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Abstract 

Over the last few years, the scientific community has paid lots of interest in the 

electrochemical CO2 reduction (ECR) as a possible solution for earth’s global warming and 

the transitioning to a CO2 neutral industry. The majority of the researchers focus on 

improving the catalyst material, leading to higher current densities at lower cell potentials and 

increased selectivities. However, so far, little attention has been given to the investigation and 

optimization of the ECR reactor design and process parameters, which are equally, if not 

more, important in order to up-scale the process towards an industrial level. In this work the 

ECR towards formate on tin nanoparticles in a flow-by electrolyzer is discussed. Special 

attention is given to the lay-out of both the reactor and the overall process. Additionally, the 

influence of the differential pressure across the gas diffusion electrode (GDE) on the reactor 

performance is investigated. It was found that by controlling the differential pressure, the 

perspiration, or leaking of electrolyte through the GDE, could be controlled and minimized. 

Results show that by controlling the differential pressure at 0 mbar, perspiration is minimal 

and that an optimal CO2 diffusion can be achieved, leading to an overall FE of 76% over 6 

hours at 100 mA/cm². Furthermore, due to the electro-wetting effect of the GDE, it was 

impossible to operate the reactor without perspiration, thereby avoiding the risk of salt 

crystallization in the reactor. Overall this study strengthens the idea that flow-by electrolyzers 

are promising reactors for the industrialization of electrochemical CO2 conversion and that 

pressure regulation is essential to obtain optimal process conditions.  

Keywords 

CO2 reduction; electrochemistry; electrochemical engineering; electrosynthesis; formate 

 

 

1. Introduction 
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Since the start of the industrial revolution the concentration of CO2 in the atmosphere has 

increased drastically leading to a concentration above 400 ppm [1,2]. Nevertheless, it is 

essential to decrease future CO2 emissions in the atmosphere if we want to reduce the 

negative impact of global warming. As a result, many researchers have turned their attention 

towards the investigation of Carbon Capture and Storage (CCS) and Carbon Capture and 

Utilization (CCU) technologies, leading to a wide range of improved techniques such as CO2 

absorption, membrane separators, photo reduction and electrochemical reduction [3]. 

Due to the combined positive effects of CCS and electrochemistry, the study of 

electrochemical CO2 reduction (ECR) has received a lot of attention from the scientific 

community during the past decade [4–10]. Up to now, the research field primarily focused on 

the optimization of the cathode material, trying to improve the product selectivity, 

overpotential and stability of the process. As a result significant progress has been made in the 

field of electrocatalyst development. For example by using copper electrodes the faradaic 

efficiency (FE) towards ethanol, methane and ethylene reached values up to 38%, 50 and even 

70% respectively [11–13]. By using nanostructured silver electro catalyst instead of copper, 

carbon monoxide could be produced with a FE of 94% [14]. Another interesting product of 

ECR is formate, which has four major advantages: (i) cheap earth abundant metal catalysts 

such as tin and lead can be used to yield high selectivities [9,15], (ii) the liquid state of the 

product enables easy and cheap storage, (iii) the reaction mechanism of CO2 to formate is a 

two electron mechanism, this simple mechanism reduces the likelihood of byproducts and (iv) 

as a feedstock for the chemical industry, formate already has a wide variety of industrial 

applications [16]. 

While the understanding of the molecular details at the catalyst surface is ever more growing, 

resulting in highly active and selective electrocatalysts, so far little attention has been given to 

the optimization of the reactor design, which is equally, if not, more important to obtain an 
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economically viable process [17–19]. This is demonstrated clearly in the literature survey 

executed by Endrõdi et al., which shows that out of 400 ECR papers written in 2016 only 10 

authors used a continuous flow set-up [20]. From these limited results it is clear that improved 

reactor and system design leads to higher current densities and higher product yields due to 

better mass transport in the cell [21], lower ohmic resistance and lower cell potential [22]. 

Although improvements in reactor design have been made, additional research on reactor 

design is needed in order to upscale the process towards economically feasible electrolyzers 

for industry [19,23,24]. 

An important aspect in electrochemical reactor engineering for the ECR is mass transfer of 

CO2 towards the cathode surface. Recent studies show that the mass transfer limitations due to 

low CO2 solubility can be reduced by using a gas diffusion electrode (GDE) combined with 

gaseous CO2 [18,25]. Jeanty et al. demonstrated this type of reactor lay-out containing silver 

as electrocatalyst when upscaling an electrolyzer for the ECR towards CO [26]. Operating in 

flow-by mode, the CO2 gas flows over the surface of the GDE and by diffusion enters the 

GDE in the direction of the catalyst surface. At the same time the catholyte flows at the 

opposite side along the GDE. The major advantages of using flow-by mode is the ability for 

stable and long-term operation as described by Jeanty et al. [26]. Additionally, since the gas is 

not pressed through the GDE, no gas bubbles are present in the catholyte flow channel which 

has a positive impact on the overall cell resistance and the energy efficiency of the reactor. 

Using this flow-by mode, Jeanty et al. described leaking of the catholyte towards the gas 

channel through the GDE. This phenomenon, also called perspiration, is due to the combined 

effects of electro-wetting of the GDE and the difference in pressure between the catholyte 

side and the gas side of the GDE, also called ‘differential pressure’, given by Eq 1., with P 

being the pressure. ∆𝑃differential =  𝑃catholyte − 𝑃gas  Eq. 1 
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The goal of perspiration is to prevent salts from crystalizing into the pores, blocking otherwise 

the CO2 from reaching the catalyst surface and consequently decreasing productivity and 

selectivity. However, perspiration itself can also block the pores and subsequently preventing 

CO2 from entering the GDE which could lead to a lower reactor performance. Hence, the 

differential pressure across the GDE is important to control the level of perspiration and 

consequently the mass transfer rate of CO2. Although this effect was already briefly 

mentioned by Jeanty et al., no thorough research on the underlying mechanism and 

optimization has been conducted [26]. In this work, for the first time, the underlying 

mechanism of perspiration and its influence on the reactor performance as function of the 

differential pressure was studied and discussed for the ECR to formate on tin nanoparticles. 

 

2. Materials and methods 
2.1 Chemicals 

Tin nanopowder (< 150nm, >99%) and Nafion perfluorinated resin solution (5 wt%) was 

purchased from Sigma-Aldrich (Belgium). Potassium carbonate (extra pure) and isopropyl 

alcohol (99.8%, electronic use) were purchased from Acros Organics (Belgium) and 

potassium hydroxide was purchased from VWR (Belgium). Ultrapure water was prepared in 

the laboratory (Milli-Q gradient, Millipore, USA). The Nafion 117 membrane, platinized 

titanium screen (SKU: 592777) and Sigracet 39 BC GDL were purchased from Fuel Cell store 

(USA). CO2 (99.998 %), N2 (99.999 %), Ar (99.999 %) and He (99.999 %) were purchased 

from Nippon (Belgium). 

 

2.2 GDE preparation 

To deposit the catalyst onto the GDE, a catalyst ink was prepared. Tin nanopowder was mixed 

with the Nafion perfluorinated resin with a mass ratio of respectively 70/30. Next, this 

mixture was diluted in isopropyl alcohol resulting in a concentration of 3 wt% solids. To 
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disperse the nanoparticles and create a homogenous mixture, the ink was sonicated (VWR, 

USC 300TH) for 30 minutes. After sonication, the ink was airbrushed (Conrad Electronic, 

AB-200) on the microporous layer (MPL) of the Sigracet carbon paper cut to size with a 

geometrical surface area of 16 cm² at an ambient temperature of 60°C to promote the drying 

of the ink. Argon was used as carrier gas. The carbon paper was dried for 30 minutes and 

weighted before and after the deposition of the ink to ensure a correct catalyst loading of 0.75 

mg/cm². Del Castillo et al. demonstrated an optimal reduction of CO2 towards formic acid on 

tin nanoparticles with a catalyst load of 0.75 mg/cm² and a particle size of 150 nm [27]. SEM 

(Quanta 250 FEG, potential 5kV, spot size 3.5) was used to check the distribution of Sn 

nanoparticles, see supporting information. All GDEs used in the experiments had a catalyst 

loading of 0.75 +/-0.05 mg/cm² and the catalyst particles were evenly distributed. After the 

electrochemical experiments the catholyte was analyzed using ICP-MS (Agilent 7500) to 

determine the concentration of detached Sn particles. A standard of Sn was used (Alfa Aesar, 

Ward Hill, USA) in the same range as the sample, all samples and standards were diluted with 

1% HCl (Fluka TraceSelect, Morris Planes, USA). 

  

2.2 Electrochemical reactor design 

The continuous flow-by ECR experiments were performed in a custom designed reactor 

(Euromod MP 45, Imes), the detailed layout of this reactor is presented in figure 1. The CO2 

entered the reactor at the top. Convective gas flow through the GDE was prevented at all 

times by keeping the pressure at the gas side lower than at the liquid side of the GDE. A 

Nylon mesh was placed inside the gas flow channel to act as a turbulence promotor. The GDE 

itself separated the catholyte from the gas compartment with the tin coated side of the GDE 

faced towards the catholyte. Both the unreacted CO2 and the perspirated catholyte left the 

reactor at the bottom through the CO2 outlet. The GDE acted as cathode and was connected to 
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the potentiostat (Metrohm, Multi Autolab M204, 10A booster module) using a titanium 

current collector. As anode a platinized titanium screen (Fuel Cell store, USA) was used and 

similar to the cathode a titanium current collector was used to ensure an electrical connection 

with the potentiostat.   

 

 

Figure 1. Graphical representation of the flow-by reactor: aluminum back-plate (a); gas flow channel (b); 

cathode: GDE (16cm²) + titanium current collector(c); catholyte flow channel (d); Nafion membrane (e); 

anolyte flow channel (f); anode: platinized screen + titanium current collector (g); aluminum front-plate 

with 6mm push-in connections (h); 1 mm thick Viton gaskets (i). 

 

Both the catholyte and the anolyte entered the reactor at separate inlets which were placed at 

the bottom of the reactor. PMMA spacers (Figure 1d and 1f) were used for the fluid control of 

the electrolyte and had “tooth shaped” structures that served a dual purpose: (i) they resulted 

in a serpentine channel which helped to increase the mass transfer towards the catalyst surface 

and the removal of the products and (ii) they provided mechanical support for the GDE and 

the Nafion membrane. In the catholyte flow channel a 1 mm leak free Ag/AgCl reference 

electrode (Innovative Instruments Inc.) was inserted.  
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To separate the catholyte from the anolyte compartment, to prevent product crossover and to 

enable ion transport, a Nafion 117 membrane was used which was pressed between the 

electrolyte flow channels. All the fluid connections (Lefort, 33000605N) were located at the 

front-plate of the reactor and fluid distribution was ensured through an internal manifold. 

Finally 1 mm thick Viton (Eriks) gaskets were used to ensure a leak free operation. The 

reactor was mechanically sealed using M6 bolts at 4 Nm. 

A schematic overview of the complete system is shown in figure 2. Mass flow controllers 

(Brooks instruments, GF 040) were used to accurately supply a constant flow of CO2 to the 

system, the accuracy of the mass flow controllers is +/- 2 ml/min. Before entering the reactor, 

the CO2 was humidified by purging at room temperature. As catholyte, 0.5 M KHCO3 and as 

anolyte 2 M KOH were selected since these solutions have shown great performance towards 

CO2 reduction and oxygen evolution respectively [17,28,29]. The catholyte and anolyte were 

stored separately in storage tanks. Both storage tanks had a volume of 1000 ml and were filled 

with 500 ml electrolyte. Inside the reactor, K+ ions will move through the Nafion membrane 

due to migration caused by the applied potential. Over time this will cause a depletion of K+ 

ions in the anolyte which results in a decrease of conductivity and an increase in cell 

resistance. To avoid this problem each experiment was started with fresh electrolyte. A multi-

channel peristaltic pump (Ismatec, Reglo ICC) was used to recirculate the electrolyte through 

the reactor at a constant flow rate of 20 ml/min. After flowing through the reactor, the 

catholyte was combined with the outlet stream of the gas channel. In the catholyte storage 

tank the unreacted CO2 was purged through the catholyte, afterwards the gas mixture was 

separated from the electrolyte flow and the gas was analyzed using a GC-TCD (Shimadzu 

2014, Japan) in combination with a Shin carbon St 100/120 2mx1mm column (Restek, USA). 

10 ml/min helium was used as carrier gas. The column temperature was held constant at 40°C 
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for 3 minutes, afterwards the temperature increased 40°C/min to 250°C. A HPLC (Alliance 

2695, Waters, USA) combined with a packed column (IC-Pak, Waters, USA) and a PDA 

detector (2996, Waters, at 210 nm) was employed to detect the formate concentration in the 

catholyte. A perchloric acid solution (0.1%) was used as the eluant for the HPLC. The error 

on the presented FE data is lower than 2.7%. The potentiostat was used to supply a constant 

current of 100 mA/cm² to the cell.   

 

Figure 2. Schematic overview of the complete system: anolyte flow (red), catholyte flow (blue) and gas 

flow (black). 

 

As mentioned in the introduction, the goal was to study the influence of the perspiration on 

the reactor performance by controlling the differential pressure. This was achieved by 

implementing two needle valves (Lefort, 2175-1152): one in the outlet of the catholyte flow 

channel and one in the outlet of the gas flow channel. These valves were used to control the 

backpressure inside the reactor. The pressure inside the reactor compartments were measured 

using two sensors (Gefran, TK-series) with an accuracy of +/- 2.5 mbar, which were installed 

on the inlet of the gas channel and the catholyte flow channel. The pressure was logged during 

the experiment (National Instruments, USB 6000). 
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3. Results and discussion 

 
3.1 Influence of the perspiration flow rate on the reactor performance. 

To study the influence of the perspiration, the CO2 flow rate was fixed at 50 ml/min to 

exclude any effects from the diffusion boundary layer at the GDE, see supporting information. 

Each experiment lasted 6 hours and every hour a sample was taken and analyzed from the gas 

outlet and catholyte and this as function of the differential pressure over the GDE. Figure 3 

shows the progress of the FE over 6 hours. A constant differential pressure of 18.5 mbar was 

maintained during the experiment, perspiration is present at this intermediate differential 

pressure, but not to excessive. From these results, it can be seen that after one hour the FE of 

formate equals 76%. In the subsequent hours the FE of formate however dropped drastically 

to 26% after six hours. Formate accumulated in the recycling catholyte and consequently due 

to the decrease in FE, the average FE of formate over the entire length of the experiment was 

only 46%. This decrease of FE was compensated by an increasing FE of H2 over the length of 

the experiment, leading to an average FE of 45%. The FE for CO remained constant at 6%. 

One of the main reasons for this is linked to a substantial decrease of the pH, which will be 

further explained in section 3.2. 
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Figure 3. Average FE plotted as function of time (h) at a constant current of 100 mA/cm², constant 

differential pressure of 18.5 mbar and a CO2 flow rate of 50 ml/min: Formate (blue, triangle); CO (red 

square); H2 (black, circle) 

 

The influence of the differential pressure on the average FE after 6 hours of formate, CO and 

H2 is represented in Figure 4. From these results it can be observed that formate is the major 

product. However, no significant decrease in formate FE can be observed from the plot. Even 

at 80 mbar, when the perspiration flow rate was 18 ml/min,, still a FE of 61% towards formate 

was measured. This is in contrast with the assumption that an increase in differential pressure 

and perspiration leads to flooding of GDE pores and reduces the CO2 diffusion substantially 

[26]. This unexpected result is caused by two major parameters: First, the effect of saturation 

of electrolyte with unreacted CO2. Second, the influence of the morphology of the GDE. Both 

parameters are discusses in the sections, 3.2 and 3.3 respectively. Furthermore it was observed 

that the reactor was not in flow-by mode at negative differential pressures, hence only positive 

differential pressures are presented in Fig. 5. 

 

Figure 4. FE plotted as function of differential pressure at a constant current of 100 mA/cm², CO2 flow 

rate of 50 ml/min, runtime = 6 hours: Formate (blue, triangle); CO (red square); H2 (black, circle) 
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3.2 Effect of electrolyte saturation  

As described in the previous section it was seen that flooding of the GDE did not lead to a 

decrease of the FE towards formate as was initially predicted. This result is due to two major 

parameters, one of them is the saturation of electrolyte with unreacted CO2. Dissolved CO2 

compensates for the reduced diffusion rate of gaseous CO2, in addition it lowers the pH of the 

electrolyte which has a negative effect on the CO2 electro reduction. To this end, the catholyte 

storage tank was adjusted, such that CO2 was no longer purged into the catholyte (Fig. 5). In 

the adjusted set-up (b) the gas outlet stream entered the catholyte storage tank separately and 

was no longer purged through the electrolyte. The storage tank allowed the perspirated 

catholyte to be separated from the gas flow and at the same time CO2 was prevented from 

purging in the electrolyte, minimizing its dissolution. Consequently, the main source of CO2 

now had to come from the gas flow and the negative effects of perspiration onto the CO2 mass 

transfer were no longer masked by the dissolved CO2. 

 

Figure 5: Adjustment of the catholyte storage tank set-up to prevent saturation of the electrolyte: original 

set-up (a) and adjusted set-up (b) 
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Figure 6: FE of formate (a) and pH (b) as function of the run time at a catholyte flow rate of 20 ml/min, a 

CO2 flow rate of 50 ml/min, a differential pressure of 18.5 mbar  0.5 mbar and a constant current of 100 

mA/cm². Samples of the accumulating formate were taken every hour. Catholyte: 0.5 M KHCO3 non-

saturated (blue, circle) ; 0.5M KHCO3 saturated with CO2 (red, square). Anolyte: 2M KOH. 

 

Doing so, the FE for both saturated and non-saturated electrolyte with CO2 after one hour 

were almost identical, 76% and 72% respectively (Figure 6). As the experiment proceeded, a 

decrease in FE was observed when saturated electrolyte was used, as was already observed in 

the previous section (§3.1). However when the non-saturated electrolyte was used, the 

decrease of FE was lower and limited to 7%. After 6 hours the FE was 65% and the average 

FE over the entire experiment was 72%, this limited decrease was mainly caused by the 

coalescence and to a smaller extend to the detachment of Sn nanoparticles as shown in the 

supporting information.  

The decrease of FE observed when saturated electrolyte was used was a result of the change 

in pH caused by the formation of carbonic acid, as shown in Eq. 2. 

 CO2(aq) +  H2O (aq) ↔  H2CO3(aq) ↔ H+(aq) + HCO3−(aq)  Eq.2 
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Formed carbonic acid will, on its turn, dissociate resulting in the release of a proton into the 

catholyte solution. By continuous saturation of the electrolyte the equilibria reaction is pushed 

towards the right side of the equilibrium, leading to an increase in proton concentration. This 

decrease of pH favors the evolution of hydrogen gas and hinders the production of formate. 

To evaluate this phenomena, the pH of both the non-saturated and saturated electrolyte was 

measured during 6 hours of electrolysis and are presented in Figure 6 (b). The figure shows 

the decrease of pH due to the reaction of CO2. After 6 hours the pH of the non-saturated 

electrolyte was 8.90 while the pH of the saturated electrolyte dropped to 7.61, causing the FE 

of formate to drop. After 6 hours the pH is not stable and is slightly decreasing. This is due to 

the fact that an equilibrium is in play between the acidification of the electrolyte due to the 

saturation of CO2 and the alkalization of the electrolyte caused by the formation of hydroxide 

ions at the cathode surface.  

In addition, the concentration of formate is presented in Figure 7 for both the saturated and 

unsaturated experiment. Due to the recirculation of catholyte, the formate is accumulated in 

the solution. After the first hour the concentration is 2 g/l for both the saturated and the 

unsaturated experiment. Afterwards the concentrations drifted apart, this is due to the major 

decrease of FE when saturated electrolyte was used. The final concentration of formate was 

11.05 g/l and 7.04 g/l for the non-saturated and the saturated experiment respectively. 

Furthermore the cathode potential during the experiment was -2.98 V vs Ag/AgCl for the non-

saturated experiment and 2.82 V vs Ag/AgCl for the saturated experiment. This small 

difference in cathode potentials is due to the lower conductivity of non-saturated electrolyte 

compared to saturated electrolyte. 
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Figure 7: Concentration of formate as function of the run time at a catholyte flow rate of 20 ml/min, a CO2 

flow rate of 50 ml/min, a differential pressure of 18.5 mbar  0.5 mbar and a constant current of 100 

mA/cm². Samples of the accumulating formate were taken every hour. Catholyte: 0.5 M KHCO3 non-

saturated (blue, circle) ; 0.5M KHCO3 saturated with CO2 (red, square). Anolyte: 2M KOH. 

 

The ECR experiment was repeated for a range of differential pressures using the non-

saturated electrolyte. The average FE for formate is represented as function of differential 

pressure in Figure 8 for both conditions (i.e. saturated and non-saturated electrolyte). 

A 20% FE difference between saturated and non-saturated electrolyte at 0 mbar differential 

pressure was observed, which can most likely be explained by the pH change of the 

electrolyte due to the formation of bicarbonate leading to favored hydrogen evolution. In 

addition, the graph for the non-saturated electrolyte reveals that the FE reached a peak value 

of 76% at 0 mbar differential pressure and slightly decreased with increasing differential 

pressure upto 70% FE at 80 mbar, showing the effect of perspiration. However since a high 

increase in the perspiration flow rate was observered at 80 mbar compared to 0 mbar, it was 

expected that the influence on the FE would be much larger. This limited influence of 

perspiration flow rate on the FE of formate is a result of the morphology of the GDE which is 

described in section 3.3. 
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Figure 8: Average FE for formate as function of differential pressure at a catholyte flow rate of 20 ml/min, 

a CO2 flow rate of 50 ml/min and a constant current of 100 mA/cm², run time = 6 hours. Catholyte: 0.5 M 

KHCO3 non-saturated (blue, circle) ; 0.5M KHCO3 saturated with CO2 (red, triangle). Anolyte: 2M KOH. 

 

3.3 Assessment of perspiration during electrolysis 

To understand the limited influence of the perspiration flow rate on the FE, as seen in Figure 

8 (non-saturated), it is essential to gain thorough insight in the underlying mechanism of the 

perspiration process or how it affects the reactor performance. Perspiration can be attributed 

to two effects: (i) the electro-wetting effect, attributed to the change in hydrophobic character 

of the GDE when current is applied and (ii) the differential pressure across the GDE. To 

investigate these effects, the perspiration flow rate was measured over a range of differential 

pressures and the flooding of the GDE was visually monitored. To this end, the aluminum 

back plate was replaced with a transparent PMMA plate, allowing to observe the perspiration. 

The different stages of the perspiration process are presented in Figure 9, for the clarity of the 

reader the four stages (a-d) are explained in the following paragraph. (a) Before current was 
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perspiration is influenced by the electro-wetting effect of the GDE as it only appears after the 

current was applied. (c) Over time the droplets increased in size. (d) At a critical droplet size, 

droplets fell down and removed from the reactor, while new droplets started to form, closing 

the cycle (b-d). After an initial start-up period, droplets were constantly formed and removed 

and the perspiration flow rate was stable. As a result, a part of the GDE surface was 

continuously covered with droplets, impeding the CO2 diffusion. The spots, however, where 

the droplets emerged were fixed and as a result the majority of the GDE surface remained free 

of droplets, which explains the limited effect of perspiration on the FE of formate (Figure 8, 

non-saturated). 

 

Figure 9. The four stages of perspiration: (a) dry GDE before current is applied, (b) formation of droplets 

once the current (100 mA/cm²) is applied, (c) the droplets grow and increase in size, (d) at a critical 

droplet size, the droplets are released and exit the reactor. 

 

Next, the perspiration flow rate was measured as function of the differential pressure at both 

100 mA/cm² and 0 mA/cm², the results are shown in Figure 10 and 11. Jeanty et al [26]. 

predicted the crystallization of electrolyte in the GDE at 0 mbar differential pressure, caused 

by the lack of perspiration. However, the results in Figure 10 show that this is not the case at a 

current density of 100 mA/cm². Due to the electro-wetting effect, minimal perspiration was 

observed (0.38 ml/min) at differential pressures as low as 0 mbar. This enables the use of the 

reactor at low differential pressures, when CO2 diffusion is optimal, without risking 

crystallization of electrolyte and decreased electrode lifetime. At 0 mA/cm² it can be seen that 
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perspiration started only at 30 mbar differential pressure, this is ascribed to the hydrophobic 

character of the GDE due to the lack of electro-wetting.  

In addition to the observation of the electro-wetting effect, the data from figure 10 is used to 

study the morphology of the GDE. At 0 mA/cm² a minimal differential pressure is required to 

overcome the hydrophobic character and the capillary force of the GDE and push the 

catholyte through the pores. This differential pressure, 30 mbar at 0 mA/cm², can be used to 

calculate the size of these pores using the Young-Laplace equation (Eq. 3) 

 ∆𝑃 =  2 𝛾water cos 𝜃𝑟pore    Eq. 3 

 

where θ is the contact angle of the water droplet and is a scale for the hydrophobicity of the 

GDE, γwater is the surface energy of the water and rpore is the radius of the pores. The physical 

properties of water (γwater = 0.072 J/m²) and the Sigracet GDE ( θ 0 mA/cm² = 150° [30]) were 

used to calculate the size of the pores, resulting in a 42 µm radius. Theoretically this value 

should be equal to the pore radius of the micro pores in the GDE surface, also called the 

microporous layer (MPL), which are 0.15 µm [30]. Obviously this is not the case, meaning 

that the radius of the micro pores in the GDE surface is not the controlling parameter during 

the perspiration process. This phenomenon is due to the presence of millimeter sized cracks in 

the surface of the blank GDE, which are visualized in Figure 12 (a) using a digital microscope 

(Leica M165C), an image of the spray coated GDE surface can be found in the supporting 

information. During the experiments, perspiration occurs at the cracks in the surface, hence 

the radius of the micro pores is not a controlling parameter of the process. The perspiration is 

controlled by the underlying structure of the GDE, also called the gas diffusion layer (GDL) 

which is made up of carbon fibers. The average pore radius of this underlying carbon fiber 

structure is 44 -42 µm [30], which is a very close approximation to the experimental value 
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calculated with Eq. 3. To clarify the perspiration process, it is schematically presented in 

Figure 12 (b). 

 

Figure 10. Influence of differential pressure on perspiration flow-rate at constant current density of 100 

mA/cm² (blue, triangle) and at 0 mA/cm² (red, circle). 

 

 

Figure 11. Flooding of perspiration at a differential pressure equal to (a) 0 mbar; (b) 10 mbar; (c) 20 

mbar; (d) 30 mbar; (e) 40 mbar; (f) 50 mbar; (g) 60 mbar; (h) 80 mbar; 
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Figure 12. (a) Microscopic image of the MPL; (b) schematic presentation of the perspiration process. 

 

These insights in the perspiration process provide an explanation for the results obtained in 

the previous section (§3.2). The use of non-saturated electrolyte provided a peak FE towards 

formate of 76% at 0 mbar differential pressure. Due to the increasing perspiration, blocking 

the pores of the GDE, the FE drops to 70% at 80 mbar differential pressure. Since the 

perspiration flow rate increased almost fifteen fold at 80 mbar compared to 0 mbar, it was 

expected that the influence on the FE would be much larger. As seen in Figure 12, the 

perspiration only took place through the cracks in the GDE surface, consequently an increase 

in perspiration flow rate will not lead to flooding of additional pores, but instead will result in 

an increased flow rate through the already flooded cracks in the surface. This is clearly shown 

in Figure 11 where at 0 mbar (a) 11% of the GDE surface is covered with droplets while at 80 

mbar (h) only 15% of the GDE surface is covered with droplets. This minor increase of 4% in 

covered surface area slightly hinders the CO2 diffusion resulting in the 6% FE decrease 

described in Figure 9.  

From the above it is concluded that the optimal operation point for ECR in flow-by mode is at 

0 mbar differential pressure due to (i) optimal CO2 diffusion caused by minimum flooding 
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and (ii) sufficient flooding to prevent salt crystallization ascribed to the electro-wetting effect. 

In addition, due to the presence of millimeter sized cracks in the surface of the microporous 

layer, flooding occurs at fixed spots on the GDE surface. Therefore the rate of flooding is 

mainly determined by the underlying carbon fiber structure. Hence the influence of the 

differential pressure on the FE towards formate is 6%.  

As described in the previous sections, decreasing of the differential pressure leads to a 

decrease in perspiration. However, at 0 mbar differential pressure, the minimum flooding is 

still blocking CO2 diffusion and therefore it would be optimal if the flooding can be further 

minimized. Unfortunately this cannot be achieved by further lowering the differential 

pressure, since this will lead to negative differential pressures resulting in pushing CO2 

through the GDE and the end of flow-by operation mode. Alternatively flooding can be 

further minimized by changing the structure of the GDE. More specifically it is predicted that 

this can be achieved by altering the underlying carbon fiber structure and the PTFE content of 

the GDE. As shown in Eq. 3, a smaller pore radius of the carbon fiber structure will lead to a 

higher differential pressure needed to overcome the hydrophobicity of the pores, which will 

move the curves on Fig. 10 to the right. An increase of the PTFE content results in an 

increased hydrophobicity of the GDE and therefore a higher contact angle which will also 

move the curves on Figure 10 to the right. However both these changes will also have a 

severe influence on the three phase boundary interactions at the GDE surface and are outside 

the scope of this manuscript.   

 

4. Conclusions 

 
To raise the ECR towards an industrial scale more knowledge regarding reaction engineering 

has to be obtained. This work investigated the effect of the perspiration on reactor 

performance in a CO2 to formate flow-by operated electrolyzer at a range of differential 



22 

 

pressures. The results of this investigation show that the use of non-saturated electrolyte leads 

to 20% FE increase due to the avoidance of a change in pH. In addition the research shows 

that the reactor operated at 0 mbar differential pressure provides an optimal operating point 

for ECR due to two major reasons: (i) minimal flooding of GDE pores resulting in increased 

CO2 diffusion and (ii) sufficient perspiration to prevent the formation of salt crystals in the 

pores. Using these optimal parameters, a FE of 76% towards formate was achieved over a 

period of 6 hours at 100 mA/cm². Overall this study strengthens the idea that flow-by 

electrolyzers are promising reactors for the industrialization of electrochemical CO2 

conversion and pressure regulation is essential to obtain an optimal process. Additional 

research on the influence of the GDE structure on electrolyte flooding and FE is necessary in 

order to further optimize the flow-by CO2 electrolyzer. 
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