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The cathodic reduction of pressurized CO2 (PrCO2CR) at suitable
cathodes can allow to produce various chemicals, such as
formic acid/formate (FA) and carbon monoxide or synthesis gas,
with high faradic efficiencies (FEs) and productivities. Here, we
have performed the conversion of CO2 in an undivided
pressurized electrochemical reactor using silver cathode in
order to determine the optimal values of CO2 pressure and
current density. It was found that the plot FE vs. pressure

resulted in a curve with a maximum. Similarly, an optimal value
of current density can be selected for the PrCO2CR. The
competition between the production of carbon monoxide and
formic acid/formate is strongly affected by both the pressure
and the current density. Eventually the effect of pressure and
current density on the economic figures of the process was
evaluated.

1. Introduction

Cathodic reduction of CO2 (CO2CR) to various chemicals is
considered a very promising route to upgrade/use captured
CO2.

[1–9] CO2CR can be used to synthesize carbon monoxide
(CO), formate/formic acid, synthesis gas, alcohols, and hydro-
carbons. Moreover, CO2CR can benefit from the utilization of
renewable electricity. Most studies have been focused on the
utilization of advanced cathodes or of gas diffusion electrodes
at atmospheric CO2 pressure.[1–9] However, the utilization of
pressurized CO2 is appealing for CO2CR for many reasons:
- CO2 in various exhaust streams from power and industrial

sources is present in pressurized conditions (1–20 atm);[10]

- the use of pressurized CO2 increases its solubility in aqueous
solutions, thus accelerating the steps involved in its cathodic
transformation and increasing the productivity of the electro-
chemical cell, and, on overall, improving the process from an
economic point of view;[11–13]

- some products of CO2CR, such as CO and syngas, are used
for some applications under pressurized conditions;[14,15]

- it allows to use cheap and simpler cathodes, such as tin
plates.[12]

At 1 bar and using plate cathodes, the low CO2 solubility gives
rise to low limiting current densities (jlim) for the CO2 mass
transport to the cathodic surface close to 30 mAcm� 2,[5] thus
resulting in low productivities. The utilization of pressurized CO2

gives rise to relevant solubilities of CO2 and decrease the bulk
catholyte pH: in water solutions, at 25 °C, a pressure increases
from 1 to 10 and 50 bar gives rise to CO2 concentrations close
to 33 mM, 0.31 M and 1.31 M, respectively.[16] More in general,
the use of pressurized CO2 has been reported to increase the
selectivity of CO2CR and partial current densities towards CO2

reduction products.[17–21] Moreover, pressurizing may favor the
integration of the CO2CR with upstream and downstream
operations. The cathodic reduction of pressurized CO2

(PrCO2CR) was studied at various cathodes.[17–35] In 1993–1995,
the works of Sakata and co-authors showed that the usage of
pressurized CO2 allows to significantly enhance the production
of CO and formic acid/formate (FA) using many electrodes[22–25]

and to decrease the generation of hydrogen. Moreover, it was
recently highlighted that, for pressurized conditions, the
morphology and the porosity of the electrode seem to affect in
a less relevant way the figures of merit of the process.[17,18] Most
of the works on PrCO2CR were focused to the production of CO
using silver[18–20] and of FA using tin cathodes;[21,26–29] even if also
other electrodes were successfully tested including In, Pb, Cu,
Au, etc..[24,30–33,36–38] As an example, Lamaison et al.[36] reported a
drastic increase of the CO partial current density to
� 286 mAcm� 2 at a CO2 pressure of 9.5 atm on an Ag� Zn alloy
dendrite. Theoretical models were also developed to under-
stand PrCO2CR.

[39,40] Some authors reported a complex effect of
pressure (P) and of current density (j). It was found that the plot
faradic efficiency in products generated by CO2 reduction
(FECO2_TOT) vs. the P give a monotonic increase with the pressure
at Pb (for P between 1 and 50 bar in 0.2 M K2CO3 aqueous
electrolyte for potentiostatic electrolyses[31]), but a plateau value
for Sn (for P between 20 and 30 bar with 0.1 M Na2SO4 at
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pH 4[27] and at around 40 bar in 0.5 M KHCO3 aqueous
electrolyte[21]) or even a maximum at Cu cathodes for P of
50 bar and j of � 163 mAcm� 2 with 0.1 M KHCO3 as supporting
electrolyte (SE).[23] In some cases, a maximum in the plot FECO2_
TOT vs. j was reported.

[26] Moreover, it was found that the effect
of the P can strongly depend on the adopted j[26] and that the P
affects the selectivity of the CO2 reduction.

[23,25,32]

From an applicative point of view, the optimization of the
process requires the selection of the optimal values of both CO2

pressure (PCO2) and j, with the aim of improving the i) faradic
efficiency (FE) in the target products, thus leading to the
reduction of the energetic consumptions (EC), ii) the productiv-
ity of the cell, thus reducing the impact of the capital costs, and
iii) the stability, thus reducing the impact of the cost of
electrodes, without excessive values of the cell potential (ΔV). In
our previous work on PrCO2CR,

[18] we investigated the effect of
the pressure (limits to 1, 15, 20, 30 bar) using Ag-based
cathodes (plate Ag and high surface Ag electrode) changing the
nature of the SE (K2SO4, KCl, KOH, KHCO3) and at relatively low j
values (� 12, � 36 and � 50 mAcm� 2), which, according to recent
literature,[12] are not suitable for the commercialization of this
technology. The common finding of this work was that the use
of pressurized condition is a viable way to increase the
productivity in CO (rCO) and reduce the cell (ΔV) at low j values.
However, the reached performances, such as the rCO, were not
suitable to meet the requirement of the applicative scale since,
for the economic feasibility, the process should reach simulta-
neously high j (>100 mAcm� 2), high FE, low EC as well as
stability with the time. Hence, with the aim to find the optimum
j and P values, we have decided to evaluate in detail the
coupled effect of j at high values (ranged from � 50 to
� 230 mAcm� 2) and of PCO2 (1, 5, 15, 30, 40, 50 bar) on PrCO2CR
in aqueous electrolyte using a Ag cathode and KHCO3 as SE on
a large set of key process parameters. These parameters include
the FE in the main products, the EC and the productivity (r).
Moreover, a comparison from an economical point of view of
most interesting adopted operative conditions was performed.

2. Results and Discussion

2.1. Effect of the Pressure at Various Current Densities at Ag
Cathode

First electrolyses were carried out at � 50 mAcm� 2 for 120 min
using a Ti/IrO2-Ta2O5 anode and an Ag cathode with magnetic
stirring (500 rpm). 0.5 M KHCO3 was used as a SE since this SE is
largely used in literature for the CO2CR at various cathodes and
since it was reported to favor both the CO2CR and PrCO2CR at
Ag cathodes.[18] The effect of PCO2 was evaluated changing PCO2
from 1 to 50 bar. First experiments were carried out at 5 bar.
The CO2CR gave rise to the formation of CO (FECO 52%) and
formate (FEFA 11%) (Figure 1A, primary y-axis) for a selectivity in
CO (SCO) close to 83% (Figure 1A, secondary y-axis). Moreover,
hydrogen was produced by cathodic reduction of water with a
FE (FEH2) slightly lower than 40%. The overall FE in the products
generated by the CO2CR (FECO2_TOT=FECO+FEFA) was close to

63%, the overall productivity (rTOT) to 1.6 mmolTOT s
� 1 m� 2, the

ΔV to 3.9 V and the EC to 0.33 kWhmolTOT
� 1 (Figure 1B,

secondary y-axis). To highlight the role on the effect of
relatively high-pressure of CO2 to the performances of the
process, reference electrolysis was performed at atmospheric
pressure of CO2. As showed in Figure 1A, the cathodic reduction
of CO2 was likely to be limited by the decreasing of pressure
from 5 to 1 bar reducing the FECO2_TOT from 63 to 15%,
respectively, in favor of the hydrogen evolution (FEH2 ~ 85%).

When PCO2 was increased to 15 and 30 bar (Figure 1A,
primary y-axis), CO2 reduction was strongly favored (FECO2_TOT of
63, 69 and 90% at 5, 15 and 30 bar, respectively). Conversely,
the FEH2 was reduced and at 30 bar it was slightly lower than
25%. However, a further increase of the PCO2 to 40 and 50 bar
resulted in a decrease of FECO2_TOT to 75 and 70%, respectively.
Also, the FECO presented, as FECO2_TOT, a curve with a maximum
with the PCO2 while FEFA decreased with PCO2 (Figure 1A). Indeed
at 1, 5, 15, 30 bar, FECO was 3, 52, 60 and 83% and FEFA 12, 11, 9
and 7%, respectively, while the further increase of the P to 40
and 50 bar resulted in a decrease of both FECO (70 and 67%,
respectively) and FEFA (5 and 3%, respectively) and in the
consequent increase of the hydrogen production. Conse-
quently, the increase of PCO2 from 1 to 50 bar resulted in a
significant increase of SCO from 20 to 95% (Figure 1A, secondary
y-axis). Figure 1B reports the effect of the PCO2 on ΔV and EC. It
is interesting to observe that the P increases resulted in a slight
reduction of ΔV (refers also to the chronoamperometric curves
reported in Figure S1 of the Supporting Information), probably
due to the enhanced CO2 mass transfer and adsorption kinetics
which leads to less negative working potentials, while the plot
EC vs. PCO2 resulted in a curve with a minimum of 0.23 kWh
molTOT

� 1 for a P of 30 bar. Indeed, EC depends linearly on ΔV
(which slightly reduced with PCO2) and it is inversely proportion-
ally on FECO2_TOT which presented a maximum for 30 bar.

Some authors, in previous studies, studied the effect of the
P on the CO2CR using Ag based cathodes[18–20,32] for P between
1–30 bar, founding that the increase of PCO2 results in an
enhancement of both FECO2_TOT and FECO. Moreover, Gabardo
and coauthors[19] reported a reduction of FEFA with PCO2 at Ag-
GDE; conversely, Huang and coauthors[32] reported a strong
increase of FEFA with the pressure at � 1.1 V vs. RHE using Ag
based cathodes using 0.5 M KHCO3 aqueous solutions. However,
for this last work, the use of a fixed working potential resulted
in a very strong change of j from approximately � 40 to
� 80 mAcm� 2.[32]

According to the literature, the increase of PCO2 leads to a
higher CO2 surface coverage, and therefore to a probable
reduction in the protons adsorbed number on the surface of
the catalyst, thus favoring the reduction of CO2 with respect to
the hydrogen evolution.[19] To explain the adverse effect of PCO2
on FECO2_TOT observed for the highest values of the P different
factors should be taken in account:
- the increase of PCO2 leads to a decrease of pH, thus increasing

the concentration of protons in the bulk; indeed, in 0.5 M
KHCO3, the increase of PCO2 from 1 to 60 bar is expected to
decrease the pH from about 7.5 to 6,[21,41] and, according to
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the literature, the conversion of CO2 to CO using Ag
electrodes is favored increasing the pH;[42]

- for very high PCO2, a very high coverage of the adsorbed
intermediates on the Ag surface is expected, thus limiting
the impact of further increases of the P on the reduction of
CO2.

To explain the increase of SCO with PCO2, different hypotheses
can be done. According to Gabardo et al.,[19] the increase of PCO2
leads both to a higher CO2 surface coverage and to a lower

proton one, that can favor the CO production over the FA
one,[43] even if other authors reported that a higher CO2

coverage should favor the formate production.[31]

From an applicative point of view, it would be appealing to
operate the electrolysis at higher j to enhance the productivity
of the cell.

Hence, the effect of the P was evaluated also at � 90 and
� 190 mAcm� 2. As shown in Figures 1C and 1E, also in this case
the plot FETOT vs. CO2 pressure gave a curve with a maximum. In
particular, at � 90 mAcm� 2 the maximum FECO2_TOT was obtained

Figure 1. Effect of the P (1�56 bar) on the CO2CR process at different j (� 50, � 90 and � 190 mAcm� 2) values. Plot of (A) FECO2_TOT, FECO and FFFA (primary y-
axis) and SCO (secondary y-axis) and relative (B) ΔV (primary y- axis) and EC (secondary y-axis) at � 50 mAcm� 2. Plot of (C) FE CO2_TOT, FECO and FEFA (primary y-
axis) and SCO (secondary y-axis) and relative (D) ΔV (primary y- axis) and EC (secondary y-axis) at � 90 mAcm� 2. Plot of (E) FECO2_TOT, FECO and FEFA (primary y-
axis) and SCO (secondary y-axis) and (F) relative ΔV (primary y- axis) and EC (secondary y-axis) at � 190 mAcm� 2. EC at 1 bar was estimated of 1.50, 1.64, 15 kWh
molTOT

� 1 at � 50, � 90 and � 190 mAcm� 2, respectively (data not showed in 1B, 1D and 1F, respectively). Electrolyses were performed in a CO2-saturated 0.5 M
KHCO3 aqueous electrolyte using Ag cathode and DSA anode for 120 minutes. V=0.05 L. N=500 rpm. Q=0.1 L min� 1
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at 15 and 30 bar and it was close to 85% (Figure 1C), while, at
� 190 mAcm� 2, the maximum was reached at 50 bar and it was
close to 76% (Figure 1E). As an example, at � 190 mAcm� 2 and
50 bar, FECO2_TOT and FEH2 were close to 76 and 26%,
respectively. Similarly, also at � 90 and � 190 mAcm� 2, FECO
presented a maximum with the P. In particular, at � 90 and
� 190 mAcm� 2, the maximum FECO were 72 and 63%, respec-
tively, and they were achieved at 30 and 40 bar, respectively,
(Figures 1C and 1E, respectively). FEFA presented a different
trend depending on the value of the j. At the lowest j of � 50
and � 90 mAcm� 2, FEFA decreased monotonically with the PCO2;
as an example, at � 90 mAcm� 2, FEFA decreased from 25 to 5%
increasing the PCO2 from 5 to 50 bar (Figure 1C). Conversely, at
the highest value of j of � 190 mAcm� 2, FEFA presented a
maximum value for PCO2 of 50 bar (Figure 1E), thus showing that
FA formation depends on both P and j. However, SCO decreased
with PCO2 for all adopted j with the exception of the highest
values of the PCO2 (50 and 56 bar) and j (� 190 mAcm� 2)
(Figure 1E).

As shown in Figures 1D and 1F, at both � 90 and
� 190 mAcm� 2, the lowest ΔVs were obtained at the highest
PCO2 while the plot EC vs. PCO2 resulted always in a curve with a
minimum, that was achieved in the conditions that optimized
FECO2_TOT (between 15 and 30 bar at � 90 mAcm� 2 (Figure 1D)
and between 40 and 50 bar at � 190 mAcm� 2 (Figure 1F)).

2.2. Effect of the Current Density at Ag Cathode

The effect of j on PrCO2CR was evaluated carrying out different
series of electrolyses changing j from � 50 to � 230 mAcm� 2

and using different PCO2 values (30, 40, and 50 bar). Figur-
es 2A, 2D and 2G report the effect of j on the FEs and on SCO. It
is clearly shown that at 30 bar, the increase of j from � 50 to
� 190 mAcm� 2 gave rise to a significant reduction of FETOT from
90 to 53% (Figure 2A, primary y-axis), while SCO presented
similar values close to 90% (Figure 2A, secondary y-axis). It is
interesting to observe that the jlim, under adopted operative
conditions, for a process under the CO2 mass transfer control to

Figure 2. Effect of the j (� 50�� 230 mAcm� 2) on the CO2CR process at different P values (30, 40 and 50 bar). Plot of (A) FECO2_TOT, FECO and FEFA (primary y-
axis) and SCO (secondary y-axis), relative (B) ΔV (primary y- axis) and EC (secondary y-axis) and (C) rTOT, rCO and rFA at 30 bar. Plot of (D) FECO2_TOT, FECO and FEFA
(primary y- axis) and SCO (secondary y-axis), relative (E) ΔV (primary y- axis) and EC (secondary y-axis) and (F) rTOT, rCO and rFA at 40 bar. Plot of (G) FECO2_TOT, FECO
and FEFA (primary y- axis) and SCO (secondary y-axis), relative (H) ΔV (primary y- axis) and EC (secondary y-axis) and (I) rTOT, rCO and rFA at 50 bar. Electrolyses
were performed in a CO2-saturated 0.5 M KHCO3 aqueous electrolyte using Ag cathode and DSA anode for 120 minutes. V=0.05 L. N=500 rpm.
Q=0.1 Lmin� 1.
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the cathode is close to 500 mAcm� 2. Hence, the reduced FETOT_
CO2 observed at high j cannot be attributed to mass transfer
kinetic limitations. In the case of the CO2CR using tin cathodes,
the negative effect of j observed at relatively low pressures was
related to the fact that high j reduces the surface coverage by
CO2, thus favoring the competitive adsorption of H and
advancing the hydrogen evolution.[39] When the PCO2 was
increased to 40 and 50 bar (Figures 2D and 2G, respectively),
the effect of j on FETOT_CO2 was quite small up to � 190 mAcm� 2.
Indeed, at 40 bar, from � 50 to � 190 mAcm� 2, FETOT_CO2
presented a value between 73 and 81%, with a maximum value
at � 150 mAcm� 2, but it decreases to 63% at � 230 mAcm� 2

(Figure 2D). Similarly, at 50 bar, FETOT_CO2 presented a value
between 66 and 75% in the quite large interval � 50�
� 230 mAcm� 2 with a maximum value (Figure 2G). Hence, it can
be concluded that, for these relatively high values of the PCO2,
almost all the adopted j can be used with quite good FETOT_CO2.
However, as shown in Figures 2D and 2G, the similar values of
FETOT_CO2 observed at different j are due to opposite trends of
FECO and FEFA.

Indeed, FECO decreased with j while FEFA presented the
opposite trend. Hence, at both 40 and 50 bar, SCO decreased
with j (Figures 2D and 2G). Similar results were previously
reported by Hara et al.[25] on Ag electrode under 30 atm CO2 in
0.1 M KHCO3.

In order to understand the complex effect of PCO2 and j on
SCO, it could be useful to remember that according to many
authors,[44–48] CO, HCOOH and H2 are likely to be formed in
carbonate solutions by the following paths:

Path 1

CO2 þ H2Oþ e� þ* ¼ COOHad þ OH� (1)

COOHad þ H2Oþ e� ! COþ H2Oþ OH� þ* (2)

Path 2

CO2 þ H2Oþ e� þ* ¼ HCOOad þ OH� (3)

HCOOad þ H2Oþ e� ! HCOOHþ OH� þ* (4)

Path 3

H2Oþ e� þ* ¼ Had þ OH� (5)

Had þ H2Oþ e� ! H2 þ OH� þ* (6)

Relatively high PCO2 and/or low j are expected to give a high
coverage of the cathode surface by CO2 reduction intermediates
and a low coverage by H.[44]

Conversely, low PCO2 and/or high j should lead to higher
coverages by H, thus favoring the hydrogen evolution. How-
ever, according to Zhang et al.,[36] a higher H-coverage is

expected to favor H2 evolution, but also to stabilize HCOOad,
thus enhancing the formic acid/formate formation.[43] Con-
versely, a low H-coverage is expected to inhibit the H2 evolution
and to favor the formation of COOHad which is expected to
evolve mainly to CO, according to the results above described.

Figures 2B, 2E and 2H report the effect of j at 30, 40 and
50 bar, respectively, on ΔV and EC. It is observed that ΔV
increased as expected with j even if this increase is particularly
high for the highest adopted j (� 190 and � 230 mAcm� 2) as a
probable result of too high ohmic drops caused by the not very
high adopted concentration of SE. EC showed a similar increase
with j. In particular, at all adopted PCO2, EC was close or lower
than 0.35 kWhmolTOT

� 1 for j up to � 150 mAcm� 2 and higher
than 0.70 kWhmolTOT

� 1 for the highest adopted j of
� 230 mAcm� 2, as a concomitant effect of the very high ΔV and
the lower FECO2_TOT. If EC is a key parameter to determine the
impact on the process of energetic costs, the productivity is a
relevant factor that strongly affects the impact on the process
of capital costs. Hence, Figures 2C, 2F and 2I report the
productivities achieved under the adopted operative condi-
tions. The use of pressurized CO2 allowed to achieve a strong
increase of the total productivity (rTOT) upon increasing j at all
adopted PCO2, because of the very small decrease of FETOT
observed at high j, particularly at 40 and 50 bar (Figures 2F and
2I). Hence, the highest rTOT were obtained at � 190 and
� 230 mAcm� 2 for all used P (Figures 2C, 2F, 2I). In particular,
maximum values of rTOT were between 7.3 and 7.8 mmolTOT
s� 1m� 2 for j between � 190 and � 230 mAcm� 2 s� 1 at both 40
and 50 bar but presented values lower than 5.2 mmolTOT s

� 1m� 2

at 30 bar because of the reduced values of FETOT achieved at
this lower pressure at high j. A different scenario is observed for
the productivities in CO (rCO) and formate (rFA):
- for formate, the productivity strongly increased with j

because of the concomitant effect of the faster CO2 reduction
and of higher SFA achieved at high j and presented the
maximum values at � 230 mAcm� 2; as an example, at 50 bar
rFA increased from 0.1 to 2.3 mmolFA s

� 1 m� 2 upon increasing
j from � 50 to � 230 mAcm� 2 (Figure 2I);

- for CO, the productivity presented a maximum close to
6 mmolFA s

� 1m� 2 at both 40 and 50 bar for j of � 190 mAcm� 2

(Figures 2F and 2I), because of the positive effect of j on FETOT
and its negative effect on SCO which was particularly relevant
at high j (Figures 2D and 2G).

2.3. Coupled Effect of PCO2 and Current Density

Figure 3 reports the coupled effect of PCO2 and j on the FE and
on the r. As shown in Figure 3A, in order to optimize FECO2_TOT,
intermediate values of both PCO2 and j should be selected.
Indeed, values of FE CO2_TOT higher than 80% were achieved at
30 bar at � 50 and � 90 mAcm� 2 (90 and 84%, respectively), at
15 bar and � 90 mAcm� 2 (85%) and at 40 bar and
� 150 mAcm� 2 (82%). However, it is worth to mention that
PrCO2CR at 40 and 50 bar allowed to achieve quite good FE CO2_

TOT for a large set of operative conditions (e.g. FE CO2_TOT >70%
at 40 and 50 bar for j from � 50 to � 190 mAcm� 2). Figure 3B
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reports the coupled effect of PCO2 and j on the overall
productivity in CO and formate (rTOT). The highest productivities,
higher than 7 mmol s� 1 cm� 2, were achieved using the highest
values of j and quite high PCO2: � 190 mAcm� 2 at 40 and 50 bar
and � 230 mAcm� 2 at 40, 50 and 56 bar. These high r were
guaranteed by the ability of PrCO2CR to achieve good FETOT also
at high j. The effect of j and PCO2 on the FECO is described in
Figure 3C. The highest FECO (~83%) was achieved at
� 50 mAcm� 2 and 30 bar. However, quite good FECO were
obtained for various operative conditions. As an example, FECO
>70% was achieved at � 50 mAcm� 2 at 30 and 40 bar, at
� 90 mAcm� 2 at 15 and 30 bar and at � 150 mAcm� 2 and
40 bar. As shown in Figure 3D, the highest rCO were obtained
neither at the j that optimized the FECO nor at the highest j of
� 230 mAcm� 2 but at the intermediate value of j of
� 190 mAcm� 2 at 40 and 50 bar.

2.4. Effect of KHCO3 Concentration

Some electrolyses were repeated aiming to evaluate the effect
of KHCO3 concentration on FE, r, ΔV and EC and to try to
decrease the very large ΔVs observed at high js. Two different j
were used to test this aspect: � 50 and � 190 mAcm� 2. For each

of these j, the pressure that optimizes the performances of the
process was selected according to results reported in Sec-
tion 2.1. As shown in Table 1, the increase of the SE concen-
tration has both positive and negative effects:
- a decrease of FE CO2_TOT and rTOT was observed, caused by the

decrease of FECO and the increase of FEFA which, however,
not compensates completely the decrease of FECO; e.g., at
� 50 mAcm� 2 and 30 bar, FE CO2_TOT was 90 and 68% using
KHCO3 with a concentration of 0.5 and 1 M, respectively,
(Table 1, entries 1 and 2);

- a reduction of the required ΔV.

The adverse effect of the concentration of KHCO3 on the
PrCO2CR to CO was previously reported at Cu cathodes.[47]

According to these authors, K+ accumulates nearby the working
electrode due to its electro-positivity and at high concentra-
tions inhibiting more the adsorption of CO2 on the working
electrode with respect to that of H+ since the H+ dimension is
considerably smaller than the K+ (i. e. 25–50 pm vs. 150–250 pm
for H+ and K+, respectively).[38] On overall, the increase of
KHCO3 resulted in a slight increase of EC, and, as a
consequence, did not allow to improve the process perform-
ances.

Figure 3. Coupled effect of both P (15�56 bar) and j (� 50�� 230 mAcm� 2) on the CO2CR process. Plot of (A) FETOT and (B) rTOT vs. j at fixed P values. Plot of
(C) FECO and (D) rCO vs. j at fixed P values. Electrolyses were performed in a CO2-saturated 0.5 M KHCO3 aqueous electrolyte using Ag cathode and DSA anode
for 120 minutes. V=0.05 L. N=500 rpm. Q=0.1 Lmin� 1.
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2.5. Effect of Pressure and Current Density on Economic
Figures of the PrCO2CR

The main economic figures of the PrCO2CR using Ag cathode
were evaluated at various operative conditions under the
assumptions reported in the Experimental Section. As shown in
Figures 4A and 4B, the impact of both capital (CCAP, Figure 4A)

and operating costs (COP, Figure 4B) on the production of CO
and formate (rTOT) strongly depended on the adopted values of
P and j. The impact of CCAP, measured as euros spent for the
electrolyser for each mole of CO and formate produced (€
molTOT

� 1), under adopted operative conditions, strongly de-
creased with j (Figure 4A) due to the higher productivities
achieved at the highest js (Figure 3B). In particular, at 40 bar,

Table 1. Effect of the SE concentration of the performances of the PrCO2CR.
a

Entry [KHCO3]
(M)

j
(mA cm� 2)

PCO2
(bar)

FECO2_TOT
[FECO; FEFA]
(%)

rTOT
[rCO; rFA]
(mmol s� 1 cm� 2)

ΔV
(V)

EC
(kWh/mol)

1 0.5 � 50 30 90
[83; 7]

2.4
[2.2; 0.2]

3.8 0.23

2 1.0 � 50 30 68
[53; 15]

1.8
[1.4; 0.4]

3.5 0.28

3 0.5 � 190 50 76
[61; 15]

7.5
[6.0; 1.5]

7.8 0.55

4 0.75 � 190 50 63
[36.5; 26.5]

6.2
[3.6; 2.6]

6.6 0.56

5 1 � 190 50 36
[23; 13]

3.5
[2.2; 1.3]

6.3 0.95

[a] Electrolysis were performed for 120 min at 500 rpm using Ag and DSA as cathode and anode, respectively. Volumetric gas flow (Q) of 0.1 Lmin� 1.

Figure 4. Plot of the (A) CCAP, (B) COP and (C) CE vs. j at different P values. (D) Plot of CE vs. P at different j values.

Wiley VCH Donnerstag, 23.01.2025

2420 - closed* / 355740 [S. 204/208] 1

ChemSusChem 2024, 17, e202400440 (7 of 11) © 2024 The Author(s). ChemSusChem published by Wiley-VCH GmbH

ChemSusChem
Research Article
doi.org/10.1002/cssc.202400440

 1864564x, 2024, 20, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202400440 by C
ochraneItalia, W

iley O
nline L

ibrary on [07/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the minimum impact of CCAP was observed at � 190 mAcm� 2

(5.6 10� 3 € molTOT
� 1) and � 230 mAcm� 2 (5.3 10� 3 € molTOT

� 1), in
spite of the fact that under these conditions, the FE were not
the highest ones (Figure 3A) since very high r were obtained
under these operative conditions. In particular, at
� 190 mAcm� 2, the lowest impacts of CCAP were observed at 40
and 50 bar, e.g., at the P that gave the highest r (Figure 3B).

A similar picture was observed for the operating costs (COP)
(Figure 4B), which include both the energetic (CENER) and the
chemicals costs (CCHEMICALS) (at least CO2 feed, water process and
supporting electrolyte). According to our estimation, COP are
significantly higher than the CCAP (compare Figures 4A and 4B).
This is attributed to the higher expense due to the chemicals
needed to feed the electrolyser unit (CCHEMICALS>CENER, see
Figures S2A and S2B in Supporting Information). An interesting
picture was observed for the costs related to the consumption of
energy (CENER) which are related to both the FEs and the ΔVs. As
shown in Figure S2A, they presented a quite slight increase with j
up to � 150 mAcm� 2; as an example, at 40 bar, they increased
from 7.8 10� 3 to 10 10� 3 € molTOT

� 1 upon increasing j from � 50 to
� 150 mAcm� 2 due to the relatively high values of FETOT achieved
under all these conditions (Figure 3A) and to the slight increase of
ΔV with j. However, upon enhancing j to � 190 or � 230 mAcm� 2

a very strong increase of CENER was observed (Figure S2A) because
of the very high ΔVs observed under these conditions (see as an
example Figure 2E). Figures 4C and 4D report the impact of the
sum of capital and operating costs (CE) on the process for a large
set of operative conditions. It is worth to mention that the highest
values were achieved at 5 bar (Figures 4C and 4D), because of the
low values of FEs and rs, thus confirming the opportunity to
operate with relatively high P. Relatively low values close to
0.048 € molTOT

� 1 were obtained for a large set of couples PCO2 - j
using P of 40 and 50 bar (with j from � 90 to � 190 mAcm� 2) and
15 bar (at j of � 90 mAcm� 2). However, the minimum values were
recorded at � 150 mAcm� 2 (Figure 4C) which gave quite high FE
and r and relatively low values of both CCAP (Figure 4A) and COP
(Figure 4B).

2.6. Stability of the PrCO2CR Process

Electrolysis was performed at � 190 mAcm� 2 and 40 bar for
more than 13 hours to evaluate the stability of the PrCO2CR
process. Figure 5 reports the evolution of FECO with the time. It
was observed that the FECO remains almost constant at
approximately 73�4% for more than 13 hours. This data was
coupled with an average CO productivity of 7.2 mmol s� 1 cm� 2.
Moreover, both the ΔV (6.7 V) and the EC (about
0.50 kWhmolCO

� 1) were almost stable with time, showing the
good stability of the PrCO2CR process at high j and P.

In addition, the Ag electrode was characterized by SEM and
XRD before and after the long-term electrolysis to evaluate the
stability of the used electrode material. The morphology of the
surface of the electrode was analyzed using a FEG-ESEM micro-
scope (QUANTA 200 by FEI). The electron microscope images were
obtained using both the secondary electron detector (SE) (Fig-
ure 6A) and the backscattered electron detector (BSED) (Figure 6B).

Figure 5. Plot of the FECO vs time. Electrolyses were performed in a CO2-
saturated 0.5 M KHCO3 aqueous electrolyte using Ag cathode and DSA
anode for 13.5 hours at � 190 mAcm� 2 and 40 bar. V=0.05 L. N=500 rpm.
Q=0.1 L min� 1.

Figure 6. Electron microscope images: A) SE and B) BSED of the Ag cathodes
after the long-term electrolysis performed for 13.5 hours at � 190 mAcm� 2

and 40 bar.
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The BSED was used to better highlight the morphology of the
surface and the possible presence of impurities. The two images
show that the surface of the electrode is clean and without
deposits. Only the lines due to the cleaning treatment done by
abrasion with alumina paste are present. The two images are
perfectly mirrored because at BSED the deeper areas appear
darker (Figure 6B).

The crystallinity and purity of the electrode were evaluated
by X-ray diffraction using a RIGAKU X-ray diffractometer (D-MAX
25600 HK). The XRD pattern of the electrode before the test
shows the presence of some diffraction peaks all attributable to
the polycrystalline Ag (Figure 7). The peaks were indexed using
the card n. 4–783 of the International Centre of Diffraction
Database which is related to the face-centered cubic structure
of metallic silver. Throughout the width at half height of the
main peak, located at approximately 38.45°, and using
Scherrer’s formula, the mean grains size was calculated finding
a value of 27�3 nm. In addition to the silver diffraction peak,
no other peaks are present and consequently, it can be
concluded that the electrode consists of pure poly-crystalline
silver. In the pattern after the test, no differences were detected
(Figure 7).

Overall, the morphological analyses, carried out under the
electron microscope, and the XRD analysis led to the conclusion
that the surface of the electrode did not undergo any
modification during the test.

3. Conclusions

The electrochemical conversion of pressurized CO2 was inves-
tigated to explore in a systematic way the effect of the P and of
the j on the figures of merit of the process. It was found for Ag
cathode that:
- the use of relatively high P (40 and 50 bar) allowed to

achieve quite high faradic efficiency for a very large interval
of j up to � 190 mAcm� 2; hence the productivity increased
with j;

- the plot faradic efficiency vs. PCO2 gives a curve with a
maximum for all the tested j;

- both the P and the j strongly affect the selectivity of the
cathodic reduction of CO2, even if in an opposite way: the
increase of the P and the decrease of j leads to a decrease of
formate production with respect to that in CO.

Moreover, it was found that the impact of capital costs
decreased upon increasing j, due to the high productivities,
while the energetic costs are relatively low using js up to
� 150 mAcm� 2. Eventually, relatively low values of the the sum
of capital and energetic costs are obtained at various values of
the couple PCO2 - j (as an example at � 90 mAcm� 2 from 15 to
50 bar and at � 190 mAcm� 2 at 40 and 50 bar), while the
highest values were achieved at the lowest j and at the lowest
and the highest adopted PCO2.

Experimental Section

Electrochemical Apparatus

A home-made reactor that can work at high-pressure previously
described in detail in ref. [17] was used for the experimental trials. A
schematic view of the electrochemical high-pressure cell is showed in
Figure 8. Briefly, this reactor is made in AISI316 stainless steel and
characterized by a cylindrical geometry. The electrolyte (V= 0.05 L)
was placed inside the reactor using a pyrex glass container. On the
top of the reactor, there is a conax connection for four lines: two for
the electrodes, one for the thermocouple, and one of the gas outlet
stream. The reactor is fed and pressurized using 5.0 purity CO2

supplied by Rivoira. Pressure is measured by a pressure gauge of high
precision (0.25%). A Ti/IrO2-Ta2O5 sheet, commonly known with a
commercial name DSA® supplied by ElectroCell AB was used as
counter electrode with a working area of 2.4 cm2. A plate of silver (Ag,
Carlo Erba) with an active surface of 2.4 cm2 was used as working
electrode. The reactor was not equipped with a reference electrode;
hence a two-electrode configuration was used setting the reference
on the counter. The distance between the electrodes was at 1.7 cm. A
magnetic stirrer is used to stir the electrolyte solution during the
experiments at a 500 rpm.

Figure 7. XRD pattern of plate Ag cathode before (orange line) and after
(blue light line) the long-term electrolysis performed for 13.5 hours at
� 190 mAcm� 2 and 40 bar. Figure 8. Schematic view of the high-pressure electrochemical cell.
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Electrolysis and Analyses

An Amel potentiostat/galvanostat instruments (2053 model) was
used to perform the experiments under negative galvanostatic
condition (j from � 50 to � 230 mAcm� 2). Electrolyses were
performed with saturated CO2 aqueous electrolyte of KHCO3 (0.5 M)
at different pressure values ranged between 1 and 56 bar. Before
each electrolysis, the Ag electrode was polished with an alumina
powder suspension (size 1 μm), sonicated in HPLC grade water for
5 min, and then rinsed with HPLC grade water. DSA® was cleaned
by an ultrasound bath for 5 minutes. Autolab PG STAT12 Methrom
was used to carry out chronoamperometric curves in a wide range
of pressure and current density. The area of the working electrode
for chronoamperometric curves was fixed at 0.1 cm2. Formic acid
and formate [FA] were evaluated by Agilent HP 1100 HPLC using a
Rezex-ROA-Organic Acid H+ (8%) column. Analyses were carried
out with an UV detector at a wavelength of 210 nm. 0.005 N H2SO4

aqueous solution with pH 2.5 was eluted at 0.5 mLmin� 1 as mobile
phase. The analysis was performed at 20 °C. Under the adopted
operative condition, the retention time of FA was 18 minutes. CO,
CO2, H2 and other possible gas products were quantified using an
Agilent 7890B GC equipped with a thermal conductivity detector
(TCD) at 230 °C. A Supelco Carboxen® 60/80 column was used.
Helium (99.999%, supplied by Air Liquide) as carrier gas was used
at 1 bar. Column temperature was i) at 35 °C for 5 min ii) followed
by a 20 °Cmin� 1 ramp up to 225 °C and iii) by an isothermal step at
225 °C for 40 min.

The performances of the process were evaluated considering the
figures of merit:

- faradic efficiency of CO, FA and H2 (FECO, FEFA and FEH2) and the
FECO2_TOT defined by Eq.s (7), (8), (9)and (10):

FECO ¼ z*F*½CO�*Q=I*100 ½¼� % (7)

FEFA ¼ z*F*½FA�*V=ðI*tÞ*100 ½¼� % (8)

FEH2 ¼ z*F*½H2�*Q=I*100 ½¼� % (9)

FECO2 TOT ¼ FECO þ FEFA ½¼� % (10)

Where z is the electrons exchanged number (z=2 in all cases of
CO, FA and H2), F the Faraday constant (96485 Cmol� 1), [CO], [FA]
and [H2] the concentration of CO, FA and H2, respectively (molm� 3

and molL� 1 in the case of FA and CO, respectively), Q the
volumetric flow rate (m3s� 1), V (L) electrolyte volume, and I the
current intensity (A);
- the productivity ri defined by Eq. (11):

ri ¼ FEi=100*j=z F ½¼� mmol s� 1 m� 2 (11)

where i is CO, FA or TOT and refers to produced mole of CO, FA or
the total moles, respectively.

- the selectivity of the process toward CO (Eq. (12)):

SCO ¼ FECO=FECO2 TOT*100 ½¼� % (12)

Energy consumption (EC) (Eq. (13)):

EC ¼ DV*I*t=moli ½¼� kWh mol� 1 (13)

where DV is the cell potential, and moli the amount of CO, FA or
total moles obtained (mol).

Each experiment was replicated three times. Average data were
provided in the manuscript. In most of cases data were reprodu-
cible with an error lower than 6%.

The crystal structure was analyzed by X-ray analysis using a RIGAKU
diffractometer (model: D-MAX 25600 HK). Diffraction spectra were
acquired in the 2θ range from 10 to 85°. The morphology was
examined by a QUANTA 200 FEI field emission gun (FEG) Environ-
mental Scanning Electron Microscope (ESEM).

Economic Analysis

Here, the economic analysis includes the main costs correlated to
capital and energetic costs for the electrolysis process. The total
electrolysis costs (CE) were estimated by the sum of the capital
(CCAP) and operation (COP) costs and expressed as the € per mole of
CO and FA produced (€ molTOT

� 1). These costs were estimated by
taking into consideration that, currently, the available CO2CR
technologies are not ready to be implemented at the applicative
scale since they are still in the development stage (TRL=3–5), and
there is no available data in the literature for the stability of the
process.[1,5,48] According to these considerations, the assessment
costs involve some degree of uncertainty. The capital costs (CCAP [=]
€ molTOT

� 1) were computed by considering an electrolyzer of an
active area of 1 m2, 20 years as plant lifetime and 8000 hours per
years of operation. The price of the undivided electrochemical cell
(PCell) was estimated of 15410 € m� 2 in line with Cañizares et al.[49]

For the pressure factors, cell manufacturing cost and piping cost
are not influenced ranging the operative pressure between 1 and
20 bar.[12] Moreover, commercial cell and industrial tube are able to
work up to 20 bar. Hence, an additional pressure factor of 22 or
47% of the PCell was considered by working at pressure lower or
higher than 23 bar, respectively. Electrode cost was assumed of
approximately 6000 € m� 2 according to the market value of an Ag
foil with a thickness of 0.1 mm, 99,99% high purity silver sheet
supplied by Hebei Zanzhen Welding Material Co. Ltd, China.
Recently, in their review, Fernández-Caso et al.[48] highlighted that a
cathode lifetime over 4.45 yr (close to 40000 h) would neglect both
the influence of the cathode fabrication from an environmental
perspective and keep the influence of the consumable cost in the
total cost of production below 10%. Hence, in our estimation, we
assume the cathode lifetime of 40000 h. The operation cost (COP)
was estimated taking into consideration the energetic costs and
the main chemicals used in the process. The energetic costs (CENER)
were computed taking into account the electrolysis unit energy
consumption (EC) and for the CO2 gas stream compression at the
different operative pressure (Pa) (Eq. (14)) (it was observed that they
are less than the 2% of the total energy required). Hence, here the
power consumption for a given capacity (kWh molTOT

� 1) was
estimated by Eq. (15)

Pa ¼ Fv*Patm g=ðg-1Þ ½ðP=PatmÞ
ðg� 1Þ=g-1�=h=molTOT

½¼� kW molTOT
� 1: (14)

CENER ¼ ðECþ PaÞ*PE (15)

Where Fv is the flow of the make-up of CO2 (m
3 s� 1), P and Patm the

operative pressure and the atmospheric one, respectively, γ the
compressibility factor of CO2 of 1.3, the efficiency η was assumed of
50%, PE is the electricity price (€ kWh� 1) (0.03 € kWh� 1[8]). The other
operation costs, namely chemicals costs (CCHEMICALS), were related to
the CO2 capture and recycling costs, water process and supporting
electrolyte. According to ref. [12], in the first approximation
approach, it was assumed that pure CO2 was fed to the electrolyzer
at a capture cost of 34 € tCO2

� 1 (i. e. 0.00149 € molCO2
� 1). In the
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current literature, the CO2 conversion per pass for the current
electrochemical technologies is drastically lower than 100%. Hence,
unreacted CO2 needs to be recirculated; the lower the CO2

conversion, the higher the separation costs of gaseous by-products
in the CO2 recycled stream. CO2 recycling cost was estimated as the
80% of the CO2 capture costs according to ref. [21]. The water
process cost was assumed 1.30 €m� 3 according to ref. [13]. It was
assumed that 80% of the water process was recycled to the
electrolysis unit.[21] The supporting electrolyte KHCO3 prices was
fixed at 0.46 €kg� 1 according to potassium bicarbonate at 99%
grade price CAS N 298-14-6 supplied by Jiangsu Coroge Health
Technology Co., Ltd. It was assumed that 80% of the supporting
electrolyte salt could be recycled since during the separation
process (e.g. distillation) for the concentration and separation stage
of the liquid product stream an oversaturation of KHCO3 in water is
expected[21] and part of the salt can be recovered.
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