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A B S T R A C T   

Previous research in CO2 electroreduction primarily focused on cathodic electrocatalysts and electrode config-
urations using pure CO2. Few studies explored the impact of residence time and N2/O2 compounds, crucial for 
practical industrial implementation. In this study, the effect of residence time and the influence of N2 and O2 
compounds on CO2 electroreduction to formate are investigated, employing Bi carbon-supported nanoparticles in 
the form of Gas Diffusion Electrodes within an electrochemical flow reactor with a single pass of the reactants. 
The results highlight the critical role of residence time and the impact of N2 and O2 compounds in the CO2 
electroconversion process. On the one hand, the evaluation of residence time holds paramount significance for 
the potential establishment of a large-scale CO2 recycling plant, as it has the potential to significantly impact 
both the capital and operational costs of the integrated electrolyzer-separator system. Optimal results are ob-
tained in the range of residence times between 1.8 and 2.9 seconds, corresponding to CO2 flow rates of 150 and 
250 mL⋅min− 1, respectively. On the other hand, the study resulted in a promising Faradaic Efficiency for formate 
of 75.0%, with similar values achieved at CO2 concentrations in the range of 75 – 100 vol%. These results are 
particularly noteworthy as they demonstrate that achieving a CO2 capture efficiency of 100% is not necessary, 
thereby reducing the costs associated with this process and, consequently, the overall cost of integrating both 
capture and utilization processes in a CO2 recycling plant.   

1. Introduction 

The World Meteorological Organization (WMO) recently reported 
that the concentration of carbon dioxide (CO2) in the atmosphere 
exceeded 149% of the pre-industrial level in 2021. This increase can be 
predominantly attributed to emissions from fossil fuels and cement 
production [1]. Moreover, a primary objective outlined at the UN 
Climate Change Conference of the Parties (COP27), held in Sharm 
el-Sheikh (Egypt), is to accomplish ambitious reductions in emissions by 
2030, ultimately aiming to achieve net-zero emissions by the mid-21st 
century [2]. 

Consequently, there is a growing emphasis on the electrocatalytic 
reduction of CO2 into value-added chemicals, driven by electrical 
renewable energy sources. This strategy has gained considerable atten-
tion and is considered a promising approach to mitigate the impacts of 
climate change [3–5]. Remarkable progress has been made in the field of 
CO2 electroreduction, encompassing the development of catalysts [6,7], 
reactor configurations [8–10], and optimization of operating parameters 
[11,12]. These advancements have led to high Faradaic Efficiencies 

(FEs) for specific products, such as formate/formic acid [13], carbon 
monoxide (with FEs exceeding 90%) [14], methane [15,16], hydrocar-
bons [17,18], acetate [19] and formaldehyde (with FEs ranging between 
70% and 80%), as well as alcohols (with FEs approximately around 
60%) [20]. 

However, it is noteworthy that the current Technological Readiness 
Level (TRL) for this process generally falls within the range of 3–5 [18], 
indicating that significant progress is required before reaching industrial 
scale-up implementation. It is important to highlight that much of the 
research in the field of continuous electrochemical CO2 reduction to 
produce chemicals relies on utilizing a pure CO2 gaseous stream in the 
cathode chamber of the electrochemical reactor [12,21,22]. This 
assumption is based on the expectation that these pure CO2 sources will 
be obtained from forthcoming, energy-intensive capture technologies 
[23]. 

Among the various products that can be derived from CO2 reduction, 
formate holds significant importance as a widely utilized chemical 
commodity in various industries, including pharmaceutical and leather 
processing [24,25]. Additionally, formate can serve as a fuel source, 
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even when starting from relatively low concentrations (as low as 0.5 M 
in solution), for direct formate fuel cells (DFAFCs), enabling electricity 
generation. It is worth noting that formate ranks among the most 
valuable CO2 conversion products in terms of market price, with this 
chemical having a market value ranging from approximately $1000 to 
$1700 per ton of product [26]. 

In this context, a limited number of studies [27–50] have been 
conducted to investigate the influence of CO2 concentration on the 
production of value-added products. This research encompassses efforts 
to reduce the CO2 partial pressure in the input stream [51] and the 
consideration of various impurities and other non-CO2 compounds 
within the input stream in recent years. Among these impurities, it is 
important to include sulfur dioxide (SO2) [27,29,35,36,40–43], nitric 
oxide (NO) [27,30,35,40,41,47], nitrogen Dioxide (NO2) [30,36,42,43, 
52], nitrous oxide (N2O) [30], water (H2O) [36], carbon monoxide (CO) 
[36], particulate matter [36], and hydrocarbons [36]. Besides, oxygen 
(O2) [31–33,35–37,41,44,48,50] and nitrogen (N2) [28,34,36,38,39, 
44–46,49], which appear in higher concentrations, also have the po-
tential to significantly impact the performance of CO2 electrolyzers. 

Utilizing CO2 directly from the flue gas point sources is of immense 
economic interest, as it eliminates the need for capture and purification 
steps. However, understanding the effects of impurities and other 
compounds during CO2 electrolysis is crucial for the practical applica-
tion of this technology. 

Table 1 compiles a selection of studies from the literature spanning 
the years 2015–2023 that investigate the impact of impurities and other 
compounds in the gaseous input stream. This table provides information 
about the working electrode, the target product achieved, the supplied 
current density, and the specific type of impurities and other compo-
nents introduced, within the field of CO2 electroreduction for the pro-
duction of value-added products. 

In the context of formic acid or formate production through CO2 

electroreduction, there is a limited number of studies that specifically 
investigate the effects of these impurities and compounds. Most of these 
studies have predominantly focused on the utilization of Sn-based 
cathodes [27–30,32] to generate formic acid or formate as the desired 
product in the CO2 electroreduction process. 

For instance, Choi et al. [27]conducted CO2 electrolysis experiments 
using diluted streams containing 15 vol% CO2 (equivalent to a partial 
pressure of 0.15 atm.) with SO2 and NO impurities, achieving notable 
performances. On a different note, Van Daele et al. [28] successfully 
operated a continuous flow cell with a less concentrated gaseous stream 
(60 vol% CO2 or CO2 partial pressure of 0.6 atm) at current densities of 
up to 300 mA⋅cm− 2, comparing the production of formate on SnO2 
catalysts. Furthermore, Luc et al., [29] studied the effects of SO2 on 
Sn-catalyzed CO2 electrolysis in a flow-cell electrolyzer, while Ko et al., 
[30] investigated the impact of various nitrogen oxides, including NO, 
NO2, and N2O, on carbon dioxide electroreduction using tin electro-
catalysts. In addition, Li et al., [32] explored the influence of O2 on the 
electrochemical conversion of CO2 into formate, demonstrating the 
potential for the direct electrocatalytic conversion of flue gas CO2 
streams. 

Specifically, research efforts for the CO2 electroreduction to formic 
acid and formate have thus far concentrated on the development of 
cathodic electrocatalysts [53–55], with an emphasis on Bi-based cata-
lysts [56–58]. Regarding the influence of these compounds in these 
studies and as summarized in Table 1, only two studies have reported 
the use of Bi-based cathodes for the CO2 electroreduction to formic acid 
and formate, studying the effect of these compounds in the input stream 
[34,35]. Yang et al., [34] introduced a surface oxygen modulation 
strategy to develop efficient Bi2O3 catalyst for directly reducing 
commercially relevant flue gas into valuable chemicals. They achieved a 
maximum Faradaic Efficiency of 97.3% in simulated flue gas 
(comprising 15% CO2 balanced by nitrogen with trace impurities), 

Table 1 
Summary of experimental conditions and results in the literature investigating impurities and non-CO2 components in the gaseous input stream for the electrocatalytic 
reduction of CO2 to produce value-added products.  

Working electrode Target product Impurities and other 
compounds 

Current density 
(mA⋅cm¡2) 

Faradaic 
Efficiency 
(%) 

Year Reference 

Ag-GDE CO N2 36.2 >80  2015 [39] 
CoPc/CNT electrode CO O2 27.3 75.9  2019 [31] 
Ag, Sn and Cu electrodes CO (Ag), formate (Sn) and CO, 

formate and C2+ (Cu) 
SO2 100 >80  2019 [29] 

Cu-PTFE GDE C2 O2 < 300 68  2020 [33] 
Co-phthalocyanine-based cathode 

/ Sn-electrode 
CO (Co) and formate (Sn) O2 56.7 71 (CO) and 100 (formate)  2020 [32] 

Cu, Ag and Sn electrodes C2+ (Cu), CO (Ag) and formate 
(Sn) 

NO, NO2, N2O 100 25.9 (C2
+), 34.5 (CO) and 

9.1 (formate)  
2020 [30] 

Cu cathodes CH4, CO and formate O2 >100 8.2 (CH4), 1.66 (CO) and 
2.1 (formate)  

2020 [50] 

Sn-GDE Formate N2 >100 >70  2021 [27] 
Ag CO N2  40  2021 [38] 
Ag-GDE 

SnO2-GDE 
CO (Ag) and formate (SnO2) N2 300 >70 (formate)  2022 [28] 

Pb Methyl formate SO2, NO and O2 18.5 <45  2022 [40] 
Ni-N-C electrode CO NOx, SO2 and VOC 470 99  2022 [43] 
MOF-based GDE CO N2 and O2 30* 95  2022 [44] 
Ag-GDE CO N2 250 >78  2022 [45] 
In-SSZ-13 Formate N2 133.3* 92  2022 [46] 
Pd@Cu CO NO (-) (-)  2022 [47] 
Bi2O3-GDE Formate N2 205.5 (-1.3 V) >90  2023 [34] 
Gas-fed liquid-covered electrodes Formate N2 and O2 3.0 70  2023 [37] 
Ag foam and Ni foam CO NOx and SOx 400 <5  2023 [42] 
Cu/P-GDL C2

+ O2 132* 44.8 (C2H4), and 19 
(C2H5OH)  

2023 [48] 

Cu cathode C2H4 N2 80 45  2023 [49] 
Ag-GDE 

Bi2O3-GDE 
CO (Ag) and formate (Bi2O3) SO2, NO and O2 300 >90  2024 [35] 

* Partial current density value reported. 
(-) Figures of merit are not reported. 

G. Díaz-Sainz et al.                                                                                                                                                                                                                             



Journal of CO2 Utilization 81 (2024) 102735

3

primarily for formate production. In contrast, Van Daele et al. [35] 
demonstrated efficient performance with commercial Bi2O3 nano-
particles, with a Faradaic Efficiency exceeding 90%, along with stability 
over a 20-hour period when exposed to 200 ppm of SO2 or NO in the feed 
gas stream. 

Thus, there is limited knowledge regarding the impact of impurities 
and other components on Bi-based electrodes for CO2 electroreduction 
to formic acid and formate. Among the different electrode configura-
tions, Gas Diffusion Electrodes (GDEs) stand out for their ability to 
enhance performance by facilitating improved contact between the 
reactive gas, the catalyst, and the electrolyte [59]. 

All in all, this study aims to examine the influence of N2 and O2 
compounds on the CO2 electroreduction to formate, using Bi carbon- 
supported nanoparticles in the form of Gas Diffusion Electrodes (Bi- 
GDEs) within an electrochemical flow reactor with a single pass of the 
reactants. These Bi-cathodes allow us to achieve one of the best trade- 
offs reported in the literature to date for CO2 electroreduction to 
formate [12]. The objective of this research is to advance this process 
and bring it closer to industrial-scale implementation, particularly when 
integrated with CO2 capture methods. Additionally, the investigation 
explores the impact of residence time, which has been scarcely explored 
yet, within the cathodic compartments. This residence time is controlled 
by adjusting the feed flow rate to enhance formate selectivity, and 
promising results have been obtained in terms of formate concentration, 
Faradaic Efficiency, rate, and energy consumption. 

2. Methodology 

2.1. Experimental setup for CO2 flow electrolyzer 

All experiments related to the continuous electrocatalytic reduction 
of CO2 to formate, as detailed in this manuscript, were conducted using a 
filter press reactor within the experimental laboratory system depicted 
in Fig. 1. 

The experiments were carried out using a liquid feed at the cathode 
side of the filter-press reactor, a configuration that has been extensively 
investigated in prior studies, enabling a reliable comparison with pre-
vious approaches [60,61]. Electrochemical experiments were conducted 
in duplicate, with an operating time of 60 minutes, under ambient 
temperature and pressure conditions. 

Two magnetically stirred glass tanks were used as reservoirs for the 
catholyte and the anolyte. Specifically, a 0.45 M KHCO3 + 0.5 M KCl 
aqueous solution was employed as the catholyte, while a 1 M KOH so-
lution served as the anolyte. Both electrolytes were circulated 

independently through their respective compartments, passing through 
the reactor once, using peristaltic pumps (Watson Marlow 320, Watson 
Marlow Pumps Group) with a constant flow rate per geometric surface 
area of 0.57 mL⋅min− 1cm− 2. Furthermore, experiments were conducted 
under galvanostatic conditions using a potentiostat-galvanostat (Arbin 
Instruments, MSTAT4) with a current density of 90 mA⋅cm− 2. 

As illustrated in Fig. 1, the primary component of the experimental 
setup is the electrochemical reactor (Micro Flow Cell, ElectroCell A/S).  
Fig. 2 provides a schematic representation of the filter press reactor 
configuration, consisting of two compartments separated by a Nafion 
117 cationic-exchange membrane. The working electrode was a Bi Gas 
Diffusion Electrode (Bi-GDE), while a dimensionally stable anode, DSA/ 
O2(Ir-MMO mixed metal oxide on platinum), was employed as a counter 
electrode, as elaborated in the following subsections. Both electrodes 
possessed an active area of 10 cm2. A leak-free Ag/AgCl 3.4 M KCl 
reference electrode was positioned within a PTFE frame in the cathodic 
compartment of the filter press reactor. 

Samples were taken from the outlet stream on the cathode side of the 
electrochemical reactor at various time intervals (20, 40 and 60 min), 
and the average formate concentration was determined for each 
experiment. Ion chromatography (Dionex ICS 1100) equipped with an 
AS9-HC column was used to analyze this concentration. 

2.2. Working electrode configuration 

A Bi-GDE was selected as the working electrode for the CO2 elec-
troreduction to formate. The GDE configuration consists of three distinct 
layers, illustrated in Fig. 3: the carbonaceous support, the microporous 
layer (MPL) and the catalytic layer (CL). 

The carbonaceous support employed in this study was Toray Carbon 
Paper TGP-H-60 (Alfa Aesar). The MPL, applied using an air-brushing 
technique, was formulated using Vulcan XC-72R and PTFE (Polytetra-
fluoroethylene preparation, 60 wt% dispersion in H2O, Sigma-Aldrich) 
in a 40–60 wt% ratio, following a previously established method [11, 
12,60,61]. Subsequently, this layer underwent sintering at 623 K in a 
muffle furnace (PR series, Hobersal) for a duration of 30 minutes. 

The catalytic ink for the GDE consisted of Bi carbon-supported 
nanoparticles, which served as the electrocatalyst, along with Nafion 
and isopropanol. The composition of these components matched that 
used in previous studies [11,12,60,61]. This ink was sonicated for 
approximately 30 minutes and then applied until a Bi loading of 
0.75 mg⋅cm− 2 was achieved. The loading level is considered optimal for 
performance. 

The synthesis and characterization of the Bi carbo-supported 

Fig. 1. Experimental setup employed for the continuous electrocatalytic reduction of CO2 to formate in a filter press reactor.  
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nanoparticles involved the use of BiCl3 as a precursor and Vulcan XC- 
72R as the carbon support [58]. Furthermore, the Bi/C-GDE has un-
dergone characterization in earlier research conducted by the research 
group [12,60]. 

2.3. Experimental conditions for the CO2 input stream 

To study the influence of residence time, a range of pure CO2 flow 
rates, ranging from 50 to 400 mL⋅min− 1, was introduced into the 
cathodic compartment of the flow reactor. The residence time within the 
cathodic compartment was determined by measuring and estimating the 
dimensions and internal volumes of all components inside the electro-
chemical reactor (Figure S1, S2 and S3 of the Supporting Information). 
Once the volume of the cathodic compartment was calculated 
(7.36 mL), the residence time was determined by considering the rela-
tionship between the volume of the cathodic compartment and the CO2 
flow rate, which is the variable studied in the process. 

Furthermore, the performance of the CO2 electroreduction to 
formate process was assessed under various compositions of CO2, N2 and 
O2 in the feed stream on the cathode side of the electrochemical reactor. 
The specific experimental conditions are detailed in Table 2, with a 
consistent total flow rate of 250 mL⋅min− 1 maintained throughout the 
experiments. 

2.4. Figures of merit 

In each experiment, an average value of formate was determined to 

calculate the Faradaic Efficiency towards formate, the formate rate, and 
the energy consumption per kilomole of formate. 

The Faradaic Efficiency (%) for the target product represents the 
percentage of the total current density supplied to the electrochemical 
filter press that contributed to the production of the desired product. 
This can be calculated using Eq. (1): 

FE =
z⋅M⋅F

j⋅A
(1)  

Where, z represents the number of electrons exchanged during the 
electrochemical conversion of CO2 to value-added products (typically 2 
electrons for the reduction of CO2 to formate), M denotes the number of 
moles of the target product generated, F stands for the Faraday constant 
(96,485 C⋅mol− 1), j signifies the current density supplied to the elec-
trochemical filter press and A represents the geometric electrode area. 

The formate rate (mol⋅m− 2⋅s− 1) measures the quantity of the target 
product produced per unit of cathode area and unit of time and can be 
calculated using Eq. (2): 

Rate =
M
t⋅A

(2)  

Where, M and A are also the number of moles of the target product 
generated and the geometric electrode area, respectively, while t rep-
resents the duration of each experiment. 

Furthermore, the energy consumption per kilomole of formate 
(kWh⋅kmol− 1) is defined as the amount of energy required to produce 
the desirable product and can be calculated as follows using Eq. (3). 

Energy consumption =
j⋅A⋅V

M
(3) 

where j, A and M are, once again, the current density supplied to the 
electrochemical filter press cell, the geometric electrode area and the 
number of moles of the target product generated, respectively, and V 

Fig. 2. Filter press reactor configuration employed for the continuous electrocatalytic reduction of CO2 to formate in a filter press reactor.  

Fig. 3. Composition of the cathode side GDE comprising: (i) carbonaceous 
support, (ii) microporous layer, and (iii) Bi catalytic layer. 

Table 2 
Composition of CO2, N2, and O2 (vol%) in the feed stream on the cathode side of 
the electrochemical reactor (total flow rate of 250 mL⋅min− 1).  

Point CO2 concentration (vol 
%) 

N2 concentration (vol 
%) 

O2 concentration (vol 
%)  

1  100  0  0  
2  90  10  0  
3  75  25  0  
4  65  35  0  
5  55  45  0  
6  50  50  0  
7  40  60  0  
8  28  72  0  
9  18  82  0  
10  75  19.75  5.25  
11  60  31.60  8.40  
12  50  39.50  10.50  
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represents the cell potential of the electrochemical filter press during 
each experiment. 

3. Results and discussion 

3.1. Effect of the residence time 

The electrocatalytic reduction of CO2 to formate was examined in 
continuous mode using a filter press reactor with a liquid electrolyte at 
the cathode side, with an aqueous 1 M KOH solution serving as the 
anolyte. A Nafion cation exchange membrane was used to separate the 
anodic and cathodic compartments. The influence of residence time on 
the electrochemical reduction of CO2 using Bi-based cathodes in a two- 
compartment cell configuration is examined. Experiments were con-
ducted across a range of residence times, spanning from 1.1 to 
8.8 seconds (equivalent to pure CO2 flow rates in the input stream 
ranging from 50 to 400 mL⋅min− 1). To determine residence time, the 
dimensions of all components within the electrochemical reactor were 
determined using the AutoCAD tool. In the cathodic compartment, 
where the CO2 flow rate plays a crucial role, various frames and gaskets 
were utilized, and the dimensions of these components are detailed in 
the Supporting Information. 

Fig. 4a illustrates the impact of residence time in the cathodic 
compartment of the electrochemical reactor on the Faradaic Efficiency 
for formate, while Fig. 4b depicts the effect of residence time on the 
formate rate (values are described in Table S1). A Faradaic Efficiency for 
formate of 85.2% and a formate rate of 3.98 mmol⋅m− 2⋅s− 1 were ach-
ieved with a residence time of 1.8 seconds, corresponding to a pure CO2 
flow rate of 250 mL⋅min− 1. 

However, increasing the residence time from 1.8 to 2.2 and 

2.9 seconds yields the most favourable outcomes in terms of Faradaic 
Efficiency for formate and formate rate. Specifically, the Faradaic Effi-
ciency increases from 85.2% to 95.1%, while the formate rate rises from 
3.98 mmol⋅m− 2⋅s− 1 to 4.44 mmol⋅m− 2⋅s− 1. These findings suggest that 
the optimal range of CO2 flow rates for this electrochemical reactor, with 
a geometric area of 10 cm2, falls between 150 and 250 mL⋅min− 1. 

Although the decline in performance is less pronounced when the 
residence time is reduced to 1.1 and 1.5 seconds, corresponding to a CO2 
flow rate of 300 and 400 mL⋅min− 1, the poorest results were obtained at 
the highest residence time values of 5.9 and 8.8 seconds. Operating at 
these residence times resulted in similar values of Faradaic Efficiency for 
formate, around 68%, and a formate rate of approximately 
3.17 mmol⋅m− 2⋅s− 1. 

Similar results were observed in Fig. 5, illustrating the influence of 
residence time on formate concentration (Fig. 5a) and energy con-
sumption (Fig. 5b). Both formate concentration and energy consumption 
exhibited comparable trends. Notably, intriguing formate concentra-
tions of approximately 2.0 g⋅L− 1 were achieved with low energy con-
sumption levels close to 200 kWh⋅kmol− 1. These results were observed 
within a residence time range of 1.8–2.9 seconds, corresponding to a 
CO2 flow rate ranging from 250 to 150 mL⋅min− 1 and a single-pass CO2 
conversion rates ranging from 2.1% to 3.9%, respectively. 

The evaluation of residence time assumes paramount significance in 
the potential establishment of a large-scale CO2 recycling plant, as it 
holds the potential to significantly impact both the capital and opera-
tional costs of the integrated electrolyzer-separator system. Moreover, 
the CO2 flow rate plays a crucial role in determining single-pass con-
version and product selectivity, particularly in the context of formate 
production. 

In this context, enhancing single-pass conversion results in a greater 

Fig. 4. Influence of residence time in the cathodic compartment of the elec-
trochemical reactor on: a) Faradaic Efficiency for formate (%) and b) formate 
rate (mmol⋅m− 2⋅s− 1) in the residence time range of 1.1 – 8.8 s. The experiments 
were conducted at room temperature (20 ◦C), with a Bi Catalyst loading of 
0.75 mg⋅cm− 2, electrolyte flow rates per geometric surface area of 
0.57 mL⋅min− 1⋅cm− 2, and a current density of 90 mA⋅cm− 2. 

Fig. 5. Influence of residence time in the cathodic compartment of the elec-
trochemical reactor on: a) formate concentration (g⋅L− 1) and b) energy con-
sumption per kmol of formate (kWh⋅kmol− 1) in the residence time range of 1.1 
– 8.8 s. The experiments were conducted at room temperature (20 ◦C), with a Bi 
Catalyst loading of 0.75 mg⋅cm− 2, electrolyte flow rates per geometric surface 
area of 0.57 mL⋅min− 1⋅cm− 2, and a current density of 90 mA⋅cm− 2. 
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disparity in CO2 concentration between the inlet and outlet streams, 
leading to a lower CO2 concentration in the cathode-side catalyst layer 
near the cell exit compared to that at the inlet. To address this, it is 
imperative to explore the CO2 electroreduction to formate process to 
identify the optimal residence time concerning formate rate, Faradaic 
Efficiency, formate concentration, and energy consumption. 

3.2. Impact of various CO2 concentrations balanced by N2 in the inlet gas 
stream 

This section provides an overview of experiments with CO2 con-
centrations in the input stream ranging from 18 to 100 vol%, balanced 
by N2. The experiments involved a Bi catalyst loading of 0.75 mg⋅cm− 2, 
electrolyte flow rates per geometric surface area of 
0.57 mL⋅min− 1⋅cm− 2, and a total gaseous flow rate of 250 mL⋅min− 1, 
considered the optimal value in the previous section. Notably, the 
gaseous input stream exclusively comprised CO2, with N2 as the sole 
impurity. 

As shown in Fig. 6, the influence of CO2 concentration in the input 
stream on the Faradaic Efficiency for formate and the formate rate is 
depicted. Detailed values for all experiments can be found in Table S2 of 
the Supplementary Information. Initially, working with CO2 concen-
trations below 40 vol%, and even at a concentration of 40 vol%, resulted 
in negligible values for Faradaic Efficiency for formate and formate rate. 
However, increasing the CO2 concentration in the input stream from 40 
to 65 vol% led to a thirteenfold increase in the Faradaic Efficiency for 
formate, reaching 63.9% at a CO2 concentration of 65 vol%. These re-
sults suggest minimal negative influence of CO2 concentration below 
50 vol%. Working with CO2 concentrations of 75 vol% resulted in a 
promising Faradaic Efficiency for formate of 75.0%, with similar values 
achieved at CO2 concentrations in the range of 90 – 100 vol%. Regarding 
the formate rate, operating with CO2 concentrations of 75 and 90 vol% 
led to an approximately 66% increase (3.5 mmol⋅m− 2⋅s-1) and a 90% 
(4.0 mmol⋅m− 2⋅s− 1) when compared to the CO2 concentration of 50 vol 
%. 

The concentration of the product of interest follows the same trend as 
the Faradaic Efficiency and formate rate mentioned previously, as 
depicted in Fig. 7 (detailed values provided in Table S1 of the Supporting 
Information). A maximum formate concentration of approximately 
1.9 g⋅L− 1 was obtained in the CO2 concentration range from 90 to 
100 vol%, resulting in a single-pass CO2 conversion rate of approxi-
mately 2.2%. These results are particularly noteworthy as they 
demonstrated that achieving a CO2 capture efficiency of 100% is not 
necessary, thereby reducing the costs associated with this process and, 
consequently, the overall cost of integrating both capture and utilization 
processes in a CO2 recycling plant. 

Furthermore, it is important to emphasize that energy consumptions 
of less than 300 kWh⋅kmol− 1 were achieved for CO2 concentrations in 
the range from 75 to 100 vol% (specifically, values of only 279, and 264 
kWh⋅kmol− 1, respectively). These exceptionally low energy consump-
tions can be attributed to the substantial amounts of formate achieved 
under all operating conditions. 

These results align with findings in the existing literature that study 
the input of CO2 and N2 to the electrochemical reactor [27,28,34,37,46]. 
For example, Choi et al., [27] observed a decrease in Faradaic Efficiency 
for formate when using a CO2 partial pressure below 0.5 atm, a pattern 
similar to the one observed in this study. Under such conditions, the 
carbonation reaction may exert a dominant influence in restricting CO2 
reactants when flow conditions are suboptimal. Furthermore, Van Daele 
et al., [28] proposed that reducing the composition of the CO2 leads to a 
decreased current density response when using SnO2-based cathodes for 
formate production. This behaviour was attributed to the interplay be-
tween partial pressure and CO2 mass transport limitations, especially 
under atmospheric pressure conditions. 

Yang et al., [34], investigated the electroreduction of CO2 using 
simulated flue gas, with CO2 concentrations ranging from 10% to 30%, 
balanced with N2. Their results closely matched those obtained with 
pure CO2, but a slight decrease in current density and Faradaic Effi-
ciency was observed when a 15% CO2 feeding gas was used. In another 
study, Takeda et al., [37] reported that reducing the CO2 concentration 
led to an insufficient supply rate of CO2 to the cathode electrode, 
resulting in a reduction in the Faradaic Efficiency of the target CO2 
reduction reaction. 

Furthermore, when In-SSZ-3 catalysts were employed for CO2 elec-
troreduction to formate [46], a significant drop in performance was 
observed as the CO2 concentration decreased from 50% to 60–20% CO2. 
The excess of N2 compound could adversely affect the catalysts and cells 
due to the low solubility of N2 in the electrolyte, leading to the formation 
of gas bubbles. These gas bubbles, in turn, could adhere to the catalyst 
surface, potentially reducing the overall active surface area, or become 
trapped on the cationic exchange membrane, thereby limiting the ionic 
conductivity and affecting cell performance [36]. 

3.3. Influence of varied CO2 concentrations balanced by N2 and O2 in the 
inlet gas stream 

After assessing the behaviour of the electrochemical CO2 reduction 
to formate process with the inlet gas stream composed of CO2 and N2, 
this section investigates the performance of the process under the in-
fluence of CO2 concentration in the input stream, which is balanced with 
N2 and O2, as summarized in Table 2. Oxygen, being abundant in the 

Fig. 6. Influence of CO2 concentration in the input stream (vol%) (balanced by 
N2) on the Faradaic Efficiency (%) and formate rate (mmol⋅m− 2⋅s− 1) in the CO2 
concentration range of 18% – 100%. The experiments were conducted at room 
temperature (20 ◦C), with a Bi Catalyst loading of 0.75 mg⋅cm− 2, electrolyte 
flow rates per geometric surface area of 0.57 mL⋅min− 1⋅cm− 2, a current density 
of 90 mA⋅cm− 2, and a total gaseous flow rate of 250 mL⋅min− 1. 

Fig. 7. Influence of CO2 concentration in the input stream (vol%) (balanced by 
N2) on the formate concentration (g⋅L− 1) and energy consumption 
(kWh⋅kmol− 1) in the CO2 concentration range of 18% – 100%. The experiments 
were conducted at room temperature (20 ◦C), with a Bi Catalyst loading of 
0.75 mg⋅cm− 2, electrolyte flow rates per geometric surface area of 
0.57 mL⋅min− 1⋅cm− 2, a current density of 90 mA⋅cm− 2, and a total gaseous flow 
rate of 250 mL⋅min− 1. 
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atmosphere and crucial for combustion processes that generate CO2, has 
been incorporated into the study. The operating conditions remained 
consistent with those of the previous section, with ambient temperature 
(20ºC) and pressure (1 atm). The setup included a Bi catalyst loading of 
0.75 mg⋅cm− 2, electrolyte flow rates per geometric surface area of 
0.57 mL⋅min− 1⋅cm− 2 and a total gaseous flow rate of 250 mL⋅min− 1. 

Fig. 8 illustrates the impact of CO2 concentration in the input stream, 
balanced by N2 and O2, on Faradaic Efficiency towards formate and 
formate rate (values are described in Table S3). When working with a 
mixture containing 75% CO2, 19.75% N2 and 5.25% O2 in the input 
stream, similar results for Faradaic Efficiency (84.1%) and rate 
(3.9 mmol⋅m− 2⋅s− 1) were achieved compared to the results obtained 
with a stream composed solely of CO2 and N2, as discussed in the pre-
vious section. 

Nevertheless, decreasing the CO2 concentration from 75 to 60 vol%, 
while simultaneously increasing the N2 and O2 concentrations from 
19.75 to 31.6 vol% and from 5.25 to 8.4 vol%, respectively, resulted in 
decreased performance in terms of Faradaic Efficiency and formate rate. 
Specifically, when operating with a stream containing 60% CO2, 31.6% 
N2 and 8.4% O2, the Faradaic Efficiency and rate dropped to 39.8% and 
1.8 mmol⋅m− 2⋅s− 1, respectively. These values were lower than the re-
sults obtained in the previous section, even when using CO2 concen-
trations as low as 55 vol%. 

Furthermore, when working with a stream containing 50% CO2, 
39.5% N2 and 10.5% O2, negligible values of Faradaic Efficiency for 
formate (1.4%) and rate (0.07 mmol⋅m− 2⋅s-1) were achieved. This 
demonstrates that working with higher CO2 concentrations in the input 
stream and lower concentrations of N2 and O2 has little influence on the 
performance of the CO2 electroreduction to obtain the formate in terms 
of all the figures of merit. 

However, increasing the concentration of O2 in the input stream 
(10.5% O2) negatively impacts the process’s performance due to the 
competitive oxygen reduction reaction over the cathode surface. Recent 
studies [35] have shown that even the addition of just 1% O2 to the CO2 
feed leads to a significant drop in Faradaic Efficiency for C-products. 
This is because the oxygen reduction reaction can occur under reducing 
potentials and is thermodynamically more favorable than CO2 electro-
reduction to formate [62]. 

In terms of energy consumption and formate concentration, Fig. 9 
demonstrates a comparable trend to that observed for Faradaic Effi-
ciency and formate rate. Operating with a gas stream consisting of pure 
CO2 and a mixture of 75% CO2, 19.75% N2 and 5.25% O2 resulted in 
energy consumptions and concentrations for the target product of 
approximately 250 kWh⋅kmol− 1 and 1.8 g⋅L− 1, respectively. This 
observation indicates that both performance figures of merit were 
negatively impacted by the decrease in CO2 concentration and the 

increase in N2 and, notably, O2 concentration. 
This phenomenon can be attributed to the fact that the presence of O2 

promotes the oxygen reduction reaction. Recent studies suggest that 
these impurities could displace CO2 reduction and consume up to 99% of 
the applied current in such systems [33]. Additionally, similar to N2 
compounds, the presence of O2 bubbles could have detrimental effects 
by causing variations in cell voltage, oxidizing other metallic com-
pounds within the cell, and affecting the oxidation of the generated 
products during CO2 electroreduction, especially of formate in this study 
[36]. 

4. Conclusions 

In this study, an assessment is conducted to evaluate the impact of 
residence time within the cathodic compartment of the electrochemical 
reactor and the influence of N2 and O2 compounds in the CO2 input 
stream on the electroreduction of CO2 to formate. The Bi-GDEs are tested 
in a continuous CO2 electrolyzer, studying the influence of (i) residence 
time (ranging from 1.1 to 8.8 seconds or equivalent to pure CO2 flow 
rates spanning from 50 to 400 mL⋅min− 1), and (ii) the CO2 concentra-
tion in the input stream, balanced with N2 and O2. 

On the one hand, the evaluation of residence time holds paramount 
significance for the potential establishment of a large-scale CO2 recy-
cling plant, as it has the potential to significantly impact both the capital 
and operational costs of the integrated electrolyzer-separator system. 
Optimal results are obtained in the range of residence times between 1.8 
and 2.9 seconds, corresponding to CO2 flow rate of 150 and 
250 mL⋅min− 1, respectively. Although the decline in performance is less 
pronounced when the residence time is reduced to 1.1 and 1.5 seconds, 
corresponding to a CO2 flow rate of 300 and 400 mL⋅min− 1, the poorest 
results were obtained at the highest residence time values of 5.9 and 
8.8 seconds. Operating at these residence times resulted in similar 
values of Faradaic Efficiency for formate, around 68%, and a formate 
rate of approximately 3.17 mmol⋅m− 2⋅s− 1. Simultaneously, the CO2 flow 
rate plays a crucial role in determining single-pass conversion and 
product selectivity, particularly in the context of formate production. 

On the other hand, concerning the effect of the CO2 concentration in 
the input stream, balanced by N2 and O2, it is important to highlight that 
working with CO2 concentrations of 75 vol% resulted in a promising 
Faradaic Efficiency for formate of 75.0%, with similar values achieved at 
CO2 concentrations in the range of 90 – 100 vol%. Regarding the 
formate rate, operating with CO2 concentrations of 75 and 90 vol% led 
to an approximately 66% increase (3.5 mmol⋅m− 2⋅s-1) and a 90% 
(4.0 mmol⋅m− 2⋅s− 1) when compared to the CO2 concentration of 50 vol 
%. These results are particularly noteworthy as they demonstrate that 

Fig. 8. Influence of CO2 concentration in the input stream (vol%) (balanced by 
N2 and O2) on the Faradaic Efficiency (%) and formate rate (mmol⋅m− 2⋅s− 1) in 
the CO2 concentration range of 50% – 100%. The experiments were conducted 
at room temperature (20 ◦C), with a Bi Catalyst loading of 0.75 mg⋅cm− 2, 
electrolyte flow rates per geometric surface area of 0.57 mL⋅min− 1⋅cm− 2, a 
current density of 90 mA⋅cm− 2, and a total gaseous flow rate of 250 mL⋅min− 1. 

Fig. 9. Influence of CO2 concentration in the input stream (vol%) (balanced by 
N2 and O2) on the formate concentration (g⋅L− 1) and energy consumption 
(kWh⋅kmol− 1) in the CO2 concentration range of 50% – 100%. The experiments 
were conducted at room temperature (20 ◦C), with a Bi Catalyst loading of 
0.75 mg⋅cm− 2, electrolyte flow rates per geometric surface area of 
0.57 mL⋅min− 1⋅cm− 2, a current density of 90 mA⋅cm− 2, and a total gaseous flow 
rate of 250 mL⋅min− 1. 
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achieving a CO2 capture efficiency of 100% is not necessary, thereby 
reducing the costs associated with this process and, consequently, the 
overall cost of integrating both capture and utilization processes in a 
CO2 recycling plant. Thus, the results here reported represent a step 
forward in the field of CO2 electroreduction to formate due to the ad-
vances in the study of these scarcely explored variables, bringing this 
process closer to future implementation at the industrial scale. 
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