025 10:44:46 PM.

activation kinetics’’. Nevertheless, our findings uniquely highlight that increasing CO,

(cc)

pressure markedly improves CO,RR efficiency beyond ambient limitations, thus presenting a

promising strategy for optimizing electrochemical CO, conversion under H,O feedstock.

3.5. CO,RR using dilute CO, feedstock

Currently, CO, capture and reduction are typically conducted as separate processes, with
the purification of CO, from flue gas contributing substantially to the overall cost of CO,
electrolysis system.® Industrial CO, capture technologies, such as those using
monoethanolamine (MEOA), are estimated to cost at least $44 per ton of CO, captured.>®
Direct utilization of low-concentration CO, (10 vol% balanced by N,), similar to real flue gas
compositions,® as a feedstock for CO,RR could drastically lower costs and enhance the overall
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efficiency of the process.®!62 However, the low volume fraction of CO, in such steeamsdintitsr0o034c

the electroreduction process and exacerbates the HER, particularly at high current densities

where CO, consumption increases rapidly.3-64
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Figure 6. (a) FE( as a function of current density under different CO, concentrations (10 vol%
and 100 vol%) and reaction pressures (1 bar and 10 bar) at 20 °C. (b) FE¢ and cell voltage as
functions of temperature for CO,RR at 100 mA cm for 10 vol% CO, and reaction pressure of
1 bar and 10 bar. (c-d) FE¢g at different temperatures (20 °C, 40 °C, 60 °C, and 80 °C) for 10
vol% CO, and reaction pressure of (¢) 1 bar and (d) 10 bar.

We establish that our pressurized MEA configuration could significantly enhance the
conversion of dilute CO, feedstocks. Electrolysis experiments were conducted using gas feeds
where CO, was diluted with N,, with pressurization employed to elevate the partial pressure of
CO,. Using a dilute CO, feed (10 vol%) at 1 bar resulted in consistently low FEcq across 100-
500 mA cm2, with nearly zero FEco beyond 400 mA-2 (Figure 6a). However, when 10 vol%

CO, feed was pressurized to 10 bar, there was a notable enhancement in FEq, similar to that
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of pure CO, feeds, demonstrating that elevated pressure effectively increases COpavailabilityro0034c
at the catalyst surface and overcomes the mass transfer limitations under diluted CO,RR.
Notably, pressurized (10 bar) CO,RR with 10 vol% CO, demonstrated performance
comparable to, or slightly exceeding, that of 1 bar CO,RR with 100% CO, (Figure 6a).

Additionally, we observed that for the 10 vol% CO,RR at 1 bar, elevated temperatures
adversely affected FE¢ (Figure 6b-c). However, for the 10 vol% CO,RR at 10 bar, increasing
temperature had minimal effect on FE(( at a current density of 100 mA cm?, while dramatically
reducing the cell voltage by 0.7 V from 20 to 80 °C (Figure 6b and Figure S20). At higher
current densities (200-500 mA cm™), an operational temperature of 60 °C yielded the
maximum FEcq. Further increasing the temperature to 80 °C resulted in the decline of
performance, as the decreased CO, solubility at this elevated temperature offsets the kinetic
benefits gained from temperature increase.

Techno-economic analysis (see Supplementary Notes) reveals that operating under
elevated pressure introduces only a modest increase in dedicated capital and operating costs.
In contrast, the enhanced reaction rate at higher current densities substantially reduces the
required electrolyzer area, resulting in a net reduction in system-scale cost. For pure CO,

feedstock, this corresponds to a ~90% reduction in electrolyzer capital cost compared to

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

operation under ambient conditions. Furthermore, for low-purity feedstocks (e.g., 10% CO; in

simulated flue gas), the cost of direct pressurization to 10 bar is estimated at US$23 per ton

Open Access Article. Published on 22 April 2025. Downloaded on 5/5/2025 10:44:46 PM.

CO; equivalent, which is nearly 80% lower than the cost of conventional CO, capture

(cc)

technologies (~US$100 per ton CO,)%>.

4. Conclusion

In summary, this study demonstrates that the combined effects of elevated temperature
and pressure significantly enhance CO, electrolysis to CO at industrially relevant current
densities in a MEA electrolyzer employing commercial Ag nanoparticles. Pressurized CO, not
only increases the CO, concentration at the catalyst surface, thereby suppressing the competing

HER at ambient temperatures, but also sustaining high CO, reduction rates at elevated
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temperatures by counteracting the reduced CO, solubility caused by rising temperatures.sThigr00034C

unique synergy of high temperature and pressure boosts CO current density to 2 A cm™2 with
exceptional FEco (> 90%) under 80 °C and 10 bar. This is because increased thermal energy
accelerates reaction kinetics while sufficient CO, availability by high pressure mitigates mass
transport limitations. Meanwhile, elevated temperature and pressure effectively lowers the cell
voltage by reducing the mass transfer and kinetic overpotentials. Additionally, the pressurized
MEA cell exhibits stable CO production, achieving FEco > 90% at 300 mA cm™ and a cell
voltage of 3.6 V under 80 °C and 10 bar, even using pure water as the anolyte. Moreover, under
dilute CO, feed conditions (10 vol% CO,), the system achieves an FEcg of 96% at 100 mA
cm 2, under 10 bar and ambient temperature. Increasing the temperature to 80 °C maintains the
FEco while dramatically reducing the cell voltage by 0.7 V. Given that the operational
conditions of commercial CO, electroreduction systems are expected to function at elevated
temperatures and pressures, these findings present a scalable pathway for CO, electrolyzers to

meet the demands of industrial applications.
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