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In recent years, there has been an increasing attention towards the cathodic reduction of pressurized CO2
(PrCO2CR) to produce various chemicals, such as formic acid or formate (FA), CO, synthesis gas and higher
hydrocarbons. Recently, in the case of Ag cathode, it has been shown that the optimization of PrCO,CR requires
an accurate selection of the couple current density (j) - pressure (Pgo,). In particular, it was found that the
faradaic efficiency in CO doesn’t always increase with the pressure; conversely, a maximum was observed for the
plot faradic efficiency vs. Pgp,. In this work, the PrCO2CR process was investigated using various commercial
cathodes (Sn, Bi, Ag and Ni) in an undivided cell to evaluate the role of the P¢o, and j for each cathode. It was
found that the optimal P¢o, and j values ranged from 30 and 55 bar and —150 and —190 mA cm 2, respectively,
for both Sn, Bi and Ag cathodes. It was observed that the plot of the total faradaic efficiency towards all COy
reduction products (FEror) vs Pco, gave a curve with a maximum for both Sn and Ag, while for Ni and Bi a
monotonic increase of FEror  with P¢o, was observed up to 55 bar. On the other hand, the plot FEorvs j gave a
curve with a maximum for all tested electrodes. The maximum value was achieved at higher j when higher
pressures were used. Moreover, the effect of P¢o, and j on the economic figures of the process was evaluated for

Sn, Ag and Bi and best operating conditions were found for each cathode.

1. Introduction

In the last decade, a vast number of studies was focused on the
development of chemical and electrochemical processes for the con-
version of CO; to compounds with a higher value such as carbon mon-
oxide (CO) [1-3], syngas [4-6], formic acid or formate (FA) [7,8],
methane, and other hydrocarbons [7,9]. Cathodic reduction of pres-
surized CO, (PrCO2CR) in water to various chemicals is considered a
promising route to convert captured CO,. Indeed, the utilization of
PrCO,CR is appealing for many reasons detailed below [10-13].

First, the use of PrCO,CR is expected to improve various figures of
merit of the process, such as the selectivity and the productivity in spite
of the fact that technical and economic studies have shown that, for both
CO2CR and PrCO,CR, the primary operative cost source is electrolytic
energy, while the cost of pressurized CO; is rather low [10,14]. In
particular, in aqueous electrolytes, COy solubility increases with the
partial pressure of CO2 (P¢o,). At 1 bar and using plate cathodes, the low
COg solubility (33 mM at 25 °C) gives rise to rather small limiting
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current densities (jimim ) for the mass transport of CO; to the
cathodic surface of approximately —30 mA cm™2 [7], thus causing low
productivities that can be increase by the use of pressurized CO5. As an
example, the increase of Pgp, to 10 and 50 bar gives rise to CO; solu-
bilities close to 0.31 M and 1.31 M at 25°C, respectively [15], thus
enhancing the jiimim values to approximately —280 and
—1200 mA cm’z, respectively. For example, Lamaison et al. [16] re-
ported a drastic increase of the CO partial current density (j) to
—286 mA cm 2 at a CO, pressure of 9.5 atm using Ag-Zn alloy dendrite.
In 1993-1995, the works of Sakata and co-authors showed that the use
of pressurized CO3 allows a significant increase in the production of CO
and FA at many electrodes [17-20] and to decrease hydrogen genera-
tion. Indeed, at high Pgo, higher CO5 coverage and lower proton con-
centrations on the cathode surface are expected, thus favouring the CO4
reduction with respect to hydrogen evolution [10,13]; moreover, the
adopted j is often lower than jyimim , therefore avoiding mass transfer
limitations for CO, reduction.

Second, various industries produce gaseous effluents containing
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pressurized CO» (1-20 atm) [21], which could be directly used as
feedstock as it. In addition, some products of CO, reduction, such as CO
or syngas, must be pressurized for various applications [1,22,23].

Third, for PrCO,CR, the morphology and the porosity of the elec-
trode were reported to affect in a less relevant way the figures of merit of
the process, thus allowing to use less expensive cathodes [24,25].

Moreover, it was recently shown that the selectivity of CO reduction
(Sco,) is affected by the CO2 pressure. For example, in the case of the
PrCO,CR using Ag cathodes, the pressure value affected not only the
competition between the reduction of CO, and water but also the
competition between the conversion of CO5 to CO or formate [13].
Similarly, Girichandran and co-authors have found on a Cu foam that an
increase of the pressure from 1 to 10 bar gave rise mainly to FA followed
by CO, while, at 25 bar, apart from FA and CO, the most preferred
products oxygenates (alcohols) with trace amounts of hydrocarbons
[26].

The use of pressurized reactors can lead to a significant increase of
the operative and capital costs if very high pressures are used.
Conversely, if pressures lower than 20 bar are involved, negligible in-
creases of these costs are expected [10,14]. PrCO2CR was studied at
numerous cathodes including Ag [13,27,28], Tin [29-33], Pb [19,34,
35], Hg and In [19,35], Cu [18,26,36,37], Ni [17], Au [38] and many
others [18]. The optimization of PrCO,CR requires selecting the oper-
ating conditions that minimize the impact of both operative and capital
costs on the process. To reduce the impact of capital costs, relatively
cheap apparatuses (e.g. undivided cells and not too-expensive cathodes)
should be used at high j to achieve a high rate of CO, conversion with the
same cell. High total faradaic efficiencies towards all COz reduction
products (FEror) should be achieved at relatively small cell potentials to
minimize the operative costs.

In spite of the key role of P¢o, and j for PrCO2CR, to date, the current
literature does not report a systematic study and comparison of the
coupled effect of Pgo, and j on the performances of the process using
different cathodes. It was recently reported, for the PrCO2CR at Ag
cathodes to CO [13], that: (i) the faradaic efficiency (FE) in the target
product doesn’t always increase with the pressure; conversely, a
maximum was observed for the plot FE vs. Po,; (ii) the effect of Pco,
significantly depends on the adopted j and vice versa. However, it is not
known up to now if these effects are peculiar of the silver cathodes or of
the conversion of CO2 to CO or more general. This work tries to answer
to this point by a systematic investigation of the effect of P¢o, (ranged
from 1 to 56 bar) and j (ranged from -50 to —230 mA cm™2) using
various cathodes (Sn, Bi, Ag and Ni) on PrCO,CR. Moreover, in the case
of Ag cathode, it was recently found that the minimization of capital and
operative costs requires for PrCO,CR a careful evaluation and selection
of both P¢p, and j [13]. In addition, some research groups tried to select
the best value of P¢p, for PrCO2CR systems [13,29-31]. Hence, in this
work, a large series of electrolyses was performed to determine the
values of the couple P¢p, and j that minimize the capital and operative
costs also in the case of Bi and Sn. Quite different electrodes used in this
study were selected for the following reasons:

e Sn and Bi. According to the literature, these electrodes show high
selectivity for reducing CO2 mainly to FA, depending on the pH; the
effect of Pco, using Sn [29-31] and Bi [24,39-42] was studied up to
now in most of cases under relatively low j values up to —
90 mA cm’z;

e Ag. It is considered one of the best cathodic materials to produce CO
or syngas [13,25,27,28];

e Ni. It is known to strongly favour the hydrogen evolution under at-
mospheric pressure with respect to the CO5 reduction; although,
dated studied performed under very low j values (< — 10 mA cm™2)
shown that Ni selectivity can change using high Pco, [17].

The results achieved in this work show that, for Sn, Bi and Ag, the use
of PrCO,CR allows to achieve quite good faradaic efficiencies in the
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target products with various values of the couple Py, - j. More in detail,
the plot FEgor vs j gives a curve with a maximum, which shifts to higher
values of j increasing Pco,, for all tested electrodes, while the plot FEror
vs. Pco, presents a curve with a maximum for both Sn and Ag, and a
monotonic increase for Bi and Ni up to 55 bar. Moreover, the selection of
the values of the couple P¢o, and j was discussed in detail taking into
account the main economic figures of the process.

2. Materials and methods
2.1. Electrochemical apparatus

An AISI316 stainless steel home-made cell (see Supporting Materials,
Figure S1) previously reported in detail in ref. [30] was used in this
study. This cylindrical geometry cell can work at high pressure. A glass
container for the electrolyte (V= 0.05 L) is placed inside the reactor. On
the upper part of the reactor, four lines are connected with a conax.
These lines include one for the thermocouple, two for the electrodes, and
one for the gas outlet stream. CO, (5.0 purity) supplied by Rivoira is
used to feed and pressurize the reactor and pressure gauge (high pre-
cision: 0.25 %) to measure the pressure. A Ti/IrO2-Tay0s sheet with a
working area of 2.4 cm™(commercial name DSA®) supplied by Elec-
troCell AB was used as the counter electrode. A plate of silver with an
active surface of 2.4 cm(Ag, supplied by Carlo Erba) was used as the
working electrode. The inter-electrodes distance was 1.5 cm. In this
system a two-electrodes configuration was used; hence the reference was
set on the counter. The electrolyte solution was continuously mixed at
500 rpm during the electrolysis using a magnetic stirrer.

2.2. Electrolysis and analyses

Electrolyses were performed by using an Amel potentiostat/galva-
nostat instrument (2053 model) under negative galvanostatic conditions
( from — 50 mA cm™2 to — 230 mA cm ™ 2). Saturated CO, aqueous
electrolyte of KHCOs3 (0.5 M) using various cathodes (Ag, Sn, Bi and Ni)
was used to perform the electrolyses. The pressure ranged from 1 to
56 bar.

The cathode was prepared before each electrolysis following three
steps: i) in the case of Ag, gently polish with alumina powder suspension
(size 1 pm), while in the case of Sn, Bi and Ni smooth by lapping machine
equipped with different abrasive sanding disc (180-grit, 500-grit, 800-
grit) to obtain a smooth surface, ii) 5 min of sonification in HPLC grade
water, and iii) rinse with HPLC grade water.

Agilent HP 1100 HPLC with a UV detector and equipped with a Rezex
ROA-Organic Acid H+ (8 %) column was used to quantify formic acid
and formate (FA).To carry out the analysis the following parameters
were selected: i) 0.005 N HySO4 water solution at pH 2.5 as mobile
phase eluted at 0.5 mL min_l; ii) column temperature 20°C; iii) wave-
length of 210 nm. The FA retention time was 18 min.

Agilent 7890B GC (gas chromatography) with a TCD detector fitted
out with a Supelco Carboxen® 60/80 column was employed for the gas
products detection. To carry out the gas analysis the following param-
eters were selected: i) TCD temperature at 230°C, ii) helium (99.999 %,
Air Liquide) at 1 bar as the carrier gas, iii) column temperature was set
at 350C for 5 min, followed by a 200C min ! ramp up to 2250C and by
an isothermal step at 225°C for 40 min.

Performances processes were discussed considering the following
figures of merit:

Faradaic efficiency of CO and FA (FE¢o and FEg,), total FE towards
all the CO, reduction products (FEror) and farasdaic efficiency of H
defined by Eqs. (1), (2),(3) and (4):

FE,, =n*F« [CO] * Q/(I) x 100 1)

FEpa =n«Fx [FA] = V/(I* t)*100 2
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FEror = FEco + FEpa 3)

FEy, =n«Fx [Hy| «Q/(I+ t)*100 (€))
where n is the number of electrons exchanged (n = 2 in the case of both
CO and FA), F the Faraday constant (96485 C mol’l), [CO] and [FA] the
concentration of CO and FA, respectively (mol m~> and mol L™} in the
case of FA and CO, respectively), Q the volumetric flow rate (m® s_l), \%
(L) the volume of the solution, and I the current intensity (A). In
particular, no other byproducts were detected in both gaseous (such as
CHy4, CoHg, C3Hg) and liquid phases (such as other light carboxylic
acids).
the productivity r; (mmol s7! m_z) defined by Eq.(5):

rror = FEror * j/n« F 5)

where TOT refers to the produced total moles of CO and FA.
Si= FE;/FEror + 100 (6)

where i refers to CO or FA.
Energy consumption (EC) (Eq. (7)):

EC = AV * I * t / molror [= ] kWh moldr %)

where AV is the cell potential, and molrtot the total amount of produced
CO and FA (mol).

e The ratio Anco, /nd,, (Eq. (8)):

Anco, / ngo2 = moles of CO, reacted / initial moles of CO,

= Nga + Nco / (k. + %S )+ 100 8

Where ngs  and n¢o are the moles of FA and CO produced in 120 min,
respectively, n, are the initial values of CO, moles in the reactor esti-
mated by the sum of nsc"(l,2 (i.e. the moles of CO; estimated by the Henry’s
law in 0.05L of aqueous electrolyte - See Supporting Materials,
Figure S2) and n‘%‘gz that are the moles of CO5 in the gaseous presents in
the empty volume of the reactors (0.125 L) (n’é”g2 = Pco, V/RT, in which
Pco, the operative CO; pressure in Pa, V empty volume in m®, R the gas
constant (8.314 J mol * K1) T the temperature in K (293 K).

Each experiment was replicated three times. Average data were
provided in the manuscript. In most cases, data were reproducible with
an error lower than 5 %.

2.3. Economic analysis

The economic assessment focused on the evaluation of capital and
operative costs due to the electrolysis process. Electrolysis costs (Cg)
were estimated by the sum of the capital (Ccap) and operation (Cop)
costs and expressed as the € per mole of CO and FA produced (€ moltdr).
Currently, the available technologies for the CO2 electrochemical con-
version are not ready yet for commercialization (TRL = 3-5) and data on
the process stability are not available in the literature [13]; thus, the
evaluation of the costs involves some degree of uncertainty. Ccap were
estimated for an electrolyzer with 1 m™ of the active area, a plant life-
time of 20 years and 8000 h per year of operation. According to
Canizares et al. [43], the undivided electrochemical cell prize (Pcej) was
estimated to be 015400 € m~2. According to the literature, the piping
and cell manufacturing costs do not change using operative pressure
between 1 and 20 bar [10], since industrial tube and cell manufacturing
are adept at sustaining up to 20 bar. However, an additional pressure
factor of 22 % of the Pce) was considered when the pressure values was
ranged between 5 and 15 bar, while a pressure factor of 47 % of the Pcej
was used when the pressure was higher than or equal to 30 bar [13].

Electrode cost was assumed of approximately i) 380 € m~2 for Sn
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according to the market value of an Sn foil with a thickness of 0.1 mm,
99.99 % high purity, supplied by Fuzhou Evance Mutual Entertainment
Culture Media Co., Ltd. (New Energy Materials Store, China), ii) 240 €
m~2 for Ni according to the market value of a Ni foil with a thickness of
0.1 mm, 99.99 % high purity, supplied by Ningo Picado Trading Co.,
Ltd. (Shop, China), iii) 5600 € m~2 for Ag 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, and iv)
2800 € m~2 for Bi foil with a thickness of 0.1 mm, 99.99 % high purity
(Bi price in € m~2 was estimated comparing the market price of Bi (342 $
kg~!) with respect to Sn (33 $ kg™ %; Bi/Sn ~ 10) and Ag (1054 $ kg~ ’;
Bi/Ag ~ 0.32) and averaging the final price between 3800 and 1817 €
m~2). In this assessment, the cathode lifetime was assumed 40’000 h
because, according to a recent review [44], a cathode lifetime over
4.45 yr (approximately 40’000 h) would keep the consumable cost in-
fluence below 10 % of the total cost production and neglect the effect of
the fabrication of cathode from an environmental perspective. Opera-
tion costs (Copgr) were computed including both the energetic costs
(Cgngr) and the main chemicals used in the process (Ccyemicars) The
Cgngr Were estimated considering the energy consumption of the elec-
trolysis unit (EC, kWh molféT) and energy for the COy gas stream
compression at the different operative pressure (P,) (Eq. (9)) (according
to our estimation they are less than the 2 % of the total energy required).
Hence, the power consumption for a given capacity (kWh mol{cl)T) was
estimated by Eq. (10):

P, =Fy * Pagn v/(y-1) [(P/Paym) /%11 / 1 /molror [= 1 kWh moltdr(9)
Cener = (EC + Py) * Pg (10)

Fy is the flow of the make-up of CO, (m3 s’l), P the operative pres-
sure and P, the atmospheric one, y is the compressibility factor of CO4
(y = 1.3), and the efficiency n was assumed to be 50 %. Pg is the elec-
tricity price (€ kWh™1) (0.03 € kWh™! [13]). In this study, CcuemicaLs
include the water process, COy capture and recycling costs and sup-
porting electrolytes. It was assumed that pure CO, was fed to the elec-
trolyzer at a capture cost of 34 € tcd2 (i.e. 0.00149 € molgdy), according
to ref. [10]. Since the CO, conversion per pass of the current technolo-
gies is significantly lower than 100 %, unreacted CO» needs to be
recirculated; hence CO5 recycling cost was estimated as 80 % of the CO»
capture costs according to ref. [32]. The KHCOs price used as supporting
electrolyte was assumed 0.20 € kg ! according to the price of potassium
bicarbonate 99 % chemical grade CAS N 298-14-6 supplied by She-
nyang Hongjiuzhou Chemical Co., Ltd. (in particular, estimation was
performed assuming that 80 % of the supporting electrolyte can be
recovered and recycled in the electrolyser unit after the concentration
and separation stages [13]). The cost of water process was fixed at 1.30 €
m~3 according to ref. [45]. It was assumed that 80 % of the water pro-
cess was recycled to the electrolysis unit [32]. Microsoft Excel software
was used to perform calculation, create graphs and do the economic
assessment.

3. Results and discussion
3.1. Effect of the carbon dioxide pressure using Ag, Sn, Bi and Ni

A first series of electrolyses was carried out for 120 min with a
relatively high j of -190 mA cm™2, that could potentially guarantee a
good productivity of the electrochemical cell if coupled with a good FE,
using a Ti/IrO3-Taz0s anode and Bi, Ni, Sn and Ag cathodes with
magnetic stirring (500 rpm). Electrolyses were performed in CO»-satu-
rated 0.5 M KHCO3 aqueous electrolyte since KHCO3 is largely used in
literature for the CO,CR at various cathodes [25]. First experiments
were carried out at 1 bar. For all tested electrodes, very low FEror were
obtained because of mass transfer limitations since the adopted j of
-190 mA cm ™2 is drastically higher than the limit current expected for a
process under the kinetic control of the mass transfer of CO, to the
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cathode surface (jyimim ~-30 mA cm ?) (Fig. 1A). For Bi, Ag and Sn,
FEror was close to 10 % and a very high faradaic efficiency for Hy
evolution (FEg, close to 90 %) was observed, thus resulting in quite low
overall productivities (rror) close to 1 mmol s ! m~? instead of the high
adopted j (Fig. 1B). However, according to the literature, quite different
products were produced by CO» reduction at the different cathodes: in
the case of Sn and Bi, FE¢o was lower than 1 % (Fig. 1D) and FEg,4 close
to 10 % (Fig. 1C) with a selectivity in FA (Sgs) higher than 95 %, while,
for Ag, the opposite situation was observed: FEp, was negligible and
FE(o close to 5 % (Figs. 1C and 1D) with a selectivity in CO (S¢o) close to
100 %. In the case of Ni, no reduction of CO5 was observed (Fig. 1) in
favors of Hy evolution (FEy, ~100 %), according to the fact that this
electrode is known to strongly favor the hydrogen evolution [17]. In all
the cases, no other byproducts with respect FA and CO were detected in
both liquid and gaseous phases.

When P, was increased to 5 bar, for Sn and Bi a significant increase
of FEror (61 % for Sn and 47 % for Bi) and rror (6 and 5 mmol s 'm™2
for Sn and Bi, respectively) was observed (Figs. 1A and 1B) coupled with
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a reduction in the FEy, (of approximately 40 and 55 % for Sn and Bi,
respectively). For Ag, FEror was significantly lower (24 %) and for Ni
still negligible (Fig. 1A). In the latter case, a FEp, still close to 100 % was
recorded.

Hence, in order to enhance the FEror, the electrolyses were repeated
with various values of P¢o, up to 50-56 bar. Figs. 1A and 1B report the
effect Pco, on FEror and on rror, respectively.

For Bi, FEror and rror presented a monotonic increase with Pco,,
giving rise to the highest value of FEror (close to 80 %) and of rror (close
to 7.9 mmol s~ m~?) for the highest adopted value of the pressure of
55 bar (Figs. 1A and 1B) coupled with a significant reduction of the FEy,
(<10-15 %). For Ni, the increase of P¢o, allowed to reduce the carbon
dioxide even if with quite low FEpor; indeed, FEror was lower than 1 and
close to 2, 5and 8 % at 1, 15, 30 and 50 bar (Fig. 1A; FEy, is reported in
Fig. 4). In the case of Sn and Ag, a more complex scenario was observed.
Indeed, as shown in Figs. 1A and 1B, for these cathodes, the plot FEror
vs. Pco, and rror Vs. Pco, presented a maximum even if at different
pressures (Figs. 1A and 1B). In the case of Sn, the maximum values of
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Fig. 1. Effect of Pco, (1 + 56 bar) on the PrCO,CR process at j = -190 mA cm 2. Plot of (A) FEror, (B) rror, (C) FEga, (D) FE¢o and (E) EC vs Pco, . Electrolyses were
performed in a CO,-saturated 0.5 M KHCO3 aqueous electrolyte using Sn, Bi, Ni and Ag cathodes and a DSA anode for 120 min. V = 0.05 L. N = 500 rpm.
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FEror (close to 80 %) and rror (close to 7.9 mmol s™1 m~2) were ob-
tained at 30 bar, while for Ag at 50 bar (FEror close to 76 % and rror to
7.5 mmol s ' m~2).

In addition, the effect of the Pgo, on the amount of CO2 converted
with respect the initial amount of CO2 (ratio Anco, /ngoz) was also
similar: in the case of Bi, the ratio Anco, /ngo2 value decreased with the
Pco,; while in the casa of Sn and Ag, a maximum was observed at 5 bar
(see Supplementary Materials Figure S4A).

According to the literature [13,28], CO and FA production is ex-
pected to occur by paths 1 and 2, respectively, which compete with the
hydrogen evolution described by path 3. An increase of P¢o,results in an
enhancement of the COj solubility (see Supplementary Materials,
Figure S2) and, as a consequence, in a faster mass transfer to the cathode
surface, in a higher CO3, COOH,q and/or HCOOad surface coverage and
in a reduction in the number of protons adsorbed on the catalyst surface,
thus favoring the reduction of CO5 (paths 1 and 2) with respect to the
hydrogen evolution (path 3) [13,28]. This effect can explain the pro-
duction of formate observed at the Ni cathode for pressures of 30 and
50 bar (Fig. 1), even though this cathode does not give rise at atmo-
spheric pressure to CO; reduction.

path 1
COy + Hy0 + e + * = COOH,q +OH™ (11)
COOH,q + HyO + e~ - CO + HyO + OH™ + * (12)
path 2
CO3 + Hy0 + e + * = HCOOad +OH ™~ (13)
HCOOad +H,0 + e — HCOOH + OH + * a4
path 3
H20 + e + * = Had +OH™ 1s)
Hag + H2O + e - Hy +OH + * (16)

The adverse effect of Pco, on FEror, observed for the highest values
of Pco,, was previously reported for Ag [13], but not yet, up to our
knowledge, for Sn. To understand this trend, various factors can be taken
into considerations. It has been observed that the increase of Pgo, leads
to a decrease of pH, thus increasing the concentration of protons in the
bulk, even if, in 0.5 M KHCOs, the increase of P, is expected to have a
limited effect: as an example, the increase of P¢o, from 10 to 55 bar is
expected to decrease the pH from about 6.5 to 6.0 (See Supporting
Materials, Figure S3). Moreover, at very high Pgo,, a very high coverage
of CO; is expected, thus presumably giving rise to a limited presence on
the cathode surface of the water, protons and adsorbed hydrogen,
necessary for the first step of paths 1 and 2.

Figs. 1C and 1D report FEps and FE¢o, respectively. For both Sn and
Ag, FEp, presented a curve with a maximum with Pgo, (Fig. 1C). For Sn,
the maximum value was achieved at 30 bar. For example, at 5, 30 and
50 bar, FEp4 at Sn was 56, 76 and 33 %. For Ag, the maximum FEg, was
observed at 50 bar: indeed, at 5, 50 and 56 bar, FEp4 was 0, 15 and 9 %,
respectively. Moreover, in the case of Ag and Sn, a curve with a
maximum was presented also by FE¢o (Fig. 1D) for a pressure of 40 bar.
It is interesting to observe that for these two electrodes, Pgo, affected
also the competition between the production of FA or CO. This is in line
with the literature, it was recently reported that, using Ag, higher
pressures lead to a decrease of S¢p from 100 to about 73 % and a cor-
responding increase of Sg4 [13]. In the case of Sn, the pressure increases
from 1 to 47 bar resulted in a slight monotonic decrease of Sg4 from
100 % to 90 % and a corresponding increase of S¢p from about 0 to
approximately 10 %.

For Bi and Ni, a slightly different picture was observed. Indeed, for
these two electrodes FEg4 (Fig. 1A) and rror (Fig. 1B) increased for each
increase of Pco,. It is possible that a maximum could be present also for
these electrodes at higher pressures, but the analysis of higher values of
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Pco, was not carried out to maintain the CO» in the gaseous phase at 20
°C, according to the CO, phase diagram. As shown in Figs. 1C and 1D,
higher P¢o, resulted in a higher production of FA but did not affect
significantly FE¢o which presented very small values for all the experi-
ments. Hence, Sps was higher than 95 % for all adopted values of Pco,.

Fig. 1E reports the effect of P¢o, on EC for the tested electrodes at
~190 mA cm™2. In the case of Ni, very high ECs were observed (Fig. 1E
reports only the EC observed for Ni at 50 bar; at the other pressures EC
presented higher values than 6 kWh moltdr), due to the very low pro-
duction of FA and CO. At Bi, the increase of the P¢o, resulted in a
decrease of EC due to the higher production of FA (Fig. 1C) and to a
slight reduction of the cell potential with the lowest value close to 0.5
kWh rnolﬁl)T achieved at 56 bar. In the case of Ag and Sn, the minimum
values of EC close to 0.5 kWh mol{cl)T were achieved at 50 and 30 bar,
respectively, where the highest FEror were obtained.

3.2. Effect of the current density using Ag, Sn and Bi

To evaluate the effect of j on PrCO2CR, a series of electrolyses was
carried out changing j (using -50, ~90, —150, ~190 and 230 mA cm ™ 2)
at Pco, of 15 bar using Sn, Ag and Bi cathodes. The use of 15 bar is quite
appealing since it allows both to guarantee a quite high CO2 solubility
(close to 0.46 M) and jyjimim (> 0.4 A cm™?) and to have very low
costs due to the use of pressurized COs. Indeed, up to 20 bar, the ex-
penses of PrCO,CR are very close to conventional CO2CR [10]. Fig. 2A
reports the effect of j on FEgor. It is clearly shown that the plot FEzor vsj
presents similar trends for all the adopted cathodes and, in particular, a
curve with a maximum for a j of -90 mA cm™2. At all cathodes, the in-
crease of j from -50 to —-90 mA cm 2 gave rise to an appreciable
enhancement of FEror, which was close to 95 % for Bi and Sn and 85 %
for Ag, coupled with very low values of FEy, (< 5-15 %). A further in-
crease of j gave rise to a monotonic decrease of FE;or and increase of
FEp,: as an example, for Bi, FEror was 66, 53 and 24 % for j of -150,
~190 and —230 mA cm ™2, respectively, while FEg,increased from less
than 5% to 45 and 75 % from -90 to -190 and -230 mA cm 2,
respectively. Since all the adopted values of j are significantly lower than
Jilimim , the process is likely not to be affected by mass transfer lim-
itations, but more probably by different surface coverages of reagents
and intermediates. Indeed, high js are expected to reduce the coverage of
the surface by COy, thus favouring the competitive adsorption of H and
hydrogen evolution [13,33]. Fig. 2C reports the effect of j on FEp,: it is
observed that for Sn, Ni and Ag, also the plot FEg, vs. j presented a
maximum (for ~90 mA cm 2 at Sn and Bi and between -90 and
~150 mA cm ™2 for Ag). In particular, at -90 mA cm’z, FEga was close to
91 % for both Sn and Bi. For Ag, a clear maximum was observed also for
FEco at -90 mA cm 2 (Fig. 2D); while an unclear trend was observed for
Bi and Sn. Fig. 2B reports the productivity achieved for the various js.
The highest productivity rror (close to 7 mmol s~* m~2) was obtained
for Sn at ~190 mA cm 2. For lower Jjs, smaller rror were achieved (2.2,
4.1 and 4.8 at-50, —90 and -150 mA cm ™2, respectively), because of the
lower values of charge passed, while, at the higher value of js, the
decrease of rror to 3.8 mmol s ' m2is caused by the very low FEzor. A
similar trend was also observed for Bi with a maximum rror (close to
5.5 mmol s™! m~2) at 190 mA cm ™2, while Ag presented the maximum
rror at =150 mA cm 2.

Fig. 2E reports the effect of j on EC. EC was close to 0.30 kWh mol7dr
for all adopted electrodes for j up to 90 mA cm ™2, Indeed, the slight
increase of AV observed upon increasing j from 50 to -90 mA cm ™2 was
compensated by the higher FEs. For an example, in the case of Sn, at
50 mA cm ™2 the AV was 4.6 V, FEror was close to 85 % and EC was
0.29 kWh molﬁl)T. The increase of j to — 90 mA cm 2 enhanced both AV
(5.0 V), caused by the higher ohmic drops, and FEror (93 %), with a
negligible modification of EC. Conversely, the increase of j to higher
values, resulted in a significant rise in EC because of the enhancement of
AV and the decrease of FErpr. As an example, using a Sn cathode, the
increase of j to ~150 mA cm 2 resulted in a rise in AV to approximately
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Q=0.1Lmin .

6.1V, to the decrease of FEor to about 63 % and an EC slightly higher
than 0.50 kWh molfr.

To try to enhance the FEs also at high js, the effect of j on the process
was evaluated also at a higher value of P¢o, of 40 bar using Sn, Ag and Bi
cathodes. As shown in Fig. 3A, at 40 bar high values of FEror were
observed for a quite extensive range of j (Fig. 3A). Indeed, for both Bi
and Sn, FE7or close to 85-87 % coupled with FEy, lower than 13-10 %
were achieved at both -90 and -150 mA cm™2. Similarly, in the case of
Ag, FEqor close to 77-82 % coupled with FEy, lower than 24-16 % were
observed at -90 and ~150 mA cm 2. Conversely, for all these electrodes
a further increase of j to ~190 and —230 mA cm ™2 gave rise to a slight
decrease of FE7or. Indeed, at -190 mA cm’z, FEror was close to 74 %
using Ag and 69-70 % with Bi and Sn cathodes coupled with FEg, of
approximately 25-28 %. In particular, the comparison between Figs. 2A
and 3A allows to highlight the fact that the increase of the Pgo, from 15

to 40 bar permitted to enhance significantly the range of j where it is
possible to achieve high FEror. Hence, the use of 40 bar allowed to
drastically improve the productivity of the system which reached a value
close to 6.8 mmol s~ m~2 using Sn and Bi cathodes at ~150 mA cm ™2
and close to 6.2 mmol s~ m~2 using Ag at ~190 mA cm 2 (Fig. 3B). The
decrease of FEror observed at the highest values of j was due to a sig-
nificant decline of FEg, in the case of Sn and Bi (Fig. 3C) and of FE¢g in
the case of Ag (Fig. 3D). In addition, at relatively low P¢o, values of
15 bar, for Sn, Bi and Ag, the trend of Anco, / n202 presents a maximum at
intermediate j values (see Supporting Materials, Figure S4B); while at
higher P¢o, of 40 bar, this ratio increases with the j (see Supporting
Materials, Figure S4C). Figs. 2E and 3E report the effect of the j on the EC
at 15 and 40 bar, respectively. It is clearly observed that using 40 bar
allowed to reduce the ECs observed at the high values of j. As an
example, using Sn and -150 mA cm ™2, the EC was close to 0.43 and 0.36
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Fig. 3. Effect of the j (- 50 + - 230 mA cm ) on the PrCO,CR process at 40 bar. Plot of (A) FEror, (B) rror, (C) FEma, (D) FE¢o and (E) EC. Electrolyses were
performed in a COy-saturated 0.5 M KHCO3 aqueous electrolyte using Ag, Sn or Bi cathode and DSA anode for 120 min. V= 0.05L. N =500 rpm. Q = 0.1 L min L.

at 15 and 40 bar, respectively, because of the positive effect of the
pressure on both the FEg4,which increased from 62 % to 87 %, and on
the AV, that decreased from 6.15 to 5.8 V.

3.3. Focus on Ni cathode

In this section, a focus on Ni cathode was reported in order to eval-
uate the effect of P¢o, also for a material that strongly favours the Hy
evolution in aqueous electrolyte under atmospheric pressure with
respect to the CO4 reduction and that it is not commonly used as cathode
for CO, reduction. The effect of j was evaluated also using a Ni cathode
carrying out some electrolyses at 15bar and -50, -90 and
~190 mA cm™2. As shown in Fig. 2A, quite low values of FEgor were
achieved at all adopted js in favors to the Hy evolution (FEg, ~
92-97 %). Indeed, similar values of FEtor close to 7 % were observed for
-50 and -90 mA cm 2 (given mainly by the conversion to FA with a FEg,
close to 6 %) while at =190 mA cm ™2 a negligible FEror (close to 2 %)
was recorded. As a consequence, as shown in Figs. 2B and 2E very low

rror (with a maximum of 0.30 mmol s! m™2 at -90 mA cm~?) and very
high EC were observed.

Since at Ni cathode, the Hj evolution is strongly favored with respect
to the CO5 reduction, the series of electrolyses carried out at various Pco,
and -190 mA cm 2 were repeated at relatively low values of j
(50 mA cm™2) and up to a higher value of Pco, of 55 bar to try to
favor the PrCO,CR process. Fig. 4 reports the coupled effect of P¢o, and j
on FEror (primary y- axis) and FEg, (secondary y- axis). It is noticeably
observed that at both 50 and —~190 mA cm ™2 the increase of the Pco,
allowed to enhance the FEror and reduce the FEg,. Moreover, the use of
a lower value of j gave rise to a significant increase of FEor which was
close to 40 % for a Pco, of 55 bar, due to the substantial increase of
FEps to about 37 %. This result was probably caused by the fact that
the coupled use of a relatively low value of j and of a high P, increase
significantly the coverage of CO, with respect to that of Hy precursors,
thus reducing the impact of hydrogen evolution (path 3) and allowing to
have an appreciable production of FA by the path 2. These results are in
line with dated studied performed under very low j values (< -
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10 mA cm~2) which shown that Ni selectivity can change using high
Pco, [17].

It is interesting to observe that some authors have previously found,
for various electrodes, some couples of j and Pco, that give quite good
results in terms of FE and productivity (see Supporting Materials -
Table S1) even if no information on the trends achieved changing both
these two parameters were reported in most of cases, thus not allowing
to evaluate in deep the role of these key parameters.

3.4. Effect of current density and pressure on economic figures of the
PrCO2CR

The key economic factors of the PrCO,CR at Ag, Sn, Bi and Ni
cathodes were estimated at different working conditions under the as-
sumptions reported in Section 2.3. Fig. 5A-5E compare the effect of the j
on the production of FA and CO in terms of energetic costs (Cgngr;
Fig. 1A), chemicals costs (Ccurmicats; Fig. 1B), operating costs (Copeg;
Fig. 1C), capital costs (Ccap; Fig. 1D) and overall electrolysis costs (Cg;
Fig. 1E) at 15 and 40 bar using Ag, Sn and Bi. Cgngr include the energy
consumption (EC) of the electrolyzer unit and the energy for the CO,
compression; while Ccypmicars consider the CO; feed, the water process
and the supporting electrolyte costs. Each item costs were evaluated as
the euros spent for the electrolysis of a mole of FA and/or CO produced
(€ molfcl)'[). COPER (Fig. SC) include both CENER (Fig. 5A) and CCHEMICALS
(Fig. 5B). It is relevant to point out that the following costs evaluation
involves some degree of uncertainty due to the reasons that the available
technologies for the CO,CR are not ready yet for commercialization
(TRL = 3-5) [13]. In this economic estimation, a cathode lifetime of
40’000 h was assumed according to Fernandez-Caso et al. [44] since in
the current literature, studies reporting the stability of the CO2CR pro-
cess under high pressure are very limited and in most of the cases does
not reach the hundreds of hours (e.g. see Supplementary Materials -
Table S1). As an example, the stability of the PrCO,CR was investigated
in COg-saturated 0.1 M NaySO4 aqueous electrolyte using Sn at 23 bar
and —50 mA cm 2 (Entry 1, Table S1) and Bi at 10 bar and
—75 mA cm 2 (Entry 6, Table S1) showing a good stability for 43 and
60 h, respectively. However, in spite the good results, the use of this
number of hours to perform the economic estimation would results in
unreliable and unrealistic scenario. According to our analysis, the
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impact of both Copggr and Ccap on the production of FA and CO strongly
depends on the adopted j and P¢o, for all the tested cathodes. For all the
cathodes, the increase of the j results in higher Cgngr since they are
related to both the FEs and the AVs (Fig. 5A); although a stronger effect
of j on Cgngr Was observed at lower P¢o, values. In detail, at 15 bar, a
Cgngr value of approximately 8.5 107%¢ mol{cl)T was estimated working
at — 50 mA cm 2 for all the cathodes (Fig. 5A), due to similar values of
AVs and rpor. Conversely, Cgngr significantly increase up to 18, 25 and
3010°°¢€ rnolfcln at — 190 mA cm 2 using Sn, Bi and Ag, respectively,
(Fig. 5A) because of the very high AVs observed under these conditions
(EC, Fig. 2E); the lowest Cgngr observed using Sn were associated to the
highest rror achieved under these conditions with respect to the other
cathodes (Figs. 2A and 2B). At 40 bar, a similar but less relevant effect of
j on Cgngr can be observed (Fig. 5A). For all the cathodes, the increase of
j from —90 to -150 mA cm 2 slightly enhances Cgnggr from 9 to 10 1073¢
moltdr (F ig. 5A) due to the slight increase of AVs; while a further
enhancement of j to -190 mA cm 2 results in Cpygg of approximately 17
1073 ¢ mol-E(I)T (Fig. 5A) due to both the higher AVs and lower FEror
(Fig. 3A). Also, the Ccuemicars were strongly affected by both j and Pco,
(Fig. 5B). Overall, for all the cathodes, at 15 bar, the trend of Ccypmicars
vs j presented a curve with a minimum. In the case of Sn or Bi, the
CcuemicaLs minimum values of approximately 11 or 14 1073 ¢ molfcl,T,
respectively, were observed at ~190 mA cm 2 (Fig. 5B); while, in the
case of Ag, the minimum value of approximately 14 10~ € molérwas
observed at ~150 mA cm ™2 (Fig. 5B) due to the highest rror values
reached under these conditions (Fig. 2B). When P¢o, was 40 bar,
CcuemicaLs decrease by increasing j for all the used cathodes (Fig. 5B)
due to the similar and highest FEror and rror (Fig. 3B). Fig. 5C reports
Copgr due to the combination of these two economic figures. According
to all the previous considerations, the lowest Copgr values were
observed for all the cathodes at high j of ~150 mA cm ™2 and Pcp, of
40 bar, as a result of high FE7or, rror and lower EC achieved under these
conditions.

A similar picture is observed for the Ccap under the adopted working
conditions (Fig. 5D). Indeed, at 15 bar, the plot of Ccap Vs. j presents a
trend with a minimum at 150 or ~190 mA cm 2 in the case of Ag or Sn
and Bi, respectively (Fig. 5D). Conversely, at 40 bar, Ccap values
monotonically decreased by increasing the j for all the cathodes
(Fig. 5D), since very high rror were reached (Fig. 3B).

Figs. 5E and 5 F report the impact of the sum of Copgr and Ccap,
namely electrolysis cost (Cg) on the process for a large set of operative
conditions using Ag, Sn and Bi. It is worth mentioning that using Sn, Bi
or Ag the highest Cg values of approximately 0.21, 0.26 or 0.87 € molEéT
were estimated at 1 bar at -190 mA cm ™2 (Fig. 5F), because of the low
values of FEs and rs, thus confirming the opportunity to operate with
relatively high Pgo,. The lowest Cg values for these electrodes were
observed at high P¢o, values. In the case of Sn, Cg of approximately 0.028
€ molfcl)T were reached at 40 bar and —150 mA cm ™2 or 30 bar and
-190 mA cm ™2 (Figs. 5E and 5F). In the case of Bi, Cg of 0.031 € moltdr
was observed at 40 bar and 150 mA ¢cm ™2 or 56 bar and ~190 mA cm 2
(Figs. 5E and 5F); in this case, Cg monotonically decreased by increasing
the P¢o, values (Fig. 5F). In the case of Ag, Cg of approximately
0.036-0.038 € moltdr were estimated under 40 bar and -150 mA cm ™2
or 50 bar and ~190 mA cm 2.

A different picture can be described in the case of Ni cathode. In this
case, very high costs were estimated because of the low FEror and rrot.
For Ni cathode, the lower Cg values close to 0.13 and 0.31 € moltdr were
observed only at very high P¢o, of 55 bar and -50 mA cm 2 and 50 bar
and 190 mA cm 2, respectively (data out-of-range does not shown in
Fig. 5).

Overall, according to this assessment, the most appealing economic
figures for all the investigated cathodes Sn, Bi, and Ag were estimated to
be achieved under very similar operative conditions, such as relatively
high P¢o, of 30-56 bar and high j ranged from -150 and ~190 mA cm 2,
since under these adopted conditions very similar values of FEror and
rror were reached. In first approximation, this analysis does not consider
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Fig. 5. Plot of the (A) Cgngr (B) Ccnemicars, (C) Coper, (D) Ccap and (E) Cg vs. j at 15 and 40 bar using Ag, Sn and Bi. (D) Plot of Cg vs. P¢o, atj of -190 mA cm 2
using Ag, Sn and Bi. Cg of approximately 0.87, 0.26 or 0.21 € moltdr (out-of-range) was estimated at Pgo, of 1 bar using Ag, Sn or Bi cathode, respectively.

the concentration and separation cost of the FA. Hence, the overall costs
for the case of Sn and Bi will be significantly higher due to the costs
necessary to concentrate FA [46].

Moreover, it is worth to note that similar Cg values were estimated
despite the significant difference in the price of the electrode materials,
thus showing that the electrodes’ cost does not significantly affect the
overall economy of the process under the adopted assumptions.

It is important to observe that this finding is valid only if a good
stability of the electrode can be ensured. A cathode lifetime of 40’000 h
was assumed according to Fernandez-Caso et al. [44] in this economic
analysis. However, for each electrode, a decrease of the cathode lifetime
causes an increase of the Ccpp, and, consequently, of the overall Cg. In
the case of Sn, a decrease in the cathode lifetime of —25 or -50 % will
slightly increase the Cg by approximately 3 or 8 %, respectively. In the
case of Bi or Ag, a stronger impact on the Cg can be observed; a cathode

lifetime reduction of —25 or —-50 % will enhance the Cg, of approximately
13 or 38 % using Bi and 17 or 50 % using Ag, respectively. The different
results could be attributed to the different electrodes’ prices; indeed, for
Sn, the impact of its lifetime is less relevant to the overall economics of
the process since it is a cheaper electrode; while for Bi or Ag, a relevant
impact of the cathode stability on the Cg can be observed since they are
expensive electrodes. Hence, the higher the electrode price, the higher
the impact of the effect of the cathode lifetime on the process’
economics.

It is worth noting that a further reduction in the cathode lifetime
until the current values reported in the literature would increase the
Ccap, and, consequently Cg, beyond 100 %. This shows that the elec-
trode’s current stability is still inadequate to meet the requirements at
the application scale.

Conversely, a reduction of the Cg can be observed increasing the
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stability of the electrode with a less relevant impact. Indeed, an increase
in the cathode lifetime of 25 or 50 % will slightly decrease the Cg by
approximately —1.5 or —2.5 % using Sn, -7.5 or —-12.5 using Bi, and -9 or
-16 % using Ag, respectively. Hence, the higher the stability of the
electrode, the lower the impact of its price in the Cg regardless of the
nature of the electrodes. Overall, this shows that a cathode lifetime of at
least 40,000 h is a good stability target to neglect the effect of the
electrode price on the overall economics of the process. This is in line
with the review of Fernandez-Caso et al. [45] which showed that an
electrode lifetime over 4.45 years will not affect remarkably the total
production cost.

Based on this analysis, to commercialize the PrCO,CR process in an
aqueous electrolyte, several factors must be improved simultaneously to
decrease the Cg, reducing both the Copgr and Ccap. To decrease the
Copeg, the attention could be focused on: i) the reduction of the EC, i.e.
decreasing the AVs (engineering the electrocatalyst) or/and using the
excess electric energy to reduce the electricity price by maintaining high
FEror and rror, thus decreasing the Cgnggr; and ii) the reduction of the
amount of the supporting electrolyte or its total removal, thus lowering
the Ccuemicars- For example, this can be technologically done using
microfluidic reactors with an inter-electrodes gap of less than 120 pm.
Recently, Proietto et al. [47] showed that using microfluidic reactors
allows to synthesize FA from CO, reduction without supporting elec-
trolytes and by maintaining low AVs values.

4. Conclusions

The electrochemical conversion of pressurized CO2 (PrCOCR) in
CO,-satutared KHCO3 aqueous electrolyte was studied from a technical
and economical point of view at various cathodes (i.e., Sn, Bi, Ag and Ni)
to evaluate the role of both the pressure (P¢p,) and the density (j).

More in details, it was found that:

e For Sn, Bi and Ag, for a fixed value of P¢o, the plot FEror Vs j gave a
curve with a maximum, which shifted to higher values of j increasing
Pco,; hence, the use of higher P¢o,allowed to achieve high FEzor in a
more extensive range of j thus causing higher values of the produc-
tivity ryor for all these electrodes;

The plot FEgor vs. Pgo, presented a monotonic increase for Bi and Ni
for all the tested pressure (up to 55 bar) while a curve with a
maximum was observed for both Sn and Ag;

The selection of proper operative conditions (such as 40 bar and
150 mA cm~2) allowed to achieve both high FEror (close to
80-90 %) and productivity rror (close to 7 mmol s m™2) for all
adopted electrodes except for Ni; in the case of Ni, at -50 mA cm ™2
the increase of Pgo, from 1 to 55 bar allowed to increase FEror
from about 0-40 %.

Moreover, the economic analysis has shown that, for Sn, Bi and Ag
cathodes, the operative costs are relatively low at high P¢o, of 40 bar
and j of ~150 mA cm ™2 due to the combination of relatively low values
of both energetic and chemical costs. Overall, the most appealing eco-
nomic figures were obtained under very similar operative conditions,
such as relatively high Pco, of 30-56 bar and high j ranged from -150
and 190 mA cm 2, since under these adopted conditions very similar
values of FE7or and rror were reached, despite the significant difference
in the price of the electrode materials.
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