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A B S T R A C T   

Electrochemical conversion of CO2 into formic acid (FA) in an aqueous electrolyte is considered a promising 
strategy to valorise waste-CO2. Some studies, mainly performed using Sn cathodes, have shown that the per
formance of the process can be strongly improved using pressurized systems. On the other hand, other studies, 
usually carried out in non-pressurized systems, have indicated that the nature of the cathode can strongly affect 
the process. Hence, in this work, we have investigated the coupled effect of nature of the cathode and CO2 
pressure (PCO2 ) on the electrochemical conversion of CO2 to FA. Four electrodes (Sn, Sn/C-NP, Bi, Bi/C-NP) have 
been used as model cathodes. The results obtained have shown that the increase of PCO2 enhances the production 
of FA and the faradic efficiency of the process (FEFA) for all tested cathodes. Moreover, it has been observed that 
nanoparticle-based cathodes provided better results for electrolyses carried out at 1 bar and high current density. 
Conversely, at relatively high PCO2 , the effect of the nature of the cathode becomes less important and bulk Sn 
and Bi electrodes display very interesting results in terms of production of FA, FEFA and stability.   

1. Introduction 

A promising route to valorise waste-CO2 is its cathodic reduction 
(CO2EC-CO2 electrochemical conversion) into various chemicals [1–6]. 
As described in the literature, CO2EC presents various advantages [2,7, 
8] including: 

• the possibility to operate under mild conditions (i.e., low tempera
ture and pressures between 1 and 30 bar);  

• the production of different compounds in water, such as formic acid 
(FA), carbon monoxide, syngas, ethylene, etc…, by a suitable selec
tion of operative parameters [1];  

• easy scale-up and potential utilization of excess electric energy from 
intermittent renewable sources, available at a low price, as chemical 
energy, without any additional fossil fuel-based electricity, thus 
reducing the process’ costs [8]. 

Moreover, the utilization of non-aqueous systems can allow using 
CO2 for the electrochemical production of carboxylic acids by the 

addition of proper precursors, such as benzylic halides or aromatic ke
tones [9,10]. 

It has been reported that, in aqueous solvents, simple products, such 
as CO and FA, are likely to be more interesting from an economic point 
of view due to the low number of electrons (z = 2) required for their 
synthesis and to the interesting performance of adopted electrocatalysts, 
although only lab-scale and small pilot plant electrolyser systems have 
been used [7,8,11]. Indeed, CO and FA show the highest product value 
per electron [11]. Furthermore, for these products, relatively high 
faradic efficiencies (FE) and current densities (j) have been reported. 
Moreover, the synthesis of FA by CO2EC process is likely to present a 
smaller environmental impact than conventional industrial processes 
[8] and the economics can become more interesting by coupling the 
cathodic process with a suitable anodic one (such as the wastewater 
treatment or the synthesis of Cl2 [12,13]) or with an Assisted Reverse 
Electrodialysis process [14]. 

It has been shown that the performance of CO2EC to FA can be 
improved by various approaches, including the utilization of gas diffu
sion electrodes [15–30], pressurized systems [31–40] or electrocatalytic 
materials with high electrode surface, activity, and selectivity [4]. 
However, the effect of the nature of the cathode has been usually 
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evaluated for systems operating at CO2 pressure (PCO2 ) close to 1 bar and 
few data are available for pressurized cells. Conversely, in most cases, 
the studies on the effect of the PCO2 on the CO2EC to FA have been 
performed only using Sn-based cathodes. 

Hence, in this work, we have performed a detailed analysis of the 
effect of the nature of the cathode at various PCO2 and j on the CO2EC 
process performances into FA. Four electrode materials have been 
selected as model cathodes based on the state of the art:  

• Tin plate (Sn) and ii) carbon-supported tin nanoparticle (Sn/C-NP) 

Sn electrocatalysts have been the most extensively investigated 
cathodes for the electrochemical synthesis of FA since 1976 [42] thanks 
to their high catalytic activity and selectivity towards FA/formate 
(>90%) in aqueous electrolytes. Several studies have shown that the Sn 
plate is an active form and the most stable form among the Sn-based 
catalysts reported in the literature [35,36,43]. Proietto et al. [36] 
showed that the concentration of FA ([FA]) as high as 0.38 M coupled 
with a good FE after more than 40 h were achieved using a Sn plate 
under pressurized conditions. Recently, several strategies have been 
used to tune the performance of Sn electrocatalysts. As an example, 
these metals are usually deposited in form of particles to maximize the 
active surface with the minimum amount of metal and recent studies 
have shown that the structure and size of these particles have a great 
influence on the selectivity and behaviour of the electrochemical 
reduction. Del Castillo et al. [30,31] have shown that the usage of 
Sn/C-NP allows to achieve a FE of formate of 70% coupled with a 
concentration of 54 mM at 150 mA cm− 2 in a divided filter-press type 
cell equipped with a Sn-GDE. In addition, they have demonstrated that 
metal loading and particle size play a relevant role in the performance of 
CO2 reduction: smaller Sn nanoparticles displayed higher selectivity. 
Furthermore, according to the literature, to date, only for Sn-based 
cathodes there is an interesting engineering and economic feasibility 
to produce FA on the large-scale, thanks to its non-noble, eco-friendly, 
and low-cost characteristics [8].  

• iii) Bismuth (Bi) and iv) carbon-supported bismuth nanoparticle (Bi/ 
C-NP) 

The electrochemical CO2EC performances using Bi were first re
ported by Komatsu in 1995 [44]. More recently, Bi has aroused great 
interest as an electrocatalyst for producing FA/formate at lower over
potentials with respect to the other metal-based cathodes [29,45–48]. 
Bi-electrocatalysts are also characterized by low toxicity, low cost, and 
high stability under electrochemical conditions in aqueous media. In 
addition, the H2 evolution reaction (HER) is poorly electro-catalyzed by 
Bi due to its positive free energy of hydrogen adsorption. Su et al. [48] 
reported that FE towards formate as high as 85% was achieved using 

commercial Bi at − 0.9 V vs RHE in a divided conventional cell. 
Recently, Bi/C-NP was simply synthesized and tested as cathodes for the 
synthesis of FA. Ávila-Bolívar et al. [47] showed that the usage of 
Bi/C-NP electrocatalysts allows reaching a FE of FA up to approximately 
93% coupled with a [FA] of 77 mM at − 1.6 V vs Ag/AgCl after 3 h. In 
addition, it was reported that the HER is likely to be suppressed using the 
Bi/C-NP based electrode with respect to the Bi rod, because of the larger 
double-layer contribution of the carbon substrate [47]. 

In this work, it was found that at 1 bar the nature of the cathode has a 
significant effect on the performance of the process. In particular, 
nanoparticle-based cathodes gave better results when high j and low 
PCO2 are adopted. On the other hand, at higher PCO2 (15 bar), the effect 
of the nature of the cathode becomes less important and the best results 
were achieved with simple and relatively cheap electrodes, such as Bi or 
Sn ones. Moreover, it was highlighted that all the cathodes tested in this 
work strongly benefit from the utilization of pressurised CO2. 

2. Materials and methods 

2.1. Preparation and characterization of Sn/C-NP and Bi/C-NP 
electrodes 

Sn/C-NPs and Bi/C-NPs have been synthesised using the methodol
ogy described in previous works [47,49,50] and carried out at ambient 
temperature-pressure conditions. Very briefly, BiCl3 and SnCl2•2 H2O 
were used as precursors and dissolved in N,N-Dimethylformamide 
(DMF) under magnetic stirring conditions. Then, polyvinylpyrrolidone 
(PVP) is added as protecting agent and stirred for 30 min. The reduction 
of precursors occurs by adding solid NaBH4 as reducing agent. After 
complete reduction (about 10 min), Vulcan XC-72R carbon powder was 
aggregated to support the nanoparticles (nominal metal-carbon loading 
about 20 wt%) under magnetic and ultrasonic stirring. Subsequently, 
the nanoparticles were precipitated by adding acetone to the colloidal 
solution. For complete cleaning of samples, they were filtered and 
washed with an acetone-water mixture. Finally, the nanoparticles were 
dried overnight at 55 ◦C under vacuum conditions. The electrodes were 
manufacturing by the air-brushing technique. Firstly, a catalytic ink, 
composed of an 80:20 sample to Nafion ratio and diluted to 2 wt% in 
absolute ethanol, was prepared. Then, the ink was sprayed on a carbon 
paper (TGPH-90, QuinTech) at 90 ◦C to facilitate solvent evaporation. 
Taking into consideration the experimental metal-carbon loading of the 
samples (determined by ICP-OES measurements), the final catalytic 
loading of the electrodes was adjusted to be about 0.9–0.8 mgSn/C or Bi/C 
cm− 2. 

The physicochemical characterization of the Sn/C-NPs and Bi/C-NPs 
used in this work have been described in detail in previous contributions 
[47,50,51]. In brief, the samples are composed by 10 nm Sn and Bi 
nanoparticles well-dispersed on carbon. The experimental metal to 

Nomenclature 

Bi Bi rod 
Bi/C-NP carbon-supported bismuth nanoparticle 
cb

CO2 
bulk CO2 concentration (mM) 

CO2EC CO2 electrochemical conversion 
D CO2 CO2 diffusion coefficient (m2 s− 1) 
δ thickness of the stagnant layer (µm) 
ΔV cell potential (V) 
EC energy consumption (kWh mol− 1) 
EE energy efficiency (%) 
Eeq thermodynamic equilibrium cell potential (V) 
F Faraday constant (C mol− 1) 
FA formic acid 

FE faradaic efficiency (%) 
FEFA faradaic efficiency of formic acid (%) 
I current intensity (A) 
j current density (mA cm− 2) 
jlim limiting current density (mA cm− 2) 
PCO2 CO2 pressure (bar) 
Sn tin plate 
Sn/C-NP carbon-supported tin nanoparticle 
t time (s) 
T temperature (◦C) 
V (L) volume of solution (L) 
z number of electrons 
[FA] formic acid concentration (mM)  
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carbon loadings of the samples are 16 and 9 wt% corresponding to 
Bi/C-NPs and Sn/C-NPs, respectively. As discussed in ref. [50], the dif
ferences between the nominal and the experimental loadings of the 
samples have been attributed to the residual presence of DMF and PVP 
trapped in the porosity of the carbon Vulcan as well as to some partial 
dissolution of the metals during the extensive washing steps of the 
samples. In addition, XPS measurements have shown that Bi or Sn oxides 
are the main components of the Bi and Sn samples, respectively. This is 
expected due to the exposure of the samples to air. However, it is worth 
recalling that the CO2 electrochemical reduction will take place at suf
ficiently negative potential to warranty that these Bi or Sn oxides were 
electrochemically reduced to metallic state [50]. 

The electrodes composed by the Sn/C-NPs and Bi/C-NPs were 
characterized by SEM/EDX and cyclic voltammetry (Fig. 1). The results 

have been also described in previous contributions [50]. 

2.2. Reagents and electrolysis 

The electrolytic solution was constituted by bi-distilled water as 
solvent and 0.1 M Na2SO4 (Janssen Chimica) as supporting electrolyte 
(V = 0.050 L). The initial pH of the electrolyte solution was settled using 
H2SO4 (ASigma Aldrich) at pH 4 [35]. CO2 (99.999% purity; supplied by 
Rivoira) was used for the electrolysis. Electrolyses were performed at 
PCO2 of 1 and 15 bar. Prior to all the electrolyses, the solution was purged 
for 30 min by CO2. 

Electrolyses were performed by using an AISI316 stainless steel cell 
with a cylindrical geometry, described in detail in ref. [35], able to work 
at high pressure. Briefly, it was equipped with a gas inlet, a pressure 

Fig. 1. Cyclic voltammetry characterization of the (A) Bi/C-NP and (B) Sn/C-NP electrodes in Ar (black line) and CO2 (red line) saturated 0.45 M KHCO3 and 0.5 M 
KCl aqueous electrolyte. Scan rate 50 mV s− 1. Catalyst loading of approximately 0.75 mg cm− 2. Field emission SEM images of the (C, E) Bi/C-NP and (D, F) Sn/C-NP 
electrode: coloured micrographs correspond to (C, D) SEM-EDX mapping and (E, F) the distribution of metal nanoparticles on the carbon substrate. 
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gauge, a dip tube connected to a pressure relief valve and two electrical 
line connections for the electrodes. The system worked with a contin
uous supply of carbon dioxide without accumulation of gases. CO2 was 
used to pressurize the system at a flow of about 100 mL min− 1 and the 
operative pressure was controlled using a pressure reducer. Electrolyses 
were performed in absence of stirring. The electrode gap was about 1 cm 
for both systems. Sn plate (metallic tin foil RPE, assay > 99%, supplied 
by Carlo Erba), Sn/C-NP, Bi rod and Bi/C-NP were selected as cathode 
materials; a Ti/IrO2-Ta2O5 sheet anode (commercial DSA® from Elec
troCell AB) was used as counter electrode. Sn plate was subjected to 
mechanically smoothing treatment, chemically pre-treated with a water 
solution of 11% HNO3 (Romil Chemicals) for 2 min and, subsequently, 
cleaned with an ultrasound bath in distillate water for 5 min before each 
test. Bi rod cathode and DSA® anode were polished by ultrasound bath 
in bi-distillate water for 10 min. Nanoparticle-based electrodes were 
tested once and for each test replace with a new one. 

Electrolyses were performed under galvanostatic condition (Amel 
2053 potentiostat/galvanostat). To perform electrolyses at 10 ◦C, cool
ing was obtained using a tube wrapped around the reactor and con
nected to a chiller K20. The pump of the chiller allowed the circulation 
of the refrigerant liquid that was a water solution 33% v/v ethylene 
glycol. The thermal insulation was obtained covering the body of the 
reactor with a glass wool layer. Current density (j; mA/cm2) was esti
mated as the ratio between the current intensity (I; A) and the cathodic 
wet geometrical-surface area (A; cm2). A two-electrodes configuration 
was used in this system, with reference set on counter. Experiments were 
repeated at least twice with a reproducibility within 6% of the results. 
Electrolyses were carried out in absence of stirring of the solution. 

2.3. Analytical methods 

The performance of the process was discussed in terms of the 
following main figures of merit:  

– Concentration of formic acid ([FA] [=] mM)  
– Faradic efficiency (FE) (Eq. (1)) that measures the selectivity of the 

process towards a desired product, in the case of FA, and is defined 
as: 

FEFA = z ∗ F ∗ [FA]t ∗ V
/
(I ∗ t) ∗ 100 [=] % (1)  

where z is the number of electrons exchanged in the main reaction 
(z = 2 in the case of FA), F is the Faraday constant (96,485 C mol− 1), 
[FA]t is the FA concentration (mol L− 1) at the time t (s), V (L) is the 
volume of the solution.  

– Energy consumption (EC) (Eq. (2)) and energy efficiency (EE) (Eq. 
(3)) are defined as: 

EC = ΔV ∗ I ∗ t
/

molFA [=] kWh mol− 1 (2)  

EE = FEFA ∗ Eeq
/

ΔV [=] % (3) 

where ΔV is the cell potential, Eeq is the thermodynamic equilibrium 
cell potential (1.48 V for FA) and molFA the amount of FA obtained 
(mol). 

The limiting current density, jlim was computed as Eq. (4) [40]: 

jlim(T) = z ∗ F ∗ (D CO2 (T)
/

δ) ∗ cb
CO2

(T)[=]mA cm− 2 (4)  

where D CO2 (T) is the CO2 diffusion coefficient estimated at different T 
values [52], δ is the thickness of the stagnant layer and, at fixed PCO2 ,

cb
CO2

(T) is the bulk CO2 concentration. The cb
CO2

(T) was estimated ac
cording to the Henry’s Law [32,52]. 

The thickness of the stagnant layer, δ, in absence of mixing rate was 
defined through a well-known diffusion limiting current technique using 
a very stable redox couple (i.e., Fe2+/Fe3+) [53,54]. The electrolytic 
solutions were constituted of aqueous solutions with the same 

concentrations of K4Fe(CN)6 thrihydrate 99% (Carlo Erba reagents) and 
K3Fe(CN)6 99% (Merk) (20, 40 and 80 mM). The diffusion coefficient D 
values in water were assumed of 6.631 10− 10 m2 s− 1 for this redox 
couple [53,54]. Hence, δ was evaluated using the following Eq. (5): 

δ = z ∗ F ∗ D ∗ ∂c/∂jlim [=] m (5)  

where z is 1 for the Fe2+/Fe3+ and ∂c/∂jlimis the experimental slope 
obtained plotting the concentrations of the used redox couple, i.e. 20, 40 
and 80 mM, vs. the jlim recorded by using a AutoLab PG- STAT12 at 
0.005 V s− 1 scan rate. According to these experimental procedures, it 
was estimated a δ of 100 µm. 

To evaluate the [FA], Agilent HP 1100 HPLC fitted out with Rezex 
ROA-Organic Acid H+ (8%) column at 55 ◦C and coupled with a UV 
detector (210 nm) was used; 0.005 N H2SO4 water solution at pH 2.5 
was eluted at 0.5 mL min− 1 as mobile phase. The gas products were 
analized by gas cromathography using an Agilent 7890B GC fitted out 
with a Supelco Carboxen® 60/80 column and a thermal conductivity 
detector (TCD), working at 230 ◦C. Helium (99.999%, Air Liquide) at 
1 bar was used as carrier gas. The temperature of the column was pro
grammed, that is: an isotherm at 35 ◦C for 5 min followed by a 
20 ◦C min− 1 ramp up to 225 ◦C and by an isothermal step for 40 min 

3. Results and discussion 

3.1. Effect of the nature of the cathode at 1 bar 

First electrolyses were performed for 3 h (194 C) using an aqueous 
electrolyte of 0.1 M Na2SO4, an initial pH of 4 and a gaseous current of 
CO2 at 1 bar imposing a constant j of − 12 mA cm− 2. The undivided cell 
operated at 20 ◦C and was equipped with a Ti/IrO2-Ta2O5 anode and 
four cathodes (Sn, Bi, Sn/C-NP, Bi/C-NP). The physicochemical char
acterization of the Sn/C-NPs and Bi/C-NPs used in this work have been 
described in detail in previous contributions (more detail in section 
Materials and methods) [47,50,51]. Using Sn electrode, the process 
allowed to synthesize FA with a final [FA] of 10.6 mM, a FEFA close to 
50% and an energetic consumption (EC) of 0.35 kWh mol− 1 (Fig. 2). 
According to the literature [40], using Sn cathodes in aqueous electro
lyte, the reduction of CO2 to FA is expected to involve the following 
stages: (i) mass transfer of dissolved CO2 to the cathode surface; (ii) 
adsorption of CO2(aq) (Eq. (6)); (iii) cathodic reduction of CO2(ads) to 
adsorbed CO−

2(ads)• (Eq. (7)); (iv) cathodic reduction of CO−
2(ads)• to FA 

(Eqs. (8) and (9)). 

CO2(aq)⇌CO2(ads) (6)  

CO2(ads) + e− ⇌CO−
2(ads)• (7)  

CO−
2(ads) • +H+⇌HCO2(ads) (8)  

HCO2(ads) +H+ + e− ⇌HCOOH (9) 

Only a small amount of CO was obtained with a FE of CO close to 4%. 
Conversely, a significant production of hydrogen was detected, thus 
confirming that, using Sn electrodes, the synthesis of FA competes 
mainly with the water reduction to hydrogen (Eqs. (10) and (11) [40, 
41]:  

H+ + e- ⇌ H(ads)                                                                           (10)  

H(ads) + H+ + e- ⇌ H2                                                                  (11) 

As shown in Fig. 2A, quite similar [FA] were achieved using Sn 
(10.6 mM) and Bi (10.2 mM) cathodes. Slightly higher and lower pro
ductions of FA were obtained using Bi/C-NP (11.80 mM) and Sn/C-NP 
(9.00 mM) cathodes, respectively (Fig. 2A). However, in all the cases, 
the FA was produced with a FEFA lower than 60% (Fig. 2A), caused by a 
significant formation of hydrogen, and an EC higher than 0.30 kWh 
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mol− 1 (Fig. 2B). As shown in Fig. 2B, the energy efficiency (EE) was 
between 19% and 25%. The best performances were obtained with Bi/C- 
NP cathode (FEFA close to 60%, EE of 25% and EC of 0.30 kWh mol− 1). 

It has been shown that the production of FA by CO2EC requires, from 
an economic point of view, high productivities (e.g., high j coupled with 
high FE) and high [FA] to reduce the costs of concentration steps [7,8]. 
Hence, a series of electrolyses was performed at 1 bar using a higher j 
(j = − 50 mA cm− 2) for the same amount of time passed (3 h), thus 
giving a higher charge passed (810 C) (Fig. 3). It is worth to mention that 
using Bi and Sn electrodes, a not drastic increase of the final [FA] was 
obtained with respect to the electrolyses performed at − 12 mA cm− 2, in 
spite of the higher amount of charge passed. As an example, using Bi 
cathode, higher j resulted in a very slight increase of the final [FA] from 
10.10 to 11.20 mM (Figs. 2A and 3). This result is likely due to the fact 
that, under these relatively high j, using Bi, the process occurs under the 
kinetic control of the mass transfer of CO2 to the cathode surface [40]. 
Indeed, the limiting current density (jlim) is close to − 12 mA cm− 2. 
Hence, the production of FA cannot benefit of large j and charge passed 
adopted in these experiments that are used prevalently for the hydrogen 
evolution. For Sn, an even worse scenario is found. In this case, the in
crease of j from − 12 to − 50 mA cm− 2 resulted in a significant decrease 
of the production of FA from 10.60 (FE close to 53%) to 7.80 mM (FE 
close to 9%) (Figs. 2A and 3). Indeed, in the case of Sn cathodes, it has 
been previously reported that at 1 bar, a relevant increase of the j and 
consequently of the working potential leads to a significant decrease of 
the selectivity of the process due to many probable causes [40]: (i) the H 
coverage is expected to increase, thus limiting the rate of CO2 adsorp
tion; (ii) the concentration of protons at the Sn surface is expected to 
decrease, thus reducing the rate of both Eqs. (8) and (9); (iii) the high H2 
evolution can cause a partial covering of the electrode surface by the gas 

bubbles, thus decreasing the rate of the mass transfer of CO2 to the 
cathode. 

As shown in Fig. 3, higher [FA] were obtained using carbon sup
ported nanoparticles-based electrodes. As an example, when Sn cathode 
was replaced with Sn/C-NP electrode, the final [FA] increased from 7.80 
to 11.10 mM. Similarly, the replacement of Bi with Bi/C-NP cathode, 
resulted in an increase of [FA] from 11.20 to 13.50 mM. According to 
previous works [50], the electroactive surface area of the 
nanoparticles-based electrodes is higher than that of corresponding 
plate ones. Hence, these results are probably due to the fact that 
nanoparticle-based electrodes present a higher active surface, thus giv
ing higher jlim and allowing to deal in a more effective way with higher j. 
However, in all the cases, the FEFA (Fig. 3) and EE were quite low (<
5%), because of the massive oxidation of water to hydrogen. 

3.2. Effect of the nature of the cathode at 15 bar 

The effect of the nature of the cathode was evaluated also under 
pressurized conditions. Experiments were performed at 15 bar under 
amperostatic conditions j of − 12 or − 50 mA cm− 2. Quite interestingly, 
at − 12 mA cm− 2, the increase of the PCO2 from 1 to 15 bar resulted in an 
increase of the production of FA and of the FEFA for all tested electrodes. 
As shown in Figs. 2 and 4, the [FA] increased for Sn from 10.60 mM 
(FEFA 53% and EE 22%) to 13.00 mM (FEFA 65% and EE 27%) and for Bi 
from 10.10 mM (FEFA 54% and EE 21%) to 15.60 mM (FEFA 77% and EE 
34%). Similarly, a significant improvement of the performances was 
achieved for nanoparticle-based cathodes (Figs. 2 and 4), thus con
firming the positive effect of the PCO2 on the conversion of CO2 to FA 
previously observed using Sn cathodes [35,36]. Indeed, higher PCO2 give 
rise to an increase of CO2 solubility, thus accelerating its mass transfer to 

Fig. 2. Plot of the (A) [FA] and FE of FA and of (B) energetic consumption (EC) and energy efficiency (EE) for electrolyses carried out at under atmospheric PCO2 

using Sn, Sn/C-NP, Bi and Bi/C-NP electrodes. Electrolyses were performed under amperostatic condition j of − 12 mA cm− 2 in CO2 saturated 0.10 M Na2SO4 
aqueous electrolyte (pH 4) for 3 h. Acathode = 1.50 cm2. Counter: DSA® (Ti/IrO2-Ta2O5 anode). V= 0.050 L. 

Fig. 3. Plot of the [FA] and FE of FA for electrolyses carried out at under at
mospheric PCO2 using Sn, Sn/C-NP, Bi and Bi/C-NP electrodes. Electrolyses were 
performed under amperostatic condition j of − 50 mA cm− 2 in CO2 saturated 
0.10 M Na2SO4 aqueous electrolyte (pH 4) for 3 h. Acathode = 1.50 cm2. 
Counter: DSA® (Ti/IrO2-Ta2O5 anode). V= 0.050 L. 

Fig. 4. Plot of the [FA] and FE of FA for electrolyses carried out under PCO2 of 
15 bar using Sn, Sn/C-NP, Bi and Bi/C-NP electrodes. Electrolyses were per
formed under amperostatic condition j of − 12 or − 50 mA cm− 2 in CO2 satu
rated 0.10 M Na2SO4 aqueous electrolyte (pH 4) for 3 h. Acathode = 1.50 cm2. 
Counter: DSA® (Ti/IrO2-Ta2O5 anode). V= 0.050 L. 
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the cathode surface and favouring both the adsorption step (Eq. (6)) and 
the successive reduction (Eq. (7)). At this j value, the best performances 
were achieved using Bi (Fig. 4) with an EC of 0.23 kWh mol− 1 and an EE 
of 34%. 

When the j was increased to − 50 mA cm− 2, the effect of the PCO2 was 
even more remarkable. As shown in Fig. 4, the increase of the j coupled 
with the utilization of pressurized CO2 allowed to enhance drastically 
the final [FA] maintaining good values of the FEFA. As an example, using 
Sn based cathodes (Sn and Sn/C-NP) and PCO2 of 15 bar, the [FA] was 
close to 12–13 and 62–65 mM at − 12 and − 50 mA cm− 2, respectively, 
after 3 h. Moreover, the FEFA increased from 59–65% to 74–78% by 
increasing the j from − 12 to − 50 mA cm− 2, respectively. Similarly, 
using Bi based cathodes (Bi and Bi/C-NP), the [FA] was close to 
13–16 mM (FEFA = 59–65%) and 61 − 65 mM (FEFA = 73–78%) at − 12 
and − 50 mA cm− 2, respectively, after 3 h. It is worth to mention that, 
under these conditions, as shown in Fig. 4, very similar results were 
achieved at all adopted electrodes. Indeed, the final [FA] was observed 
to be between 61 and 65 mM with the four adopted cathodes. 

It is worth to compare the results achieved at − 50 mA cm− 2 under a 
PCO2 of 1 and 15 bar. As shown in Figs. 3 and 4, the increase of the PCO2 at 
this relatively high j allowed to increase both the production of FA and 
the FEFA. As an example, using Sn, the [FA] increases of approximately 5 
times (from 13 to 65 mM) in spite of the fact that the j was increased of 
about 4 times, because of the enhancement of the FEFA from 65% to 
78%. Similarly, the EC decreased from 2.91 to 0.32 kWh mol− 1. 

3.3. Experiments performed at − 150 mA cm− 2 and 15 bar 

According to the literature, in order to develop the CO2EC to FA on 
an applicative scale, it is mandatory to operate at high j, possibly higher 
than − 100 mA cm− 2 [7,8]. Hence, a series of electrolyses was per
formed under amperostatic condition at a j value of − 150 mA cm− 2 and 
15 bar, using Sn, Bi, Sn/C-NP and Bi/C-NP cathodes. As shown in Fig. 5, 
the coupled utilization of relatively high j and PCO2 allowed to increase 
drastically the production of FA with respect to that achieved with all 
the other operative conditions reported in the previous sections. Indeed, 
at all tested electrodes, a [FA] higher than 60 mM was achieved (Fig. 5). 
However, under these more severe conditions, a strong effect of the 
nature of the cathode was observed. In particular, the best results were 
obtained with Bi cathode that gave a [FA] slightly higher than 150 mM 
with a FEFA higher than 60%. However, a relatively high EC (0.75 kWh 
mol− 1) was recorded mainly as a result of the higher cell potentials (ΔV)
due to the high current intensities (I = - 225 mA). Quite good results 
were obtained also with Sn ([FA] close to 139 mM, FEFA = 51%), while 
the nanoparticle-based electrodes presented a production of FA lower 
than 100 mM and a FEFA lower than 40% (Fig. 5). In this framework, it is 
relevant to note that Ávila-Bolívar et al. [47] have evaluated the stability 
of the Bi-NPs for the CO2 reduction into formate at − 1.6 V vs. Ag/AgCl 

for 24 h under atmospheric pressure. They have observed a decay trend 
of both the FE and the formate concentration starting after a passed 
charge of approximately 1620 C (I = 0.09 A; t = 5 h), which was mainly 
due to the loss of Bi during the electrolysis experiments. Hence, in our 
case, the worse performances given using nanoparticles-based cathodes 
could be attributed to the deactivation of the electrodes due to the loss 
on electrocatalysts during the electrolysis under the adopted conditions. 
Indeed, in our case, the total charge passed was approximately of 
2430 C, which is much higher with respect to the starting degradation 
charge reported in literature (Q = 1620 C), thus resulting in a fast loss of 
process performances. Also, in these cases, the main competitive 
cathodic process was the HER. 

3.4. Effect of the time passed 

To evaluate the suitability of a cathode for the CO2EC process, the 
stability of its performances with the time must be assessed. Hence, Sn 
and Bi cathodes were tested for about 30 h. In order to stress more the 
cathode, an electrode with a small surface (0.1 cm2) was used. Experi
ments were performed at 10 ◦C and 10 bar using a CO2 saturated 0.1 M 
Na2SO4 aqueous electrolyte at an initial pH of 4 and under amperostatic 
condition of − 75 mA cm− 2. As shown in Fig. 6, for both Sn and Bi, quite 
good results were achieved also for these long-run experiments. Indeed, 
using Sn, the [FA] increased almost linearly with the time passed with a 
final FEFA close to 80%. In the case of Bi, even better results were ach
ieved; a final FEFA close to 90% was observed. To achieve other infor
mation of the stability of these electrodes, the same two Sn and Bi 
cathodes were used for some new electrolyses, under the same operative 
conditions, without any cleaning procedure between the tests. As shown 
in Fig. 6, quite good reproducibility was observed for both Sn and Bi 
cathodes in spite of the fact that the electrodes worked for two elec
trolyses performed 30 h each and for an overall 60 h without any 
cleaning procedure (1st time and 2nd time). Moreover, both the ΔV 
(3.5 V) and the EC (about 0.20 kWh mol− 1) were almost stable with 
time. 

4. Conclusion 

In this work, the simultaneous effect of PCO2 and of the nature of 
cathode on the performances of CO2EC process into FA in 0.1 M Na2SO4 
aqueous electrolyte was investigated using an undivided cell, different j 
and Sn, Sn/C-NP, Bi and Bi/C-NP cathodes. It was found that the PCO2 

strongly affects the performances of the process. In particular, the in
crease of PCO2 leads to higher productions of FA and to higher FEFA for all 
the tested cathodes. This positive effect was more relevant for higher j 
values. As an example, at − 50 mA cm− 2, the increase of the PCO2 

allowed to increase the FEFA of more than five times for most of tested 
cathodes. The effect of the nature of cathode is more complex:  

• for low PCO2 and intermediate values of j (1 bar and − 50 mA cm− 2), 
the best performances were obtained with nanoparticle-based 
cathodes;  

• for relatively high PCO2 and intermediate values of j (15 bar and 
− 50 mA cm− 2), very similar results were obtained with all the tested 
electrodes (([FA] = 59–65 mM and FEFA = 73–78% after 3 h);  

• for relatively high PCO2 and higher j values (15 bar and 
− 150 mA cm− 2), the best performances were obtained with simple 
Bi ([FA] = 151 mM and FEFA = 61%) and Sn cathodes ([FA] =
139 mM and FEFA = 51%). 

Moreover, it was found that both Bi and Sn show quite good stable 
performances an overall period of 60 h. 
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