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Abstract 

Integrating the alkaline capture of CO2 from the air with the electrochemical conversion of 

the obtained (bi)carbonate solution is among the most promising strategies in Carbon 

Capture & Utilization (CCU) technologies. Thus far this approach has received little or no 

attention because of the challenging conversion of CO2 from bicarbonate solutions owing to 

the parasitic hydrogen evolution reaction (HER). Very recently, thanks to the advances in 

reactor design and the understanding of the mechanism of bicarbonate electrolysis, 

promising results were obtained in terms of performance (i.e., >60% FE towards formate or 

CO at >50 mA cm-2) and as such provided us with the required knowhow to for the first time, 

construct and validate a proof-of-concept experimental setup where the CO2 is captured from 

the air, in the form of a (bi)carbonate solution, through Direct Air Capture and then converted 

to formate and CO in a zero-gap flow electrolyzer. The presented results provide a new 

opportunity for upscaling the electrochemical conversion of CO2, since integrating the capture 

and the conversion steps is a crucial step to enhance the economic feasibility of the CCU 
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technology (energy-intensive CO2 separation can be avoided) and thus increase its chances of 

industrial implementation.  

Keywords 

Direct Air Capture, electrochemical CO2 reduction, bicarbonate electrolysis, Carbon Capture 

& Utilization 

Synopsis 

Capturing CO2 from the air and directly converting it to useful products allows an efficient 

carbon-neutral strategy to reduce emissions. 

Introduction 

The rise of the levels of CO2 in the atmosphere (currently over 400 ppm) is posing a threat to 

the safety of society as it is one of the main responsible causes for global warming and the 

rise of temperature worldwide.1–3 This CO2 mostly comes from human sources such as 

industrial waste, energy production or fuel transportation.4,5 Reducing the amount of CO2 

present in the atmosphere is thus crucial to reduce this effect and, eventually, even revert it.6 

Decreasing the emissions and the production of CO2 is the most straightforward strategy to 

reduce the atmospheric CO2 content however, although several climate laws and global 

commitments have been set during the last decade, the levels of CO2 in the air are far from 

being reduced and are still increasing.7,8 For this reason, capturing the CO2 directly from the 

air (Direct Air Capture, DAC) or industrial waste/point sources have been proposed as one of 

the main engineered strategies to tackle the problem.9–11 A typical DAC concept involves a 

ventilator system which directs the air at a certain flow through a membrane contactor, 

where it reacts with the capture solution that is flushed in.12 Nevertheless, due to the low 

absolute concentration of CO2 in the air, capturing it is cumbersome and very energy-

intensive as such making the process economically unfeasible from an industrial point of view 

at least with the currently available technology.13 The main reason is the high energy 

requirement of recovering back the CO2. The capture solution, an alkaline solution such as 

KOH, is converted to carbonate after reacting with CO2.14 To separate the carbonate from the 

rest of the aqueous solution, a regeneration step is performed, consisting of precipitating the 

carbonate and afterwards calcinating it to extract the gaseous CO2. The CO2 is then 
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compressed and stored. The regeneration and compression steps are high energy-intensive 

steps, requiring >70% of the overall energy required to capture CO2.12 For this reason, it is 

crucial to find a use for the captured CO2 preferably as a chemical building block in an 

industrial process to valorise any potential technology and compensate the high costs of 

capturing CO2.15  

In this respect, several strategies are being investigated within the frame of Carbon Capture 

and Utilization (CCU) technologies to also valorise the CO2 and not only capture it. One of the 

most promising approaches is the electrochemical CO2 reduction (eCO2R).16–19 By the use of 

renewable energy, an electrocatalyst and an electrochemical cell (or electrolyzer), the CO2 

can be converted to different carbon products such as formic acid, CO, methanol, methane 

or C2 products, with the electrocatalyst being the main agent determining the reaction 

product.20,21 Currently, most of the research done on eCO2R is based on supplying pure CO2 

gas to the electrolyzer either as a gas inlet by using Gas Diffusion Electrodes (GDE) or by 

saturation of the electrolyte before reaction.22,23 Faradaic Efficiencies (FE) over 90% towards 

formic acid or CO have been achieved so far when using flow electrolysers and promising 

results on high-value products such as methanol have also been reported, thus showing the 

feasibility of converting CO2 electrochemically to chemical building blocks.24–26 Nevertheless, 

delivering pure CO2 gas to the electrochemical cell requires that the captured CO2 is 

regenerated and then compressed, as mentioned above, and thus makes the CCU technology 

hardly efficient.27 Instead of pure, gaseous CO2, using a CO2-captured solution in form of 

aqueous (bi)carbonate solution directly as the substrate for the eCO2R avoids these 

cumbersome steps and promotes the feasibility of the process.28–30 In this technology, the 

post-capture solution is used as an electrolyte and the CO2 is electrochemically reduced not 

as a (dissolved) gas, but in the form of (bi)carbonate anion. An efficient method to convert 

electrochemically bicarbonate is thus crucial to properly integrate the capture and conversion 

steps. Unfortunately, bicarbonate electrolysis was initially very inefficient in terms of FE and 

partial current density (CD) in comparison with the analogous gaseous CO2 electrolysis, mostly 

due to the proton donor ability of bicarbonate which promotes to a great extent the 

competing Hydrogen Evolution Reaction (HER).31–33 In the meantime, extensive research in 

our group and throughout the scientific community has changed this and the process has 

become much more efficient as detailed in the following paragraph.  
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Although direct electrochemical conversion of the bicarbonate anion has been reported, it 

has been a topic of discussion within the community whether bicarbonate was the substrate 

of the electrochemical reaction or solely played the role of carbon donor by providing CO2 

(derived from the equilibrium with water) to the surface of the electrode (or both).34,35 Albeit 

neither confirming nor discarding any line of thought, several more recent studies showed 

how promoting the release of CO2 from bicarbonate in-situ the electrolyzer improved to a 

great extent both the FE and partial CD of the bicarbonate electrolysis.36–39 It was found that 

this release could be promoted by using a Bipolar Membrane (BPM) in combination with a 

zero-gap flow electrolyzer. Indeed, experimental results demonstrated that bicarbonate is 

more efficiently converted to CO2 thanks to the water dissociation occurring in the BPM once 

the potential is applied (H+ is released towards the catholyte (1) and OH- is released towards 

the anolyte (2)).40 Due to the zero-gap configuration, the CO2 is generated close to the surface 

of the cathode, where it is readily reduced to carbon products (3).29 Through this strategy, Li 

et al. converted CO2 from a 3 M bicarbonate solution at 100 mA cm-2 obtaining a FE of 64 % 

and 37% towards formate and CO, respectively.36–38 However, due to the three-membrane 

configuration of the BPM (cation exchange, interface and anion exchange layer), a higher 

Ohmic drop than typical anion- or cation-exchange membranes is observed, thereby 

increasing to a great extent the cell voltage needed to apply the desired current density and 

thus lowering the energy efficiency.40,41 For instance, in our previous study, we observed how, 

although an FE over 35% towards formate was obtained, the cell voltage was 6.4 V at 400 mA 

cm-2, which significantly decreased the energy efficiency of the system.39 Nevertheless, at a 

lower CD such as 50 mA cm-2, higher FE (58%) and lower cell voltage (3.5 V) were obtained 

(Figure S1), thus increasing the feasibility of the technology (although further optimization is 

still needed).  

H2O                                  ⇄       H+ + OH−     (1) 

HCO3
− +      H+              ⇄       CO2 + H2O     (2) 

CO2 + H2O + 2e−          →       CO + 2OH−     (3) 

Using these recent studies, a procedure to electrolyze bicarbonate solutions was 

benchmarked and thus warranting the potential of electrolyzing CO2 post-capture solutions. 
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In this study, we report for the first time, the electrochemical conversion of CO2 that has been 

obtained directly from the air, integrating both the capture and the conversion steps in one 

single proof-of-concept carbon capture and conversion system. By capturing the CO2 from the 

air in the form of (bi)carbonate with a DAC system and then electrolyzing the (bi)carbonate 

solution in a zero-gap flow electrolyzer, CO2 was converted to formate and CO by using a 

SnO2-based and an Ag-based electrocatalyst, respectively. The aim of this study is to 

benchmark the first step towards implementing this ambitious, but elegant concept that is 

the integration of the capture and conversion steps within CCU. With the results shown in this 

paper, we have materialized, by giving experimental proof, those perspectives and 

assessments (i.e., Sullivan et al., 2022, Li et al., 2022 and Gutierrez-Sanchez et al., 2022) that 

proposed the integrated approach as one of the most promising strategies to close the CO2 

cycle with a positive techno-economic balance.  

1 Experimental method 

1.1 Materials and solutions 

All the chemicals were obtained from commercial sources and used without purification 

unless stated otherwise. The capture solution and the anolyte were prepared by dissolving 

the corresponding amount of 1 M of potassium hydroxide pellets (Chem-Lab) in Ultra-Pure 

water (MilliQ, 18.2 MΩ cm). The capillary module 3M™ Liqui-Cel™ MM-1.7x8.75 (Figure S2) 

was chosen as a membrane contactor for CO2 sequestration based on a previous evaluation 

performed at VITO. Tin (IV) oxide nanopowder (<100 nm, >99%) and Ag nanopowder (<100 

nm, >99.5%) from Sigma-Aldrich were used as the electrocatalyst and porous carbon paper 

AvCarb MGL 190 (Fuel Cell Store) was used as catalyst support. For the counter electrode, Ni 

foam (Nanografi) was used. To separate the catholyte and the anolyte, a Bipolar Membrane 

(FumaSep) was used.  

1.2 Direct Air Capture: Setup assembly and procedure 

The capillary module is charged into the bench-scale setup and contained in a tailor-made 

module holder (Figure 1). The module housing was cut on two sides to allow free air 

movement through the capture module (in vertical position) in and out, perpendicular to the 

capillaries’ direction. The 1 M KOH capture solution is pumped through the valve at 75 mL 
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min-1, towards the inside (lumen side) of the capillaries. In the capillary module, the 

membrane contactor allows enhanced CO2 transport from the atmospheric air to the capture 

solution.42 The fan is set to an operational airflow velocity of 0.22 m s-1. The channel displaces 

a volumetric flow of ~12 m³ h-1 air (fan system’s exit area = 180 cm²) to the module holder, 

which corresponds to a CO2 flow of ~0.2 mol h-1. The airflow that exits the fan system goes 

through a stack of tubes, to obtain a laminar flow. After the module holder, an exit channel is 

foreseen to avoid shape turbulence. The purpose of such design is to avoid pressure drops, in 

addition to the resistance from the tested module and capillaries. To avoid water losses due 

to evaporation, adequate humidification was integrated into the capture system to 

avoid/minimize this effect, making water compensation in the KOH solution vessel 

unnecessary. The pH of the solution is monitored and registered to evaluate the evolution of 

the acidity of the solution. The experiment is stopped after 8.5 hours of duration and the 

solution is stored. The solutions were sealed and remained stable for several weeks (pH 

invariant at ~10.6). After the capture experiment, a mixture of carbonate and bicarbonate 

anion is expected in the solution. The exact concentration of the species and the ratio is 

determined as described in section 1.5.1. 
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Figure 1: Bench scale and schematic CO2 capture test setup. It consists of a fan system and 
channel that guides the airflow to a central module holder, followed by an exit channel. The 
test module holder is located at the center of the bench-scale setup, through which the 
capture solution flows. The module is adapted such that it can be placed vertically and 
receive airflow. 

1.3 Working electrode manufacturing 

Working electrodes for electrolysis were manufactured by spray coating a catalyst ink (SnO2 

or Ag nanoparticles) on top of a 4x4 cm porous carbon paper following the procedure 

described in our previous study and inspired by the electrode optimization study of Lees et 

al.38,43 In those studies, it was shown how, to maximize the performance of the catalyst in 

terms of FE and partial CD, the microporous layer, the binder and the PTFE layer had to be 

avoided in the manufacturing the working electrode. It is assumed that the stability of the 

catalyst is affected by the lack of binder, however, in this study, we did not evaluate the 

stability of the system.44 Every electrode used in the experiments had a final loading of 2.0 ± 

0.2 mg cm-² of nanoparticles. The resulting electrode SnO2/C was used to convert the DAC 

solution to formate (HCOO-) while Ag/C was used to convert the DAC solution to CO in 

separated experiments.  

1.4 (Bi)carbonate electrolysis: setup and procedure 

The electrochemical experiments were performed in a custom build zero-gap flow 

electrolyzer (Figure 2). The same electrolyzer was used in our previous studies, where the 

details on the configuration are found.40,45 The (bi)carbonate solution obtained from DAC was 

used as the catholyte. The catholyte enters the electrolyzer from the bottom, where it flows 

through the interdigitated designed graphite flow channel pressed against the working 

electrode to the top of the electrolyzer thereby optimizing the mass transfer of the electrolyte 

towards the catalyst surface. On the other side, on top of the electrode, the BPM is placed. 

The zero-gap configuration allows the membrane and the cathode to be pressed to each 

other, promoting the protonation of the (bi)carbonate species next to the electrode, where 

CO2 is reduced to products. The anodic compartment of the electrolyzer is like the previously 

described cathode side. However, here a nickel foam was used as an electrode and 1 M KOH 

as an anolyte. The electrolyzer was connected to an Autolab potentiostat (model 

PGSTAT302N).  
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Figure 2: Schematic representation of the (bi)carbonate zero-gap flow electrolyzer involving 
a BPM used in this study. Components description: A) end-plates; B) copper current 
collectors; C) interdigitated flow channel; D) Catalysts gaskets; E) BPM. 

The experimental conditions were set based on the optimization study for bicarbonate 

electrolysis performed recently by our group.43 From this study, the most optimal flow rate, 

temperature and CD to achieve the highest energy efficiency were chosen. The DAC solution 

was fed in single-pass mode to the cathode side of the electrolyzer using a High-Performance 

Liquid Chromatography (HPLC) pump which allowed for accurate control of the flow rate at 5 

mL min-1. On the anode side, a peristaltic pump was used to recirculate the 1 L of anolyte at 

a flow rate of 20 mL min-1. The complete electrolyzer was placed in an oven (Binder Oven) to 

fix the temperature of the system at 25 °C. Chrono-potentiometric experiments were 

performed at 50 mA cm-2. For liquid analysis (formate), samples were taken and stored after 

30 minutes, while for gas analysis (CO), online analysis was performed (see section 1.5.2). 

1.5 Product analysis and characterization 

1.5.1 Characterization of DAC solutions 

After capturing CO2 for 8.5 hours and reaching equilibrium, the DAC solution is a mixture of 

dissolved CO2, bicarbonate and carbonate, together known as Dissolved Inorganic Carbon 

(DIC). By measuring the final pH and using the corresponding equilibrium equations and the 

total concentration of DIC present in the solution, the concentration of each specie 
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(carbonate, bicarbonate and dissolved CO2) is obtained (Equation S1). We can assume a 

negligible concentration of dissolved CO2 (<0.01%) at the working pH range (14-10). At the 

final pH obtained in this study (~10.6), since the carbonate/bicarbonate half-neutralization 

point is surpassed and thus the initial KOH was already converted to carbonate, the total DIC 

is equal to the concentration of KOH used as capturing solution (1 M). However, for this study, 

we could not make this assumption. As we disassembled the capture setup after the 

experiment, we observed (bi)carbonate salt precipitation around the capillary structure of the 

membrane contactor (Figure S3). Therefore, alkalinity is lost during the capture experiment 

and thus the concentration of DIC is lower than the initial concentration of KOH (although the 

ratio of bicarbonate/carbonate is maintained as it only depends on the pH). Even for upscaled 

and optimized DAC setups, we believe other methods must be used to properly quantify the 

(bi)carbonate species in DAC solutions since there will always be a loss of alkalinity to a certain 

extent due to the pH and concentration gradients in the contactor-solution interface. For this 

reason, in this study, a procedure to properly characterize DAC solutions for the integrated 

capture and conversion of CO2 was set up. We chose Fourier Transformed Infrared 

Spectroscopy (FT-IR) as the technique to characterize (bi)carbonate solutions. The choice is 

two-folded: FT-IR has been previously used for instance by Joshi et al. to quantify bicarbonate 

and carbonate in solid mixtures and by Baldassarre et al. to measure the pH using 

(bi)carbonate systems.46,47 We can then use FT-IR to quantify bicarbonate and carbonate in 

aqueous solutions and then use the pH ratio calculated with the equilibrium equations as a 

validation of the method. 

The trigonal planar carbonate anion (CO3
2-) has symmetry D3h and their vibrational modes v2 

(A2”), v1 (A1’) and v3 (E’) are active in the infrared (IR) spectra. Bicarbonate (HCO3
-) has 

symmetry C2v and, in addition to the modified CO3 modes, the vibrational modes 

corresponding to the presence of OH ν5 (A’), ν4 (A’) and ν1 (A’) are also active in the IR spectra, 

(Table S1).48 To quantify the concentration of each specie present in the DAC solutions, we 

calibrated the absorption peak v3 (E’) found at 1380 cm-1, corresponding to carbonate, and 

the absorption peak v2 (A’) found at 1620 cm-1, corresponding to bicarbonate, with different 

bicarbonate/carbonate buffer solutions (Figure S4). The carbonate peak v3 (E’) was corrected 

by subtracting the contribution of the bicarbonate’s vibrational mode ν2 (A’) using the 

absorbance correction method. As a result, FT-IR could be used on the DAC solutions to obtain 



11 
 

the real concentration of bicarbonate and carbonate in the solution through interpolation of 

the absorption peaks found at 1380 and 1620 cm-1 to the calibration slope. 

As a validation of the characterization technique, a similar bicarbonate/carbonate ratio was 

obtained either by calculating it with the pH (33%/67% ± 4%) or with FT-IR (25%/75% ± 8%). 

The concentration of DIC, carbonate and bicarbonate are given as an average of three 

independent DAC experiments. As mentioned, the relative abundance of dissolved CO2 is 

negligible (<0.01%) at the pH range of the study and therefore not considered as part of the 

DIC. The error bars correspond to the standard deviation. Thermo Scientific spectrometer 

(model Nicolet iS10) was used to characterize the DAC solutions with FT-IR. The DAC solutions 

were not previously treated. 

1.5.2 (Bi)carbonate electrolysis product analysis 

For liquid product analysis, Agilent 1200 High-Performance Liquid Chromatography with an 

Agilent Hi-Plex H 7.7×300 mm column was used to separate the product and an Agilent 1260 

RID detector to detect and quantify formate in the form of formic acid. The samples were 

previously diluted with water and acidified with H2SO4 to avoid bubble formation and 

obstruction in the column. H2SO4 0.01 M was used as the mobile phase. For electrolysis 

experiments using SnO2/C as an electrocatalyst, only formate was analysed as a product since 

the selectivity of the reaction falls outside the scope of this study. Other co-products (mainly 

H2 and in a much lesser amount CO) were not quantified. 

For gas product analysis, Shimadzu 2014 Gas Chromatography with ShinCarbon St 100/120 

2mx1mm column (Restek, USA) installed was used. Helium gas (10 ml min-1) was used as the 

carrier, and the column temperature was set at 40 °C for 180 s. After the initial stage, the 

column’s temperature was raised from 40 °C min-1 to 250 °C. Detection of CO was done by a 

thermal conductivity detector at 280 °C. For electrolysis experiments using Ag/C as an 

electrocatalyst, only CO was analysed as a product. 

The results are presented in the form of FE (Equation S2) and Cell Voltage and compared to 

literature results corresponding to electrolysis experiments of bicarbonate solutions at 

different concentrations. The results are presented as an average of two independent 

experiments and the error bars correspond to the standard deviation. 
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2 Results and discussion 

2.1 (Bi)carbonate solution obtained from Direct Air Capture 

When the atmospheric CO2 passed through the vessels of the membrane contactor, it reacted 

with the KOH of the capture solution forming KHCO3 (4). As KOH was consumed, the alkalinity 

of the capture solution diminished and thus the pH decreased gradually. The KHCO3 further 

reacted to form K2CO3 until the KOH was exhausted (5). Afterwards, CO2 acidified water, 

which protonated the K2CO3 to form KHCO3 (6). In Figure 3, where the evolution of the pH 

over time (blue) for the DAC experiments is displayed, these processes can be observed. 

During the first four hours of the experiment, the pH decreased gradually from 13.8 to 13.1 

due to the consumption of OH-. Until this point, the [K2CO3] > [KHCO3]. Then, from the fourth 

to the fifth hour, the half-neutralization point was reached ([K2CO3] = [KHCO3]), resulting in 

an abrupt decrease of the pH from 13.1 to 10.9. From the fifth hour until the end of the 

experiment (8.5 h), the [K2CO3] < [KHCO3] and the pH continued decreasing from 10.9 to 10.4 

due to the acidification of the solution. Long-term capture experiments showed how, after 

8.5 h, the pH barely decreased. In fact, from 8.5 to 72 h, the pH decreased from 10.4 to 9.9 

(Figure S5). We attribute this result to the strong buffering effect of the 

carbonate/bicarbonate solution (the theoretical concentration of DIC at this point is 1 M 

based on equilibrium equations), stabilizing the pH and thus making the capture of CO2 

harder. This could be solved by, for instance, increasing the membrane-solution contact 

surface larger (more CO2 is in contact with the capture solution). Therefore, the experiments 

were stopped at 8.5 h. The obtained post-capture solution was a mixture of K2CO3 and KHCO3, 

referred to as (bi)carbonate solution. The ratio of the mixture was determined by the final pH 

(10.6 after reaching equilibrium) and the equilibrium equations of carbonic acid in aqueous 

media (Equations S1). At pH 10.6, the bicarbonate/carbonate calculated ratio was 33%/67% 

± 4% (Figure 3, orange). 

CO2 + KOH                        ⇄       KHCO3      (4) 

KHCO3 + KOH                  ⇄       K2CO3 + H2O     (5) 

K2CO3 + CO2 + H2O       ⇄       2KHCO3      (6) 
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Figure 3: Evolution of the pH over time of a DAC experiment using KOH 1 M as capture 
solution and air as CO2 source (blue). Relative abundance of the carbonic species in the DAC 
solution after reaching equilibrium (orange). 

The concentration of bicarbonate and carbonate (and thus DIC) of the DAC solutions were 

obtained by characterizing the solution with FT-IR. In Figure 4, the IR spectra of the DAC 

solution (averaged from three independent DAC experiments, Figure S6) are displayed. As 

observed, both the characteristic absorption peaks of carbonate and bicarbonate selected to 

quantify the concentration are present. The calculated bicarbonate concentration was 0.166 

± 0.063 M, while the carbonate concentration was 0.492 ± 0.032 M. The concentration 

distribution corresponded to a bicarbonate/carbonate ratio of 25%/75% ± 8%, which was in 

the same range as the one calculated from the equilibrium equations, 33%/67% ± 4%. We 

assumed the slight deviation to shifts in the equilibrium as the solutions were exposed to 

open air during the manipulation and the characterization of the samples.  

The total DIC concentration was 0.658 ± 0.031 M which is in contrast with the initial KOH 

concentration of 1 M. As we anticipated, there was a loss of alkalinity due to the precipitation 

of the potassium (bi)carbonate salts, therefore the assumption of [DIC] ≠ [KOH]o was 

adequate. Based on the total concentration of DIC measured, approximately, 5.7 g of KOH 

was lost within the duration of the experiment, corresponding to a loss rate of 0.7 g h-1. It is 

very important to highlight this observation, as it is crucial for the techno-economic validation 

of a potential upscaled technology to minimize losses in every step. A huge alkalinity loss rate 

would require human maintenance more often, increasing the costs of the technology. 
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Therefore, to minimize this effect, engineering efforts are required both for lab and upscaled 

levels, which is an interesting pathway to continue the research on this topic. On the other 

hand, the CO2 capture efficiency (Equation S3) was 14.8 ± 0.7 %. This capture efficiency 

allowed us to capture CO2 with a rate of 1.4 ± 0.7 g h-1 and thus obtain a relatively high 

concentrated (bi)carbonate solution after 8.5 h. However, in long-term capture experiments, 

we observed that the pH almost did not drop further from 10 after more than 48 h of 

experiment. We attributed this effect to the loss of alkalinity mentioned earlier and the fact 

that the DAC solution acts as a buffer (CO2-bicarbonate-carbonate equilibrium). An increase 

in the mass transport of CO2 from the air to the solution by a combination of minimizing the 

alkalinity loss and increasing the capture efficiency (for instance, by adding capture modules) 

would allow going lower in the pH, therefore capturing a higher amount of CO2 and increasing 

the capture rate.  

 

[HCO3
-] (M)  0.166 ± 0.063 

[CO3
2-] (M)  0.492 ± 0.032 

[DIC] (M)  0.658 ± 0.031 

Capture rate (g h-1) 1.40 ± 0.07 

Capture eff. (%) 14.8 ± 0.7 

 

 

Figure 4: FT-IR spectra of the DAC solution and concentration of each specie, capture rate 
and capture efficiency calculated based on the data obtained from the FT-IR 
characterization.  

In this section, we have captured CO2 from the air using a 1 M KOH solution and we have 

validated FT-IR as a method to characterize DAC solutions. A total DIC concentration of 0.658 

± 0.031 M (0.166 ± 0.063 M of bicarbonate and 0.492 ± 0.032 M carbonate) was obtained. 

The DAC solutions obtained in the CO2 capture experiment were mixed and evaluated as a 

single electrolyte in the following (bi)carbonate electrolysis experiment. 
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2.2 Electrolysis of the Direct Air Capture solution  

As mentioned, the DAC solution was used as such as the catholyte in a zero-gap (bi)carbonate 

flow electrolyzer. A SnO2/C catalyst was used to convert DAC to formate and an Ag/C catalyst 

to convert DAC to CO, in separate experiments. In the past, carbonate and bicarbonate were 

studied separately as carbon donors for eCO2R, but a mixture of both has never been 

studied.36,49 However, given that the BPM dissociates water acidifying the catholyte, it can be 

expected that most of the species present on the surface of the electrode were bicarbonate 

and dissolved CO2 (from carbonate and bicarbonate, respectively). Its relative abundancies 

will depend on the protonation rate of the catholyte. For this reason, the performance of the 

electrolyzer is anticipated to be around or slightly below that of pure bicarbonate electrolytes. 

Consequently, our results can be compared to the state-of-the-art in bicarbonate electrolysis 

at different concentrations (1, 2 and 3 M). Our previous work on bicarbonate electrolysis to 

formate and the work of Li et al. on bicarbonate electrolysis to CO were used as references.36,43 

These studies achieved the highest FE ever reported at the CD of study (50 mA cm-2). 

Additionally, the reactor configuration (zero-gap flow cell and BPM) is similar, differing in 

some engineering parameters such as the electrode preparation or the size of the reactor. 

Nevertheless, it allows the early evaluation of how valid of the proposed approach. 

The results of electrolyzing the DAC solution towards formate are shown in Figure 5 (left). As 

observed, for the state-of-the-art there is a clear decreasing trend of the FE with the 

concentration of KHCO3, which is expected as fewer carbon donor species are present in the 

solution. For instance, the state-of-the-art’s FE is 58, 48 and 38% at 3, 2 and 1 M KHCO3, 

respectively, meaning that per unit of molarity there is a decrease of 10% FE. In this work, 

where a 0.658 ± 0.031 M DIC solution was used, the obtained FE was 16%, instead of the 34% 

that was expected based on the literature observations (corresponding to a 0.658 M KHCO3 

solution). It is reasoned that this is a consequence of K2CO3 being the major specie (0.492 ± 

0.032 M) in the DAC solution, which requires an extra step to release CO2 for reaction. Indeed, 

to convert K2CO3 to dissolved CO2, two units of H+ (dissociated from H2O in the BPM) were 

needed, while only one was needed to convert KHCO3 to dissolved CO2 (Figure 6). In a BPM, 

certain overpotential is required to dissociate water, which depends on the Point of Zero 

Charge (PZC) and the configuration of the reactor.50,51 Therefore, if one or more protons need 

to be dissociated from water to convert (bi)carbonate to CO2, this will be reflected in the FE 
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of the reaction. When K2CO3 is in solution, two protons are needed to convert it to CO2, 

explaining why lower FE (16%) was achieved with a mixture of K2CO3 and KHCO3 when, 

hypothetically, in pure 0.5 M KHCO3 solutions the FE should be around 34%. On the other 

hand, the Cell Voltage slightly decreased, following the trend of the state-of-the-art.  

 

Figure 5: FE towards formate (left) and CO (right) of the electrolysis of a DAC solution of 
0.658 ± 0.031 M DIC at 50 mA cm-2. The results are compared to state-of-the-art FE of KHCO3 
electrolysis.36,43 

The results of the electrolysis revealed, for the first time, the possibility to electrochemically 

convert CO2, directly from the DAC solutions, towards formate and CO. The electrolysis of the 

DAC solutions, although constituting a mixture of bicarbonate and carbonate (33%/67%), 

followed a similar trend to when using 100% KHCO3 solutions in the sense that the FE values 

decreased with the carbon availability and that they can be converted electrochemically in a 

zero-gap electrolyzer. Therefore, the know-how on bicarbonate electrolysis can be accurately 

extrapolated to DAC electrolysis (or to the electrolysis of bicarbonate/carbonate mixtures). 

Although the conversion of DAC to formate is most interesting from a proof-of-concept point 

of view in the concept of formate fuel cells, the conversion of DAC to CO is of high interest for 

the integrated route due to the production of OH- as a co-product of the eCO2R which is not 

occurring during the formation of formate. Indeed, in this case, the alkalinity is regenerated 

and thus allows recycling of the capture solution for a new round of CO2 capture from air, 

thereby closing the cycle. From our point of view, the performance of the direct 

electrochemical conversion of DAC capture solutions can be further improved by increasing 
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the carbon loading of said solutions. Indeed, since in bicarbonate electrolysis good FE (>40%) 

has been obtained at high current densities (>200 mA cm-2) when the concentration of 

bicarbonate is high (>1 M), this should also be possible with DAC solutions. In conclusion, an 

improved DAC step is strongly needed to increase the overall efficiency of the CCU 

technology. 

 

Figure 6: Schematic representation of the reactions happening at the zero-gap electrolyte 

interface when electrolyzing a DAC solution. Carbonate ions require two protonation steps 

to deliver CO2, while only one is needed for bicarbonate ions. The CO2 is then evolved to 

products as it is released close to the surface of the electrode. 

The results of the experiments using an Ag/C electrocatalyst to convert DAC to CO are shown 

in Figure 5 (right). The trend of the FE and the concentration of KHCO3 observed previously 

for bicarbonate electrolysis to formate in the state-of-the-art (decreasing FE with the 

concentration of KHCO3) was observed here as well. However, in the case of bicarbonate 

electrolysis to CO, the decrease of the FE with concentration followed a multiplicative inverse 

trend (1/x) instead of linear, as was the case when formate was produced. For instance,  the 

state-of-the-art FE is 70, 37 and 22% at 3, 2 and 1 M KHCO3, respectively, meaning that the 

decrease of the FE is approximately halved with each decrease, i.e. it decreased a 33% from 

3 to 2 M and 15% from 2 to 1 M. When we electrolyzed the DAC solution, a FE towards CO of 
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13% was obtained, thus the FE decreased by 9% (approximately halved) compared to using 1 

M KHCO3 as electrolyte (from 22 to 13%). For CO production, DAC electrolysis thus follows 

the same trend as in the state-of-the-art KHCO3 solutions, making us believe both the DAC 

and the pure KHCO3 electrolytes behave similarly. Therefore, the reasoning followed when 

formate was the product (the presence of K2CO3 decreases the FE trend) is not applicable for 

CO. For further understanding of this behavior, an independent screening for CO production, 

this time only using KHCO3 and the same engineering conditions (since the parameters of the 

state-of-the-art slightly differs) is needed.  

3 Conclusions 

In this study, we have converted electrochemically the CO2 that comes directly from the air 

by electrolyzing a DAC solution in a bicarbonate zero-gap flow electrolyzer. After 8.5 h of 

capturing CO2 with a 1 M KOH solution, a mixture solution of (bi)carbonate was obtained. By 

developing a procedure to characterize DAC solutions with FT-IR, the concentration of each 

specie and the alkalinity loss were accurately quantified. The DAC solution was directly used 

as catholyte in the electrolyzer and, by applying 50 mA cm-2, a FE of 16% towards formate 

(when using a SnO2/C as electrocatalyst) and 13% towards CO (when using Ag/C) were 

obtained, showing conversion of atmospheric CO2 towards industrially relevant carbon 

products. By comparing the results obtained to state-of-the-art data on KHCO3 electrolysis we 

observed that the ratio of FE with the concentration of carbon load is maintained (higher FE 

when the concentration is higher) for DAC solutions, too. Therefore, it is postulated that the 

concentration of DIC in the DAC solution is crucial to increase the efficiency of the 

electrochemical conversion step and thus the overall CCU process. Further research should 

focus on how to capture more CO2 from KOH solutions. For instance, starting from a higher 

concentration of KOH would allow capturing more CO2, although the integrity of the setup, 

the alkalinity loss and the increased duration of the operational capture time must be 

considered, too. On the other hand, optimizing the (bi)carbonate electrolyzer could also yield 

improved performance. High energy losses were observed (high cell voltage) due to the 

presence of a BPM and progress in this field should thus be considered as well if one is to 

enhance the system performance.  Finally, further integrating both systems, for instance by 

coupling the electrolyzer directly to the DAC setup, is an interesting future perspective as well, 

although the separate optimization of both systems should be provided, first. In conclusion, 



19 
 

this proof-of-concept study sets a new benchmark for integrating the capture and the 

(electrochemical) conversion of CO2 within the field of CCU. 
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