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Recently, the pressurized electrochemical reduction of CO, (PrCO2RR) in aqueous systems has emerged as a
particularly promising route for the conversion of CO; into value-added products. To facilitate the development
of this process at an applicative scale, it is essential to evaluate its performance at appreciable current intensities
(D) using systems that are low-cost and easily scalable.

In this work, the PrCO2RR to formate (FA) was carried out in a simple undivided cell equipped with relatively

large-area Sn cathode, investigating the effects of several key parameters, including I (4-20 A), CO3 pressure
(Pco,, 1-30 bar), supporting electrolyte concentration, and electrolysis duration. The best performances were
obtained at intermediate values of both I and Pco,, enabling efficient CO2 conversion to FA with high produc-
tivity and final formate concentrations up to 5 wt%, which are significantly higher than those previously re-
ported in the literature for PrCO;RR.

1. Introduction

To curb the human-induced carbon emissions, the CO, trans-
formation into useful products has become a focal point of research
(Bushuyev et al., 2018). Among the various CO; valorisation pathways,
the electrochemical reduction of CO2 (CO2RR) stands out as a particu-
larly promising route due to notable benefits, including its ability to
operate under relatively mild conditions, the potential for compact and
modular system configurations and its integration and compatibility
with intermittent renewable energy inputs (Proietto et al., 2021).
CO2RR can yield more valuable products, such as formic acid or formate
(FA) (Proietto et al., 2021; Philips et al., 2020), syngas (Bushuyev et al.,
2018; Yaashikaa et al., 2019; Tang et al., 2021), carbon monoxide (CO)
(Masel et al., 2021; Zhang et al., 2024; Yang et al., 2023; Proietto et al.,
2022), methane, and various hydrocarbons (Proietto et al., 2021;
Leonzio et al., 2024; Qiu et al., 2023) using only CO», water and elec-
tricity ideally sourced from renewables. Recently, extensive research has
been focused on advancing electrochemical strategies for COoRR; among
these, the pressurized cathodic reduction of CO, (PrCO2RR) in aqueous
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systems has emerged as a particularly promising pathway for valorising
CO2. A wide range of cathodes has been studied for PrCO2RR, including
Ag (Proietto et al., 2024; Dufek et al., 2012; Gabardo et al., 2018;
Proietto et al., 2021), Sn (Proietto et al., 2023; Scialdone et al., 2016;
Proietto et al., 2018; Ramdin et al., 2019; Morrison et al., 2019; Proietto
et al., 2025), Bi (Proietto et al., 2025; Proietto et al., 2023; Sun et al.,
2025; Ruan et al., 2022; He et al., 2018) Pb (Todoroki et al., 1995; Koleli
and Balun, 2004; Mizuno et al., 1995), Hg and In (Todoroki et al., 1995;
Mizuno et al., 1995), Cu (Qiu et al., 2023; Hara et al., 1994; Girichan-
dran et al., 2024; Zong et al., 2023; Li et al., 2020), Ni (Yaashikaa et al.,
2019; Proietto et al., 2025; Kudo et al., 1993), and Au (Morrison et al.,
2023; Hara et al., 1995), among others (Hara et al., 1995; Chen et al.,
2024). Recent economic analyses have highlighted FA and CO as the
particularly attractive outputs of PrCO2RR, with promising prospects for
achieving profitability (Proietto et al., 2025; Proietto et al., 2021; Huang
et al.,, 2021). Despite these promising features, the crucial hurdles to
ensure the economically viable production for large-scale application
are to ensure high productivity (i.e., operation at high current intensity
— I), high selectivity and faradaic efficiency (EF), as well as long-term
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stability and low capital costs. It is worth to mention that the low CO5
solubility in water-based electrolyte at 1 bar (~33 mM in water at 25 °C)
results in severe mass transport limitations, restricting the maximum
achievable current density (j) and I, and poor space-time yields.
PrCO2RR can enhance the product productivity (high j and I) and the
target product selectivity, reduce the energy consumption and avoid the
use of expensive electrodes such as gas diffusion ones. In water-based
electrolytes, CO> solubility rises with increasing its partial pressure
(Pco,). Several studies have highlighted that PrCO2RR can accelerate the
CO4 mass transport, thereby enabling operation at higher j and I and
faster FA or CO production while minimising the H; evolution reaction
to improve CO2RR selectivity (Proietto et al., 2025; Huang et al., 2013).
Recent studies have highlighted the importance to reduce overall costs
of the process (Proietto et al., 2024; Proietto et al., 2023; Scialdone et al.,
199 (2016); Proietto et al., 2018; Ramdin et al., 2019; Proietto et al.,
2025). This includes also the potential use of less expensive equipment
(e.g., undivided cells, low-cost cathodes). While high-pressure systems
can lead to increased capital and operational expenditures, moderate
pressures (up to about 20 bar) generally do not impose significant cost
penalties (Qiu et al., 2023; Proietto et al., 2021). For instance, Proietto
et al. (Proietto et al., 2024; Proietto et al., 2025) reported that the
identification of proper conditions, in terms of Pgp, and j, can allow to
minimize both capital and operational costs as well as energy con-
sumption using different cathodes. Recent findings also show that P¢o,
plays a crucial role in determining reaction selectivity. Higher Pco,
levels lead to increased CO, surface coverage and reduced proton con-
centration at the cathode, favouring CO; reduction over Hy generation
(Todoroki et al., 1995; Mizuno et al.,, 1995; Hussain et al., 2025;
Lamaison et al., 2020; Heuser et al., 2025). However, even if some
interesting scale-up were recently reported for CO2RR (as an example,
Izadi et al. used electrodes with a surface of 400 cm? (Izadi et al., 2026),
most of studies performed at elevated pressure, mainly using divided
cells, operated at relatively high j but with small electrode areas and
consequently with small I, thus giving rise to very slow production of FA
and/or CO and low final FA concentrations (Hussain et al., 2025;
Lamaison et al., 2020; Heuser et al., 2025).

The final FA concentration ([FA]) is of particular importance because
the electrolysis step is followed by a concentration stage that strongly
influences the overall process economics: the lower the [FA] obtained
during electrolysis, the higher the costs associated with the overall
process (Proietto et al., 2021). Proietto et al. (Proietto et al., 2018),
employing an undivided filter-press cell with a Sn plate cathode (active
area: 9 cmz), achieved 1.26 wt% FA (273 mM) with a FE of ~ 82% at 23
bar and 0.45 A. Similarly, Ramdin et al. (Ramdin et al., 2019) reported
PrCO,RR at 50 bar using a larger electrode area (80 cm?), obtaining a
final FA concentration of 1 wt% (217 mM) with a ~ 90% FE after 20 min
of electrolysis at 2.4 A in a divided electrochemical cell equipped with a
Sn cathode and a bipolar membrane. Sun et al. (Sun et al., 2025)
observed an increase in I from approximately 0.5 A (2000 mA mg~?) to
1.7 A (7084 mA mg~!) when pressurizing CO, from 1 to 40 bar,
achieving a FE of 78% using a 0.5 cm? two-dimensional BiyOsSe elec-
trode (0.5 mg em ) in a COq-saturated 0.5 M KHCOg3 electrolyte.
Although these studies demonstrate the benefits of pressurization, they
generally operate with small electrode areas and consequently with low
Is, limiting FA production rates and the final [FA]. Therefore, a sys-
tematic investigation of PrCO2RR under conditions combining high
productivity of FA (i.e., high I), large electrode area and pressurization,
with a specific focus on achieving high FA concentrations, is still lacking.

To address these gaps, the present study conducts a comprehensive
evaluation of PrCO2RR to FA over a wide range of operating conditions.
A simple undivided cell equipped with a low-cost Sn plate cathode was
employed to assess the feasibility of using an apparatus characterized by
a small capital investment. The combined effects of P¢o, (1-30 bar) and
industrially more relevant Is (4.5-20 A) were explored using a relatively
large-area cathode (260 cm?). The effects of the concentration of the
supporting electrolyte and of the duration of the electrolysis were also
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evaluated. Process performance was assessed in terms of formate con-
centration ([FA]), faradaic efficiency (FE), productivity, and energy
consumption.

2. Materials and methods
2.1. Electrochemical CO2 reduction system

The electrochemical cell employed a two-electrode, parallel plate
configuration with a surface of electrodes of 260 cm?. The cathode was a
tin sheet (Sn foil, RPE, 99% purity). The anode was a commercial
Dimensionally Stable Anode (DSA) composed of a titanium substrate
coated with a mixed metal oxide layer of iridium and tantalum (Ti/IrO;
— Tag0s), sourced from UTron Technology Co., Ltd. Prior to its instal-
lation in the reactor, the DSA anode was cleaned in an ultrasonic bath
containing deionized water to ensure a clean and active surface. A
rigorous and multi-step pre-treatment protocol was implemented for the
tin cathode before each experimental run, consisting of three sequential
steps: i) chemical etching (the tin foil was immersed in an 11% aqueous
HNOs3 solution for 2 min) ii) mechanical smoothing and iii) ultrasonic
cleaning. The experiments were conducted in a custom-built, continuous
recirculation reaction system designed for operation under pressure,
moving beyond typical lab-scale batch configurations to better simulate
process-oriented conditions. The core of the system was a pressurized,
undivided filter-press electrochemical cell featuring the parallel plate
electrodes described in Fig. 1, with a fixed inter-electrode gap of 0.5 cm.

The process flow diagram is shown in Fig. 2. The electrolyte was
continuously circulated through the system using a centrifugal pump
(VIKDA-V24) with a maximum delivery capacity of 300 mL min~!. The
main storage tank is constructed of stainless steel and features two ports
at its top: one port branches into two lines, one for carbon dioxide feed
and the other for liquid phase circulation; the other port is used for
venting gaseous products. All system components, including tubing and
connectors, were fabricated from AISI 316 stainless steel to ensure
chemical inertness and corrosion resistance. The total volume of the
closed-loop system exceeded 1 L. For precise control of the operating
conditions, the system was equipped with a pressure gauge and a pres-
sure relief valve, allowing for regulation of the internal CO5 pressure.
This pressurized design is a key feature, as it significantly increases the
solubility of COy in the NaHCO3 aqueous electrolyte according to a
relationship that combines Henry’s law with the Setschenow equation
for electrolyte effects (Han et al., 2011) thereby mitigating mass trans-
port limitations of the reactant to the cathode surface and enabling
operation at higher j. The combined Henry-Setschenow take in consid-
eration that electrolyte-induced salting-out reduces CO» solubility (Han
et al., 2011).

For each experiment, the system was charged with a total volume of
0.4 L of the NaHCOs electrolyte (0.1,0.2,0.5 and 0.8 M). The electrolyte
was circulated through the electrochemical cell at a constant flow rate of
56 mL min . Simultaneously, CO, gas was fed into system to the target
initial pressure. All electrolytic experiments were conducted at room
temperature under constant current conditions (15, 17.3, 30, 50 mA
cm~2). The applied j was calculated by normalizing the total current by
the geometric surface area of the tin cathode that was wetted and
directly exposed to the anode, which was specified as 260 cm? To
ensure the reliability of the obtained data, each experimental condition
was tested in at least two independent runs, and the results were
accepted only if the reproducibility was within a 5% margin. Upon
completion of each experiment, the entire system was thoroughly
cleaned by continuously circulating distilled water to prevent cross-
contamination between runs.

2.2. Chemicals and analytical methods

The preparation method for the electrolyte involves dissolving so-
dium bicarbonate (NaHCO3) in deionized water at concentrations of 0.1,
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Fig. 1. Schematic view of the electrochemical cell.
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Fig. 2. The process flow diagram of the system.

0.2, 0.5 and 0.8 mol L%, High-purity carbon dioxide (CO3, 99.999%
purity) was used as the reactant feedstock for all electrolysis experi-
ments. The chemical pre-treatment of the cathode involved an 11%
aqueous solution of nitric acid (HNO3). The concentration of formic acid
produced in the liquid phase was quantified using a Shimadzu LC-2060C
High-Performance Liquid Chromatography (HPLC) system. The analysis
was performed on a C18 column maintained at a constant temperature
of 30 °C. The eluting formic acid was detected by a UV-Vis detector set
to a wavelength of 210 nm. The mobile phase was a 0.02 M aqueous
solution of H3PO4, which was eluted at a constant flow rate of 0.6 mL
min~'. Quantitative determination of FA concentration was achieved
through an external calibration curve generated from standards of
known concentration prepared from pure FA.

The performance of the electrochemical process was evaluated by
calculating the Faradaic Efficiency (FE) for FA production. The overall
FE at a given time t was calculated using equation (1):

FE = 2FV [FA]/ It ]

where F is the Faraday constant (96487C mol 1), V is the total volume of
the liquid electrolyte (0.4 L), [FA]; is the molar concentration of FA at
time t, and I is the total applied current. The factor of 2 in the numerator
accounts for the two moles of electrons required to reduce one mole of
CO;, to formic acid (eq. (2)).

CO2 + 2H+ + 2e-— HCOOH 2)

The performance of the process was also evaluated in terms of: i)
energy consumption (EC), Eq. (3), expressed in kWh per mole of formate
produced, and ii) productivity (rga), Eq. (4), defined as the mass of FA
generated per hour (g h™!) (where MWj, is the molecular weigth of FA
46 g mol’l).

EC = AVIt/molgs[ = [kWhmol,, 3)
rFA = EFjMWg, /nF| = |gh™! (C))
3. Results and discussion

3.1. Effect of pressure

As mentioned in the introduction, the performance of CO2RR at
various cathodes can be strongly improved enhancing the Pgp,. In this
work, the effect of Pgo, was investigated for the CO2RR to FA using a tin
cathode by performing a series of 3-hour electrolyses in an undivided
pressurized cell containing a 0.5 M NaHCOs solution, under galvano-
static conditions ata I of 4.5 A (j = 0.17 kA m~2). The Pco, values were
set at 1, 5, 7, 9, 15 and 20 bar. A Ti/IrO5-Tas0Os anode was selected
because it is known to favour oxygen evolution over FA oxidation to CO,
(Scialdone et al., 199 (2016)). At 1 bar, the electrolysis yielded a final
[FA] of approximately 0.25 M, corresponding to a FA productivity (rga)
of about 1.6 g h™! and an energy consumption (EC) of ~ 0.54 kWh
mol 1. The EC values were associated with an interelectrode potential
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difference (AV) of approximately 4 V and a FE of ~ 41%, due to the
predominance of the hydrogen evolution reaction (HER). The final pH
was around 7.9, consistent with the buffering action of the bicarbonate
system (Eq. (5)-(6)).

CO, + Hy0 = H,yCO3 = H' + HCO3 (5)
HCO3 = H* + C0%™ (6)

An increase in CO3 pressure from 1 to 7 bar significantly improved
the figures of merit of the process (Fig. 3). As shown in Fig. 3A, the final
[FA] increased from 0.25 to 0.32, 0.41, and 0.43 M as P¢o, was raised
from 1 to 3, 5, and 7 bar, respectively. This enhancement was primarily
driven by a substantial increase in the FE, which rose from 40% to 51%,
65%, and 67%, respectively (Fig. 3B). Consequently, the rpa increased
from 1.6 to 2.6 g h!as Pco, was elevated from 1 to 7 bar (Fig. 3C).
According to the literature, the beneficial effect of increasing P¢o, on
CO2RR is attributed to the higher solubility of CO, under pressure,
which enhances the rate of mass transport to the cathode surface and
promotes its subsequent adsorption (Proietto et al., 2021). The rela-
tionship between EC and Pco, is reported in Fig. 3D. A marked decrease
in EC was observed as P, increased from 1 to 7 bar, resulting from both
the improvement in FE and a slight reduction in the AV, which
decreased from approximately 4.0 V at 1 bar to 3.75 V at 7 bar. Further
increases in P, to 9, 15, and 20 bar led to lower [FA] values (Fig. 3A)
and reduced rpp (Fig. 3C), corresponding to a decrease in FE. For
instance, FE declined from 67% at 7 bar to 50% at 20 bar. Accordingly,
the plots of FE versus P¢o, (Fig. 3B) and EC versus P¢o, (Fig. 3D)
exhibited a maximum and a minimum, respectively. Similar trends have
been previously reported for CO2RR on Ag and Sn electrodes (Proietto
etal., 2024; Proietto et al., 2025). To try to understand this trend various
factors can be considered:

(i) the increase of the CO; pressure gives rise to a decrease of the pH
due to the acidic character of HoCO3 thus potentially favouring
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the H, evolution which is promoted by a higher H' concentra-
tion; however, the buffering action of NaHCOs resulted in a small
modification of pH which was in all cases in the range 6.9-7.9;
(ii) it was previously considered that an excessive CO5 coverage at
high pressures is expected to limit the availability of water,
protons, and adsorbed hydrogen required for FA formation (Egs.

(7)-(8))
CO3 + Hy0 + e +* = HCOOad + OH™ (7)
HCOOad + H20 + e”— HCOOH + OH + * (8)

Overall, it is worth noting that operating at a relatively low P¢o, of 7
bar, which entails low operational and capital costs (Proietto et al.,
2024), enabled the achievement of an appreciable FE and a quite high
final [FA] of 0.47 M. To the best of our knowledge, the highest [FA]
values previously reported for PrCO2RR were approximately 0.3 M.

3.2. Effect of current intensity

From an industrial perspective, operating at relatively high I is
essential to enhance cell productivity. However, most of the PrCO2RR

Table 1
Effect of [SE] on PrCO,RR*.
[SE] [FA] (M) FE (%) AV (V) EC (kWh mol %)
0.1 0.19 30 4.2 0.70
0.2 0.21 33 4.0 0.65
0.5 0.42 67 3.5 0.31
0.8 0.41 65 3.4 0.28

* PrCO,RR at Sn cathode and Ti/IrO,-TayOs anode using a water solution (0.4
L) of NaHCO3 under amperostatic conditions (I = 4.5 A) for 3 h with initial Pgo,
of 7 bar.
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Fig. 3. Effect of Pgo, on PrCO2RR performed for 3 h in an undivided cell equipped with Sn cathode and Ti/IrO,-Ta,Os anode using a water solution of 0.5 M NaHCO3
under amperostatic conditions with I = 4.5 A and initial P¢o, of 1, 5, 7, 9, 15 and 20 bar. (A) Plot of [FA] vs time at different P¢o,. Plot of (B) FEg,, (C) EC and (D) r
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experiments reported in the literature have been conducted at Is below 1
A (Table 2). In this work, the effect of I and j was systematically inves-
tigated by performing a series of electrolyses at 7 bar with Is of 4.5, 5.6,
8, and 13 A, corresponding to js of 0.17, 0.21, 0.30, and 0.50 kA m’z,
respectively. As shown in Fig. 4A, increasing I from 4.5 to 5.6 A (i.e.,
from 0.17 to 0.21 kA m’z) led to a rise in the final [FA] from 0.42 to
0.47 M after 3 h, attributable to the higher total charge passed (+24%),
which was only partially offset by a moderate decrease in FE from 68%
to 61%. Consequently, the cell productivity increased from 2.6 to 2.9 g
h~! (Fig. 4C), while the corresponding EC showed a slight increase
(Fig. 4D). However, further increasing I beyond 5.6 A (0.21 kA m’z)
resulted in lower [FA] values (Fig. 4A), reduced rga (Fig. 4C), and higher
EC (Fig. 4D). This decline in performance was primarily due to a pro-
nounced decrease in FE, which counteracted the benefit of the larger
charge passed.

To rationalize the detrimental effect observed at high I, it is impor-
tant to note that elevated I and j are expected to decrease CO, surface
coverage, thereby promoting the competitive adsorption of hydrogen
species and enhancing the hydrogen evolution reaction (HER) (Proietto
et al., 2024). Consequently, the negative influence of high I on FE may
be mitigated or even prevented by operating at higher Pco,. Therefore,
the effect of I was also investigated at 20 bar. As shown in Fig. 4A and
5A, increasing P¢o, substantially improved the process performance.
Under these conditions, increasing I up to 13 A (0.5 kA m 2) led to a
marked enhancement in FA production. Specifically, raising I from 4.5
to 8 and 13 A (i.e., from 0.17 to 0.3 and 0.5 kA m~2) resulted in final
[FA] values of 0.3, 0.6, and 0.8 M, respectively (Fig. 5A), with corre-
sponding rga of approximately 2.0, 4.0, and 5.2 g h™! (Fig. 5B). These
improvements were associated with the larger total charge passed and
FE values exceeding 50% (Fig. 5B). However, further increasing I to 20 A
(0.75 kA m~2) led to a sharp decline in rps (Fig. 5A and C) and a sig-
nificant rise in EC (Fig. 5D), as a consequence of the pronounced drop in
FE (Fig. 5B). Overall, these results indicate that increasing Pco, effec-
tively enables operation at higher I with satisfactory performance,
although excessively high I remains detrimental to process efficiency.

Table 2
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3.3. Coupled effect of I and Pco,

As shown in the previous section, the effect of I strongly depends on
the adopted P, and vice versa. Hence, to evaluate the coupled effect of
I'and Pco,, a large series of electrolyses was carried out changing both I
and Pgo,. Fig. 6 reports the results achieved after 3 h by changing P, at
various values of I. It is clearly shown that:

o the optimal value of P¢p, in terms of rpa strongly depends on the
adopted I and it increased with I (Fig. 6A and 6B), thus confirming
that a proper balance between P¢o, and I is necessary; as an example,
the optimal values of P¢o, were 7 bar at 4.5 A (rpa = 2.6 g h™1) and
20 bar at 13 A, corresponding to 0.5 kA m 2 (rpa = 5.2 g h 1y

o similarly, the optimal value of I in terms of rgs strongly depends on

adopted P¢o, and it increased with Pgp,: as an example, the optimal

values of  were 4.5 (0.17 kA m_z) and 13A (0.3 kA rn_z) for Pgo, of 7

and 20 bar, respectively (Fig. 6D and 6E);

the highest values of both [FA] (0.85 M) and rps (5.2 g h’l) were

achieved coupling intermediate values of both I (13 A) and P, (20

bar);

too high values of both P¢o, and I were not useful to increase the rga

(Fig. 6B and E).

Moreover, it was shown that the EC in most of cases decreased with
Pco, because of both the increase of the rpa and the decrease of the AV
even if too high P¢p, resulted in an increase of EC (Fig. 6C). As an
example, at 13 A the increase of Pgp, from 1 to 20 bar resulted in a
decrease of EC from 3.05 to 0.47 kWh mol ! (Fig. 6C) because of the
increase of [FA] from 0.16 to 0.85 M (Fig. 6A) coupled with the decrease
of AV from 5 to 4.7 V. However, a further increase of P¢o, to 30 bar gave
rise to a slight increase of EC (0.5 kWh mol™ 1) due to the slight decrease
of rpa (Fig. 6A and B). Conversely, the increase of I resulted usually in an
increase of EC (Fig. 6F) due mainly to the enhancement of the charge
passed for the same amount of time and of AV; as an example, at 15 bar,
EC increased from 0.30 to 0.39 and 0.69 kWh mol~! upon increasing I
from 4.5 to 8 and 13 A (i.e., from 0.17 to 0.3 and 0.5 kA m~2) because
the increase of [FA] (from 0.36 to 0.6 and 0.74 M) was partially wasted
by the higher amount of charge passed and by a significant increase of

Comparison with some electrochemical performances for PrCO,CR into FA reported in literature.

Entry  Pgo,(bar) j I Area Typeof cell ~ Cathode Electrolyte Time [FA] FE (%) Ref.
(mA (A) (cm?) (mM)
cm’z)

1 23 -50 0.45 9 Undivided Sn foil 0.1 M NaySO4 43h 273 82 (Proietto et al.,
2018)

2 30 —-163 0.026 0.16 Divided Sn wire 0.1 M KHCO3 3.2h NA 92 (Hara et al., 1995)

3 50 -30 2.4 80 Divided Sn plate 0.25 M K,SO4 20 min 217 90 (Ramdin et al.,
2019)

4 30 -593 0.59 1° Divided Bi nanosheets 2 M KHCO3 30 min 82" 90 (Ruan et al., 2022)

5 56 —-500 0.035 0.07 Undivided POD-Bi 0.5 M KHCO3 ~ 27 0.26mmol* 91 (He et al., 2018)

min

6 10 -75 0.113 1.5 Undivided Bi rod 0.1 M NaySO4 30h 80 92 (Proietto et al.,
2023)

7 40 —150 0.36 2.4 Undivided Sn foil 0.5 M KHCO3 2h 235 90 (Proietto et al.,
2025)

8 56 -190 0.45 2.4 Undivided Bi foil 0.5 M KHCO3 2h 268 80 (Proietto et al.,
2025)

9 55 -50 0.12 2.4 Undivided Ni foil 0.5 M KHCO3 2h 30 36 (Proietto et al.,
2025)

10 100 -2 0.002 1 Divided Cu based catalyst 0.1 M KHCO3 12h NA 20 (Qiu et al., 2023)

11 40 —3542 1.7 0.5 Divided 2D Biy0,Se 0.5 M KHCO3 NA NA 78 (Sun et al., 2025)

electrode
12 7 or 20 21-50 5.6 or-13 260 Undivided Sn foil 0.5 M 3-8h 800—1100 66—51 This work
NaHCO3

NA: not available in the related paper.
2 ECSA = 58 cm®

b Estimated by these authors considering the information of the related reference: V = 60 mL and 9.9 mmol h™! ¢cm

-2

¢ Estimated by these authors considering the information of the related reference: r = 391 mg h™* cm~2 MW: 46 g mol ..
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AV (from 3.3 to 4.0 and 4.6 V).

High values of I and j are expected to affect negatively the production

of FA due to various complementing effects: (i) gas bubble accumulation
(Martens et al., 2023), (ii) temperature increase (Proietto et al., 2023),
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(iii) high pH gradient between the cathode surface and (iv) lower
coverage of the surface by COs. In particular, the use of high I is expected
to cause a small increase of the temperature in the diffusion layer, and it
was previously shown that the PrCO2RR is significantly favored by low
temperatures (Proietto et al., 2023). Moreover, we have verified by
experiments performed in conventional lab glass cells that at these js
part of the electrode is covered by gas bubbles that reduce the active
surface. Higher I may also create mass transfer limitations, that were
prevented in our case by the high concentrations of CO; present in the
bulk due to the use of relatively high CO, pressures; indeed, the limiting
js for a process under the kinetic control of the mass transfer of CO5 to
the cathode surface were significantly higher than adopted js.

To better understand the coupled effect of I and Pgo,, it is useful to
consider the reaction mechanism for the PrCO-RR to FA at tin cathodes.
The process can be described by the adsorption of CO; (eq. (9)), the
cathodic reduction of adsorbed CO (eq. (10)) and following reduction
to HCOOH and desorption (Egs. (11) and (12)).

COZ(aq,) + * = CO2(aq) ()

COs0d) + H" + € = OCOH(nq) (10)

OCOHgaqy + H" + € = HCOOH(aq) (11)
*HCOOH — * + HCOOH (12)

According to Proietto et al. (Proietto et al., 2019), the rate deter-
mining step of PrCO2RR to FA at tin cathodes involves the reduction of
adsorbed CO; and it can be described by a Langmuir-Hinshelwood type
expression (r = k(E) b [CO2]1/(1 + b [CO-]); hence, for a fixed value of I, r
is expected to increase proportionally to [CO2] (and to Pgp,) for lower
values of P¢o, and to tend to a plateau value for high values of P¢o,. This
model well illustrates why the production of FA increases with Pgo, up
to a maximum value but does not explain the decreased values of [FA]
observed for rather high values of Pgo,. To explain this trend, it was
recently proposed that a very high coverage of CO3 limits the presence of
protons and water necessary to produce FA (Proietto et al., 2024). To
understand the negative effect of high I on the production of FA, it is
useful to highlight that high currents are expected to reduce the
coverage of the surface by CO,, thus favouring the competitive
adsorption of H and the hydrogen evolution (Proietto et al., 2024), if
they are not sufficiently compensated by high concentrations of CO,
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imposed by adequate Pco, .
3.4. Effect of concentration of SE and time

Some authors have reported that the performance of CORR can
depend on the concentration of the supporting electrolyte (SE). In the
previous section, it was highlighted that an increase in I is often asso-
ciated with an increase of AV, leading to a higher EC. This effect could
potentially be mitigated by using more concentrated SE solutions. To
investigate this aspect, the influence of [SE] was studied by performing a
series of electrolyses at 7 bar and 4.5 A for 3 h using NaHCOs solutions
with different concentrations: 0.1, 0.2, 0.5, and 0.8 M.

According to the literature, the [SE] concentration can affect the
process in various ways:

e High [SE]s reduce the COs solubility. For example, according to the

literature, at CO, pressures close to 8 bar for T = 313 K, the increase

of [NaHCO3] from 0.1 to 0.8 M gives rise to a decrease of the COy

solubility in water of about 20% (Han et al., 2011).

The [SE] increase was reported to favour the hydrogen evolution

with respect to CO4 evolution for experiments performed with a Pgoz

of 1 bar with low js (Proietto et al., 2024).

Higher electrolyte concentrations enhance the ionic conductivity of

the solution, thereby reducing ohmic losses and mitigating both cell

potential and local temperature peaks during electrolysis.

e An increase in NaHCOg3 concentration promotes a higher local COy
availability through the equilibria described in Egs. ((5)-(6)).

Hence, the overall effect of [SE] is expected to depend stronlgly on
adopted operative conditions.

As shown in Table 1, [SE] had a strong and positive impact on pro-
cess performance. The final [FA] was approximately 0.2 M for the lowest
[SE] value and increased to about 0.4 M for [SE] of 0.5 and 0.8 M. In
addition, increasing [SE] reduced the cell potential from 4.2 V at 0.1 M
to 3.4 V at 0.8 M. Consequently, when using 0.8 M NaHCOs, the EC
decreased to approximately 0.28 kWh mol ™}, which is significantly
lower than the 0.70 kWh mol ! observed at 0.1 M SE.

The final [FA] value is highly relevant from an economic perspective.
Indeed, higher [FA] directly reduce the costs associated with down-
stream concentration steps required to obtain aqueous formate solutions
at marketable concentrations. As reported in Table 2, the [FA] values
achieved in this study are the highest reported so far for PrCO2RR. To
further enhance the final [FA], additional electrolysis experiments were
carried out for 8 h at 7 bar, applying currents of 4.5 and 5.6 A (condi-
tions that had yielded the best results in 3 h trials at the same pressure).
High [SE] values (0.8 and 1.0 M) were employed to minimizeEC.

Electrolyses performed at 4.5 A (Fig. 7A) resulted in a stable FA
production, with a nearly constant FE slightly above 60%, up to 6 h
(Fig. 7B). After 6 h, [FA] reached 0.77 M, subsequently increasing to
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0.86 M after 8 h, although the FE decreased to 51%. According to recent
literature, experiments performed using carbon-free bismuth (Bi) and
tin (Sn)- based GDEs, in divided cells gave quite stable FE for almost 200
h at 100 mA cm 2 (Singh et al., 2026). The authors found that perfor-
mance degradation took place after 200 h and that it was predominantly
influenced by changes in electrolyte properties, specifically pH and
conductivity, rather than intrinsic catalyst failure. The slight FE decrease
observed after 8 h in this work is probably related to the fact that the
electrolyses were performed in undivided cells, thus potentially allow-
ing the anodic oxidation of formate to CO2, which can lower the overall
FE. Furthermore, this anodic oxidation process is expected to be pro-
moted at high FA concentrations. (Proietto et al., 2021). To evaluate the
impact of the anodic process, a series of electrolyses was performed in
the absence of CO, with an initial concentration of FA of 0.1, 0.2 or 0.3
M. It was shown that the oxidation of FA at the adopted cathode (Ti/
IrO2-Tay0s) is negligible when an initial [FA] of 0.1 M is used, but it
takes place in a significant way even if with a FE lower than 20% when
the initial [FA] is increased to 0.2 or 0.3 M, thus confirming the negative
impact of this anodic process on the electrochemical reduction of CO4 at
high [FA]. The results obtained at 4.5 A and 7 bar demonstrate that it is
indeed possible to achieve high [FA] values in undivided cells while
maintaining a relatively high FE, due to the fact that the cathodic
reduction of COy to FA at Sn cathodes takes place with very high
selectivity with respect to the anodic oxidation of FA at Ti/IrO2-Ta30s
anodes. However, it will be necessary in the future to devote a focused
study aimed to minimize the anodic oxidation of FA.

When the current was increased to 5.6 A, previously identified as
optimal for 3 h experiments at 7 bar (Fig. 4A), the [FA] rose almost
linearly during the first 6 h, with FE values between 65 and 67%
(Fig. 7B), reaching 1.0 M. Beyond 6 h, [FA] continued to increase up to
1.1 M, though with progressively decreasing FE values.

It is worth noting that, to the best of our knowledge, the [FA] values
obtained in this work are the highest reported to date for PrCO2RR
performed in undivided cells and among the highest achieved in divided
ones. Table 2 summarizes several results reported in the literature for
pressurized CO3 reduction to FA using different cathode materials in
both divided and undivided cell configurations. The highest [FA] values
previously reported were approximately 0.3 M (entries 1, 7, and 8),
obtained with Sn and Bi cathodes. In contrast, the present study ach-
ieved [FA] values up to 1.1 M with simple Sn plate cathode. High [FA]
concentrations have also been reported for non-pressurized systems
employing gas diffusion electrodes (GDEs) in divided cells, although
these typically remain below 0.5 M. (Proietto et al., 2021) A notable
exception is the work of Yang et al. (Yang et al., 2017), who achieved a
final [FA] close to 2.0 M using a rather complex three-compartment cell
design, consisting of an anode compartment, an intermediate flow
chamber containing a cation-exchange resin (Amberlite), and a cathode
compartment where electrochemical CO, reduction to formate occurs
on a Sn-based GDE. In contrast, the PrCO,RR system developed in this
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Fig. 7. Effect of time on (A) [FA] and (B) FEgs during PrCO,RR using Sn cathode and Ti/IrO,-Ta;Os anode using a water solution of 0.5 M NaHCO3 under

amperostatic conditions (4.5 and 5.6 A) with P¢o, = 7 bar.
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study employs a simple, low-cost undivided cell configuration equipped
with low-cost electrodes, significantly enhancing the economic attrac-
tiveness and scalability of the proposed method.

4. Conclusion

This study systematically investigated the pressurized electro-
chemical reduction of CO5 to FA (PrCO2RR) using a tin plate cathode in a
simple undivided cell configuration, operating at I between 4 and 20 A.
The effects of key parameters, including I, Pco, (1-30 bar), supporting
electrolyte concentration, and electrolysis duration, were evaluated to
optimize performance in terms of final [FA], rra, and EC. The best results
were achieved under intermediate values of both I and P¢o,, which
enabled high productivity and [FA] values in the range of 0.7-1.1 M,
surpassing significantly previously reported data for PrCO,RR. The main
findings can be summarized as follows:

e both [FA] vs. Pgo, and [FA] vs. I plots exhibited a clear maximum;

o the optimal P¢o, increased with I, confirming the need for a proper
balance between these parameters; for instance, optimal P¢o, values
were 7 bar at 4.5 A and 20 bar at 13 A;

e similarly, the optimal I increased with Pco,: at 7 and 20 bar, the best
performances were observed at 4.5 and 13 A, respectively;

e higher supporting electrolyte concentrations (0.5-0.8 M NaHCOs3)
reduced AV and EC, while longer electrolysis times (up to 8 h)
further enhanced [FA].

Overall, these results demonstrate that the combination of moderate
Pco,, optimized I, and adequately concentrated electrolytes enables
highly efficient, low-cost, and scalable electrochemical production of
FA. However, further investigations will be necessary to enhance the
scalability of this apparatus for large-scale applications. In particular,
this process, especially if performed in undivided cells, may be affected
by the potential formation of an explosive Hy/Oo mixture. Therefore,
future research will focus on this issue, and several strategies will be
explored, including: (i) the implementation of sacrificial anodes to
suppress the oxygen evolution reaction; (ii) the development of pres-
surized coupled processes that replace oxygen evolution with the pro-
duction of compounds characterized by higher economic value and
improved safety profiles; (iii) the use of more selective cathodes (e.g.,
mesh electrodes) to suppress or minimize hydrogen production at high
pressure; and (iv) the development of a novel reactor configuration
operating in continuous mode, aimed at preventing the mixing of the
potentially formed cathodic co-product (hydrogen) with the anodic
product (oxygen), while also increasing the conversion rate.
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