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High-PressureElectrocatalyticReductionofCO2 toCOUnder
RealisticConditions
Noë I. Watson,[a, b] Charlotte von Quadt,[a, b] Stanislav Molodtsov,[b] Lukas Balk,[b]

Bart van den Bosch,[b] and Gadi Rothenberg*[a]

We study the key factors governing the high-pressure elec-
trochemical reduction of CO2 to CO using commercial silver
electrodes. Voltammetry and electrolysis results, combined with
X-ray diffraction and microscopy analyses, show that the applied
current density is the most important parameter. When this is
doubled from 150 to 300 mA/cm2

geo, the CO yield goes down
drastically, and more hydrogen is produced at the cathode.

At the lower current density (150), the hydrogen production is
independent of the type of electrode (roughness factor). Con-
versely, the CO yield does depend on the type of electrode. At
the high current density, both H2 and CO production depend
on the electrode parameters. The highest CO yield (> 80%) is
obtained using a commercially available etched silver foam at
150 mA/cm2

geo.

1. Introduction

One of the few opportunities for building a commercially viable
process for making chemicals from CO2 is by conversion of con-
centrated CO2 emissions from industrial flue gases, including
biogenic CO2.[1–4] Depending on the industrial plant, flue gas
CO2 concentrations range between 8%–9% for oil refining, 14%–
33% for cement manufacturing, and 20%–44% for iron and steel
production.[5,6] The most straightforward electrochemical option
for utilizing this CO2 is by reducing it to CO, which can then
be combined with hydrogen, green or otherwise, to form syn-
gas. In practice, this reduction half-reaction is always coupled
to an oxidation, where water is the most common counter-
reactant (Figure 1). Note that by decoupling the CO2-to-CO and
the CO-to-chemicals stages, one can achieve a larger product
scope.[7]

When both the source of CO2 and the CO application are at
high pressures, a high-pressure CO2R technology has an advan-
tage, as it avoids costly depressurising/repressurising cycles.
Another benefit of the high pressure is the increased solubil-
ity of CO2 in the aqueous electrolyte (organic solvents such as
acetonitrile are possible alternatives,[8–11] but they also compli-
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cate the system further).[12–15] At ambient pressure, the extremely
low CO2 solubility results in negligible CO2 conversions. Gas dif-
fusion electrodes (GDEs) can be used to increase the current
density, but these electrodes experience flooding at long oper-
ation times, causing long-term stability problems.[16–18] There are
few examples of systems that rely on pressurised, concentrated
CO2 in aqueous electrolytes.[19–21] However, realising such a pro-
cess on industrial scale requires active, selective and above all
stable electrodes.[22]

Solid metal silver electrodes are both mechanically and
chemically stable. Moreover, they can be recycled, increasing
their environmental and economic appeal. The electrochemical
CO2 reduction reaction (CO2RR), using silver electrodes in aque-
ous media, produces mainly CO with H2 and formic acid as
by-products.[23,24] CO2-to-CO is a two-electron reduction (reac-
tion pathway shown in Figure 2).[25–28] First, CO2 adsorbs on the
surface to form *COOH. This can be either as a proton-coupled
electron transfer (PCET) to directly form *COOH (Equation 1), or
in a decoupled pathway. In the latter, CO2 binds to the surface
and accepts an electron to form a CO2 radical anion (Equation 2)
before reacting with a proton to form the carboxyl intermediate
(Equation 3). After *COOH is formed, the intermediate reacts with
another proton and electron, giving *CO and water (Equation 4).
Finally, the CO desorbs from the surface (Equation 5). Formic acid
can form when the CO2 molecule adsorbs via its oxygen (Figure
S1):[27]

CO2
(
g
) + ∗ + H+ (aq) + e− � ∗COOH (1)

CO2
(
g
) + ∗ + e− � ∗COO− (2)

∗COO− + H+ (aq) � ∗COOH (3)

∗COOH + H+ (aq) + e− � ∗CO + H2O (l) (4)
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Figure 1. Cartoon of a simplified CO2 electrolyzer, showing the
simultaneous conversion of CO2 (black spheres) to CO (red) at the cathode
and water (light blue spheres) to oxygen (green) at the anode.

Figure 2. Reaction pathways of CO2-to-CO electroreduction on a surface in
aqueous media.[25–28]

∗CO � CO
(
g
) + ∗ (5)

Competing with the CO2RR is the hydrogen evolution reac-
tion (HER) (Figure S2). This is also a two-electron reduction, but
here either direct proton reduction or water reduction takes
place. In acidic media, direct proton reduction takes place to

form H2 (Equation 6).[29,30] Under alkaline conditions, water is
reduced (Equation 7). The two processes, HER and CO2RR, both
require protons to be close to the electrode. But they are dis-
tinct in the sense that the HER does not require the presence of
CO2 at the electrode:

2H+ + 2e− � H2 (6)

2H2O + 2e− � H2 + OH− (7)

In this paper, we study the electrochemical reduction of CO2

to CO, coupled to water oxidation, under industrially relevant
conditions. We use commercially available silver electrodes with
different modifications, and examine the parameters that govern
the product selectivity and the competition with the hydrogen
evolution reaction.

2. Results and Discussion

2.1. Electrode Designation and Analysis

We used three commercial Ag foam electrodes for the high pres-
sure electrochemical reduction of CO2: a standard silver foam
(Agfoam), an etched foam (Agetched) and a nanoparticle func-
tionalised foam (AgNP). The foams were analysed by optical
microscopy imaging, X-ray diffraction (XRD) and cyclic voltam-
metry (CV). Figure 3 shows optical microscopy images of the
electrodes at 50X and 500X magnification. The three foams are
similar, but Agetched and AgNP show a rougher surface compared
to Agfoam. Where Agfoam (Figure 3A) has a shiny, uniform surface,
Agetched (Figure 3B) and AgNP (Figure 3C) have a slightly matte
finish. Moreover, AgNP has silver particles protruding from the
surface, indicating a higher level of surface roughness.

Figure 3. Optical microscopy photos at 50× and 500× magnification of commercial A) Agfoam, B) Agetched, and C) AgNP.

ChemCatChem 2025, 17, e01122 (2 of 7) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 4. Roughness factors of the silver electrodes calculated from ECSA
measurements by integration of surface silver reduction events.

To compare this observed surface roughness, we deter-
mined the electrochemically active surface area (ECSA) for each
electrode. The ECSA and the resulting roughness factors were
calculated by integration of surface silver reduction events.
The determination of the ECSA using cyclic voltammetry is
discussed elsewhere.[31,32] Specifically, we use the reduction of
Ag+ to metallic silver (Ag+ + e– � Ag0) to determine the
roughness factors. Figure 4 shows the roughness factors of the
three foam electrodes and two additional silver plate ones,
a pristine silver plate (Agplate), and a mechanically roughened
plate (Agrough). Each plate electrode is a 2 × 1 cm rectan-
gle, the same nominal measure as the foam samples. The two
plate electrodes were included to validate the chosen ECSA
approach. Indeed, we find that the ECSA increases as expected:
Agplate < Agrough < Agfoam < Agetched < AgNP (the results are aver-
ages of triplicate measurements, see also the peak integrations
used to obtain the roughness factors in Figures S3–S7).

X-ray diffractograms of the Ag foam electrodes are shown
in Figure 5. All three electrodes show the characteristic peaks
of polycrystalline silver. Specifically, we see peaks at 39.3°, 45.5°,
65.4°, 78.3°, and 82.4°, corresponding to silver (111), (200), (220),
(311), and (222) facets, respectively. The electrodes have nearly
identical XRD patterns and peak intensity ratios. This is expected,
as the bulk of these materials is the same, namely silver. The
slight differences in peak intensities within a sample could
originate from measuring a foam material, where the sample
packing is not ideal. They could also originate from the sur-
face modifications (etching of the material or deposition of
silver nanoparticles). However, this is less likely because the
modifications are not designed to expose a specific facet.

2.2. Performance in CO2RR

During electrolysis, gas samples were taken from the reactor
headspace and analysed by gas chromatography. Helium (He)

Figure 5. X-ray diffractograms of Agfoam, Agetched, and AgNP measured
between 30° and 90° at a rotational speed of 2.5 °/min. All three Ag foams
show peaks corresponding to Ag (111), (200), (220), (311), and (222) facets.

was used as an internal standard for quantifying the different
components in the gas stream. Figure 6 shows an example of the
different cathodic gases and CO2 for a 22 + h electrolysis using
Agfoam at both 150 and 300 mA/cm2

geo. Note that these reactions
were run in a continuous system, where CO2 was fed continu-
ously to maintain the saturation concentration in the electrolyte,
and no reference electrode was used. Therefore, the cathodic gas
stream has an excess of CO2 (36 mL/min). For the lower current
density electrolysis (Figure 6A), CO and H2 were measured at an
average of 1.73 and 0.08 mL/min, respectively. For the electrolysis
at 300 mA/cm2

geo (Figure 6B), the measured flows were 2.14 and
0.35 mL/min, respectively.

From the cathodic gas flows, we calculated the Faraday yields
of CO and H2. Figure 7 shows an example of the Faraday yield
(FY) progress over time (specifically, Figure 7A shows the elec-
trolysis at 150 mA/cm2

geo and Figure 7B shows the yields at
300 mA/cm2

geo). For both runs, the FY toward CO is higher
than for H2, and the total FY for the lower current density
run is higher. During all these electrolysis runs, the electrodes
maintained their activity.

To compare the FY between runs and for the various silver
electrodes, the average FY was calculated (Figure 8). Generally,
the total FY is lower for the runs at 300 mA/cm2

geo, except for
Agplate, where the total yield increases. For all the electrodes,
the CO Faraday yield decreases when changing from 150 to
300 mA/cm2

geo while the H2 yield increases. Specifically, the CO
drops with 76% for Agplate, 37% for Agfoam, 38% for Agetched, and
41% for AgNP. Meanwhile, the H2 yield increases for Agplate by
5.5X, and for Agfoam, Agetched, and AgNP, it’s at least doubled. The
highest selectivity towards CO was obtained using Agetched with
a FY of 82.6% at 150 mA/cm2

geo. In contrast, the lowest CO FY
was obtained using Agplate at 300 mA/cm2

geo at 7.9%. The drop in
CO selectivity and increase in H2 production when doubling the
applied current density show that HER is outcompeting CO2RR.

Whilst overcoming the low CO2 solubility challenge by pres-
surising the system, the concentration of CO2 in the double layer

ChemCatChem 2025, 17, e01122 (3 of 7) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 6. Cathodic gas flows from a 22 + h electrolysis with Agfoam at A) 150 mA/cm2
geo and B) 300 mA/cm2

geo.

Figure 7. Time-dependent Faraday yield of gaseous CO2R electrolysis products using Agfoam at A) 150 mA/cm2
geo and B) 300 mA/cm2

geo.

Figure 8. Faraday yield of gaseous CO2R products of the different
electrodes at 150 mA/cm2

geo and 300 mA/cm2
geo.

is still limited by mass transport at these high current densities.
As this is an aqueous system, instead of seeing predominantly
CO2RR, HER becomes more prominent at higher current densi-
ties. Note that the Faraday yields do not add up to 100%. This is
because only gaseous products could be detected during elec-
trolysis, and only CO and H2 were screened. A comparison of the
CO Faraday yield between different pressures (15, 30, and 45 bar)
at both 50 and 250 mA/cm2

geo is shown in Figure S9. We see
that in the 50 mA/cm2

geo experiments, the system is not mass
transport limited, as comparable CO Faraday yields are obtained.
Whereas this is not the case in the 250 mA/cm2

geo system. There,
the CO yield is improved with increasing pressure. Another pos-
sible product using silver electrodes is formate.[33–35] Elsewhere,
it was reported that CO can be reduced electrochemically under
high pressure to ethanol and propanol using silver electrodes.[36]

But as our electrolysis took place in a semi-separated batch sys-
tem, such products, if any, would have been oxidised at the
anode. We label this system as “semi-separated”, as a gap was left
at the bottom of the membrane holder to counteract a shift in
electrolyte levels for long runs, thus enabling mixing and diffu-
sion of liquid products (see photos and schematics in Figure S10).

ChemCatChem 2025, 17, e01122 (4 of 7) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 9. Faraday yield of gaseous CO2R products dependence on surface roughness at A) 150 mA/cm2
geo and B) 300 mA/cm2

geo. Note that although the
yields in (B) look like they mirror each other, the values for CO and H2 were in fact calculated separately, based on their GC peak areas.

Analysis of the electrolyte post-electrolysis showed only trace
amounts of formate.

Because the selectivity to CO and H2 depends on the
applied current, we also studied it against the surface rough-
ness. Figure 9A,B show the FY for CO and H2 at 150 mA/cm2

geo

and 300 mA/cm2
geo, respectively. At 150 mA/cm2

geo, the selec-
tivity for H2 does not depend on the surface roughness – all
electrodes have a yield < 3% hydrogen. In contrast, the CO
selectivity varies between 33% and 83%, depending on the elec-
trode. Surprisingly, we see a difference between the three foam
electrodes: where Agfoam and Agetched show a similar high FY,
AgNP has a much lower CO yield at 55%. This suggests that
increasing the surface area does not result in higher CO yields
at 150 mA/cm2

geo. The same comparison was done for the Fara-
day yields at 300 mA/cm2

geo (Figure 9B). Here, both the CO
and H2 yields change significantly with a change in surface
roughness.

The fact that hydrogen production on the foam electrodes
becomes dependent on the surface area at 300 mA/cm2

geo

reflects the much higher concentration of protons in the dou-
ble layer. The system can fulfil the high current demand by
performing more HER when the CO2 concentration at the dou-
ble layer is depleted (Figure 10). As the ESCA increases, the
overall observed FY remains between 55% and 70%, showing
that the formation of other CO2RR products, such as formate,
remains constant. The higher FY for the pristine plate elec-
trode may reflect the lower affinity of CO2 to the smooth
electrode, which reduces the chance of both CO and formate
formation.

3. Conclusions

High-pressure electrochemical reduction of CO2 to syngas is pos-
sible using commercial silver foam electrodes. Moreover, the
stability and scalability of the system open opportunities for real-
life applications. CO Faraday yields in such systems can exceed
80%, and the competing hydrogen evolution reaction can be
suppressed by tuning the applied current. The trade-off between

Figure 10. Schematic of the CO2RR and the HER at the surface, where the
CO2 concentration (green) near the surface is depleted at the higher
current density. Here, “r” denotes the distance between the double layer
and the bulk electrolyte.

CO and formate products has been shown to depend on the
reaction pressure.[24] Yet we also show that while the CO2 reduc-
tion reaction always depends on the electrode surface area, the
HER only depends on the area at high current densities. Thus, the
current density is the most important single factor that governs
the CO selectivity.

The past decade has seen an explosion in the num-
ber of studies reporting on electrochemical CO2 reduction.
However, most of these studies run under model conditions,
which means low pressures. The main reason for this is
that building and maintaining high-pressure electrochemical
laboratory setups is difficult and costly. Low-pressure stud-
ies can give valuable fundamental information about elec-
trochemical reactions. Yet as we show here, there is rarely
a 1:1 relationship between the reaction parameters under
“laboratory conditions” and “industrial conditions”.[37] Running
electrochemical reactions under industrially relevant condi-
tions is crucial if one wants to obtain industrially relevant
results.

ChemCatChem 2025, 17, e01122 (5 of 7) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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4. Experimental Section

4.1. Materials and Instrumentation

Unless stated otherwise, all chemicals were obtained from com-
mercial suppliers and used as received. Silver foam electrodes were
obtained from Alantum Europe, and silver plate electrodes (0.1 mm,
> 99.99%) were purchased from Alfa Aesar. Acetone (> 99%) and
ethanol (96.2%) were sourced from VWR Chemicals. Hydrochloric
acid (37%) was obtained from Fisher Scientific, potassium hydrox-
ide (85%) from Thermo Scientific, and potassium bicarbonate (>
99.95%) from Sigma Aldrich. CO2 (99.99%), He (99.99%), and Ar
(99.99%) were all supplied by Messer. N2 (99.99%) was supplied
by Linde Gas. Mechanical roughening of plate electrodes was per-
formed using P120 grid sandpaper. Millipore Milli-Q purified water
was used for all solutions in this work.

Cyclic voltammograms were taken in an undivided three-
electrode cell, equipped with a graphite rod (Sigma-Aldrich) counter
electrode and an Ag/AgCl (Mengel Engineering) reference. For these
experiments, a Multi Autolab/M204 potentiostat (Metrohm) was
used. Results were not compensated for the ohmic drop. Reported
potentials were converted to RHE according to Equation (8):

ERHE = EAg/AgCl(KClsat) + E◦
Ag/AgCl(KClsat) + 0.059 × pH (8)

The high-pressure electrolysis experiments were performed in a
semi-separated Parr autoclave (SS 316) equipped with two electrode
ports and a Nafion 117 (Ion Power, 6 × 4.5 cm) membrane. Here,
a custom-made membrane holder was used, where the electrode
distance was fixed at 15 mm from the CEM. Silver electrodes were
attached to the holder using Teflon tape, and the electrical con-
nection was made using Ag wire. The counter electrode used was
a Ti mesh Ir-MMO (Magneto Special Anodes) and was connected
by Ti wire. Both electrical connections are shielded from the elec-
trolyte with PTFE tape. To prevent cathodic volume increase over
time, a gap at the bottom of the holder was left to allow for liq-
uid flow between the compartments, hence a semi-separated cell.
Gases were fed to the autoclave using Bronkhorst mass flow con-
trollers (MFCs). CO2 was bubbled in excess (15X) at the cathodic
compartment using a plastic sparger. Helium was mixed in as an
internal standard for GC analysis. CO2 was fed at 50 mL/min and He
at 1 mL/min (see also a schematic and piping and instrumentation
diagram in the Supporting Information).

Optical microscope images were obtained using a Delphi-X
Observer equipped with a sCMEX-20 camera using ImageFocusAl-
pha software. X-ray diffraction (XRD) was measured on a MiniFlex
II diffractometer (Rikagu) with Ni-filtered CuKα radiation at 30 kV.
Diffraction patterns were taken between 30° and 9° (2θ ) at a scan
speed of 2.5°/min with a 0.05° step size. Gas chromatography (GC)
was used to analyze the gaseous products on a Varian CP-4900 4-
channel Micro Gas Chromatograph. Argon served as a carrier gas,
and helium was used as an internal standard. The product gas
mix was depressurised to atmospheric pressure using an Equilibar
pressure regulator and dried over a column before GC analysis.

4.2. Procedures

Electrode preparation: Silver foam and silver plate electrodes were
cut into 1 × 2.5 cm pieces and mechanically roughened where
needed. The electrodes were cleaned by sequential sonication in
6 M HCl for 30 min, followed by sonication in acetone, ethanol,
and water for 15 min each. In between each sonication step, the
pieces were rinsed with water. The clean Ag electrodes were dried
overnight at room temperature.

Cyclic voltammetry (CV): CVs to determine the ECSA by Ag+/Ag0

transition integration were taken from –1.0 V and 1.0 V versus
Ag/AgCl in N2-degassed 1 M KOH. A total of three cycles was
recorded per electrode at a scan speed of 50 mV/s.

Electrolysis: Electrolysis experiments were performed at 30 bar,
5 °C, and at an applied current density of 150 mA/cm2

geo or
300 mA/cm2

geo. All experiments were conducted in a 0.5 M KHCO3

electrolyte, which was stirred at 600 rpm. The applied current was
held for 4.5–25 h, depending on the run.
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