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A B S T R A C T   

Despite being one of the most promising CO2 utilization strategies some aspects still hinder the scaling up of CO2 
electroreduction processes. One of them is the fabrication of the electrodes, which is currently rudimentary and 
depends fundamentally on the human factor. Here, we report an automated spray pyrolysis technique coupled 
with a plasma surface treatment to fabricate Bi-based gas diffusion electrodes for a enhanced CO2 electro-
reduction to formate. Three fabrication parameters, namely i) spraying nozzle height, ii) step distance, and iii) 
ink flow rate, are evaluated to determine the optimal fabrication conditions. The results confirm the repro-
ducibility of the fabrication method, improving the overall performance of the electrodes fabricated with a 
manual airbrushing method, and leading to formate rates of up to 10.1 mmol m− 2 s− 1 at 200 mA cm− 2. Besides, 
plasma treatment can improve formate concentration by up to 12 % in comparison with the untreated electrode. 
As a result, this work provides novel insights into the development of more efficient methods to manufacture 
electrodes for CO2 electroreduction, which will eventually bring this technology closer to an industrial scale.   

1. Introduction 

Several approaches can be considered to reduce CO2 emissions in 
different economic sectors, including developing renewable energy 
sources, enhancing the energy efficiency of buildings, or decarbon-
ization by means of electrification [1]. Some industrial processes, 
however, cannot avoid the generation of CO2. In this regard, CO2 cap-
ture, utilization, and storage (CCUS) can be considered one of the most 
promising mitigation strategies [2]. 

Among the different available approaches, the electrochemical 
reduction of CO2 stands out as one of the most efficient utilization and 
conversion technologies, since it can store the energetic excess from 
intermittent and renewable sources of energy in form of chemical bonds, 
leading to different value-added products such as formic acid/formate 
(HCOOH/HCOO-), methanol (CH3OH), ethanol (C2H5OH), or ethylene 
(C2H4), among others [3]. In particular, formate is an appealing 
reduction product that can be considered one of the closest chemicals for 
future implementation of CO2 electroreduction at an industrial scale 
[4–6]. Formate finds application in different industries as raw materials 

(e.g., leather tanning, animal feed, or pharmaceutical), and has also 
gained attention as a hydrogen carrier and reactant for low-temperature 
fuel cells [5]. In recent years, great advances have been achieved in the 
electrochemical CO2-to-formate process in terms of (i) development of 
reactor configurations [7–11], (ii) electrode morphology [12–17], (iii) 
synthesis and characterization of electrocatalysts [18–22], and (iv) 
analysis of operating conditions [9–11,23]. Despite this, the actual 
Technological Readiness Level (TRL) for this process is between 3 and 5 
[24], which is still far from an industrial scale-up. To get closer to real 
applications, the research should be focused, not only on efficient ma-
terials [25] and reactors [26], but also on the development of optimized 
protocols for electrode manufacturing and in particular for Gas Diffusion 
Electrodes (GDEs), where an enhanced performance can be achieved 
due to better contact between the reactive gas, the catalyst, and the 
electrolyte [27]. CO2 reduction with GDEs is sensitive to alterations in 
the wettability, porosity, and morphology of the electrodes according to 
a previous report [28], thus making the manufacturing reproducibility 
of GDEs a major challenge. These alterations seem to be related to the 
loadings and spatial distributions of both the catalyst particles and the 
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ionomer that acts as the binder [29], attributed to phase segregation 
during the electrode manufacturing process [30]. In this line, previous 
results in our research group denoted the significant difference in the 
formate rates achieved with GDE-based electrodes prepared by a manual 
airbrushing method [8,11,17,23]. The relative standard deviations 
(RSD) reached for formate rates were as high as 15 %, which clearly 
supports the need to develop reproducible and dedicated GDE fabrica-
tion techniques. 

Among the different GDE manufacturing methods, including sput-
tering techniques [31], electroplating [32], or chemical vapor deposi-
tion [33], spray deposition emerges as an efficient and fast technique for 
the deposition of thin catalytic layers on electrode substrates [34]. One 
of the most widely-used spray coating techniques is airbrushing; how-
ever, its manual operation directly relies on the human factor, causing 
non-reproducible electrode properties such as thickness and homoge-
neity [35,36]. Thus, other advanced spray-coating techniques, such as 
spray pyrolysis, should be employed to manufacture scalable GDEs with 
less material use and high homogeneity in an automated process [37]. 
Some of the most important variables in the operation of a spray py-
rolysis technique are the ink flow rate, the nozzle height, the step dis-
tance, the deposition rate, or the hot plate temperature, where all of 
them may define the morphology of the fabricated electrode [38], and 
thus the overall electrode performance. Previous works that employ for 
GDEs fabrication an automatic spray pyrolysis technique are focused on 
studying the influence of different ink solvents [39] and the layer 
composition[29], or comparing the deposition uniformity versus other 
fabrication techniques [40]. However, as far as the authors know, the 
impact of the fabrication variables on the GDE performance for the 
electroreduction of CO2 has not been studied in detail yet. 

Moreover, literature shows that GDEs can undergo a surface modi-
fication for an enhanced CO2 electroreduction performance [41–45], 
where plasma surface treatment offers operational versatility and 
promising results due to physical or chemical modification of the surface 
and the first layers of the treated material. The overall properties of the 
initial structure are maintained [46,47], while enabling the fine-tuning 
of several properties of the metal catalyst such as chemical state [48], 
ion content [49], or surface roughness [50], among others. 

All in all, the main objective of this work is to optimize the GDEs 
manufacturing process by applying an automated fabrication technique 
based on spray pyrolysis, combined with a superficial atmospheric 
plasma post-treatment. This may help to advance the development of 
electrode manufacturing processes that approach CO2 electroreduction 
to industrial-scale implementation. The analyses include reproducibility 
tests and evaluation of different fabrication variables, namely nozzle 
height, distance between steps, and ink flow rate with influence on 
formate rate and energy consumption. The results are discussed together 
with electrochemical and physicochemical characterization results, 
including thickness, internal structure, charge resistance, surface hy-
drophilicity, or chemical state. 

2. Methodology 

2.1. Electrode manufacturing with automatic spray pyrolysis 

A commercial ND-SP Mini Ultrasonic Spray Coater (Nadetech In-
novations) is used for the fabrication of the GDEs. The system consists of 
a heating plate on which the electrode support is placed, a syringe- 
shaped ink reservoir, an ultrasonic dispersion system, and a spraying 
nozzle that allows the automated manufacturing of electrocatalytic 
surfaces. The heating plate temperature is 70 ºC to ensure the evapo-
ration of isopropanol, and to avoid the degradation of the polymeric 
materials (Nafion). 

The GDEs (10 cm2 – geometric area) are composed of three separated 
layers: (i) carbonaceous support, Toray TGP-H 60 (Alfa Aesar), (ii) a 
microporous layer (MPL), formed by Vulcan XC 72-R (Cabot) and PTFE 
(60 % wt., Sigma Aldrich), with high conductivity and chemical 

resistance, with a 2 mg cm− 2 loading, and (iii) the catalytic layer (CL), 
with a loading of 0.75 mg cm− 2. Bi carbon-supported nanoparticles are 
employed as a non-precious metal electrocatalyst, whose synthesis and 
characterization can be found in detail elsewhere [11,17], as well as the 
ink formulation for both MPL and CL [9,11,23]. The ink viscosity is 
estimated to be approximately 2.4 cP, owing to the presence of iso-
propanol as the solvent (97 wt%). It is worth mentioning that decreasing 
the ink viscosity may lead to a reduced electrode thickness, as the 
catalyst is likely to be deposited more efficiently within the pores of the 
MPL [51]. 

The effect of the following fabrication variables on electrode per-
formance is studied: (i) the spraying nozzle height (15, 25, and 35 mm), 
(ii) the step distance (1 and 3 mm), which is the inter-pass distance over 
the electrode surface left by the nozzle, and (iii) the ink flow rate (10 and 
20 ml h− 1). A schematic representation of these three fabrication vari-
ables is displayed in Supporting Information (Fig. S1). Other fabrication 
parameters, such as the compressed air pressure (0.3 bar), and the 
spraying nozzle speed (400 mm min− 1) are set in all cases to ensure the 
correct dispersion of the material. 

2.2. Plasma surface treatment 

Subsequently, the surfaces of the prepared GDEs are treated with air- 
based low-pressure plasma equipment (Piezo brush® PZ3, Reylon 
plasma) for 30 s to ensure the correct surface treatment, as depicted in 
the literature [49]. Different treatments are evaluated: i) treatment of 
the supporting Toray layer, ii) treatment of both, the supporting layer 
and the MPL, and iii) treatment of all layers, namely the supporting 
layer, the MPL, and the CL. 

2.3. Performance in a filter-press reactor and electrochemical 
characterization 

The manufactured GDEs are tested as cathodes in a two- 
compartment filter press electrochemical reactor (Micro Flow Cell, 
ElectroCell A/s), at ambient temperature and pressure conditions 
(please see Fig. S2 in the Supporting Information (SI)). 

Pure gas CO2 is fed to the cathodic compartment with a flow rate of 
200 ml min− 1, together with a liquid catholyte with a composition of 
0.5 M KCl (Potassium Chloride, pharma grade, PanReac AppliChem) +
0.45 M KHCO3 (Potassium Bicarbonate, pharma grade, PanReac Appli-
Chem) at a flow rate per geometric surface area of 0.57 ml min− 1 cm− 2. 
A commercial dimensionally stable anode [DSA/O2 (Ir-MMO (Mixed 
Metal Oxide) on platinum), ElectroCell] is employed as the counter 
electrode to carry out the oxygen evolution reaction, and the liquid 
anolyte consists of an aqueous solution 1 M KOH (Potassium Hydroxide, 
85 % purity pellets, PanReac AppliChem), fed with a flow rate per 
geometric surface area of 0.57 ml min− 1 cm− 2, in line with previous 
studies [17]. A leak-free Ag/AgCl 3.4 M KCl electrode is used as the 
reference electrode. Both compartments are separated by a Nafion® 117 
cation exchange membrane (0.180 mm thick, > 0.9 meq/g exchange 
capacity, Alfa Aesar). 

The tests are carried out with a single pass of reactants across the 
electrochemical reactor at current density levels of 90 and 200 mA cm− 2 

for 30 min, to ensure the activity of the electrode. The concentration of 
formate is quantified at least by duplicate every 10 min using an ion 
chromatography column (Dionex ICS 1100 using Na2CO3 as eluent with 
a concentration of 4.5 mM and a flow rate of 1 ml min− 1). Each fabri-
cation condition is evaluated at least twice with two different replicates 
to study reproducibility. Two experiments per current density are per-
formed for every replicate, collecting three samples in each experiment. 
An averaged formate concentration is finally obtained for each test and 
used to determine the formate rate and energy consumption as defined 
in SI. 

EIS measurements (AutoLab PGSTAT 302 N, Metrohm Hispania) are 
additionally carried out in the filter-press cell to electrochemically 
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characterize the prepared GDEs. The analyses are carried out at a con-
stant voltage of − 0.8 V vs. Ag/AgCl and frequencies ranged between 
3000 and 50 Hz to evaluate the electrochemical resistance of the 
surfaces. 

2.4. Physicochemical characterization 

The prepared electrodes are characterized by powder X-ray diffrac-
tion (PXRD) in a Philips X′PERT PRO automatic diffractometer operating 
at 40 kV and 40 mA, in theta-theta configuration, secondary mono-
chromator with Cu-Kα radiation (λ = 1.5418 Å) and a PIXcel solid-state 
detector. Data are collected at RT from 5◦ to 70◦ 2θ using a step size of 
0.026º and time per step of 120 s. Besides, a fixed soller of 0.5 º and 
divergence slit giving a constant volume of sample illumination is used. 
Microstructural features of the surfaces are analysed by Scanning Elec-
tron Microscopy (SEM) using a JEOL JSM-7000 F microscope operated 
at 10–20 kV. 

The static water contact angle for the electrode is measured by the 
sessile liquid drop method using a contact angle measurement system 
(DSA25, Krüss, Germany) to obtain information about the hydropho-
bicity/hydrophilicity and the wettability of the fabricated electrodes. A 
2.0 µL water drop is deposited over the surface of the different layers on 
different sites to get an average water contact angle value, which is 
obtained using the software provided through image recognition. 

3. Results and discussion 

3.1. CO2 electroreduction in a filter-press reactor 

The performance of the fabricated GDEs under different 
manufacturing conditions is first studied for the electrocatalytic reduc-
tion of CO2 to formate in the continuous filter-press reactor (see results 
in Table S1 and Fig. S3 as Supporting Information). Table 1 shows the 
electrodes and the reproducibility analyses of the manufacturing 
method, varying the spraying nozzle height (15 and 35 mm), step dis-
tance (1 and 3 mm), and ink flow rate (10 and 20 ml h− 1), which are 
evaluated at two different current density levels: 90 and 200 mA cm− 2. 

The relative standard deviation (RSD) for formate rates is in general 

lower than 5 % for the manufactured electrodes (only higher for Elec-
trodes 3, 5, and 12), which can be explained by the experimental error 
accumulated in-cell electrode testing, sample collection, and dilution, as 
well as ion chromatography measurements. The results clearly improve 
the reproducibility observed with a manual airbrushing method in 
previous studies, where RSD is as high as 15 % [8,11,17,23,52], thus 
demonstrating the benefits of the automated spray pyrolysis technique. 

Subsequently, both formate rate and energy consumption for the 
manufactured electrodes are analysed in Figs. 1A and 1B, respectively, 
and compared with previous results reached under the same experi-
mental setup and operating conditions but using a manual method for 
the fabrication of the electrodes [17]. 

First, the results at 200 mA cm− 2 show clear improvements in 
formate rates with respect to the manual airbrushing method [17], while 
no significant changes are observed when operating at 90 mA cm− 2. 

According to the improved formate rates achieved at 200 mA cm− 2, 
the GDEs can be classified into three groups, as shown in Table 2. The 
first group (Group 1) significantly improves the electroreduction per-
formance with respect to a manual fabrication method by over 15 %. 
Group 2 can be made up of those electrodes with an intermediate per-
formance, exceeding the reference by around 10 %. Finally, the per-
formance of Group 3 worsens the results obtained with the manual 
fabrication method. 

With respect to energy consumption (Fig. 1B), GDEs in Group 1 lead 
to energy consumptions of around 15 % (320 kWh kmol− 1) over the 
reference value (277 kWh kmol− 1), showing the smallest energy con-
sumption of all the manufactured electrodes at 200 mA cm− 2. For Group 
2, energy consumption ranges from 20 % to 30 % (350–365 kWh 
kmol− 1) over the reference value. Finally, the worst performance group 
(Group 3) shows a significant increment in energy consumption of over 
30 % (over 375 kWh kmol− 1). Energy consumption values have a less 
significant variation for 90 mA cm− 2. 

Despite the complexity of linking CO2 electroreduction performance 
with fabrication variables, some trends can be initially observed from 
the results displayed in Figs. 1A and 1B. The variable that shows the 
biggest effect on electrode performance is the spraying nozzle height, 
obtaining the best results for the largest nozzle height (35 mm), which 
can be initially attributed to a fine distribution of the catalyst particles 

Table 1 
Manufactured GDEs under different conditions.  

Electrode Nozzle 
height 
(mm) 

Step 
distance 
(mm) 

Ink flowrate 
(ml h− 1) 

Current density 
(mA cm− 2) 

Replicate A Replicate B RSD 
(%) 

Formate 
concentration (g 
L− 1) 

Formate rate 
(mmol m− 2 s− 1) 

Formate 
concentration (g 
L− 1) 

Formate rate 
(mmol m− 2 s− 1) 

1 15 1 10 90 1.8 3.8 1.9 4 3.6 
200 3.7 7.8 3.9 8.2 3.5 

2 15 1 20 90 1.9 4 1.8 3.8 3.6 
200 4.4 9.3 4.1 8.7 4.7 

3 15 3 10 90 1.9 4 2 4.2 3.4 
200 4.1 8.7 4.6 9.7 7.6 

4 15 3 20 90 2 4.2 2 4.2 0 
200 4.5 9.5 4.3 9.1 3 

5 25 1 10 90 1.8 3.8 1.8 3.8 0 
200 3.8 8 4.2 8.9 7.5 

6 25 1 20 90 1.9 4 1.8 3.8 3.6 
200 3.6 7.6 3.7 7.8 1.8 

7 25 3 10 90 2 4.2 2 4.2 0 
200 4.3 9.1 4.2 8.9 1.6 

8 25 3 20 90 1.7 3.6 1.7 3.6 0 
200 3.7 7.8 3.7 7.8 0 

9 35 1 10 90 2 4.2 1.9 4 3.4 
200 4.2 8.9 4.4 9.3 3.1 

10 35 1 20 90 2 4.2 2 4.2 0 
200 4.7 9.9 4.8 10.1 1.4 

11 35 3 10 90 1.9 4 1.9 4 0 
200 4.6 9.7 4.4 9.3 2.9 

12 35 3 20 90 1.8 3.8 2 4.2 7 
200 4.4 9.3 4.7 9.9 4.4  
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and the formation of fewer catalyst agglomerations that may reduce 
active area and lower charge transfer resistance [53,54]. Regarding ink 
flow rate, lower values show a better performance for lower nozzle 
heights and larger values for higher nozzle distances, which may be 
associated also with the fine catalyst dispersion over the electrode sur-
face and the less formation of catalyst agglomerates under these con-
ditions. Finally, no significant variations in formate rates can be seen 
with step distance. 

3.2. Electrochemical and physicochemical characterization 

To better understand the results, a representative GDE sample of 
each performance group is selected, Electrode 10 (Group 1), Electrode 9 
(Group 2), and Electrode 8 (Group 3), for electrochemical and physi-
cochemical characterization. 

First, Fig. 2 shows the Nyquist plot obtained from impedance mea-
surements, in comparison with a GDE fabricated with a manual 

airbrushing method. 
The impedance obtained for the automated fabrication method is 

reduced from that of the manual airbrushing, with an electrical resis-
tance of 10.3 Ω cm2. Comparing the selected electrodes, the lower 
impedance corresponds to Group 1 (Electrode 10), indicating a lower 
charge-transfer resistance (7.6 Ω cm2) that favors formate formation 
rates (Fig. 1A) as a faster electrochemical reduction is expected [55]. 
The performance of the electrodes worsened as their electrical resistance 

Fig. 1. A) Formate rates and B) Energy consumption values obtained for the herein manufactured GDEs (bar chart) compared with the mean rate values provided by 
the manual airbrushing (dotted lines) [17]. 

Table 2 
Group of GDEs based on formate rates at 200 mA cm-2.  

Group Performance Electrodes Formate rate improvement 

1 Best 4, 10, 11, 12 >15 % 
2 Intermediate 2, 3, 7, 9 5–10 % 
3 Worst 1, 5, 6, 8 No improvement  

Fig. 2. Nyquist plots in a frequency range of 3000–50 Hz at − 0.8 V (vs. 
Ag/AgCl). 
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increased (8.1 and 9.8 Ω cm2 for Groups 2 and 3, respectively) and, 
consequently, the energy consumption (Fig. 1B). Both electrical resis-
tance and impedance may be related to the catalyst distribution over the 
GDE surface [53]. Thus, a worse catalyst dispersion over the electrode 
surface might cause higher electrical resistances due to the limited 
contact between the Bi/C nanoparticles [54], leading to a lower formate 
rate for Electrodes 9 and 8 (9.1 and 7.8 mmol m− 2 s− 1, respectively), 
together with higher energy consumption (354 and 390 kWh kmol− 1, 
respectively), at 200 mA cm− 2. The higher surface electrical resistivity 
implies a worse energy efficiency since there are losses as heat without 
the electrons being transferred to the reaction. Thus, this fact results in 
worse overall electrode performance. 

According to the above inferred, SEM images (Fig. 3) reveal a fine 
distribution of catalytic particles in Electrode 10 (Group 1), while in 
Electrodes 9 and 8 the particles tend to form agglomerates that seem to 
lead to larger pores. This reduction in catalyst distribution may hinder 
the current flow, thus explaining the observed impedance increase in 
Fig. 2. 

Furthermore, the formation of catalytic agglomerates may reduce the 
available surface area of the catalyst nanoparticles and the access of CO2 
to the catalytic active sites [54]. In this sense, a higher formate rate is 
obtained when a more uniform catalyst distribution over the surface is 
observed in Figs. 3A, 10.1 mmol m− 2 s− 1 (Fig. 1A), compared to the 
sample with larger surface defects (Figs. 3B and 3C), 9.2 and 
7.8 mmol m− 2 s− 1 (Fig. 1A). 

Moreover, electrode thickness may alter mass transfer reaction and 
thus play a key role in electrode behavior [56]. Fig. 4 displays the 
cross-sectional SEM images of the electrode samples from the three 
performance groups. 

The images show a significant reduction in MPL thickness from the 
best performance electrode (Electrode 10, 75 µm) to the worst (Elec-
trode 8, 55 µm). If we link the electrode thickness to the performance of 
the electrodes in the cell, it can be observed that a thicker MPL (Fig. 4A) 
leads to a higher formate rate of 10.1 mmol m− 2 s− 1 at 200 mA cm− 2 in 
comparison with the electrodes with a thinner MPL, Figs. 4B, and 4C, 
with rates of 9.1 and 7.8 mmol m− 2 s− 1, respectively. These results may 
confirm the key effect of MPL thickness on CO2 electroreduction per-
formance, which is considered a mass transfer-controlled process [57]. 
The better functioning of thicker MPL electrodes can be attributed to 
pore flooding phenomena, which takes place during electrode operation 
as the electrolyte clogs the electrode porous structure, affecting the 
hydrophobicity of the MPL due to binder degradation (usually PTFE) 
[58]. In this case, thicker MPLs are preferred as they avoid pore flooding, 
resulting in an increment of mass transfer resistance of CO2 to the CL 
[56]. 

On the other hand, the MPL and CL regions can be clearly distin-
guished, thus demonstrating that the ink viscosity (ca 2.4 cP) prevents 
the presence of catalyst nanoparticles in the porous structure of the MPL 

[51]. 
Based on cross-sectional SEM images, it has been observed that the 

thickness of the MPL decreases from 75 to 55 µm when comparing 
Electrodes 10 and 8, indicating that both nozzle height and step distance 
have an impact on MPL thickness. Specifically, when using a lower 
nozzle height of 25 mm and a larger step distance of 3 mm (Electrode 8), 
the MPL is thinner, up to 20 µm, compared to that obtained for a nozzle 
height of 35 mm and a step distance of 1 mm (Electrode 10). By contrast, 
the ink flow rate has practically no effect on MPL thickness, as the dif-
ference between Electrodes 10 and 9 is ca 5 µm, despite varying the ink 
flow rate from 20 to 10 ml h− 1 under the same nozzle and step distance 
conditions. 

3.3. Plasma surface post-treatment 

Plasma treatment is evaluated under three different scenarios (see 
results in Table S2 as Supporting Information): i) treatment of the sup-
porting Toray layer (Toray), ii) treatment of both, the supporting layer 
and the MPL (Toray + MPL), iii) treatment of all layers, namely the 
supporting layer, the MPL, and the CL (Toray + MPL + CL), as depicted 
in Figs. 5A and 5B. 

The base electrode (Electrode 8) reaches lower formate rates 
compared to the electrodes where Toray + MPL and Toray + MPL + CL 
are treated, Fig. 5A, but no improvement is observed when only the 
Toray layer is treated. The most relevant enhancement (up to 12 %) is 
obtained when Toray + MPL are treated, obtaining a rate of 
8.8 mmol m− 2 s− 1 at 200 mA cm− 2 (7.8 mmol m− 2 s− 1 for the base 
electrode), while the effect at 90 mA cm− 2 is less remarkable. On the 
other hand, no improvement can be seen when treating the CL addi-
tionally (Toray + MPL+ CL). The enhancement may be initially related 
to, on the one hand, the improvement of the hydrophilicity and wetta-
bility of the material [47], and, on the other hand, to the MPL thickness 
reduction, which may affect the CO2 mass transfer resistance, facili-
tating the diffusion of CO2 to the catalytic active sites. 

Moreover, as can be seen in Fig. 5B, the energetic requirements at 
200 mA cm− 2 are lowered from the base electrode (390 kWh kmol− 1) to 
the electrode in which Toray + MPL + CL are treated (338 kWh 
kmol− 1). This behavior could be associated with a drop in the charge- 
transfer resistance, from 9.8 Ω cm2 (Base Electrode 8) to 6.7 Ω cm2 for 
the Toray + MPL + CL treated electrode. 

One of the hypotheses is that plasma treatment improves the hy-
drophilicity and wettability of the electrode, avoiding the clogging of 
the electrode pores even if they get wet, thereby promoting the three- 
boundary reaction in the active sites [59]. Besides, as shown in Fig. 6, 
plasma treatment reduces the water contact angle for every layer 
treated, meaning that an improvement in both surface wettability and 
hydrophilicity is confirmed. It is worth noting the effect of plasma in 
reducing the high hydrophobic character of MPL (Figs. 6B and 6E) 

Fig. 3. SEM images. A) Group 1 (Electrode 10), B) Group 2 (Electrode 9), and C) Group 3 (Electrode 8).  
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Fig. 4. SEM cross-section: A) Group 1 (Electrode 10), B) Group 2 (Electrode 9), and C) Group 3 (Electrode 8). Arrows depict the thickness of the MPL layer.  

Fig. 5. A) Formate production rates and B) Energy consumption values for plasma-treated surfaces compared to the untreated surface (base electrode).  
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caused by the presence of PTFE, from 150º to 133º. Thus, the overall 
reduction in the contact angle from 125º to 65º is observed when the 
plasma surface treatment is applied at every GDE layer (Figs. 6C and 6F). 

Finally, Fig. 7 shows the plasma surface treatment effect in the in-
ternal structure of the fabricated GDEs. 

The thickness of the electrode is significantly reduced (ca 20 µm) 
when both the MPL (Fig. 7C) and CL (Fig. 7D) layers are treated with 
plasma, in comparison with the untreated base electrode (Fig. 7A) and 
the Toray treated layer (Fig. 7B). This reduction in thickness is attrib-
uted to the bombardment of the electrode surface by active-generated 
compounds during the plasma treatment process [46]. Relating this to 
formate rate results depicted in Fig. 5A, this thickness reduction im-
proves the electrochemical performance of the plasma-treated elec-
trodes. As observed, the plasma-treated surfaces present higher 
densification that seems to be induced by a narrowing of the MPL or MPL 
+ CL layer (Figs. 7C and 7D). This fact could improve the conductivity 
and avoid material losses during the reaction, consequently improving 
the formate rates and energy consumption, thereby confirming the 
trends observed in Figs. 5A and 5B. However, the contribution to mass 

transfer reduction due to the smaller thickness to the overall improve-
ment may be less relevant than the improved wettability, as mass 
transfer resistance values are larger for the liquid phase than gas. 

Besides, PXRD (Fig. S4 and Table S3, please see SI) analyses indicate 
that plasma treatment does not induce any changes in the reflections of 
crystalline phases present in the electrode, which allows for disregarding 
any meaningful chemical bulk changes of these materials. Hence, the 
improvement in electrode performance observed can still be mainly 
linked to the hydrophilicity of the electrode and MPL thickness. 

After the analysis of the different electrodes produced by the auto-
matic spray pyrolysis technique, Electrode 9 can be determined as the 
best-performance electrode in terms of formate rate (10.1 mmol m− 2 

s− 1) and energy consumption (311 kWh kmol− 1), at 200 mA cm− 2, 
compared to the manually fabricated electrode, 8.33 mmol m− 2 s− 1, and 
277 kWh kmol− 1. The most significant variations are observed operating 
at 200 mA cm− 2, which is in line with Ohm’s law, for high current 
densities, higher voltage differences occur, having a greater effect on the 
formate rate and energy consumption. The most favorable fabrication 
conditions are found for a spraying nozzle height of 35 mm, a 1 mm step 

Fig. 6. Surface wettability assessment by the contact angle produced by a water drop over the different untreated and treated GDE layers; A) Toray layer, B) Toray 
+ MPL layers, C) Toray + MPL + CL layers, D) Plasma treated Toray layer, E) Plasma treated Toray + MPL layers, F) Plasma treated Toray + MPL + CL layers. 

Fig. 7. Cross-sectional SEM images for the electrodes treated with plasma compared with the untreated Base electrode (Electrode 8). A) Base Electrode, B) Plasma 
treatment of the supporting Toray layer, C) Plasma treatment of the Toray and MPL, D) Plasma treatment of Toray, MPL, and CL. 
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distance, and a 20 ml h− 1 ink flow rate. Moreover, a plasma surface 
treatment can enhance formate rates and energy consumption by around 
12 %, which is promoted by the improvement of the electrode wetta-
bility as demonstrated by contact angle measurements, reducing this 
angle by 60º, and the thickness reduction of the electrode around 10 % 
displayed in cross-sectional SEM images. Overall, the fabrication 
methodology and conditions developed in this work can be used as a 
standardized protocol for GDE fabrication in order to improve the 
reproducibility of the results in CO2 electroreduction systems. 

4. Conclusions 

An electrode manufacturing process based on an automated spray 
pyrolysis technique coupled with a plasma surface treatment has been 
developed to advance toward the industrial implementation of CO2 
electroreduction processes. Optimal fabrication conditions of the auto-
matic manufactured technique are found with a nozzle height of 35 mm, 
1 mm of step distance, and an ink flow rate of 20 ml h− 1, obtaining the 
most favorable results in terms of formate rate (10.1 mmol m− 2 s− 1) and 
energy consumption (311 kWh kmol− 1) at 200 mA cm− 2. The electrode 
morphology is affected by the fabrication conditions, as both the catalyst 
distribution over the electrode surface and the electrode thickness are 
altered with different manufacturing parameters. A non-uniform cata-
lyst distribution leads to an increment in the charge transfer resistance, 
over 2 Ω cm2, thus affecting the reaction and lowering the formate rates 
achieved from 10.1 to 7.8 mmol m− 2 s− 1. On the other hand, the elec-
trode thickness, especially the MPL thickness, plays an important role in 
electrode performance. A thin MPL causes pore flooding, worsening the 
electrode performance. 

Then, a reduction in electrode thickness is observed when surfaces 
are treated with plasma, achieving a 10 % thinner electrode. This 
improvement could be mainly attributed to an enhancement in both the 
hydrophilicity and wettability of the electrode in which the water con-
tact angle was reduced by 60º when plasma is applied over the Toray 
+ MPL + CL, in comparison with the untreated electrode. 

All in all, an optimized manufacturing process has been established 
for the fabrication of GDEs for CO2 electroreduction by combining an 
automated spray pyrolysis technique and a plasma surface treatment. 
This method could be applied for manufacturing electrodes for CO2 
electroreduction at an industrial scale. 
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