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Abstract: The electrochemical reduction of pressurized carbon 
dioxide at tin cathode is considered a very promising process for the 
production of formic acid. Here the process was studied in an 
undivided cell with the aim of developing a simple theoretical model. 
First, a large series of polarization and electrolyses was performed in 
order to evaluate the kinetic of the process. According to the literature, 
experimental results can be described by a simple reaction 
mechanism, which involves the following key stages: (i) mass transfer 
of CO2 to the cathode; (i) its adsorption described by a Langmuir 
equation; (iii) the reduction of adsorbed CO2. A simple model was 
developed based on the cathodic conversion of pressurized CO2 to 
HCOOH and on its anodic oxidation. The theoretical model was in a 
good agreement with experimental results collected in this work and 
in previous ones and well described the effect of several operative 
parameters, including current density, pressure and kind of reactor. 

1. Introduction 

In the last years, many researchers have investigated the 
electrochemical conversion of CO2 in water and aprotic solvents 
to added value products [1-4], including carbon monoxide [5,6], 
methanol [7,8], formic acid [9-13], methane and ethylene [14,15] 
and oxalic acid [16,17]. Furthermore, CO2 can be introduced in 
the backbone of other molecules, such as benzylic halides and 
aromatic ketones, generating fine chemicals with high economic 
value, by cathodic reduction in aprotic solvents [18-22]. One of 
the more promising chemicals produced by the cathodic reduction 
of CO2 in water is the formic acid, despite some disadvantages 
have to be overcome. Formic acid and formate have a wide 
application range as antibacterial agent in animal feed and as 
silage preservative in agriculture, in dyeing, textile and leather 
industries, in rubber production, as an intermediate in the 
chemical and pharmaceutical industries and potentially as a fuel 
and energy-storage medium [23-25]. In addition, the 
electrochemical route from CO2 to HCOOH is simple and 
straightforward and it is expected to have a smaller environmental 

impact than the current industrial process [26,27]. Sn based 
electrodes, thanks to low cost, no toxicity and high generation of 
HCOOH [25-27], are probably the more promising ones for the 
synthesis of HCOOH [28]. Furthermore, the economics of the 
process can be drastically improved coupling the cathodic 
reduction of CO2 with a suitable anodic process that adds value 
to the system (such as the anodic purification of wastewater) [24]. 
Electrochemical conversion of CO2 into formate/formic acid on Sn 
electrode was studied under different operative conditions in 
water [25-35]. One strategy to increase the HCOOH production 
rate is the utilization of pressurized CO2, which allows to enhance 
the carbon dioxide solubility and its reduction rate [36-40]. As an 
example, some of the authors have recently shown that high 
concentrations of formic acid (> 0.46 mol L-1) with relatively good 
current efficiency can be achieved, by reduction of CO2 at tin 
cathode and relatively high pressures (15–30 bar), at high current 
density (> 90 mA cm-2) and with a cheap and simple semi-batch 
undivided cell with magnetic stirring [39]. Furthermore, the 
process was successfully scaled-up in a filter-press cell with a 
continuous recirculation of the pressurized solution [40]. 
In spite of the good results achieved, many data were not clearly 
understood; hence, in order to better understand and rationalize 
the process, a theoretical model was here proposed for the 
cathodic reduction of pressurized CO2 at tin cathode. 
The electrochemical reduction of CO2 must be characterized by 
high productivity, high selectivity and current efficiency and high 
final concentrations of HCOOH in order to reduce the 
concentration costs. Quite often, the high number of operative 
parameters, which may be changed, makes an empirical 
investigation exceedingly onerous in order to individuate the 
conditions which allow to optimize the process. Hence, theoretical 
predictions/mathematical models offer promising strategies to 
select the best experimental conditions to be tested. The 
experimental validation of mathematical models can, furthermore, 
confirm the assumptions on which the model is based and allow 
to describe the process. For these reason, various models have 
been developed in recent years to describe the electrochemical 
conversion of CO2 [13,41,42], based on different reaction 
mechanisms proposed in literature [4,36,43-46]. However, the 
models were not focused on the utilization of pressurized CO2 and 
in most of cases were devoted to divided cells, in spite of the fact 
that undivided ones are less expensive. Hence, here a simple 
first-approximation model was developed based on one hand on 
the cathodic conversion of pressurized CO2 to HCOOH and on 
the other on its anodic oxidation. In order to develop the model, 
many preliminary experiments were performed to find the r.d.s. of 
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the process. It is worth to mention that the utilization of 
pressurized CO2 allowed to collect useful data in order to describe 
the kinetic of the process. After, the model was compared with 
experimental data collected both in this work and in previous ones 
and a good agreement between experimental results and 
theoretical predictions was observed. 

2. Results and Discussion 

2.1 Polarization and electrolysis experiments and 
discussion of reaction mechanism  

First, a preliminary series of polarization and electrolyses was 
performed both a 1 bar and under pressure to achieve information 
on the mechanism in order to develop a simplified theoretical 
model. 
 
2.1.1 Effect of pH and current density 
Fig. 1 reports polarization experiments recorded at different pH 
values. At pH 4 (fig. 1a), the hydrogen evolution starts at a 
potential of about -1.55 V (vs. SCE) and the dependence of the 
current density vs. the potential becomes more relevant at 
potentials slightly more negative than -2 V. The hydrogen 
evolution is expected to take place by the following reactions: 
(i) cathodic reduction of protons to adsorbed H 

 𝐻! +	𝑒" 	=	𝐻($%&)		      (1) 

(ii) evolution of hydrogen by 

 𝐻($%&) + 𝐻! +	𝑒" 	=	𝐻(		     (2a) 

or 

 𝐻($%&) + 𝐻($%&) 	=	𝐻(		              (2b) 

   According to Azizi et al. [49] at tin in acidic conditions and low 
negative potentials, the Heyrovsky step (eq. 2a) prevails on Tafel 
one (eq. 2b), it is the r.d.s. (e.g. r1 > r2a > r2b) and the superficial 
coverage by adsorbed hydrogen is negligible. Conversely, at high 
negative potentials, the surface coverage of the electrode by 
adsorbed hydrogen reaches a higher value and the mechanism 
of the HER is a consecutive combination of Volmer and 
Heyrovsky steps with equal rates, the rate of Tafel reaction being 
negligible (e.g. r1 ~ r2a > r2b). 

When CO2 is added to the system (at 1 bar), an increase of the 
current is observed for potentials close to -1.5 V (fig.1a). The 
difference between the overall current and the current recorded in 
the absence of CO2, called jCO2, increases up to about -1.8 V (fig. 
1d); it assumes an almost constant value for a potential between 
-1.8 and about -2.05 V and decreases for more negative 
potentials. When CO2 is removed from the system, the current 
density comes back again to the values recorded during the first 
polarization recorded under N2 atmosphere. A similar behaviour 
was observed at pH 3 (fig. 1b) and 2 (fig.1c), even if at pH 2 the 
hydrogen evolution starts at a potential of about -1.1 V (vs. SCE). 
As shown in fig. 1d, at all pH the maximum value of jCO2 is close 
to the limiting current density jlim estimated for a process under the 
kinetic control of the mass transfer in the absence of mixing. Fig. 

1e reports the cyclic voltammogram achieved at pH 4 and 30 mV 
s-1; the anodic peaks between −0.75 and −1 V and the cathodic 
peak at about −1.1 V, which can be attributed to the formation and 
the reduction of tin oxides respectively, are partially suppressed 
under CO2 atmosphere. Furthermore, the addition of CO2 gives 
rise to a shoulder at potentials close to -2.0 V and also in this case, 
for very negative potentials, jCO2 decreases with the potential (fig. 
1e, inset).  
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Figure 1. LSVs at 5 mV s-1 under 1 bar N2 (grey line) and CO2 (black line)-
saturated water solution of 0.1 M Na2SO4 at (1a) pH = 4, (1b) pH = 3 and (1c) 
pH = 2. (1d) Comparison of the CO2 partial current density at different pH values. 
(1e) CV at 30 mV s-1 under N2 (grey line) and CO2 (black line)-saturated solution 
of 0.1 M Na2SO4 at pH = 4. Volume of the solution (V): 0.05 L. Acathode = 0.1 cm2.  
 
In order to achieve more data on the effect of current density j on 
the cathodic reduction of CO2, a series of amperostatic 
electrolyses was performed at pH 4 with 1 bar of CO2 changing j 
from 7.8 to 80 mA cm-2 (fig. 2a and 2b). In all cases, the main 
product of carbon dioxide reduction was formic acid and only very 
low amounts of CO were detected. It is worth to mention that, 
according to polarization, CV experiments and the literature [39], 
the current density dramatically affects both the rate of production 
of formic acid and the current efficiency (CE). Indeed, the curve 
HCOOH production rate vs. j (fig. 2a) gave a maximum for 20 mA 
cm-2 (very close to the jlim = 22 mA cm-2 for adopted operating 
conditions) while CE decreases with j in all the range of adopted 
current density (fig. 2b), since higher current densities give rise to 
a higher contribution of the parasitic process of hydrogen 
evolution.  

In order to explain the experimental results achieved, the reaction 
mechanism proposed by several authors for CO2 reduction at tin 
cathode [34,38,41,44] can be considered: 
(i) mass transfer of dissolved CO2 to the cathode surface 

(whose rate is given by km ([CO2]b-[ CO2]0), where [CO2]b 
and [CO2]0  are the concentrations of CO2 in the bulk and at 
the electrode surface, respectively, and km is the mass 
transfer coefficient for CO2) 

(ii) adsorption of CO2 

  𝐶𝑂(("#) =	𝐶𝑂(("%&)     (3) 

(iii) cathodic reduction of adsorbed CO2 to adsorbed CO2•- 

  𝐶𝑂(("%&) +	𝑒
" 	=	𝐶𝑂(	("%&)

"	∙ 		    (4) 

(iv) cathodic reduction of adsorbed CO2•- to HCOOH 

  	𝐶𝑂(	("%&)
"	∙ + 𝐻! = 	𝐻𝐶𝑂(("%&)    (5) 

  	𝐻𝐶𝑂(("%&) + 𝐻
! +	𝑒" 	= 	𝐻𝐶𝑂𝑂𝐻   (6) 

 

 

 

Figure 2. Effect of the current density on the formic acid production rate (2a) 
and current efficiency (2b). Electrolyses performed in a pressurized filter-press 
cell equipped with Sn cathode (9 cm2) under amperostatic condition, fixed CO2 
pressure (1 bar) and a constant flow-rate value (200mL min-1). Volume of the 
solution (V): 0.9 L. Time: 2h. 
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   According to this reaction mechanism and to experimental data 
reported in fig. 1 and 2, in the polarization curves recorded at pH 
3 and 4, four relevant regions can be considered: 
1) Region 1. For not sufficiently negative potentials (E > -1.5 

V vs SCE), CO2 reduction does not take place in a 
significant way (j < 1 mA cm-2) for kinetic reasons. 
According to the literature [38] for these very low current 
densities, the r.d.s. would be the second electron transfer 
(eq. (6)). 

2) Region 2. For potential values between -1.5 and -1.75 V, 
the more negative is the potential the higher is jCO2. The 
slope of the Tafel curve has a value of ca. -352 mV. 
According to Vassiliev et al. [38], under these conditions, 
the process is limited by the first electron transfer (eq. (4)). 

3) Region 3. For potentials between -1.75 V and -2.1 V, jCO2 

reaches a maximum value which is close to jlim, since the 
process is under the kinetic control of the mass transfer of 
CO2 to the cathode surface. 

4) Region 4. For potentials more negative than -2.2 V, jCO2 
decreases with the potential. A similar behaviour was 
observed in literature [38] but not commented in detail. 
Under these conditions, the cathodic reduction of water 
(eq.ns (1-2)) is expected to be very fast, thus limiting or 
suppressing the formation of HCOOH for various reasons: 
(i) the H coverage is expected to increase, thus limiting the 
rate of CO2 adsorption (see eq. 3); (ii) the concentration of 
protons at the tin surface is expected to decrease, thus 
reducing the rate of both eq.ns (5) and (6); (iii) the high 
hydrogen evolution can cause a partial covering of the 
electrode surface, thus decreasing the rate of the mass 
transfer of CO2 to the cathode. In particular, by assuming 
a competition between the adsorption of CO2 and H, this 
region is expected to be shifted to more negative potentials 
by both higher mixing rates or higher CO2 pressures. 

 
2.1.2 Effect of mixing rate and CO2 pressure 
 
In order to better characterize the process and the reaction 
scheme proposed in the previous paragraph, a series of 
polarizations and electrolyses was performed at pH 4 at different 
mixing rates and CO2 pressures. First, some polarization and 
electrolyses were performed at 1 bar and different rpm. For 
polarizations, a curve with a maximum was obtained for jCO2 for all 
rpm (fig. 3a); jCO2 did not depend on rpm for E > -1.75 V (jCO2 < 6 
mA cm-2), when the process is not limited by the mass transfer of 
CO2 to the cathode (regions 1 and 2), while it increased with the 
mixing rate for more negative values of E, when the process is 
kinetically influenced by the mass transfer, according to the 
picture depicted in the previous paragraph. In particular, the 
maximum values of jCO2 achieved at different rpm are closer (even 
if slightly lower) to the corresponding estimated values of jlim. 
Electrolyses were performed at 11.6 mA cm-2, a value slightly 
higher than jlim. estimated in the absence of mixing rate. As shown 
in fig. 3b, the enhancement of rpm increases the formic acid 
production and the current efficiency. In particular, the rate of 
production of formic acid after 1h increases from about 0.08 to 

0.11 millimoles h-1 cm-2 and CE from about 39 to 48 % enhancing 
the rpm from 0 to 600, according to results of polarization curves.  
 

 

 
Figure 3. Effect of the mixing rate on the CO2 partial current density (3a). The 
dotted lines are referred to the limit current density evaluated at 0 (⁃⁃⁃) and 500 
(— — —) rpm. The relative polarizations were performed in a conventional lab 
cell. Volume of the solution (V): 0.05 L. Acathode= 0.1 cm2.  (3b) Effect of the 
mixing rate on the formic acid production rate and on CE. Electrolysis performed 
in a conventional-lab glass cell equipped with Sn cathode (4.5 cm2) under 
amperostatic condition, (11.6 mA cm-2) and atmospheric CO2 pressure. Volume 
of the solution (V): 0.075 L. Time: 1h. 

In order to evaluate the effect of the CO2 concentration in water 
on the CO2 reduction, current densities were recorded as a 
function of cell potential in the presence of N2 and with different 
pressures of CO2 in the range 1 – 30 bar. As shown in fig. 4a, for 
each value of PCO2, a similar curve jCO2 vs. DV characterized by the 
presence of a maximum is observed, thus showing the existence 
of four regions in polarization curves also for pressurized systems. 
In particular, for not too negative potentials, jCO2 increases with the 
pressure even if the enhancement becomes very small for the 
highest PCO2. Vassiliev at al. [38] have shown that the rate of CO2 
electroreduction at various electrodes including tin increases 
proportionally to a fractional power of PCO2. According to these 
authors, the fractional order of the reaction indicates that the rate-
determining steps of the reaction involve adsorbed molecules and 
there is a strongly repulsion between them.  
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Figure 4. (4a) CO2 partial current density recorded by polarizations achieved at 
different CO2 pressure. (4b) CO2 partial current density shown in fig. 4a plotted 
versus the bulk CO2 concentration at different cell potentials: -2.55 V (◻), -2.75 
V (♦), -2.95 V (◯) and -3.25 V (▲). Data achieved at -2.55 V are compared with 
theoretical predictions based on the Langmuir-Hinshelwood expression (— —) 
or on a mixed kinetic control of the mass transfer of CO2 to the cathode surface 
and of the reduction of adsorbed CO2 (where adsorption is described by the 
Langmuir expression) (- - -). (4c) Data of fig. 4b achieved at -3.25 V (▲) are 
compared with the limiting current density (---), the theoretical predictions based 
on Langmuir-Hinshelwood expression (— —) and on a mixed kinetic control of 
the mass transfer of CO2 to the cathode surface and of the reduction of 
adsorbed CO2 (described by the Langmuir expression) (- - -). Pseudo-LSVs 
were performed in a stainless steel cell at 5mV s-1 in water solution of 0.1M 
Na2SO4 at pH = 4. Volume of the solution (V): 0.05 L. Acathode = 0.1 cm2. 
 

Also in our case, experimental data indicate that the r.d.s. involve 
adsorbed molecules even if, as shown in fig. 3b, they can be 
better fitted by a Langmuir-Hinshelwood type expression (r = k(E) 
b [CO2]/(1+b [CO2]); indeed, jCO2 increases proportionally to CCO2 

for lower values of PCO2 and tend to a plateau value for high values 
of PCO2.  As shown in fig. 4b, a quite good fitting with a Langmuir-
Hinshelwood expression is obtained for not very negative values 
of the potential (DE = -2.55 V; region 2), thus reinforcing the 
hypothesis that the r.d.s. in the region 2 is the cathodic reduction 
of adsorbed CO2 to adsorbed CO2•- (eq. (4)) and indicating that 
the adsorption of carbon dioxide can be assumed at the equilibria 
and described by the Langmuir model. In particular, according to 
the fitting reported in fig. 3b for region 2, the coverage of the 
surface by carbon dioxide (q) can be estimated to change from 
about 0.08 to about 0.71 increasing PCO2 from 1 to 30 bar. In region 
3, the maximum jCO2 was significantly lower than jlim (fig. 4c), thus 
showing that the r.d.s. for a pressurized system is not the mass 
transfer even at very negative potentials. A better fitting of the 
data is obtained (as shown in fig. 4c) using the Langmuir-
Hinshelwood expression; however, also in this case the fitting can 
not be considered excellent. Conversely, the data in region 3 are 
well fitted considering a process under the mixed kinetic control 
of the mass transfer of CO2 to the cathode surface and of the 
reduction of adsorbed CO2 (the last, described by the Langmuir-
Hinshelwood expression) (fig. 4c). In particular, in this case, the 
coverage of the surface by carbon dioxide (q) can be estimated to 
change from about 0.04 to about 0.64 and the ratio [CO2]b/[CO2]° 
from 2.4 to 1.5 changing PCO2 from 1 to 30 bar. Hence, the process 
is more limited by mass transfer and reduction stages, for lower 
and higher values of PCO2, respectively. 
A series of electrolyses was performed at a relatively high 
pressure (23 bar) at 30 (region 2) and 160 mA cm-2 (region 3-4) 
at different rpm in order to evaluate the effect of flow-dynamic for 
relatively high pressures. As shown in fig. 5a and 5b, according 
to theoretical considerations developed above, the mixing rate 
had not a significant effect of HCOOH production at the lower 
current density, while it had an appreciable effect at very high 
values of j. Hence, it can be concluded that for pressurized 
systems, the process can be described by the reaction 
mechanism reported in equations (3) – (6) and that in region 3 the 
process is under the mixed kinetic control of mass transfer of CO2 
and reduction of adsorbed CO2.  
Some authors have proposed that on some electrodes [9,43] the 
reduction of carbon dioxide can be due a different mechanism 
based on the reaction between adsorbed H and adsorbed carbon 
dioxide: 

 𝐻($%&) + 𝐶𝑂(("%&) 	=	𝐻𝐶𝑂(("%&) 		    (7a) 

 𝐻𝐶𝑂(("%&) + 𝐻
! +	𝑒" 	= 	𝐻𝐶𝑂𝑂𝐻    (7b) 

In particular, according to Paik and co-authors [43], this 
mechanism is likely to be involved at Hg for weakly acidic pH. 
However, in our case experimental data seem to be more easily 
described by the reaction mechanism shown in equations 3-6. 
Hence, this mechanism will not be considered in the following. 
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Figure 5. Combined effect of the mixing rate and current density on the HCOOH 
production rate (5a) and current efficiency (5b). Electrolyses were performed in 
a stainless steel cell at 5 mV s-1 in water solution of 0.1M Na2SO4 at pH = 4. 
Volume of the solution (V): 0.05 L. Acathode = 0.1 cm2. Time: 1h  
    
 
 
2.2 Mathematical model and comparison with experimental 

results 

2.2.1 Theoretical model  
In the following, we want to develop a simple theoretical model in 
order to highlight the expected effect of some operating 
parameters on the figures of merit of the process. Since we do not 
want a complete characterization of the process and we want to 
limit the number of fitting parameters, we will consider a simple 
first-approximation theoretical model based on various simplified 
assumptions, cited below, for both the cathodic reduction of 
carbon dioxide and the anodic oxidation of formic acid. In 
particular, the rate of HCOOH generation will be estimated as the 
difference between rCO2 (the rate of cathodic CO2 conversion to 
HCOOH) and rHCOOH (the rate of HCOOH oxidation at the anode).  
 
2.3.2 Cathodic reduction of carbon dioxide 
According to above considerations, the reduction of CO2 at tin 
cathode strongly depends on the adopted potential and current 
density. We will focus in the following on the current density since 
for applicative conditions amperostatic electrolyses are preferred. 

As shown in the previous paragraph, for too low (region 1) and 
too high current densities (region 4), the production of formic acid 
is expected to be small; hence, we will focus our attention on 
experiments performed in regions 2 and 3, where the highest 
rates for CO2 production can be achieved, thus leading to the 
highest productivity. Furthermore, the following assumptions will 
be considered. 
- The cathodic reduction of carbon dioxide leads to formic acid 

by the reaction mechanism reported in paragraph 3.1 
(equations (3) - (6)). Furthermore, it is assumed that the only 
competitive process is the cathodic reduction of water. This 
hypothesis is reasonable since at adopted operating 
condition only a very minor amount of CO2 is converted to 
CO (< 5%) [39,40] and no other products were detected. 

- The rate of CO2 reduction rCO2 takes place under the mixed 
kinetic control of mass transfer of CO2 to the cathode and 
reduction of adsorbed CO2 (see eq. (4)): 

rCO2 = km ([CO2]b-[CO2]°)= k4(E)q   (8) 

where the superficial coverage of CO2 q is described by 
Langmuir expression and b is assumed to be constant with 
the potential: 

q = b [CO2]/(1+b [CO2])     (9) 

- For the sake of simplicity, the ratio between k’(E) (i.e., the 
product of the heterogeneous rate constant for the reduction 
of the water and water concentration) and k4(E) is considered 
to assume a constant value. 

On the bases of these assumptions, the total current density is 
expected to be simply given by the sum of the current densities 
due to the cathodic reduction of CO2 to formic acid (jCO2) and of 
water (jwat), respectively: 
 

j = jCO2 + jwat =2Fk4(E)q  + 2Fk’(E) = 
= 2Fk4(E) b[CO2]°/(1+b [CO2]°) + 2Fk’(E)  (10) 

 
where F is the Faraday constant (96487 C mol-1). Hence, the 
instantaneous current efficiency (ICE) can be estimated by the 
following equation: 
 

											𝐼𝐶𝐸 = 	
𝑘4(𝐸)+[-./]°
(23+[-./]°)

𝑘4(𝐸)+[-./]°
(23+[-./]°)

!"4($)
=

+	[-./]°
(23+	[-./]°)
+	[-./]°

(23+	[-./]°)
!54(6)
𝑘4(𝐸)

      (11) 

 
which could be approximated to eq. (11b) and (11c) for low and 
high values of PCO2, respectively. 
 

 𝐼𝐶𝐸 = 	 7[89(]°
7[89(]°!:*(;)/:+(;)

	    (11b) 

 𝐼𝐶𝐸 = 	 =
=!:*(;)/:+(;)

	     (11c) 

 
and [CO2]° can be easily estimated by equating the rate of mass 
transfer of carbon dioxide and the rate of cathodic reduction of 
adsorbed CO2 (eq. 8). Hence, the experimental results will be 
fitted by theoretical prediction based on eq. (8) and (11) using 
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k’(E)/k4(E) and b as fitting parameters, while km was estimated by 
diffusion limiting current technique. 
 
 
2.2.2 Anodic oxidation of formic acid 
Since experiments are performed in an undivided cell, the anodic 
oxidation of formic acid has to be considered. According to the 
literature [50,51], the following assumptions will be made for the 
sake of simplicity to describe the anodic oxidation of HCOOH: 
• The oxidation of the organic is assumed to take place only 

by anodic reactions (e.g., no homogeneous oxidation 
processes are considered to take place). 

• The only competitive process to the oxidation of HCOOH is 
assumed to be the oxidation of water to oxygen. 

• The chemi-adsorption of HCOOH and its oxidation products 
is negligible or it does not affect significantly the water and 
HCOOH oxidation rates. 

• Furthermore, for the sake of simplicity, the ratio between 
kan’(E) (i.e., the product of the heterogeneous rate constant 
for the oxidation of the water and water concentration) and 
kHCOOH(E) (the heterogeneous rate constant for the oxidation 
of HCOOH) is considered to assume a constant value. 

According to the above mentioned assumptions, the anodic 
oxidation of formic acid rHCOOH is assumed to take place under the 
mixed kinetic control of mass transfer of HCOOH to the anode 
and the anodic oxidation of HCOOH: 
 
rHCOOH = km,HCOOH ([HCOOH]b - [HCOOH]0) = kHCOOH(E) [HCOOH]0  (12) 
 
where km,HCOOH is the mass transfer coefficient for HCOOH and 
[HCOOH]b e [HCOOH]0 are the concentrations of HCOOH in the 
bulk and at the anode surface, respectively.  
On the bases of these assumptions, the total current density is 
expected to be simply given by the sum of the current densities 
due to the anodic oxidation of formic acid to CO2 (jHCOOH) and of 
water (jwat,an), respectively: 
 
 j= j HCOOH  + j wat,an = 2FkHCOOH(E) [HCOOH]0+ 2F kan’(E)    (13) 
 
Hence, the instantaneous current efficiency (ICE) can be 
estimated by the following equation: 
 

𝐼𝐶𝐸 = 	 :,-..,(;)[>?@@>]°
:,-..,(;)[>?@@>]°!:"/*(;)

= =

=! 0"/*(1)
0,-..,(1)[34553]°

     (14) 

 
and [HCOOH]° can be easily estimated by equating the rate of 
mass transfer of HCOOH and the anodic oxidation of HCOOH (eq. 
12). Hence, since km,HCOOH can be estimated by diffusion limiting 
current technique, the only unknown parameter is 
kan’(E)/kHCOOH(E), which was estimated as fitting parameter 
comparing the experimental results and theoretical predictions. 
 
2.3 Comparison with experimental data  
 
2.3.1 Effect of pressure 

Some experiments were performed for 4 hours at various 
pressures (1, 5, 10, 15, 23 and 30 bar) in order to evaluate the 
effect of the pressure on the generation of HCOOH. A current 
density j of 20 mA cm-2 was selected. At this current density, jlim is 
higher than j for all the adopted pressure with the exception of 1 
bar. Furthermore, for a pressure higher than 3 bar, the process 
occurs in region 2. As shown in fig. 6, the increase of the pressure 
from 1 to 5 bar resulted in a strong enhancement of the production 
of HCOOH (from 2.3 to 5.8 mM after 4 h). A further increase of 
the concentration of HCOOH was observed upon increasing the 
pressure up to 23 bar even if the effect of the pressure became 
less relevant for high PCO2; furthermore, similar productions of 
HCOOH were observed for 23 and 30 bar. The experimental 
results were compared with the theoretical model presented in 
paragraph 2.2.1. The model fits quite well the experimental trends 
(fitting parameters k’(E)/k4(E) = 0.18, kan’(E)/kHCOOH(E) = 0.3 M, b 
= 1). In particular, the effect of the pressure according to the 
theoretical model becomes less relevant at the highest adopted 
values of PCO2, since a higher superficial coverage q occurs. 
 
 

 
Figure 6. Plot of the formic acid concentration vs time at 20 mA cm-2. 
Comparison of the experimental [HCOOH] with the theoretical [HCOOH] at 
several value of pressure: 1 (—); 5(- -); 10 (---); 15 (— — —); 23 (—); 30 (•••) 
bar. Theoretical [HCOOH] was evaluated under the assumptions described in 
the section 2.2.1 with the following fitting parameters: k’(E)/k4(E) = 0.18; 
kan’(E)/kHCOOH(E) = 0.3 M; b = 1.  

 
 
2.3.2 Effect of the current density 
The effect of current density was first evaluated at 10 (7.8, 20 and 
30 mA cm-2) and 23 bar (7.8, 20, 30 and 50 mA cm-2) for 4 hours. 
Not very high current densities were selected in order to avoid 
region 4. At both pressures, the higher was j the higher was the 
production of formic acid (fig. 7). Also in this case, the 
experimental results were compared with the model, here used 
entirely in predictive mode since the values of parameters 
k’(E)/k4(E), kan’(E)/kHCOOH(E) and b estimated in paragraph 2.2.1 
well used. As shown in fig. 7, the model well captured the effect 
of j at both adopted pressures. 
According to the assumptions developed in the model, a similar 
coverage q was obtained for the same value of the pressure 
changing the current density; furthermore, under adopted 
conditions, the process was slightly limited by mass transfer; 
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hence quite similar values of CE were achieved at all adopted 
current densities (55 and 68 % at 10 and 23 bar, respectively) that 
were well predicted by the model.  
 
 
 
 
 

 

 
Figure 7. Plot of formic acid concentration vs. time at 10 (7a) and 23 (7b) bar. 
Comparison of the experimental [HCOOH] with the theoretical [HCOOH] at 
several value of current density: 7.8 (—); 20 (- - -); 30 (— —); 50 (•••) mA cm-

2. Theoretical [HCOOH] was evaluated under the assumptions described in the 
section 2.2.1 with the following fitting parameters: k’(E)/k4(E) = 0.18; 
kan’(E)/kHCOOH(E) = 0.3 M; b = 1.  
 
 
As shown in fig. 6 and 7, the plot HCOOH concentration vs. time 
is almost linear. This is due to the fact that under adopted 
operating conditions the anodic oxidation of formic acid is quite 
limited due to the rather low values of [HCOOH]. As an example, 
at 23 bar and 30 mA cm-2, the ICE for the anodic oxidation of 
HCOOH after 4 h was estimated to be about 4% in face of an ICE 
for the HCOOH generation at the cathode close to 70%. 
The results of a larger set of experiments obtained changing both 
pressure (from 1 to 23 bar) and j (from 7.78 to 50 mA cm-2) 
selected in literature [40] in order to work in regions 2 and 3 were 
reported in fig. 8. In order to put in the same graph all the data, 
the final concentration of each experiment after 4 h was reported.  

It can be clearly observed that for a constant current density the 
final concentration of HCOOH increases with PCO2 up to a plateau 
value, which increases with j. The data can be rationalized 
considering that (i) the kinetic is strongly influenced by the rate of 
the reduction of adsorbed CO2 which increases with the potential 
(and the current density) and with the superficial coverage of CO2 

q; (ii) the dependence of q by [CO2] can be described by a 
Langmuir-type equation and q is expected to increase with [CO2] 
and  PCO2 up to a plateau value.  
 

 
Figure 8. Plot of formic acid concentration achieved after4 h vs. CO2 pressure 
at several values of current density (range 7.8- 50 mA cm-2). Comparison of the 
experimental [HCOOH] with the theoretical [HCOOH] at several value of current 
density: 7.8 (—); 20 (- - -); 30 (— — —); 50 (•••) mA cm-2. Theoretical HCOOH 
concentration was evaluated under the assumptions described in the section 
2.2.1 with the following fitting parameters: k’(E)/k4(E) = 0.18; kan’(E)/kHCOOH(E) = 
0.3 M; b = 1. Experimental data are from literature [40]. 

 
  
2.3.3. Effect of the time 
In order to evaluate better the contribution of the anodic oxidation 
of HCOOH, the results of a long electrolysis previously reported 
by the authors [40] is compared with the previsions of the 
theoretical model in fig. 9. 

 
Figure 9. Comparison of the experimental generation of HCOOH and of the 
relative CE with the theoretical model. Experimental data are from literature [40]. 
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The model well describes the evolution of the concentration of 
formic acid vs. time and the overall CE observed for long 
electrolyses for undivided cells [40]. In particular, CE decreases 
from an initial value close to 70% to a final one close to 42 % [40]. 
According to the proposed theoretical model, the trend of CE is 
due to the fact that the formation of HCOOH occurs with a 
constant ICE of about 70% while the anodic oxidation of HCOOH 
occurs with an increasing ICE (from 0 to about 44 %) due to the 
enhancement of the concentration of formic acid in the solution 
with the time passed. 
 
2.3.4. Effect of the reactor and mixing rate 
In order to evaluate the robustness of the proposed model, the 
theoretical predictions based on fitting parameters evaluated in 
paragraph 2.3.1 for a filter press cell with continuous recirculation 
of the pressurized solution with an area of tin cathode A of 9 cm2 
and a volume V of 0.9 L were compared with results achieved in 
a very different reactor after 6 h: a batch cell with a volume of 0.05 
L, an area of the tin electrode of 4.5 cm2 and no mixing (data 
reported in [39]). As shown in fig. 10a, in spite of the drastic 
change of reactor, ratio A/V and flow-dynamic regime, a quite 
good agreement between the theoretical model (here used in a 
fully predictive mode) and the experimental results is achieved. 
Please, consider that also in this case experimental data relative 
to regions 2 and 3 were selected. 
 

 

 
Figure 10 (10a) Plot of formic acid concentration vs. CO2 pressure at several 
values of current density (range 11.6 - 90 mA cm-2). Comparison of the 

experimental [HCOOH] achieved after 6 h with the theoretical [HCOOH] at 
several value of current density: 11.6 (—); 30 (---); 46 (— — —); 75 (•••); 90 
(—); mA cm-2. (10b) Plot of experimental CE and theoretical CE prediction vs 
CO2 pressure at 30 mA cm-2. Theoretical [HCOOH] and CE were evaluated 
under the assumptions described in the section 2.2.1 with the following fitting 
parameters: k’(E)/k4(E) = 0.18; kan’(E)/kHCOOH(E) = 0.3 M; b = 1. Experimental 
data are from literature [39]. 
 
In particular, in this case very high HCOOH concentrations were 
achieved using both high pressures and j, because of the high 
ratio A/V. Fig. 10b reports a comparison between the 
experimental CE achieved after 6 h at 30 mA cm-2 and different 
pressures and the CE predicted by the model. A quite good 
agreement is observed also in this case; in particular, the 
theoretical CE increases with the pressure and it is significantly 
lower than the cathodic ICE, related to the formation of HCOOH, 
since a significant anodic ICE, relative to the anodic oxidation of 
HCOOH, occurs. 

Conclusions 

Electrochemical conversion of CO2 at a tin cathode is considered 
a promising route for the production of formic acid. Here, a 
theoretical model was developed in order to describe the process 
and to evaluate the effect of operative parameters. In order to 
develop the model, a reaction mechanism and the relative r.d.s. 
have to be assumed. Hence, a large series of polarization and 
electrolyses was performed at various pressures in order to 
evaluate the kinetic of the process. According to the literature and 
experimental results, the reduction of pressurized CO2 at a tin 
cathode can be described by a simple reaction mechanism, which 
involves the following key stages: (i) mass transfer of CO2 to the 
cathode; (i) its adsorption described by a Langmuir equation; (iii) 
cathodic reduction of adsorbed CO2 to adsorbed CO2•-; (iv) 
cathodic reduction of adsorbed CO2•- to HCOOH. In particular, for 
not too low or too high current densities, the process is likely to 
be kinetically controlled by the mass transfer or the first reduction 
stage, depending on the value of the PCO2. Hence, a simple first-
approximation model was developed based on these r.d.s. for the 
cathodic conversion of pressurized CO2 to HCOOH and taking in 
account that HCOOH can be consumed by anodic oxidation in 
undivided cells. The theoretical model was in a good agreement 
with experimental results collected in this work and in previous 
ones and it well describes the effect of several operative 
parameters, including current density and pressure, time passed, 
kind of reactor and flow-dynamic. 

Experimental Section 

Electrochemical characterization  

LSV and CV characterizations were performed by using: I) a conventional 
three-electrode cell with a Saturated Calomel Electrode reference and a 
Pt wire counter electrode; and II) an AISI316 stainless steel cell with a 
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cylindrical geometry, described in detail in a previous work [39]. The latter 
was used to carry out the pseudo-polarization curves at CO2 pressure 
higher than the atmospheric one by changing the overall cell potential. The 
working electrode was a tin foil (0.1 cm2); before each characterization, it 
was subjected to mechanically smoothing treatment, chemically pre-
treated with 11 %vol HNO3 (Romil Chemicals) water solution for 2 min and 
washed with an ultrasound bath in bi-distillate water for 5 min. The 
electrolyte solution was a 0.1M Na2SO4 (Janssen Chimica) aqueous 
solution (V = 0.05 L). The characterizations were performed at several 
values of mixing rate (0 - 600 rpm), of CO2 pressure (1- 30 bar) and at 
different pH values, i.e. 2, 3 and 4; H2SO4 (Sigma Aldrich) was used to set 
the pH. Stirring of the solution was made with a magnetic stirrer. Prior to 
all characterization, the solution was purged for 25 minutes by either N2 

(99.999% purity; supplied by Air Liquide) or CO2 (99.999% purity; supplied 
by Rivoira).  

The partial current of CO2 reduction jCO2 was computed under the 
assumption that the current of the hydrogen evolution and of the CO2 
reduction can add up and the only competitive route to the CO2 cathodic 
reaction is the hydrogen evolution. LSVs and CVs were acquired with a 
scan rate of 0.005 and 0.030 V s-1, respectively, using an AutoLab PG-
STAT12. 

 

Electrolyses  

Two different electrochemical set-up were used to carry out the reduction 
of CO2. Set-up I was a batch undivided stainless steel cell, fitted out a tin 
foil cathode with a working area of 0.1 or 4.5 cm2, and a DSA counter 
electrode, with magnetic stirring [39]. Set-up II was a pressurized 
undivided filter-press cell with parallel electrodes with a continuous 
recirculation system of the electrolytic solution, described in detail in our 
previous work [40]. The system was equipped with a centrifugal pump 
(MicroPump GHA-V21 with a maximum power pumping of 200 mL min-1) 
and a stainless steel tank equipped with three connecting lines in the top 
(one for the CO2 input, one for the products gas phase output and one 
connected with the bottom line for the circulation of the liquid phase) and 
a parallel line to the tank, equipped with a view-cell to check the liquid level 
in the system. The filter-press cell was provided with a tin sheet cathode 
(Acathode= 9 cm2, assay > 99%, Carlo Erba) and a Ti/IrO2-Ta2O5 sheet 
anode (ElectroCell AB). The electrolytic solution was 0.1M Na2SO4 
aqueous solution. The volume of the solution was 0.05 or 0.9 L, 
respectively, for the set-up I or II. To feed and pressurize the two systems, 
CO2 99.999% (supplied by Rivoira) was employed. Electrolyses were 
carried out under amperostatic mode (Amel 2053 potentiostat/galvanostat) 
at room temperature.  

   The stagnant layer's thickness was evaluated through a well-know 
diffusion limiting current technique using a very stable redox couple (i.e., 
Fe2+/Fe3+). An electrolytic solution of K4Fe(CN)6 thrihydrate 99% (Carlo 
Erba reagents) and K3Fe(CN)6 99% (Merk) at the same concentrations, i.e. 
20, 40 and 80 mM, was used. To estimate the thickness value under 
adopted the condition, the diffusion coefficients in aqueous solution were 
assumed of 6.631*10-6, 1.85*10-5 and 1*10-5 cm2 s-1, respectively, for the 
redox couple [47], CO2 [48] and formic acid [40]. 

   The performances of the process were discussed in term of the current 
efficiency (CE) and the rate of formic acid generation. The CE and the 
instantaneous current efficiency (ICE) were defined, as follows: 

𝑪𝑬 = 𝟐	𝑭	[𝑯𝑪𝑶𝑶𝑯]𝒕	𝑽 𝑰	𝒕⁄ ;	 

𝑰𝑪𝑬 = 𝟐	𝑭	([𝑯𝑪𝑶𝑶𝑯]𝒕9∆𝒕 −	[𝑯𝑪𝑶𝑶𝑯]∆𝒕)	𝑽 𝑰	∆𝒕⁄  

where F is the faradaic constant (96487 C mol-1), [HCOOH]t the 
concentration of formic acid at the time t, V the solution volume and I the 
current.  

The formic acid production rate was expressed as the formic acid 
produced per unit of the working area and unit of time (mmol h-1 cm-2). To 
evaluate the formic acid concentration, 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; 0.005N H2SO4 water solution at pH 2.5 
was eluted at 0.6 mL min-1 as mobile phase. The gas products were 
analized by gas cromathography using a 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 programmed, that is: 
an isotherm at 35°C for 5 min followed by a 20°C/min ramp up to 225°C 
and by an isothermal step for 40 min. 

 

Abbreviations 
[CO2]0 Surface electrode CO2 concentration 
[CO2]b Bulk CO2 concentration 

[HCOOH]0 Surface electrode HCOOH concentration 
[HCOOH]b Bulk HCOOH concentration 

CE Current Efficiency 
F Faraday constant 

ICE Istantaneous Current Efficiency 
j Current density 

jHCOOH HCOOH oxidation current density 
jCO2 CO2 partial current density 
jlim Limiting current density 

jwat,an Water oxidation current density 
k’(E) Product of the heterogeneous rate constant for the water 

reduction and water concentration 
k4(E) Heterogeneous rate constant for the CO2 adsorded reduction 

kan’(E) Product of the heterogeneous rate constant for the water 
oxidation and water concentration 

kHCOOH(E) Heterogeneous rate constant for the HCOOH oxidation 
km CO2 mass transfer coefficient 

km,HCOOH HCOOH mass transfer coefficient 
N Mixing rate 

PCO2 CO2 pressure 
𝛳 Surface coverage degree 

rCO2 Rate of CO2 cathodic conversion to HCOOH 
rHCOOH HCOOH oxidation rate  

t Time 
V  Volume of solution 
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