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Abstract

Gas‐diffusion electrodes have been successfully employed in electrochemical

chlorine production, and they also hold great potential in the field of electrochemical

CO2 reduction. Herein, we demonstrate how sprayed Ag‐based gas‐diffusion

electrodes, which show outstanding performance for the reduction of oxygen, need

to be modified to produce CO from CO2. A computer‐controlled automated

airbrush‐type spraying setup is used to systematically vary the core fabrication

parameters of the process and investigate their effect on the electrochemical

performance. Focused ion‐beam milling combined with scanning electron micros-

copy provides deeper insight into the structure of the electrodes and serves in

combination with electrochemical data as the measure for the optimisation.

Eventually, electrodes can be produced that suppress the evolution of H2 to the

extent that an average Faradaic efficiency of 79% for CO can be maintained for at

least 10 h at a current density of −100mA∙cm−2.

K E YWORD S

Ag powder, automated spray‐coater, CO2RR, carbon monoxide, gas diffusion electrodes

1 | INTRODUCTION

The efficient conversion of electric into chemical energy via electro-

chemical reactions presents a feasible way to tackle the challenges that

arise from the finite nature of fossil resources [1]. Such reactions allow for

the generation of ‘green’ hydrogen as a clean fuel through electro-

chemical water splitting or the reduction of the waste molecule CO2 to

valuable chemical feedstock via the electrochemical CO2 reduction

reaction (CO2RR) [2]. CO is undoubtedly one of the reaction's most

interesting products since it finds wide application in Fischer–Tropsch

synthesis, where it constitutes one of the two key components of syngas

along with hydrogen [3]. One of the major challenges in the CO2RR,

however, is to supply the catalytically active sites with the reactant CO2,

since its solubility in the aqueous electrolyte is limited to around 30mM
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under ambient conditions [3]. On the one hand, KOH solutions, which

typically exhibit pH‐values above 12, beneficially suppress the parasitic

hydrogen evolution reaction (HER), but on the other hand, they prevent

sufficiently high CO2 concentrations that are required for high current

density due to the formation of insoluble carbonate species [4]. The use

of gas‐diffusion electrodes (GDEs) is considered a possible solution to this

challenge because they provide the gaseous reactant in close proximity to

the reaction zone.

GDEs are already applied for different electrochemical reactions like

the hydrogen oxidation reaction [5], nitrogen reduction reaction [6],

oxygen reduction reaction (ORR) [7], and also the CO2RR [8]. Within a

GDE, double‐ or triple‐phase boundaries are formed (TPB) [9, 10], where

either all three phases are in direct contact with each other, or where

extremely thin liquid layers (0.01–1µm) [10] cover the catalyst material in

the presence of the gaseous reactant [11]. Compared to conventional

electrolysis cells with diffusion path lengths of 60–160µm [12], which

operate in a diffusion‐limited regime and are therefore restricted to an

operation between −35 and −100mA∙cm−2 [11]. The diffusion path

lengths of the CO2 molecules to the catalytically active sites are

significantly shorter in GDEs, leading to increased mass transport of

reactants to and products away from the active centres and enabling

current densities of up to several hundreds of mA∙cm−2. They also reduce

the rate of carbonate precipitation and allow for the use of alkaline

electrolytes in the CO2RR.

Since Ag is a suitable catalyst for the reduction of CO2 to CO

with high Faradaic efficiencies (FEs) of more than 90% [13], Ag GDEs

were successfully applied [14]. On the industrial scale, the electrodes

are prepared via a dry process, where the catalyst component is

mixed with a binder, spread across a conductive current collector,

and pressed with the help of rolling mills [15]. On a smaller scale, the

preparation of Ag GDEs can also be successfully realised via a wet

spraying approach. An Ag‐containing suspension is sprayed together

with a pore‐forming agent and polytetrafluoroethylene (PTFE) onto a

metal mesh, which is then compressed and heated [16, 17].

In this study, we demonstrate how the fabrication of Ag GDEs

can be modified to adapt the properties, which were initially

optimised for the ORR, to the electrocatalytic reduction of CO2 to

CO. By systematically changing the fabrication parameters such as

the number of the sprayed layers, the applied pressure, the nature of

the Ag material, the PTFE content a gradual shift towards an Ag GDE

for the CO2RR was achieved.

2 | EXPERIMENTAL SECTION

The standard procedure for the preparation of the spraying suspension

was according to the following protocol. First, 4.46ml of deionised

water was mixed with 3.33 g of Ag‐base material (Ferro) and 5.56 g of a

1% methyl‐cellulose (Sigma Aldrich) solution. After the addition of

another 10ml of deionised water the ink was stirred with a T10 Ultra‐

Turrax (IKA) equipped with a S10N‐5G tool (IKA) for a total duration of

95min. The Ultra‐Turrax worked at an interval of 5min ‘on’ followed

by 10min ‘off’, which adds up to total ‘on’‐time of 35min.

Subsequently, 0.175 g of Dyneon PTFE dispersion (3M), was added

as well as 10ml of deionised water. The latter could also be replaced

by 10ml of isopropanol for improved spraying. Then, the suspension

was left to stir with a magnetic stirring bar for an additional 35min

before it could be sprayed. For the spraying process, a piece of

3 × 3 cm2 of either Ni‐(56 µm mesh width from Haver & Boecker) or

PEEK‐mesh (PK‐100/34 from Franz Eckert) was cut and placed on a

heating plate at 220°C. The computer‐controlled sprayer was

programmed to fully cover an area of 2.2 × 2.2 cm2 with an increment

of 2mm to produce one layer. At each position either 18 or 14µl of

suspension were dispensed at a rate of 15 µl∙s−1. In between each spot

a delay of 2 s was added to allow the ink to dry. The pressure for the

air brush system was 1.5 bar. After the completed spraying process,

the electrode was pressed with a hydraulic press (Graveda Graspresso

Epic 15T) between two steel plates at 130°C and with pressures of

either 60, 100, or 160 bar for 5min. Subsequently, the pressed

electrode was placed in an oven (Nabertherm), which was heated up for

150min until a maximum temperature of 330°C was reached, which

was held for 10min. After that, the oven was left to cool down to

room temperature overnight before the electrode was removed. A

circular electrode with a diameter of 18mm was cut out of the final

square electrode and placed between two 3D‐printed TPU rings. The

sandwich structure was pressed at very light pressure at 213°C until

both rings were melted together and formed one solid structure.

Potential gaps were closed by melting the region with a soldering tip

(Supporting Information: Figure S5). The exposed circular surface of

the electrode had a diameter of 12mm. The whole step was carried

out to avoid the lateral diffusion of gases out of the electrochemical

cell. SEM images were taken, and focused Ion beam (FIB) milling was

performed using a Quanta 3D FEG SEM operated at 20.0 kV.

Electrochemical measurements were performed using a Metrohm

Autolab PGSTAT302N or a Biologic VMP3 in a 3‐electrode cell setup

with a Fumatech FAB‐PK‐75 anion exchange membrane that separated

anode and cathode compartment (Supporting Information: Figure S6).

A Ni‐mesh electrode served as counter electrode, a Ag|AgCl|3M KCl

was used as reference electrode together with a double junction to

avoid contamination of the catholyte. Chronoamperometry measure-

ments were recorded for 1 h at four different current densities (15min

each) or for 10 h at −100mA∙cm−2. Gas samples were taken every

7.5min from either top or bottom compartment in turns and

automatically injected into an online‐coupled gas chromatograph.

The gas stream, which was injected into the gas chromatograph was

selected using either a manual 6‐way valve (Swagelok) or an automatic

6‐way valve (Machery‐Nagel). Gas products were analysed using an SRI

8610C multiple gas analyzer #5 gas chromatograph from SRI

Instruments.

3 | RESULTS AND DISCUSSION

The preparation procedure of the GDEs was adapted from a

previously published method (Scheme 1) [16, 17]. Briefly, the

spraying suspension was prepared through adding the respective
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Ag material, methylcellulose solution, water, and PTFE together with

an Ultra‐Turrax. Subsequently, the suspensions were sprayed onto a

Ni‐mesh by means of an automated airbrush‐type spraying setup.

The obtained films were then pressed with a hot‐press before a final

heating step under ambient atmosphere yielding the functional gas

diffusion electrodes. This multistep process opens a large parameter

space and creates a complex optimisation problem.

Therefore, the initial electrode was made following a recipe,

which was developed for the fabrication of Ag GDEs for the

reduction of oxygen and adapted to the given lab equipment and

most specifically to the automated spraying system [16,17]. When

the Ag GDE (Ag powder 372) is used for the CO2RR both CO and H2

are produced as expected (Figure 1a). However, the major product is

H2, whereas CO only accounts for 27% at −25mA∙cm−2 down to 1%

at −150mA∙cm−2 FE. The results indicate that even though CO2RR

occurs on the GDE, the system does not reach the predominant

selectivity for CO.

This is not astonishing since in the case of the ORR no competing

reduction reaction can occur. Hence, the location of the TPB within

the GDE is supposedly much less important than in the case of the

CO2RR where any electrolyte‐wetted electrode surface may prefer-

entially evolve H2. We hence propose that theTPB in the case of the

CO2RR should be located as close as possible to the interface

between GDE and electrolyte, which evidently requires an adaptation

of the electrode structure to mitigate potential‐induced wetting and

to allow the penetration of the gaseous CO2 through nearly the

complete GDE thickness. Since the performance of a GDE greatly

depends on the properties of the pore system (e.g., hydrophobicity,

surface area, conductivity, and pore shape), different ways to modify

these are investigated. Major modifications were performed in terms

of changing (i) the PTFE content and type of PTFE modification, (ii)

the applied pressure, (iii) the spraying parameters, and (iv) the nature

of the Ag material. Modifying the amount of PTFE, which is placed

inside or on top of the GDE is expected to affect the wettability or in

other words the degree to which the electrolyte can penetrate into

the pore system [18]. Both, completely flooded and dry electrodes (as

the most extreme examples) are expected to decrease the CO2RR

efficiency due to the dominance of the parasitic HER [19]. Whereas

flooded GDEs are enhancing the HER since their channels are

blocked for CO2, dry GDEs promote the HER due to the lack of an

efficient TPB and thereby lack of an efficient CO2RR.

Neither the increase of the PTFE content inside the GDE by a

factor of 5 nor the decrease of PTFE by half had a beneficial effect on

the performance of the GDE (Supporting Information: Figure S1). The

PTFE increase led to the complete loss of the functionality of the GDE

with H2 being the only detectable product, whereas the decrease of

PTFE produced CO with only a FE of 3% at −150mA∙cm−2. The

hydrophobicity of the electrode surface was further tuned through the

addition of PTFE after the initial spraying process, which was either

drop‐coated (113µl of a 1mg∙ml−1 PTFE suspension in ethanol) or

sprayed as an additional layer (spraying suspension without the

addition of Ag powder) on top of the GDE before the final heating step

(Scheme 1 IV). These modifications did also not increase the selectivity

for CO (3% and 6% FE for CO at −150mA∙cm−2). Thus, the wettability

of the electrode does not seem to be the main bottleneck for an

improved electrochemical performance of the sprayed Ag GDEs.

Furthermore, we investigated whether a decrease in pressure during

the preparation (Scheme 1 III) can modulate the porosity and the size

of the channels and thus provide not only a larger volume of the TPB

but also improve CO2 mass transport towards the reaction zone.

Decreasing the pressure from 160 to 100 bar and 60 bar shows a

significant effect on the product distribution. Whereas an electrode

pressed at 160 bar shows FEs for CO between 27% and 1% for current

densities between −25 and −150 mA∙cm−2 (Figure 1a), a GDE

fabricated at 100 bar shows a higher CO selectivity with FEs between

59% and 6% in the same current density range (Figure 1b). Further

decrease of the pressure to 60 bar does not improve the performance

further but comes at the expense of a decreased mechanical stability

(CO FEs between 66% and 6%).

SCHEME 1 Fabrication process of sprayed Ag‐GDEs starting
with the Ultra‐Turrax‐assisted preparation of the spray suspension (I)
followed by the automated spraying process with a computer and
step‐motor‐controlled custom‐made air‐brush nozzle (II), the
tempered pressing procedure (III), and the final heating step in a
furnace under ambient atmosphere (IV) in (a). Photographs of the Ag‐
GDEs at the different stages of the fabrication process (b). GDE, gas‐
diffusion electrode.
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The cross‐sections, which were obtained by FIB‐milling of the as‐

prepared electrodes, provided insight into the different pore systems.

The degree of porosity could be evaluated based on the visual

assessment of the images, where the ratio between pixels that belong

to the pore system and pixels that are part of the solid electrode

material was determined. The cross‐sections indicate a porosity of

39% for 100 bar pressure, which is 10% higher than for the 160 bar

equivalent. Changing the Ag base material to Ag flakes (Ag flakes

D29) created a denser film, which resulted in only 12% porosity and

reflected in comparably poor electrochemical CO2RR performance.

FEs for CO started at 34% for −25 mA∙cm−2 but quickly decreased to

7% at −50mA∙cm−2 and eventually dropped to 1% at the highest

current density. These results underline the effect of the porosity and

ultimately the Ag material of the GDE on its electrochemical CO2RR

performance. Based on these findings, the following electrodes were

prepared using a pressure of 100 bar and the initial Ag powder.

Since larger pores inside a GDE create less transport barriers and

hence less confinement of reaction species, it is expected that those

electrodes exhibit an increased mass transport of CO2 to and of CO

and H2 away from the reaction zone, which provides the basis for

improved reaction dynamics [20].

The previous results raise the question how mass transport could

be even further increased. One potential option lies in shorter

diffusion pathways by reducing the thickness of the electrodes.

Additionally, a reduction in thickness would automatically reduce the

surface area in the flooded part of the electrode, which is not

affecting the volume of the TPB but is predominantly available for

HER only. Electrodes optimised for ORR do not need to consider this

aspect due to less cathodic operation potentials, but it becomes

highly relevant for the CO2RR. By reducing the surface area where

only HER can occur, FEs for CO are expected to increase. The

automatic spraying setup allows to precisely control the amount of

F IGURE 1 CO2RR performance of different
Ag gas‐diffusion electrodes. FEs are plotted for
different current densities in mA∙cm−2 for CO
(green) and H2 (blue) in %. Ag powder 372 at
160 bar pressure (a) and 100 bar pressure (b) as
well as Ag flakes D29 at 100 bar pressure were
investigated. Corresponding FIB‐milled cross‐
sections with a s size of 35 × 15 µm2. Porosity
was derived using the ImageJ software. Scale bars
equal 10 µm.
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the sprayed material (Scheme 1 II) and hence the thickness. The initial

electrodes were sprayed with a total of eight layers (four on each side

of the Ni‐mesh) with 2mm increments in x‐ and y‐direction. At each

position 18 µl of the suspension were dispensed. First, the number of

sprayed layers was decreased to a total of four with two layers on

each side of the Ni‐mesh. These changes improved the CO2RR

significantly. The formation of CO was predominant at lower current

densities of −25 and −50mA∙cm−2 with FEs for H2 and CO of

10%–103% and 14%–94%, respectively. Total FEs of above 100%

are the result of measurement inaccuracies of approximately ±15%.

The product selectivity then changed to FEs of 48%–48% and

67%–29% with H2 as the major product at the higher current

densities of −100 and −150mA∙cm‐2 (Figure 2a). This raises the

question, if the change at higher current densities is solely the

consequence of potential‐induced flooding [21] of the electrode or

could also indicate a mass transport limitation of CO2 to the reaction

zone under increased product turnover. Therefore, the thickness was

reduced even further by changing the total number of layers to three,

with two layers on the side of the Ni‐mesh facing the electrolyte and

one layer on the gas‐feed side of the mesh. The results confirm that

the decreased thickness provides an improved performance at all

current densities. The product range was dominated by CO with FEs

for H2 and CO of 6%–109%, 5%–108%, and 26%–74% at −25, −50,

and −100mA∙cm−2, respectively. Only at −150mA∙cm−2 H2 was the

major product with a FE of 50 (Figure 2b). Further reduction of the

number of Ag layers to two layers (one on each side of the Ni mesh)

continued the trend (Figure 2c). To reduce the amount of sprayed Ag

suspension even more, the dispense volume of the layer facing the

gas feed side was decreased from 18 to 14 µl.

The performance of this electrode exceeds all previous electrodes

(Figure 2d). For the first time the GDE produced CO as the major

product throughout the whole range of current densities. FEs of

7%–103%, 5%–103%, 6%–97% and 17%–83% were obtained for

current densities between −25 and −150mA∙cm−2. The electrode

series (Figure 2a–d) clearly illustrates, how reducing the flooded

volume that is available for HER only, leads to an increase in selectivity

for CO. Whereas all electrodes perform relatively well at low current

densities, it is especially true for thicker electrodes that the parasitic

HER impairs the performance significantly at higher current densities

and hence more cathodic potentials. Thinner electrodes, which offer

less flooded electrode surface and thus deprive the HER of its basis,

suffer much less from this effect as evidenced by the stepwise

decrease of FE values for hydrogen at −150mA∙cm−2. We also

attempted to spray only one single layer on the Ni‐mesh side, which

faces the electrolyte. Even though a continuous film could be obtained,

the modification resulted in a steep decrease in CO2RR efficiency

F IGURE 2 CO2RR performance of different
Ag gas‐diffusion electrodes. FEs are plotted for
different current densities in mA∙cm−2 for CO
(green) and H2 (blue) in %. Different Ag layers
with 18 µl dispense volume at each spraying
location were investigated, 2 + 2 layers (a), 2 + 1
layers (b), 1 + 1 layers (c) and 1 + 1 layers with a
reduced dispense volume of 14 µl for one layer
(d). FE, Faradaic efficiency.
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(Supporting Information: Figure S2). This becomes especially clear at

−150mA∙cm−2, where H2 retakes the role as the major product. It can

be hypothesised, that in case of a single Ag layer the Ni‐mesh cannot

be fully covered, and that the exposed Ni surface contributes to the

overall reaction as an HER catalyst.

The observation raises the question to which extent the

observed hydrogen evolution can be attributed to the Ni mesh as

the current collector. Since Ag is electrically conductive by its metallic

nature, it is possible to replace the Ni‐mesh as the current collector

by a nonconductive and chemically stable substrate. Electrochemi-

cally inert polyether ether ketone (PEEK) was investigated as a

possible substitute (Supporting Information: Figure S3). The results

reveal a performance with lower selectivity for CO compared to the

electrode, which uses Ni‐mesh (Figure 2d). More H2 is produced with

FEs for H2 and CO of 48%–57% at −150mA∙cm−2. Importantly, this

result does not only indicate that the HER cannot be solely due to the

catalytic activity of partially exposed Ni‐mesh, but it suggests that it

predominantly originates from the parasitic side reaction on the Ag

GDE. The results clearly illustrate that in addition to the size of the

channels and the porosity of the electrode, its thickness plays a major

role in the electrochemical CO2RR performance.

A trend that is still observable at this stage, however, is that the

selectivity for CO decreases with increasing current densities and

thus measurement time. Ideally, an Ag GDE would exhibit high

selectivity for CO, which remains stable over prolonged periods of

time and performs irrespectively of the applied current density. After

the applied pressure during the fabrication and the number of

sprayed layers was optimised and it was shown that the choice of the

Ag material can have a significant effect on the performance of the

electrode, one more change in material was made to achieve an

improved selectivity over the whole range of applied current

densities. Since flakes did not show promising pore‐forming propert-

ies but the formation of a dense film (Figure 1c), another spherical Ag

powder was used (Ag powder 328X). According to the physical

specifications of the material, this powder exhibits a microcrystalline

structure with a high and roughened surface area despite a

comparably large particle size (Supporting Information: Figure S4).

Both properties are typically beneficial for the electrocatalytic

activity of a material. Additionally, since the tap density of

1.0–1.6 g∙cm−3 of the Ag powder 328X is lower than the equivalent

values of the Ag powder 372 (1.2–1.7 g∙cm−3) and much lower than

the one of the Ag flakes D29 (4.1–4.6 g∙cm−3) it is expected that the

resulting electrodes could also show a higher degree of porosity. The

final electrode was sprayed with two layers and a dispense volume of

18 µl to ensure a continuous film. An SEM micrograph of its cross‐

section confirms the 50 µm diameter of the Ni‐wire and shows that

electrode thickness varies between 135 µm where the wires overlap

and 90 µm in the gaps between the wires (Figure 3a).

The cross‐section, which was obtained through FIB milling,

reveals a slightly higher porosity of 41% with a clearly defined

channel structure (Figure 3b). A significant improvement can be

observed in terms of the electrochemical performance. The major

difference to the previous electrodes lies in the fact, that the

electrode based on the Ag powder 328X improves its performance

with increasing current densities. Where the initial FEs for H2 and CO

are 10%–101% at −25mA∙cm−2, the selectivity for CO increases to

FEs of 6%–105% at −50mA∙cm−2, 3%–102% at −100mA∙cm−2 and

reaches 2%–84% at a current density of −150mA∙cm−2. The obtained

results show the beneficial properties of the 328X material for the

Ag‐GDE fabrication. To investigate the electrode performance in

terms of stability, selectivity, and activity over a prolonged period of

time, CO2RR was performed for the duration of 10 h at a current

density of −100mA∙cm−2. The recorded potential of the working

electrode shows a stable value of around −0.57 V versus reversible

hydrogen electrode (Figure 4a) indicating not only a constant activity

F IGURE 3 SEM micrographs of the cross‐section through cutting
(a) and FIB‐milling (b). Electrochemical CO2RR performance of the 328X‐
based Ag gas‐diffusion electrode (c). FEs are plotted for different current
densities in mA∙cm‐2 for CO (green) and H2 (blue) in %.

F IGURE 4 Ten hour electrochemical CO2RR performance of the
328X‐based Ag gas‐diffusion electrode at −100mA∙cm−2. The iR‐
corrected working electrode potential versus RHE in V (a) and. FEs
are plotted for different times in min for CO (green) and H2 (blue) in %
(b). Orange line serves as guide to the eye.
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but also good mechanical as well as electrochemical stability.

Fluctuation spikes in the potential profile are due to sudden pressure

changes induced by the switching of an automatic valve that guides

the gas stream of either the bottom or top compartment of the

electrochemical cell to the gas chromatograph.

CO is the major product throughout the whole measurement.

With an initial FE for CO of 90%, the measurement reconfirms the

performance observed during the shorter measurement at

−100 mA∙cm−2. The change of the FEs in the following samples

shows a slight decrease in the selectivity for CO to 71% after

600 min, which results in an average FE for CO of 79% over the

course of the whole 10 h (Figure 4b). The experiment provides

evidence for a stable electrode operation and in conclusion

emphasises the importance of the optimisation process to enable

a successful transfer of the GDE functionality from one electro-

chemical reaction to another. This is especially relevant, if the

optimal reaction conditions depend on the porosity of the

electrode as well as the mass transport of reactant and product

species within the electrode, or, as for the CO2RR reaction the

possibility for a competitive parasitic reaction at the same

electrode potentials.

4 | CONCLUSION

The adaption of the fabrication process of airbrush‐sprayed Ag gas

diffusion electrodes from the ORR to the electrochemical CO2RR is

demonstrated. The findings indicate that the controlled modification

of the three core parameters (i) pressure, (ii) thickness, and (iii) nature

of the Ag material can change the functionality and improve the

performance of the electrodes significantly from initial predominantly

H2‐producing electrodes to efficient CO producing ones. The final

electrodes exhibit high selectivity for CO, which remains stable over

the course of 10 h with an average FE of 79%. The study underlines

that gas diffusion electrodes need to be precisely tailored for the

individual field of application before the desired performance can be

achieved. Evidently, transferring knowledge from GDEs for the ORR

to GDEs for the CO2RR requires the consideration of different

boundary conditions. In this context, the parasitic HER plays a major

role. Increasing porosity and decreasing the thickness reduces the

area of the electrode, which is not part of the TPB and is

predominantly responsible for the HER. Consequently, the HER can

be suppressed and a successful transfer of GDEs from ORR to CO2RR

is achieved.
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