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Toward Scalable Solutions for Silver-Based Gas Diffusion
Electrode Fabrication for the Electrochemical Conversion of

CO, — A Perspective

Simon Emken, K. Ashoke Raman, Alexander Bauer,* Violeta Karyofylli, Eva Jodat,

André Karl, and Riidiger-A. Eichel

The electrochemical reduction of carbon dioxide (eCO,R) has attracted
considerable research interest in recent years due to its potential application
in decarbonizing industry and transportation. Silver-based gas diffusion
electrodes (GDEs) are one of the most promising cathode variants for
electrolysis at industrially relevant current densities, producing carbon
monoxide (CO) with high Faradaic efficiencies (FE). A major challenge on the
way to commercialization of the technology is the scale-up of the cathode
designs. In this study, a systematic literature review of the published work on
eCO,R in the past decade (2015-2025) is performed to identify the main
techniques for the fabrication of silver-based GDEs and the design and
performance of the corresponding electrodes are summarized. The fabrication
methods in terms of scalability is compared and an overview of recent scaling

1. Introduction

The need for energy storage, energy carri-
ers, fuels, and basic chemicals with a fo-
cus on utilizing renewably generated elec-
tricity increases steadily due to the grow-
ing demands of Earth’s society and the
highly detrimental consequences of climate
change caused by excessive anthropogenic
carbon emissions. To mitigate the contin-
ued increase of the carbon dioxide con-
centration in the atmosphere, it is crucial
to steer away from both fossil-based en-
ergy sources and chemical feedstocks as
much as possible, and to reduce emissions

efforts is provided. Based on the findings, a perspective is provided on the
main challenges of scaling eCO,R and viable solutions are discussed. In
addition, recent advances in physics-based and data-driven modeling of
eCO,R are reviewed and discussed to give a perspective on how modeling
coupled with experimental work benefits the accelerated development and
paves the way for industrial deployment of CO, electrolyzers.
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by capturing carbon dioxide (CO,) from
point sources and directly from ambient
air.2] The electrochemical conversion of
CO, is considered to be a key technol-
ogy for the utilization of renewably gener-
ated electricity to produce valuable chemi-
cals, such as formic acid, ethylene, or car-
bon monoxide (CO), for example, while sig-
nificantly decreasing net CO, emissions.
The development of catalysts, electrodes,
and cell designs for this technology has gained steadily increasing
attention and relevance in the research community since 2010.!
The cathode is the key component in electrochemical CO, con-
version cells, and the best-performing variant is the gas diffusion
electrode (GDE), which was derived from polymer electrolyte fuel
cell technology development.!*-¢]

With respect to the future economic feasibility of electrochem-
ical CO, conversion, the key metrics to target are a low cell
voltage, comparable to proton exchange membrane (PEM) elec-
trolysis (<2 V), and reasonable stability (>5 years)’] at current
densities that exceed 200 mA cm=2.8 In a valorization study
in which CO was compared to formic acid or ethylene by Detz
et al,, it was estimated that by 2030, electrolytically produced CO
might be cost-competitive for specialty chemicals in comparison
to fossil-derived CO, for example.’! For detailed studies on eco-
nomic analyses, which are beyond the scope of this article, we
refer the readers to published works.l'%1!] Further, with respect
to research topics beyond the scope of silver-based GDE develop-
ment, we recommend considering some of the detailed review
articles.1-14]

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Overview of how physics-based and data-driven modeling can help pave the way for the commercialization of low-temperature CO, electrolysis.

In this perspective, we discuss the state of the art with re-
spect to the preparation of silver-based GDEs, specifically ap-
plied for the production of CO, as well as the structure-activity
relationships governing their performance. We conducted a sys-
tematic literature survey, focusing on the past decade of experi-
mental work. This information is complemented by an overview
of the most relevant works in the modeling and artificial intelli-
gence domains. We identify ink-based methods as the most com-
monly applied manufacturing techniques for silver-based GDEs
and found a significant catalyst loss in published works. The cata-
lyst loss not only leads to waste, which is discussed in the frame-
work of a potentially circular economy, but also to a mismatch
between the ink and catalyst layer composition. Further, we of-
fer our perspective on the preferred electrode and cell design, as
well as scaling efforts, in particular regarding which techniques
are best suited for electrode fabrication in continuous mode with
industrially relevant electrode dimensions. In our opinion, the
development of hybrid physics-based and artificial intelligence
(AI) models can greatly improve the development of CO, elec-
trolyzers toward commercialization.

Figure 1 shows the conceptual framework of this perspective:
As illustrated, understanding structure-activity relationships can
lead to enhanced electrode performance (Section 2.5). Moreover,
long-term stability and appropriate manufacturing techniques
are necessary for deployment on an industrial scale (Sections 3
and 4). Finally, physics-based and data-driven modeling can assist
optimization, prediction, and deduction processes in all stages
(Section 5).

2. Overview and State of the Art Regarding
Experimental Work on Silver-Based Gas Diffusion
Electrodes

The electroreduction of carbon dioxide to carbon monoxide is
a diverse area of research, which is also reflected in the variety
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of electrode designs used in electrolysis experiments. Based on
a systematic literature review, an overview of the current direc-
tions in the fabrication of silver-based electrodes for CO,-to-CO
electrolysis is given in this section.

2.1. Literature Analysis

A literature review of published work from the past 10 years
(2015-2025) was conducted to evaluate the electrode designs and
fabrication methods used in silver-based electroreduction of car-
bon dioxide. The methodology was similar to previously reported
studies.!’>1%] Accordingly, 477 publications were sourced by spec-
ifying a topic (“Electrochemical reduction of CO,” and varia-
tions/synonyms) and defining search terms with respect to the
abstracts (“Ag electrocatalyst” or “gas diffusion electrode” and
variations/synonyms) in Web of Science, as schematically shown
in Figure 2. Details of the Web of Science search, including a link,
are given in the Supporting Information. The keywords “gas dif-
fusion electrode” were added to include publications in which the
electrocatalyst was not specified in the abstract. Consequently,
studies in which silver-based catalysts were not used were ex-
cluded, resulting in 154 publications. To supplement the dataset,
additional publications were included by adding cited references
from the 154 publications that were reported in the main text of
the respective publications in tabular or graphical form for com-
parison. These references were only included if a silver-based
electrocatalyst was used in the respective study and the maxi-
mum reported partial current density for the formation of carbon
monoxide j(CO) exceeded 50 mA cm~2. Following this procedure,
a dataset of 166 publications was obtained. In the dataset, silver-
based tandem electrodes (Ag + other metal) were used in three
studies,['1] in one study, a silver-based electrocatalyst for the
conversion of CO, to multi-carbon products was investigated,!?°!
and in another study, indirect electroreduction via bromoethanol
was reported.?!l From these publications, only metadata on the
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Web of Science
Search 2015-2025, exclude review articles:

Topic:
Electrochemical reduction of CO, Abstract:
Or Electroreduction of CO, Ag electrocatalyst
And Or Ag catalyst

Or CO, electrolysis

Or CO, flow electrolysis Or Gas diffusion electrode

477 publications, 04.04.2025

[ Filter Ag-based electrocatalyst]

154 publications

Add references within references if in table or figure
(Ag-based electrocatalyst, j(CO) > 50 mA/cm?)

Analyzed dataset

166 publications

Metadata Duration + j(CO)

(Stability Experiment)

\
Max. j(CO)

Figure 2. Overview of the literature search workflow. 477 publications
were retrieved using Web of Science by filtering based on publication year
(2015-2025), topic, and abstract. Publications that did not feature Ag-
based electrocatalysts were excluded. In addition, cross-references that
were cited in the publications in tables or figures were included in the
dataset if Ag-based electrocatalysts were used and the partial current den-
sity for CO exceeded 50 mA cm™2.

experimental setup and the preparation method were extracted,
but not performance data. From the other studies with a focus on
CO,-t0-CO electrolysis, both metadata on the fabrication method
and cell operation and performance data, such as the duration of
long-term electrolysis experiments and the maximum reported
partial current density for CO generation (max. j(CO)), were ex-
tracted. The dataset, including extracted metadata and specific
data, is provided in the Supporting Information.

Figure 3a shows that most stability studies were conducted for
less than 24 h, with only 8 stability experiments lasting longer
than one week (168 h).

Figure 3b illustrates the electrode support materials used,
which have been grouped into five categories: Carbon-based gas
diffusion layers (GDLs) are by far the most widely used in CO,
electrolysis, although problems with stability (electrowetting,
flooding, and salt precipitation) were frequently reported.l?2-27]
The second most widely used electrode supports are metal foils
and plates (mainly Ag foils), which were used exclusively in H-
type cell experiments at lower current densities, since the elec-
troreduction is limited by the solubility and diffusion of CO, in
aqueous media.[?®?°] They were included in the dataset to provide
a broader overview of Ag-based electroreduction of CO,. Porous
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metals, meshes, or woven fabrics (all metal-based) were inves-
tigated as electrode substrates in 18 publications. Examples in-
clude Ag hollow fibers,*® Ag particles with PTFE deposited on
a Ni mesh,*" and commercial silver filtration membranes.*? In
addition, GDEs based on fluorinated polymer membranes (es-
pecially PTFE) are widely used, originally motivated by the po-
tential to overcome stability problems encountered with carbon-
based GDEs.*3*] The remaining publications either could not
be assigned to any of the four introduced electrode substrate cat-
egories, or there was no reported information on the electrode
structure and the substrate (12 publications). For instance, in
refs.[35-37] glassy carbon (carbon-based, but without a GDL) was
applied, and in ref. [38], a commercial electrode from Gaskatel
was used.

Figure 3c shows the reported cell size expressed by the geo-
metric electrode area in contact with the electrolyte. Only in three
studies was information on electrolyzers with a geometric active
electrode area greater than 50 cm? reported, while in 113 pub-
lications, the electrode area was below 10 cm? (predominantly
1 cm?, see literature dataset). The three studies with an electrode
area larger than 50 cm? include two papers by Endrédi et al.l3%40]
in which 61 cm? (stack) and 100 cm? cells were investigated, and
the study by Krause et al., in which a 300 cm? cell developed by
Siemens Energy was operated.[*!]

Figure 3d shows the catholyte/electrolyte used in three-
electrode setups, H-type cells, and GDE setups (in zero-gap and
membrane electrode assembly (MEA) configurations, only gas
is supplied to the cathode). Accordingly, KHCO, was most fre-
quently used in the dataset, indicating that most investigations
were conducted at near-neutral bulk pH. In the second group of
studies (25 publications), alkaline KOH was used as the catholyte,
with the advantage of suppressing detrimental hydrogen evolu-
tion and reducing the cell voltage, but inevitably favoring the car-
bonation of CO,, as shown in Equation (1).

2 OH, +CO, (y) = COT,, + H,0 (1)

Accordingly, alkaline catholyte cells do not operate under
steady state conditions, because there is a continuous consump-
tion of hydroxide ions. In addition, carbonate formation also oc-
curs in neutral bulk pH catholyte due to the generation of hydrox-
ide ions according to Equation (2).[124243]

€O,y + H,0 +2¢” > €O, + 20H, 2)
Depending on the cell architecture, these carbonate ions are
protonated to release CO, again in different parts of the cell.
In anion exchange membrane (AEM) cells, the carbonate ions
cross the membrane to react with the protons generated at the
anode, limiting the carbon conversion efficiency in these CO,-to-
CO electrolyzers to a maximum of 50%. Two hydroxide ions are
formed at the cathode per reduced CO, molecule, as shown in
Equation (2), which in turn form one carbonate ion as presented
in Equation (1).324244 Finally, it is noteworthy that in some stud-
ies, different salts were used, including a mixture of sulfuric acid
and potassium sulfate for the acidic electrolysis of CO,.[*5:4¢]
The cell types employed in the literature dataset are reported in
Figure 3e and have been classified according to the scheme pro-
posed by Alinejad et al., shown in Figure 4, with the exception
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Figure 3. Analysis of literature-based dataset on CO, electrolysis, including exclusively studies in which Ag-based electrocatalysts were used. Data
labels indicate the absolute number of publications. Note that the sum of the data labels does not always equal the number of publications in the
dataset (166), as not every aspect investigated was reported in each study. a) Reported electrolysis time in long-term experiments. b) Substrate used
for electrode fabrication. c) Cell size/geometric electrode area used. d) Catholyte used for non-MEA and non-zero-gap configurations. e) Cell type as a
function of publication year. f) Method of electrode preparation.
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Figure 4. Classification of cell configurations for the electroreduction of CO, proposed by Alinejad et al. Reproduced under terms of the CC-BY license.[47]
Copyright 2024, The Authors, published by Elsevier.
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Figure 5. Schematic of ink-based electrode fabrication methods: a) manual hand painting, b) drop casting, c) manual airbrushing, d) automated spray

coating, and e) ultrasonic spray coating.

that rudimentary three-electrode setups were included in the H-
cell category.[“’! In H-cells (Figure 4a), CO, must diffuse through
aliquid electrolyte to the cathode, while in the other three config-
urations, gaseous CO, is supplied to GDEs. In the typical GDE
configuration (Figure 4b), the anode and cathode compartments
of the cell are separated by a membrane, which also separates the
catholyte and anolyte streams.

To reduce the concentration overpotential of the cathode, the
liquid catholyte can be replaced by a humidified CO, supply,
which is the key feature of zero-gap designs (Figure 4c). The cath-
ode is then attached directly to the membrane.[**-5% This idea is
further developed in MEA cells, where both the anode and cath-
ode are in direct contact with the membrane (Figure 4d).51-54] It
should be noted that the classification scheme does not include
configurations where only the anode is configured as a zero-gap
design, as in ref. [55]. In addition, in some studies, microfluidic
cells were used without a membrane and only one electrolyte
that contacts both anode and cathode.[*7] For this analysis, both
configurations were associated with the conventional GDE setup
(Figure 4b).

From Figure 3e, it can be inferred that the use of zero-gap and
MEA designs has increased over the past 10 years and that H-
cell experiments are becoming less common. Furthermore, sev-
eral flow-through electrodes were used in configurations that are
identical or close to H-cell designs and have therefore been at-
tributed to H-cell setups, despite their characteristic direct supply
of gaseous CO, to the cathode.[3%:58-60]

Figure 3f shows the analysis of the electrode preparation meth-
ods. When multiple methods were employed to fabricate the
electrode in a single study, each of them was counted. Physi-
cal vapor deposition (PVD) methods (sputtering, electron beam
evaporation, and thermal evaporation) were used in 18 studies
to deposit thin films of catalyst materials onto GDLs.[3*61-63] In
addition, electrodeposition and impregnation/deposition tech-
niques were applied in several studies.®8] Electrooxidation
and reduction treatments were almost exclusively used to im-
plement microstructured surfaces of Ag foils and plates.[®-71
Notably, in two publications, the fabrication of porous sil-
ver substrates by dealloying of Ag—Al was reported.l’273] Fur-
thermore, commercial GDEs were used as cathodes in four
publications.[38337475]

Clearly, ink-based methods (highlighted in the ring in
Figure 3f) are at the forefront for the preparation of silver-based
electrodes in CO, electrolysis. These methods include a) manual
hand painting, b) drop casting, c¢) manual airbrushing, d) spray
coating, and e) ultrasonic spray coating, which are visualized in
Figure 5.

Adv. Funct. Mater. 2026, 36, €22386 €22386 (5 of 28)

Studies in which spray coating was reported as the preparation
method often lacked equipment specifications, leading to uncer-
tainty as to whether ultrasonic spray coating, an automated spray
coating process, or manual airbrushing was used. Therefore, it is
highly recommended to include a description of the spray coating
device in the experimental section. In this study, spray coating is
defined as an automated spray process, e.g., the automated air-
brush setup used in studiesl®®7631 is also associated with this
method. It should also be noted that the spin coating process
used in refs. [35,36] is attributed to the “drop casting” method,
because, according to the description given, the ink was applied
drop by drop, and equipment specifications were not mentioned.
From Figure 3f, it can be concluded that manual airbrushing was
most frequently used for the fabrication of Ag-based GDEs for the
electroreduction of CO,, followed by drop casting, spray coating,
and hand painting. Ultrasonic spray coating processes were used
in four studies only.

2.2. Catalyst Loss with Ink-based Methods: Mismatch Between
Ink and Catalyst Layer Composition

When ink-based methods are applied, the catalyst is usually dis-
persed, and a (pre-dissolved) binder polymer is added before
the mixture is ultrasonicated to homogeneously disperse the
nanoparticulate material. This ink is then deposited onto the elec-
trode substrate/GDL to obtain the catalyst layer.[2+526.82-85]
Figure 6 shows the extent to which the composition of the cat-
alyst layer was characterized in the studies in which ink-based
methods were used. Note that there is a discrepancy between the
total number of studies in Figure 6 (95) and the number of stud-
ies in which ink-based methods are used (Figure 3f, 98) because

Catalyst Layer Characterization
3/21

Il Not specified
Il \Veighing
\ I Not characterized
13 44 ICP-MS (Ag)
Il EDX (Ag)
[ ICP-0ES (Ag)
XRF (Ag)
XRF (Ag+lonomer)

24

Figure 6. Overview of the catalyst layer characterization techniques used
in the analyzed literature dataset.
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Figure 7. a) Ag nanoparticle/catalyst loss during electrode preparation by hand painting, drop casting, spray coating, and airbrushing. Catalyst loss was

calculated from information given in the experimental sections of the respective publications using Equation (3)

.[6,56,57,76,79,80,93—100] b) Relationship

between mass in ink and mass deposited on GDE by ultrasonic spray coating (Nadetech ND-SP equipped with ultrasonic nozzle) using Ag nanoparticles
+ 3.75 wt-% Aemion+ and only the ionomer in the ink. Ethanol/acetone 65:35 (wt/wt) was used as an ink solvent. For experimental details, see the

Supporting Information.

in two studies, multiple ink-based methods were used.!838] Tt is
common practice to report the mass loading by weighing the elec-
trode before and after the deposition process. However, in some
references, such information was not reported (“not character-
ized”). Only in one study was information on the composition
of the catalyst layer reported, by determining both the Ag load-
ing and the Nafion loading by X-ray fluorescence spectroscopy
(XRF). To our knowledge, there are no studies in which both the
mass loading (loading of Ag catalyst and ionomer) and elemental
analysis results regarding the Ag content (e.g., by inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) or mass
spectrometry (ICP-MS) or energy-dispersive X-ray spectroscopy
(EDX)) were reported, which in principle would also allow two-
component analysis. In most studies, the loading was reported,
but not the characterization method (“not specified”). Since no
apparatus was specified in these cases, likely, the electrodes were
simply weighed before and after the deposition process.

There can be significant variations in the composition of the
ink compared to the corresponding catalyst layers. For example,
Biihler et al. prepared IrO, +Nafion inks and sprayed them onto a
substrate by ultrasonic spray coating. After deposition, they per-
formed thermogravimetric analyses of the GDEs to determine
the Nafion content. Counterintuitively, the measured Nafion con-
tent was approximately five times higher than expected.!®’] Tt was
hypothesized that the significant deviation was caused by the pre-
cipitation of the dispersed catalyst nanoparticles in the syringe
and spray coater tubing during the spraying process, which is
supported by Mayerhofer et al.388%1 The described catalyst loss
can be considered as inherent to ink-based methods, as indicated
by Figure 7a. It shows the loss of catalyst material, which was
calculated in this study based on the reported experimental de-
tails of a selection of publications from the literature dataset. In
these studies, a detailed description of the experimental proce-
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dures was given, including the area of the sprayed-on substrate
A, the complete ink formulation (solid content m,;4), and the
measured loading (I, weighing of the electrode before and after
deposition or Ag analysis). The catalyst loss x (including addi-
tives, such as the ionomer and particulate carbon) is then calcu-
lated using Equation (3).

X = Mpg/solid — r-A (3)

when the electrode was weighed before and after deposition,
Mg soiq Tefers to the total mass of solid in the ink, while in the
case of elemental analysis, only the mass of Ag particles in the
ink is considered. Details of the experimental procedures, ink
formulations, and the calculated losses are given in the literature
dataset. Significant losses of catalyst material occur with all four
methods, ranging from 5% to over 90%. For the spray methods,
in addition to catalyst nanoparticle precipitation, a part of the loss
may also be due to spraying over the edges of the substrate, es-
pecially in the case of manual airbrushing. In view of these sig-
nificant losses, and in the context of the hypothesis invoked by
Biihler et al. and Mayerhofer et al., the composition of the catalyst
layer likely differs from the ink composition in many studies. The
extent of the deviation between the ink and catalyst layer compo-
sition likely varies depending on the experimental setup, e.g., the
spraying method used, the ultrasonication procedure, the spray-
ing time, etc. This deviation seems to be related to agglomeration
and/or sedimentation of the Ag nanoparticles and the ionomer.
Baumgartner et al. mitigated the expected precipitation of Ag
nanoparticles in the ink by roughly tripling the amount of re-
quired nanoparticles (desired loading of 1 mg cm™2 for 3 x 3
cm?, but 33 mg nanoparticles in the ink). A Nafion content of 20
wt% in the catalyst layer was desired, so 180 pl of a 5 wt% solu-
tion (~9 mg Nafion) was incorporated into the ink. Following the
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suggestion by Biihler et al. and Mayerhoéfer et al. that mainly
Ag nanoparticles precipitate, while the binder remains dis-
solved/dispersed, it is likely that the actual Nafion content in the
catalyst layer is significantly higher than in the ink.7981:91 n.
terestingly, even the use of an ultrasonic syringe, which is de-
signed to maintain dispersion during the spraying process, re-
sulted in a significant deviation between the ink and the catalyst
layer composition.[®]

To further explore the effect on the catalyst layer compo-
sition, silver GDEs were prepared in this study by ultrasonic
spray coating using a formulation containing silver nanoparti-
cles, Aemion+ HNN-9 ionomer, and ethanol/acetone, similar
to a formulation reported in the literature.>! Figure 7b shows
that when only the ionomer (Aemion+ HNN-9 is soluble in
ethanol/acetone) was in the ink, #90% of it was deposited on the
electrode. However, in the catalyst ink containing silver nanopar-
ticles and 3.75 wt% of the same ionomer (based on catalyst mass),
only 47% of the mass (Ag nanoparticles + ionomer) was de-
posited onto the electrode. Due to the high mass fraction of Ag
nanoparticles in the ink, a first approximation shows that half
of the silver nanoparticles were not deposited onto the electrode.
Based on our observations, the hypothesis by Biihler et al. and
Mayerhofer et al. that nanoparticle precipitation is the main cause
of the high losses is supported. In the Supporting Information,
a photograph (Figure S2, Supporting Information) is included,
which shows the precipitated nanoparticles remaining in the sy-
ringe after the spraying process. Assuming that ~90% of the
ionomer and ~50% of the silver nanoparticles were deposited
onto the electrode in our system, a 3.75 wt% ionomer content
in the ink resulted in almost double the content (6.3 wt%) in the
catalyst layer. In our opinion, this difference in composition is not
negligible, especially in light of recent studies emphasizing the
role of the ionomer with respect to the mass transport through
and the stability of GDEs.[>+86:91:92]

Besides using an ultrasonic syringe, the catalyst loss may
also be reduced by stabilizing the catalyst ink with polymeric
agents, e.g., functionalized methylcellulose on an industrial
level31191-1041 o1 by applying the ink via vacuum filtration in
lab-scale experiments,[1%51%] which can result in reduced losses
~25%.11%7] In addition, it was shown that for inks containing
iridium oxide nanoparticles that ball milling with zirconium
oxide beads can significantly increase the corresponding ink
stability.'%] In our opinion, the development of Ag-based metal
organic decomposition (MOD) inks also seems intriguing, as no
particulate matter is dispersed, but a dissolved precursor Ag-
complex is sprayed on the substrate, which is subsequently re-
duced at moderate temperatures (<150 °C).[1% In that case, it
will most likely be necessary to introduce sufficient porosity in
the catalyst layer.

2.2.1. Resource Demands and Recycling Strategies

Although silver is less expensive compared to other transition
metals like platinum and iridium, it is reasonable to assume
that the catalyst loss in the fabrication procedure of the cath-
ode will have a significant impact on the cost of the whole
electrolyzer unit. To give an estimation of Ag-usage per elec-
trolyzer power input, the performance data of the study by Shin
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et al. is considered (cell voltage 2.6 V, 500 mA cm~2, Ag load-
ing 2.0 mg cm™%), which is comparable to other recent techno-
economic assessments.!!1%112] Depending on the catalyst loss,
the Ag usage would vary between 1.5 (no catalyst loss) and 4.1
kg MW (63% catalyst loss, average from Figure 7a). Besides the
higher cost, the consequence on an industrial level would be the
implementation of process steps to retrieve the catalyst lost in
the fabrication. As these particles have agglomerated, recycling
would necessitate de-agglomeration and redispersion, e.g., by
bead milling and/or ultrasonication.[''>1*] Therefore, not com-
plicating the recycling process should also be considered a design
factor for catalyst inks.

It is worthwhile to discuss the material consumption for
cathode manufacturing also in the broader context of low-
temperature CO, electroreduction. As given in Table 1, we com-
pared the resource availability and cost of the commonly ap-
plied catalyst materials silver (carbon monoxide), copper (ethy-
lene, multicarbon products),3*115-17] tin, and bismuth (formic
acid)."7"191 As Ag, Cu, and Sn are metals used commercially
in large volumes, their end-of-life recycling rate is higher com-
pared to Bi. To put these data into perspective, we conducted a
simplified calculation of the metal demand for cathode manu-
facturing, based on the market size of the CO, electroreduction
products and the electrolyzer models by Shin et al. (metal load-
ing 2 mg cm~2).[1"% In this scenario, the installation of CO, elec-
trolyzers to fulfill current market requirements for CO, formic
acid, and ethylene would require 75.8 t Ag, 1240 t Cu, and 1.62
t of Sn or Bi, respectively. These demands represent shares of
the respective current annual mining production in the range
from several ppm to well below 1%. Overall, the brief discus-
sion suggests that metal resource limitations for the cathode
are not likely to be expected. Instead, the iridium potentially
used for the anode has to be seen as the limiting factor, which
is indeed discussed in the PEM water electrolysis literature.['20]
On the other hand, using abundant Ni as an anode catalyst
would circumvent these limitations (see Table S3, Supporting
Information).

Still, non-silver alternatives for the electrochemical conversion
of CO, to CO should be considered as a viable option to re-
duce raw material use and cost, especially considering future
market developments. In fact, the Silver Institute reported a
yearly silver deficit of ~3000-7000 t since 2021.[128] Moreover,
besides its use for jewelry and the photographic industry, sil-
ver is an important raw material in the strongly growing elec-
tronics and photovoltaics sector.'??] It was estimated that the
installation of 15-60 TW photovoltaic capacity by 2050 could
amount to using 85-98% of current global silver reserves. In
another study, it was highlighted that an annual increase of
the silver end-of-life recycling rate by 1% could eliminate the
supply shortage.[3¢131] Research with respect to silver alterna-
tives has focused on two directions: metal-free defective carbon
catalysts doped with heteroatoms,!32133] and single-atom cata-
lysts based primarily on first row transition metals like iron,
nickel, and cobalt.['3*13¢] Recently, dual and multi-atom catalysts
have also been studied for electrocatalytic applications, includ-
ing eCO,R.[137-140] These silver-free alternatives start to achieve
industrially relevant current densities. For example, a nitrogen-,
sulfur-, phosphor-doped porous carbon catalyst was tested suc-
cessfully in a flow cell for 14 h (180 mA cm™2, >90% FE(CO))!1*!]
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Table 1. Resource availability and recycling data of promising catalyst materials for low-temperature CO, electrolysis in the context of the market volume

of the corresponding CO, electroreduction product.

Parameter

Ag

CO, electroreduction product

Carbon monoxide

Abundance in Earth’s crust 0.07
(1074 wt-%)121]
World mining production (t)!1?2] 25000
Reserves (t)[122] 640000
Old scrap collection rate (%)['23] 76,77,
>802
Recycled content (%)[123] 20, 30, 32
End-of-life recycling rate (%)['2}] 58,97,
30-502
Price (US$ t~1)[124] 1504000
Catalyst demand per ton of annual production capacity 0.959
based on models by Shin et al.[""% (g t=T)
Market size of product (10° t) ~79°)
(2022)
Catalyst demand (t) (Share of world mining production, 75.8
ppm) (3031)

Cu Sn Bi
Ethylene (C,,) Formic acid Formic acid
47 2.5 0.009
23000000 300000 16000
980000000 >4200000 -
24,78 50 <12
20, 30, 37 22 -
43,53 75 <1
10233 34749 -
3.90 1.63 1.63°)
316.8 (2023)11%°] 0.995 0.995
(202401261 (2024)1126)
1240 1.62 1.62

(54) (5.4) (101)

2

Estimated by the United Nations Environment Programme expert group; Y The model by Shin et al. for formic acid included only Sn; we assume equal performance data

for a Bi-based electrocatalyst; 9 CO market size is estimated based on stoichiometry and the methanol market size of 90 Mio t in 2022.1'?7]

and a nickel-based single atom catalyst was tested for 120 h
(300 mA cm™2, 90% FE(CO))."*2143] The upscaling of the cata-
lyst synthesis methods will be a significant challenge.!140.144]

In the framework of a potentially circular economy, recover-
ing raw materials from the used GDEs is critical. To the best
of the authors’ knowledge, recycling strategies for silver-based
GDEs have not yet been investigated in the scientific literature.
The process design will depend heavily on the electrode structure
and composition. Nonetheless, it is likely that recycling strate-
gies for PEM water electrolysis MEAs can also be largely adopted
for silver-based GDEs and MEAs. Recently, a complete recycling
chain was reported for PEM water electrolyzer stacks, including a
leaching step with aqua regia.l'*] These leaching processes may
have a negative environmental impact (e.g., leaching with aqua
regia produces highly toxic and corrosive gases). As an alterna-
tive, Carmo et al. developed a recycling reactor in which the cata-
lyst layers were delaminated by an ultrasonic treatment in two
separate chambers while simultaneously preserving the mem-
brane. The membrane and the recycled catalyst particles were
also retested, with only slight performance losses observed in the
polarization curve.['*®! Such a process would be desirable also for
silver-based GDEs/MEAs. If performance losses become signif-
icant after recycling, a more sustainable leaching process could
utilize fatty acids, as recently demonstrated.!'*’]

2.3. Electrode Structures for CO, Electrolysis and their
Modification

Based on the definition of the electrode substrate classes in
Figure 3b, four categories of electrode structures used in low-
temperature CO, electrolysis can be defined as shown in
Figure 8. The first type is based on metal foils and plates and
can only be used in H-type cells due to the lack of a GDL
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(Figure 8a,b). This group of electrodes is typically prepared either
by performing electrochemical oxidation and reduction steps on
Ag foils and plates to obtain activated nanostructures on the
surfacel®70148.14] o1 by electrodepositing Ag particles from so-
lution onto the electrode.[67:68.150]

The second category represents a more diverse group of elec-
trodes based on porous metal structures, metal meshes, and
metal-based woven fabrics. This class of electrodes can be fur-
ther subdivided into three modifications: The first modification
can be characterized as monolithic silver membranes with pore
diameters ranging from a few hundred nanometers to 5 um
(Figure 8c). They can be synthesized by dealloying heterogeneous
Ag-Al alloys by immersion in hydrochloric acid7273! or purchased
commercially.[3>151152] The dealloying technique was described
in detail by Lu et al.[>3]

The second subclass is based on metal meshes and foams,
which were used as substrates for the deposition of silver nano-
and micromaterials (Figure 8d).#1%*] For example, a silver
mesh can be used directly after activation by electrooxidation,!*>]
or Ag can be deposited onto Cu and Ni meshes by impregnation
or electrodeposition.[¥% Finally, silver-based catalyst inks with
PTFE as the binder and methylcellulose as a coagulation inhibitor
were airbrushed onto Ni meshes and treated by hot pressing and
sintering to obtain a homogeneously micro-structured GDE with
PTFE-covered silver grains.31102103] The detailed methodology
was described by Moussalem et al.l'!]

Another modification can be denoted as silver hollow fibers,
which were fabricated by preparing a slurry composed of silver
particles and polyetherimide, which was treated by extrusion with
a spinning device, forming in a water bath for phase inversion
and subsequent calcination (Figure 8e).[30>]

The third category can be defined as carbon-based GDEs
and represents the electrode structure that is most used in
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Electrode categories
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Carbon-based
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Metal foil/plate Porous metal, mesh Fluorinated polymer

Carbon black current collector

Binder polymer
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Membrane
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Ag nanoparticles ™ ' GDL Ag catalyst
. catalys
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Figure 8. Schematic overview of the electrode structures used and modified in the literature dataset. Four main types are identified: Metal foils and
plates used in H-type cells, porous metals, meshes or woven fabrics, carbon-based and fluorinated polymer membrane-based GDEs: a) Schematic
representation of surface modified Ag foil, reproduced from ref. [156]. b) Scanning electron microscopy (SEM) image of modified Ag foil surface,!'>7]
c) SEM image of a commercial silver membrane,[3?] d) Focused ion beam (FIB)-SEM image of silver GDE based on Ni mesh,['>8] ¢) SEM image and
photograph of Ag hollow fiber electrode,[>15°] f) Schematic representation of a GDE based on binder-coated silver nanoparticles, reproduced from ref.
[54]. g) Scheme of a GDE with a thin Ag catalyst layer, reproduced from ref. [160]. h) Scheme of ionomer-bound silver nanoparticles on carbon black
particle, reproduced from ref. [161]. i) Silver GDE based on PTFE membrane. reproduced from.[>3] Reprinted with permission from cited references

|:

e)

(b,c,d). Reproduced under terms of the CC-BY license (e).

low-temperature CO, electrolysis (see Figure 3). It is typically
based on the combination of three building blocks: A carbon
fiber substrate, often referred to as the carbon fiber layer (CFL)
or a macroporous substrate (MPS), which serves as the GDL;
a microporous layer (MPL), and the catalyst layer itself. Both
layers may contain hydrophobic binders, such as polytetrafluo-
roethylene (PTFE), to increase the hydrophobicity and thus de-
crease the selectivity toward hydrogen evolution.7681:1621 Within
the dataset, the GDL was prepared in-house in three studies only,
while in most studies, commercially available gas diffusion sub-
strates were used.[6676.163]

Accordingly, we do not focus on modifications of the GDL or
microporous layer (e.g., content of hydrophobic agent, perme-
ability, woven or nonwoven, etc.) to subdivide the broad class of
carbon-based GDEs. Instead, structural modifications of the cat-
alyst layer that was deposited on top of the carbon support are
considered.

In the dataset, three subgroups of carbon-based GDEs can
be defined. The most commonly used structure was prepared
by ink-based methods using Ag nanoparticles in combina-
tion with a binder polymer (both ionic and non-ionic, such
as PTFE) to obtain a homogeneous catalyst layer (Figure 8f).
The catalyst layer can be thought of as a distribution of sil-
ver nanoparticles coated with or embedded in the binder
polymen[17,18,20,24,45,5],52,54—57,76,78—81,83,85,86,90,93,97,99,100,162—183]

The binder materials applied in the literature dataset are re-
ported in Figure 9, which shows that Nafion was most frequently
used for ink preparation and to bind the catalyst to the GDL.
Furthermore, Sustainion, PTFE, and Piperion binders were also
used. The frequent use of perfluoroalkyl substances (PFAS) in
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the catalyst layer (e.g., Nafion, PTFE) but also in the MPL of
most carbon GDLs (e.g., PTFE) is problematic considering their
toxicity and bioaccumulation properties. In its 2020 Chemical
Strategy for Sustainability, the European Commission has pro-
posed a ban on PFAS in applications that are not considered
“essential for society”.'818] Correspondingly, it may be antic-
ipated that future restrictions also affect Nafion and PTFE for
Ag-based GDEs, which necessitates the development of alter-
natives. Recent studies comparing binding agents in the cata-
lyst layer have shown that fluorine-free binders like Sustainion,
PiperION, or Fumion can achieve comparable performance at
low current densities.[?4883180] Furthermore, a current density
of 1004 mA cm~2 for CO formation was achieved with PiperlON
employed as a binder by Endrédi et al.?? Von Tettau et al.

Hl \afion®
I PTFE
I Sustainion®

PiperlON®
B Fumion®
63 [ Aquivion®
. Aemion®

Other

Figure 9. Binder polymer materials used in the catalyst layer as derived
from the analyzed literature dataset.
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propose partially fluorinated polymers like polyvinylidene fluo-
ride and polyfluoropolyethers or silicone materials as an alterna-
tive to PTFE in the GDL, albeit for PEM MEAs, which can cer-
tainly be transferred to eCO,R systems.!!%]

The second sub-group introduces the application of the cata-
lyst without a binder polymer, typically performed via electrode-
position or physical vapor deposition methods to obtain a thin
film of silver on the GDL surface (Figure 8g).[1%:50:61-63,188-197]

While the first two subgroups represent electrode structures
with a rather smooth catalyst surface, the last subgroup is
based on the incorporation of carbon black powder as a cat-
alyst support for silver nanoparticles in order to increase the
active surface area of the catalyst material (Figure 8h). Typi-
cally, the carbon black was first mixed with the silver nanopar-
ticles to obtain a supported catalyst, which was then applied
to the GDL.[6:22:26:48:49,82,84.94.96.98,198-210] The gurface-enhancing ef-
fect was also exploited by using carbon nanotubes as a catalyst
support.77211]

The final category identifies GDEs based on fluorinated poly-
mer membranes (mainly PTFE, but also polyvinylidene flu-
oride (PVDF)), which act as a GDL (Figure 8i). The typical
preparation method for PTFE-based GDEs was introduced by
Dinh et al. with two objectives: To avoid flooding that oc-
curs in carbon-based GDLs and to decouple the current flux
and CO, mass transport pathways. Accordingly, a sputtered
Ag catalyst layer was sandwiched between a PTFE membrane
as the GDL and a sprayed carbon black layer as a current
collector.33) Similar multilayer structures, including the substi-
tution of carbon nanotubes for carbon black or electrodeposited
instead of sputtered Ag catalyst layers, were applied by other
authors.[212-220]

2.4. Performance Analysis

In this section, the performance of the above classified elec-
trode structures/substrate types is evaluated. The maximum re-
ported partial current density for carbon monoxide formation,
max. j(CO), and the duration as well as the applied partial current
density for CO generation in extended laboratory experiments
were extracted either from plots (visual observation) or from re-
ported values.

Figure 10a,b shows the maximum reported j(CO) as a func-
tion of the electrode substrate and the cell type/test environ-
ment, respectively. The average reported max. j(CO) (square)
was in the same range for carbon-based, porous metal-based,
and fluorinated polymer membrane-based GDEs, 231, 181, and
245 mA cm™2, respectively. For metal foils or plates, the max.
reported current density did not exceed 65 mA cm=2, which is
in good agreement with the limiting current density for CO,
electroreduction to CO in aqueous systems based on the semi-
infinite diffusion model, i.e., 60 mA cm=2.122222 The four data
points corresponding to an electrode structure that could not be
assigned to any of the four classes were in the range of 0-200
mA cm~2 and thus do not compete with the performance of the
three GDE groups.

Despite the similar average max. j(CO) of the three
GDE groups, only in the studies with carbon-based
GDEs, current densities of 500-700 mA cm™? were also
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reported.[395480.97-99.162.223.224]  Fyrthermore, one of the two
highest partial current densities for CO formation in the
analyzed dataset, i.e., 1004 mA c¢cm™2, was achieved with a
carbon-based GDE by Endrédi et al.**! A similar max. j(CO) of
~1000 mA cm~? was achieved in the dataset with a GDE based
on a PTFE membrane, as reported by Edwards et al. The group
sputtered a 500 nm thick Ag layer onto the PTFE membrane and
sprayed a Nafion-bound carbon black layer on top."]

Figure 10b shows the same data regarding max. j(CO) as a
function of the cell type employed. As expected for H-cell stud-
ies, in most publications, current densities did not exceed 100
mA cm™2. In five studies, current densities between 100 and 300
mA cm~? were reported, which can be explained by the use of
GDEs, which were mainly operated in flow-through mode us-
ing an H-cell setup.[3%°8-6064] The average reported max. j(CO) for
the three cell types that typically employ a GDE, the conventional
GDE setup cells, the zero-gap cells, and the MEA cells were 266,
374, and 222 mA cm2, respectively. An evaluation of the three
cell types in terms of their performance based on the data should
be treated with caution, because the cell types were tested under
different experimental conditions, e.g., electrolyte composition,
feed rate, etc.

In Figure 10c,d, the extracted data on the duration of the ex-
tended laboratory electrolysis experiments and the correspond-
ing partial current density of CO, j(CO), in these experiments,
are shown. Note that the partial current density for CO forma-
tion at the end of the extended electrolysis experiment was con-
sidered, e.g., in a galvanostatic experiment with a total current
density of 100 mA cm™2, with decreasing FE(CO) from 95%
to 60%, 60 mA cm~2 was considered as j(CO). The average re-
ported partial current density for the CO formation at the end
of the stability tests was 134, 130, and 143 mA cm™? for the
carbon-based, metal-based, and fluorinated polymer-based elec-
trodes, respectively. Stability tests for electrodes based on metal
foils and plates were performed at much lower current densi-
ties (average j(CO) 7 mA cm™2). On the other hand, the du-
ration of the extended laboratory experiments varied between
the three classes of GDEs. For carbon-based, porous metal-
based, and fluorinated polymer-based GDEs, the average re-
ported duration of the stability experiments was 181, 442, and
45 h, respectively. At the same time, the two longest labora-
tory experiments in the analyzed dataset, i.e., 4380 h reported
by Kutz et al. and 3800 h reported by Liu et al., were per-
formed using a carbon-based GDE.I”** The stability of GDEs
is discussed in more detail in Section 3. In Figure 10d, the
same stability data were resolved as a function of the cell type
employed. The average partial current density for the forma-
tion of CO for the three cell types that typically employ GDEs
(conventional GDE, zero-gap, and MEA designs) was 128, 226,
and 157 mA cm™2, respectively. At the same time, the aver-
age reported duration of the stability experiments was 154,
16, and 413 h, respectively (for conventional GDE, zero-gap,
and MEA designs). Accordingly, while the zero-gap design was
tested at higher current densities on average, the duration of
the reported stability experiment was shorter compared to the
conventional GDE design and the MEA design. On the other
hand, the H-cell configuration was only tested at lower cur-
rent densities and shorter electrolysis durations. The analysis
shows that all three identified GDE categories are promising
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Figure 10. Performance analysis of the literature-based CO, electrolysis dataset, including only studies in which Ag-based electrocatalysts were used.
Both original scatterplot data (left) and box plots (right) are shown for each entry. Note that for each box plot, the line indicates the median, the square
indicates the mean, the box indicates the 25-75% percentile, and the whiskers indicate the min/max range. a) Maximum reported partial current density
for carbon monoxide formation, j(CO), as a function of electrode substrate. b) Maximum j(CO) as a function of cell type. c) Duration of long-term
experiments and j(CO) at the end of the experiment as a function of electrode substrate. d) Duration of long-term experiments and j(CO) at the end of

the experiment as a function of cell type.

candidates for low-temperature CO, electrolysis based on the
reported maximum. j(CO) and stability. Nevertheless, the longest
operation of CO, electrolysis was reported with carbon-based
GDEs.

For the commercialization of the low-temperature electrolysis
of CO,, techno-economic analyses suggested that a current den-
sity of 200-300 mA cm~2 must be exceeded.!??>22%] In the recent
techno-economic analysis by Shin et al., it was pointed out that
higher current densities in the range of 300-700 mA cm™ can
significantly reduce the production cost of carbon monoxide and
other reduction products.['1%]

CO, electrolysis at higher current density has been achieved
only recently.">] Table 2 summarizes the studies in the literature
dataset in which partial current densities for carbon monoxide
formation above 500 mA cm~2 were reported. In addition, three
studies have been added that were not found in the Web of Sci-
ence search due to different topics and abstract specifications,
and/or terminology.[1>%227:228]

Adv. Funct. Mater. 2026, 36, e22336 €22386 (11 of 28)

2.5. Structure-Activity Relationships and Learnings from in situ
and in operando Characterizations

In the following section, structure-activity relationships concern-
ing electrocatalyst and electrode properties in the context of
silver-based GDEs are discussed, as well as key findings from
recent in situ and in operando studies. The authors emphasize
that this discussion is by no means exhaustive. Therefore, read-
ers interested in in-depth insights, e.g., discussions regarding
reaction mechanisms, are referred to published works, such
as review articles that describe the state of the art in those
felds.[229230]

Structure-activity relationships for the Ag-based electroreduc-
tion of CO, have been reported on different scales of the (gas
diffusion) electrode as given in Table 3.

Silver-based catalysts are highly selective and enable low ki-
netic overpotentials for CO, to CO conversion compared to other
metals. Based on a study carried out with well-defined surface

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Table 2. Studies featuring partial current densities for the formation of CO, j(CO) > 500 mA cm~2 on silver-based GDEs. Except for the studies by
Edwards et al. (50 bar), Endrédi et al. (60 °C), Samu et al. (60 °C), and Sun et al. (55 °C), electrolysis experiments were performed at ambient pressure

and temperature, or experimental conditions were not specified.

Author Cell type j(CO) [mA cm2] FE(CO) [%] Catholyte Electrode structure Refs.
Lietal H-cell (Flow-through) 4300 95 3 M KCl+0.05m H,SO, Porous metal (Ag hollow fiber) [159]
Wen et al. FTDT cell ~2970 88 0.5 M KHCO,4 Carbon-based [227]
Lietal. GDE setup ~1080 ~90 1 m KOH Carbon-based [228]
Endrédi et al. Zero-gap 1004 ~91 - Carbon-based [39]
Edwards et al. GDE setup 941 ~60 5 M KOH Fluorinated polymer membrane [220]
Chen et al. GDE setup ~700 ~93 1M KOH Carbon-based [97]
Samu et al. MEA ~650 ~96 - Carbon-based [162]
Zhang et al. GDE setup ~650 - 4 ™M KCl (pH =2) Carbon-based [223]
de Jesus Zero-gap ~600 70 - Carbon-based [98]

Gélvez-Vazquez

etal.
Bhargava et al. GDE setup ~580 ~100 2 M KOH Carbon-based [80]
Du et al. MEA ~540 ~90 - Carbon-based [54]
Sun et al. MEA ~520 ~75 - Carbon-based [224]
Zhang et al. GDE setup ~500 ~90 1 m KOH Carbon-based [99]

structures enabled by Ag-coated single-crystal Si wafers, it was
found that an Ag(110) thin film performs more favorably rela-
tive to Ag(100) or Ag(111), as evidenced by an increased partial
CO current density.3! This was rationalized by the surface steps
being more active than more highly coordinated terraces, which
was supported by DFT calculations.

A higher binding energy achieved with the Ag(110) surface
structure with respect to the important intermediate *COOH,
in concert with an enhanced double-layer electric field stabiliza-
tion over undercoordinated surface atoms located at step edge
defects, are the main factors. Beyond metallic nanoparticulate sil-
ver, silver-based single-atom catalysts enable the engineering of

the active site on the atomic level. For instance, Ag single atoms
have been coordinated with polyaniline, forming the anchoring
sites.[23%]

The amino group (—NH—) of the polymer exhibits a strong
electron donation ability, which favors the electron transfers dur-
ing CO, reduction. Further, this functional group improves the
CO, activation and the adsorption of *COOH. Both factors con-
tributed to superior selectivity compared to a silver-based GDE
with no polyaniline modification (~100% vs ~54% at —0.75 V vs
RHE).

Significant research efforts have been allocated in recent years
to the surface modification of metallic silver catalysts with the

Table 3. Structure-activity relationships on different scales of Ag-based (gas diffusion) electrodes.

Scale Study

Structure-activity relationship

Catalyst Clark et al.I21] (2019)

Increased CO partial current density for Ag(110) compared to Ag(100) and Ag(111), rationalized by

higher binding affinity and electric field stabilization according to DFT calculations.

Zhang et al.1?32] (2024)

Catalyst surface Li et al.[?28] (2025)

Ag single atom catalyst coordinated by polyaniline-based anchoring sites: Electron donation of the

amino-group facilitated electron transfer

Integration of molecular indigo derivatives with redox-active CO, binding sites at the Ag catalyst

interface significantly reduces the onset potential for CO, reduction to CO, which is rationalized by

their synergistic complexation/activation of CO, and the resulting increased availability of *CO,~ and

Abdinejad et al.[33] (2022)

*COOH intermediates

Electrografted pyridines on Ag surfaces decrease the CO, reduction onset potential by 200 mV and

increase the activity tenfold, which was rationalized by the CO, capture ability of the pyridines.

Jiang et al.l'®1 (2017)

Bound O-atoms on Ag surface increase selectivity for CO production from ~20% to 90% at ~—0.95 V

vs RHE. High electron affinity of the O-atoms: Reduction of electron density at Ag sites, favoring

Reaction environment Ko et al.[234] (2024)

Du et al.l’*] (2022)

*CO,~ adsorption.

Oleylamine: Reduction of water volume fraction in GDE during operation

Catalyst particles coated uniformly with ionomer (synthesis of Ag nanoparticles with co-dissolved

ionomer) significantly outperformed GDEs based on ultrasonicated mixtures of Ag and ionomer.

MPL Wu et al.[] (2022)

CFL Baumgartner et al.3' (2022)

Low current densities: Thin MPL is advantageous for CO, mass transport. High current densities: Thick

MPL is advantageous for flooding resistance

Broad bimodal pore size distribution is beneficial for diffusivity

Adv. Funct. Mater. 2026, 36, e22336 €22386 (12 of 28)
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Figure 11. a) In operando Fourier transformed EXAFS spectra and fit of Ag,O precatalyst termed Ag-D under electrolysis conditions. b) SEM images of
Ag foil and Ag-D catalyst after 2 h electrolysis.I?'%l ¢) Linear relationship between the onset potential of CO, capture in aprotic and aqueous electrolyte
for functionalized indigos. d) Activity of Ag nanoparticles modified with functionalized indigos.[??%] ) Tafel slopes for CO, electroreduction on Ag
surfaces!?*®] Reproduced under terms of the CC-BY (a,b,e) and CC-BY-NC-ND (c,d) license.

aim of tuning their electronic and structural properties in favor
of CO, reduction.

Indigos (organic pigments) can be utilized through their elec-
trochemical activation to intensify the activation of CO, and for-
mation of key intermediates in conjunction with Ag nanoparti-
cles (Figure 11¢,d).[2”®) The resulting local surface environment
leads to a bent configuration of the CO, molecule, which reduces
the activation energy. Indigo derivatives withdraw electron den-
sity from adjacent Ag sites, reducing the overpotential for CO for-
mation, which can be related to the onset potential for CO, cap-
ture. The adsorption energy was increased threefold with indigo-
functionalized silver (from ~—0.21 eV to ~—0.64 eV), which re-
duces the energy required for activation of *CO,~. Compared to
an unmodified Ag catalyst, there was a positive potential shift of
~70 mV at 25 mA cm~2, and ~180 mV at 150 mA cm™2, respec-
tively. At current densities below 100 mA cm~2 the modified cat-
alyst exhibited a Faradaic efficiency of roughly 95%, outperform-
ing the reference sample by 5%. The modified catalyst upheld
this level of performance at 200 mA cm~2, whereas the plain sil-
ver yielded a drop in the Faradaic efficiency to ~85%.

Electrografted pyridines on Ag were tested at current densities
of up to 200 mA cm~2. Pyridine was attached to the surface by way

Adv. Funct. Mater. 2026, 36, e22336 €22386 (13 of 28)

of electrografting utilizing diazonium salt chemistry.?*}] A 200
mV shift of the onset potential was observed relative to the un-
modified silver electrode, as well as a roughly ten times increased
current density at —0.7 V vs RHE (~0.3 to ~#3 mA cm™2). The par-
tial current density for the HER was consistently higher when the
bare silver electrode was employed, particularly at higher current
densities of 150-200 mA cm~2. To fabricate the GDE, a thin Ag
film was sputtered onto a GDL. A MEA-based single cell was run
with 1 m KOH as the anolyte. Up to 50 mA cm~2, the GDE mod-
ified by electrografting clearly performed better as indicated by a
lower cell voltage. However, at 100 mA cm~ and also at higher
current densities, the cell voltage was not stable and started to
drift, which also led to a reversal in performance, i.e., the un-
modified electrode yielded a lower cell voltage at 200 mA cm™2.
Reaction mechanisms were explored by applying attenuated total
reflectance surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) and DFT calculations. In the case of Ag with
electrografted pyridine, an increased intensity in the peak corre-
sponding to *CO,~ compared to bare Ag was measured, which
was rationalized by their CO, capture ability.

The environment adjacent to the active sites is also very im-
portant. Here, the local distribution of ionomers or polymeric

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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binders is crucial to control the hydrophobicity of the cata-
lyst surface. For instance, it was shown that the synthesis of
Ag nanoparticles in the presence of co-dissolved ionomer re-
sults in uniformly coated catalyst nanoparticles, as supported
by SEM and FIB-SEM imaging. By contrast, when the ionomer
and Ag nanoparticles are only ultrasonicated after mixing, the
ionomer tends to accumulate on the surface. In fact, electrochem-
ical impedance spectroscopy (EIS) showed significantly higher
charge transfer and diffusion resistance in the latter case. The
GDE based on the uniformly coated Ag particles showed 90%
Faradaic efficiency for CO compared to 45% obtained with the
reference sample at 600 mA cm~2.°*] The hydrophobicity of the
catalyst layer can be tuned via functionalization with hydropho-
bic ligands like oleylamine.[”**) In a recent study, it was found
that the functionalization of Ag nanoparticles with oleylamine in-
creased the GDE hydrophobicity under working potentials. Cor-
respondingly, the volume fraction of water penetrating the GDE
was significantly reduced, as indicated by in situ/in operando syn-
chrotron computed tomographs.

With respect to electrode design, the key objective is to prevent
flooding while allowing sufficient transport of CO, to the active
sites in the catalyst layer. Both depend on the structure of the
gas diffusion layer, its hydrophobicity and thickness, as well as
possible cracks, ultimately determining the location of the triple
phase boundary.?3¢237] GDEs can only be operated within a cer-
tain differential pressure window, and there is a trade-off between
flooding resistance and mass transfer capabilities. The key com-
ponent is the microporous layer between the catalyst layer and
the GDL.I] At relatively low current densities, a thin MPL leads
to a higher concentration of CO, in the catalyst, while a thick MPL
improves flooding resistance, which is key at high current den-
sities. With respect to the fibrous structure of the gas diffusion
layer, one study revealed that a broad bimodal pore size distribu-
tion is advantageous, with small pores (10 um) between individ-
ual fibers and large pores (85 um) between fiber bundles. This
bimodal distribution is beneficial for reactant diffusivity.3!]

Recently, cell designs and spectroscopic and microscopic tech-
niques have been successfully adapted to enable in situ and in
operando investigations of the electroreduction of CO,, in part
also up to high current densities, as summarized in Table 4 with
the respective key findings of each study. The applied techniques
include electrochemical impedance spectroscopy, microscopic
techniques like electrochemical atomic force microscopy (EC-
AFM) and confocal fluorescence microscopy (CFM), and spec-
troscopic techniques like X-ray absorption spectroscopy (XAS),
a series of infrared-based techniques (see list of abbreviations),
Raman spectroscopy (RS), and nuclear magnetic resonance spec-
troscopy (NMR).

As an example for microscopy techniques, Nesbitt and Smith
have used in operando EC-AFM measurements to monitor Cu and
Ag GDEs at —100 mA cm~2, finding that the topography is stable
under the operating conditions tested.!'””] Welch et al. were able
to show that the local pH in the cracks of catalyst-coated GDLs
is significantly higher compared to surface values by applying in
operando CFM.[1238]

Using in operando Fast XAS Wu et al.[?'% observed the struc-
ture evolution of an Ag, O precatalyst during CO, reduction. The
transient Extended X-ray Absorption Fine Structure spectra (EX-
AFS) shown in Figure 11a indicated the reduction to metallic Ag.

210
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In Figure 11b, SEM images of Ag foil and the in situ formed Ag
catalyst termed Ag-D are shown, each after 2 h of electrolysis.
Analysis of the coordination number (CN) by fitting the EXAFS
spectra revealed a significantly lower CN for the Ag-D catalyst
(~7.2) compared to the CN in Ag foil (12) after 30 min, which was
interpreted as a high defect concentration. Accordingly, the high
defect concentration was linked to the superior performance.

Despite approaching industrially relevant performance data,
CO, electroreduction on Ag surfaces is not yet fully understood
on a mechanistic level. Boutin and Haussener have conducted a
meta-analysis of published data on in situ infrared spectroscopy,
Tafel slopes, and kinetic isotope effects to investigate the rate-
determining step of the electrochemical reduction of CO, on
Ag surfaces.?%] After analyzing 28 in situ infrared spectroscopy
studies, they conclude that the reaction of the surface interme-
diate *CO,~ is very unlikely to be the limiting step. The surface
species have not been detected, except in one study, where the
authors indicate confusion was likely. Instead, based on the Tafel
slope (%120 mV dec™!) at potentials lower than —0.6 V vs RHE
(Figure 13e) significant evidence was found for the one-electron
transfer to CO, being the rate-limiting step. This is also in agree-
ment with the absence of any kinetic isotope effect when deuter-
ated water was used and the observed zero-order reaction for H*
and HCO; ™. Nonetheless, the question of why the Tafel slope de-
creases to ~60 mV dec™! for potentials higher than —0.4 V vs RHE
is still unanswered, demanding further research.

In situ and in operando spectroscopy and microscopy tech-
niques can provide a deeper understanding of catalyst structure
development, local variations of activity, and underlying mecha-
nistic principles.[2*]

Furthermore, a correlative approach linking different char-
acterization techniques can help in deciphering underlying
structure-activity relationships.21%) Nonetheless, cell designs
have to be significantly modified to enable these characteriza-
tions, possibly imposing different local conditions compared to
cells designed to produce CO for customers.

The systematic literature review presented in this work shows
that ink-based methods are the standard technique for the prepa-
ration of silver-based GDEs. Two main problems have been iden-
tified with the current methods: First, a high catalyst loss during
the preparation process is often reported (Figure 7).

Therefore, it should not only be the aim to minimize the cata-
lyst loading on the electrode itself, but also to minimize the cat-
alyst waste during the preparation of the GDE. Second, a signif-
icant mismatch between the ink and catalyst composition was
identified, which is problematic as the composition of the catalyst
layer was usually not analyzed (Figure 6). Most likely, the differ-
ent agglomeration and sedimentation tendencies of the ionomer
and the Ag nanoparticles resulted in deviations between the cat-
alyst ink and the catalyst layer composition.!¥”-%] Since these de-
viations depend on the experimental methodology, it is strongly
recommended to report the experimental details of the ink-based
methods. Despite the excellent intrinsic activity and selectivity of
Ag itself, recent studies investigating structure-activity relation-
ships showed that there is still room for optimization of Ag ac-
tive sites. The surface modification with moieties able to electro-
chemically capture CO,, e.g., indigos and pyridines, has shown
promising activity and selectivity improvements. These interfa-
cial design strategies not only affect the electrode performance
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Figure 12. Overview of long-term operation studies as a function of active
cell area. Publications with t < 500 h were excluded. Based on reported
data by Liu et al.,[l Kaczur et al.,[?#4] Kutz et al.,[?3] Haas et al.,[”*] Krause
et al.l*! and Jeanty et al.[?’]

but are also directly tied to the feasibility of moving the elec-
trode design from the lab to the industrial scale. Whereas the
indigo-based modification relied on ultrasonic mixing and spray
coating -methods compatible with scale-up- the electrografting-
based modification involved diazotization and electrochemical
reduction, processes that are less easily adapted to large-scale
manufacturing.[22823] Correspondingly, for large-scale fabrica-
tion, the cost of introducing these moieties (electrografting, syn-
thesis of promoting polymers, etc.), their compatibility with con-
tinuous manufacturing processes, and also their long-term sta-
bility will mainly determine their suitability for future applica-
tion. To provide more detailed information, studies reporting on
extended operating times are discussed in the following section.

3. Long-Term Operation Studies, Scale-Up, and
Stack Development

Most published experiments related to silver-based GDE develop-
ment and testing at the lab scale lasted several hours at most. It is
important to study the long-term behavior of such electrodes in
full cell experiments to be able to predict the lifetime and to better
understand degradation phenomena. Extended operating times
were reported by Haas et al. (1200 h, cell voltage 7-7.5 V,[74) and
Krause et al. (1500 h, cell voltage ~7 V,[*!)), and the Faradaic ef-
ficiencies at 300 mA cm™2 were 60% and 90%, respectively, with
10 cm? cells. Long-term operation studies are summarized in
Figure 12.

A high CO selectivity of 95-98% was reported for a 5 cm? cell,
which ran continuously over 3800 h at 200 mA cm~2.1°*] The cor-
responding voltage increase over time was 3 uV h™!. The authors
emphasized that water management was crucial to achieve an
extended lifetime, and that this requirement could not be met
by simply feeding humidified carbon dioxide to the cell. Other
notable works yielded operation times of 4000 h and 4380 h, re-
spectively, at &3 V with a Faradaic efficiency of 90% using anion
exchange membranes from Sustainion.[®*24]

While considerable advances in long-term testing have been
achieved in recent years, far greater operating life times
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are required for commercialization, e.g., stable performance
over 100000 h was stated as being highly desirable in the
literature.[2*]

Very few studies focus on degradation or cell failure mecha-
nisms, salt precipitation aside. In particular, post-mortem char-
acterization compared with pristine samples, which would of-
fer valuable insights, is often missing in published studies. Mi-
croscopic imaging combined with spectroscopy and X-ray anal-
ysis would aid in revealing changes in the electrode structure
and composition. Larger electrodes could be divided post-test and
measured in smaller cells to detect possible variations in electro-
chemical performance due to locally varying degrees of degra-
dation. The most common degradation cause is the formation
of salt deposits from the electrolyte due to parts of the electrode
drying out.?’] Analyzing impedance spectra and the concomitant
distribution of relaxation times coupled with post-mortem char-
acterization was demonstrated as a valuable tool to characterize
the degradation behavior during long-term operation, albeit for
a formate-producing system.[**¢] For instance, salt precipitation
and restorative flushing could be monitored by impedance mea-
surements.

It is crucial to demonstrate that improvements achieved at the
lab scale can be transferred to commercially relevant cell dimen-
sions. For example, with respect to PEM electrolysis, an active
MEA area of 6000 cm? was estimated for a commercially manu-
factured system, i.e., the Silyzer 300 made by Siemens Energy.!2*”]
Consequently, a similar scale is ultimately targeted for CO,
electrolysis.

Siemens Energy reported a scale-up effort from 10 to 100 cm?,
i.e., constant current operation at 150 mA cm~2 was demon-
strated over roughly 800 h and 600 h, respectively, while the
Faradaic efficiency for CO varied between 60% and 80%.!%°1 A
similar scaling step, i.e., from 8 to 100 cm?, was realized by
Endrddi et al.?%! At the smaller cell scale, the highest partial cur-
rent density for CO production was achieved at 60 °C, after ex-
ploring the temperature range from 40 to 70 °C. In contrast, the
partial current density for H, increased steadily with tempera-
ture. The highest partial current density for CO observed with
the 8 and 10 cm? cell was ~1000 mA cm™2. A cell with an active
area of 250 cm? performed reliably for 760 h at 120 mA cm=2.1244
Under these conditions, the cell voltage varied between 2.9 and
3.05 V. The Faradaic efficiency with respect to CO ranged from
97.5% to ~99%.

Bridging the gap toward industrially relevant cell dimensions,
a stack consisting of ten cells with an active geometric area of
300 cm? each, also developed by Siemens Energy, was operated
with the objective of direct utilization of the product gas in a
bio-reactor.[>*8] In this configuration, a single cell maintained a
Faradaic efficiency above 90% over a span of 200 h, and the corre-
sponding stack continuously produced a stream with 30% ., CO
over the same time period. Further, Krause et al. demonstrated
a Faradaic efficiency of 95% at 200 mA cm=2 over 650 h with an
analogous single 300 cm? cell, which included a shut-down and
restart without affecting the cell performance.[*!]

Operating electrolyzer stacks decreases the capital investment
cost, as the scope of the balance of plant components is sig-
nificantly reduced compared to running several single cells in
parallel. Ideally, a multi-layer stack fits a larger number of cells
with bipolar plates in between, and thus only two end plates are
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required. Endrédi et al. showed that employing a stack with three
cells connected in series improved the overall CO, conversion ef-
ficiency compared to operating in single cell mode.[**! At a CO,
feed rate of 500 cm? min~! the CO, conversion doubled (~30%
as opposed to ~15%). In general, increasing the gas feed rate
resulted in a more pronounced increase in conversion relative
to single cell operation. On the other hand, an investigation of
three cells set up in parallel did not yield a significant deviation
from the performance of a single cell in this respect, as was ob-
served consistently by applying three different cell voltages, i.e.,
2.5,2.75,and 3 V.

Quentmeier et al. demonstrated the absence of significant
fluctuations in cell performance by investigating a short stack
consisting of three cells, each with an active geometric area of
10 cm?.2%1

Studies by Nelson et al. and Edwards et al. demonstrated the
scale-up from 5 to 800 cm? and the development of a ten-cell
stack at the 800 cm? cell scale.5®%1 Their focus was on con-
verting CO, to ethylene using GDEs with a copper-based cata-
lyst. Conceivably, some of the key findings from those works can
be transferred to silver-based GDEs and the cells in which they
are operated. It was found that nonuniformities in the electrode
compression must be eliminated, and that the availability of suffi-
cient CO, must be ensured across the entire electrode area to uti-
lize the active sites as effectively as possible. Narrowing gas flow
channels increased the pressure drop and thus enabled a more
uniform distribution of CO,. The Faradaic efficiency for ethylene
was consistently increased at the 800 cm? scale compared to the
laboratory scale cell when considering current densities of up to
100 mA cm~2.[2%] At higher current densities, this trend was re-
versed.

Pressurized operation improved the Faradaic efficiency of CO,
to CO electrolysis!*’l and is generally valuable from an opera-
tional cost perspective, as the product gas must be stored in a
pressurized state for transportation, or downstream processes
utilize the electrolyzer product gas at above-atmospheric pres-
sure. In both cases, operating the electrolyzer under pressure
could replace or at least alleviate the requirements for a compres-
sion unit that would be placed downstream of the cell(s) or stack.
With respect to scale-up and long-term operation, the stability of
the GDE, which strongly depends on the selected materials and
the applied preparation technique, is one of the key parameters.
In the following section, preparation techniques are compared in
terms of their scalability.

4. Comparison of Electrode Fabrication Methods

At the laboratory scale, at which the active electrode area rarely
exceeds 10 cm?, the choices of electrode fabrication methods
are manifold. Manual techniques, such as painting, brushing,
drop-casting, or using a handheld airbrush, are common prac-
tice for carrying out the electrode preparation for laboratory work,
but cannot necessarily be transferred to a manufacturing line,
and especially not to larger electrode areas.[>>>7%4183] These tech-
niques also inherently suffer from a low degree of reproducibil-
ity. In-plane uniform catalyst particle and ionomer distribution
and a low degree of particle agglomeration are crucial for the
electrode performance, ensuring a high active area and prevent-
ing the disruption of ionically conductive and electron transport
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pathways.[®¢] Table 5 contains a comparison of electrode prepara-
tion techniques that are known from the literature.

Certain fabrication methods may lend themselves to semi-
batch operating mode only, while others can be integrated into
continuous processes. Shifting from hand painting to an auto-
mated airbrush process yielded a substantial improvement and
a higher degree of reproducibility.?>>! The latter observation was
rationalized by a more pronounced variation of Ohmic losses be-
cause of a higher variance of the obtained catalyst layer thick-
ness when hand painting was applied. Further, the Faradaic ef-
ficiency for CO was above 90% at potentials more negative than
—1.5 V vs Ag/AgCl with the airbrush method, whereas hand
painting yielded ~80%. PVD methods are available to fabri-
cate catalyst structures®*%22] and carbon-based materials,?’]
which can, in principle, serve as catalyst support structures or
GDLs. At present, such techniques are by and large limited to
research activities in the field of electrochemistry, also because
PVD methods inherently are applied to generate thin films or
features (typically <1 um). Electron beam physical vapor depo-
sition was found to be superior compared to magnetron sput-
tering, albeit for copper-based GDEs, which were applied for
ethylene production.?°®! More specifically, an increased current
density and (Faradaic) efficiency were obtained with the electron
beam method, which was attributed to its benign effects with re-
spect to the type of formed catalyst surface facets and a more de-
fined interface between the catalyst layer and the GDL. Both PVD
methods afforded GDE structures with a geometric area ranging
from 25 to 600 cm?, thus demonstrating the potential for scal-
ing up. Generally, much of the experience gained from testing
fabrication methods for PEMFC development, which spans sev-
eral decades, can be exploited for electrode fabrication for CO,
electrolysis processes. A direct comparison of applying either the
doctor blade method or spray coating indicated that the latter im-
proved the PEMFC performance by a factor of 2.9, based on
comparing the measured current density at a defined cell volt-
age, i.e., 0.43 A cm™? vs 0.15 A cm™2 at 0.6 V.[>*°l The authors
attributed the performance gain through spray coating to the for-
mation of mesopores due to a shorter drying time. The presence
of mesopores enhances reactant access to the catalyst sites.

In this work, we focused on studies employing cells with ei-
ther a liquid electrolyte gap between the cathode and the anode
or MEA-based cells.

A GDE for oxygen reduction, prepared by spray coating, was
modified to facilitate the conversion of CO, to CO.I*>3] The cata-
lystink contained silver particles, a pore-forming compound, and
PTFE. The substrate was a Ni mesh. While modifying the PTFE
content did not yield satisfactory results, i.e., hydrogen evolution
was the main reaction initially, reducing the pressure during the
hot-pressing step from 160 to 100 bar allowed for an increase in
the CO Faradaic efficiency from 27% to 59% at 25 mA cm™2. By
changing the Ag particle morphology and adjusting the electrode
thickness, the Faradaic efficiency increased to 79%.

A continuous roll-to-roll process is most desirable, also from
an operational cost perspective. A roll-to-roll redox coating pro-
cess for alkaline water electrolysis electrodes was presented by
Devi et al.[?®®l The coating speed was 4 cm min~, and high coat-
ing uniformity was demonstrated by nearly matching polariza-
tion curves obtained with samples prepared from different posi-
tions of the original coated sample. Conceivably, a similar process
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Table 5. Comparison of electrode preparation techniques and the performance of the corresponding GDEs in carbon dioxide electroreduction.

Preparation method Substrate Hot-pressed Electrode area [cm?] J [mA cm™2] FE [%] Refs.
Hand painting Carbon paper no 2 51 85 [57]
Manual airbrush Carbon paper no 10 400 80 [55]
Dip coating Carbon paper no 1 20 92 [183]
Impregnation Nickel foam 4 100 96 [64]
Sputtering PTFE membrane no 1 120 93 [33]
Electron beam evaporation Carbon paper no 10 100 95 [62]
Electro-deposition Carbon paper yes 136 3 83 [252]
Spray coating Ni or polyether ether ketone yes 5 100 79 [253]
(PEEK) mesh
Spray coating PTFE no 100 300 50 [254)

2 Ethylene production.

could be adapted to carry out the electroless deposition of silver
particles on a carbon-based GDL substrate.

Roll-to-roll coating processes were compared by Mauger et al.,
highlighting the importance of the ionomer distribution.!?!) In
case the GDE should be bonded to an anion exchange membrane,
it is desirable to have a certain degree of ionomer segregation,
which means a thin layer of the ionomer is formed on the elec-
trode surface. It was found that spray coating multiple layers does
not provide this feature. On the other hand, coating with a slot
die or a Mayer rod yields thicker films and, in conjunction with a
high evaporation rate, enables the desired ionomer segregation.
Electrodeposition of Ag on a carbon GDL was realized with sub-
strate areas of 25.5 and 136 cm?, respectively.l?*?] Faradaic CO-
efficiencies of ~#80% to 90% were achieved with both areas, and
a preferred deposition current density of 0.83 mA cm~2 applied
for 50 min was identified, as lower or higher current densities
led to lower uniformity of the catalyst layer. In another work, it
was claimed that electrodeposition is superior to manual meth-
ods, i.e., drop-casting. In this case, a metal organic framework
(MOF) was applied layer by layer as a template on carbon cloth,
followed by electrodeposition of Ag as part of the MOF, resulting
in a high Faradaic efficiency of 96% at 300 mA cm=2.5%

Carbon-based GDLs consist of carbon fibers, which are typi-
cally produced from polyacrylonitrile, involving several thermal
treatment steps, including pyrolysis. Such GDLs reached com-
mercial maturity many years ago, and therefore, the current lim-
itation for silver-based GDE lies in the integration of the silver-
containing catalyst layer into the electrode structure as part of the
manufacturing process.

As an alternative to carbon-based GDEs, PTFE-based struc-
tures offer inherent hydrophobicity to establish a stable
CO, /electrolyte interface.[2°?] Multi-layered structures with vary-
ing Ag:PTFE ratios and layer thicknesses can be achieved by, e.g.,
spraying, a doctor blade-based approach, or screen printing. As
PTFE is non-conductive, auxiliary or modified conductor com-
pounds can be integrated into the electrode to improve the per-
formance. Micro-scale conductors integrated into the PTFE layer
connected the catalyst layer with the current collector and also re-
duced the in-plane conduction path.[?®3] This was demonstrated
for electrodes with a size of 50 cm?. The implementation of such
conductive compounds afforded a reduction of the cell voltage
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by up to 0.9 V. Non-uniform current distribution, which also can
lead to a local variation of the electrochemically produced species,
was mitigated by a novel current collector design, as shown by
van Montfort et al., albeit with a copper catalyst layer and ethy-
lene as the target product. Copper busbars were applied on top
of the catalyst layer, enabling a more uniform current distribu-
tion, while it was shown that the electrochemical process was
still confined to the catalyst layer.!?%4] Similarly, a current collector
was placed on top of a copper oxide catalyst layer used for ethy-
lene production, which included a scaling step from 5 to 100 cm?
with respect to the geometric electrode area.[*] A sintered PTFE
membrane was utilized as the GDL, and the catalyst was applied
by spray-coating. A Faradaic efficiency of ~50% was achieved for
ethylene at 300 mA cm~2 with the 100 cm? cell. Both the Faradaic
efficiency (especially for CO and H,) and the cell voltage were
similar when comparing the small cell with the large cell.

The large-scale production of catalyst nanoparticles is not at
a mature level yet. Most reports on research works looking into
the scale-up of nanoparticle synthesis describe the synthesis of
batches well below 1 kg or suspensions of ~1 liter in volume
or less over the course of 24 h.[?®] Therefore, further develop-
ment of such processes is required. Catalyst-containing inks,
slurries, or pastes must be sufficiently stable and compatible
with all electrode fabrication processing steps. Demonstrating
the production of catalyst materials at the kilogram scale and de-
veloping continuous and automated spray coating and roll-to-roll
processes for electrode fabrication was recommended by Segets
et al.[260]

High catalytic activity is a requirement for commercialization,
but minimizing Ohmic losses and mass transport limitations are
bigger challenges in comparison. The impact of achieving reduc-
tions of Ohmic and mass transfer limitations on cell efficiency
will likely be much more significant than further reducing the
kinetic overpotential, which is governed by the catalyst proper-
ties. Overall, with respect to large-scale manufacturing, it is cru-
cial to implement stringent quality control measures, spanning
from monitoring catalyst properties, such as particle size, to ink
composition and properties (e.g., viscosity) and GDE parameters,
such as the compositional homogeneity and the thickness of the
catalyst layer. Ideally, such parameters will be monitored in-line
and in real time as part of a robust manufacturing process. The
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Figure 13. Schematic visualization of how different modeling approaches can contribute to monitoring, understanding, and optimizing experiments

related to CO, reduction.

capability of models used to describe CO, electroreduction with
GDEs will likely also affect the future optimization regarding
transport limitations and the monitoring of the process, and is
discussed in the following section.

5. Efforts on Modeling Multi-Scale and
Multi-Physics Phenomena in GDEs

The electrochemical reduction of CO, is a complex multi-
scale process involving simultaneous phenomena across differ-
ent length and time scales.l?’] This includes the interplay of
macroscale mass transport and diffusion, atomic-level electron
transfer, multiple reaction pathways with intermediate species,
and ion migration through various components of the CO, elec-
trolyzer, and especially GDEs. For CO, electrolyzers to be com-
mercially viable, high current densities must be achieved with
good selectivity at relatively low power inputs, as elaborated in
Section 3. Achieving this performance necessitates careful design
and optimization, which in turn requires a deep understanding
of the underlying physics. This is where multi-scale and multi-
physics modeling, as illustrated in Figure 13, becomes essen-
tial. Such physics-based approaches are implemented to simulate
these systems using a coupled set of partial differential equations

and to discretize these governing equations using techniques
such as finite element®® or finite volume methods.[2¢%270]
Table 6 contains a brief overview of the so-far published macro-
scale physics-based models on CO, reduction to CO with silver-
based GDEs. The software COMSOL Multiphysics is the most
commonly applied one to implement macro-scale models.

Initially, Weng et al.?’!] developed a 1D multi-physics model
for CO, reduction at vapor-fed GDEs to explore the interplay
between species transport and electrochemical kinetics. Their
model showed how local conditions near the catalyst layer influ-
ence the cell performance. Additionally, they investigated the ef-
fects of catalyst layer hydrophobicity, loading, porosity, and elec-
trolyte flow rate to provide insights for optimizing vapor-fed CO,
reduction cells. Building on the need for accessible and broadly
applicable modeling tools, Blake et al.l?’?] developed a simple and
freely available analytical model of a cathodic catalyst layer con-
figured to produce CO. Their work focused on elucidating the
relationships between electrode reaction kinetics, cell operation
conditions, catholyte composition, and cell performance. Analyt-
ical methods allowed them to cover parameter ranges, intractable
for numerical and experimental studies.

More recently, Osiewacz et al.l'2] advanced the field with a re-
fined 1D mathematical model of a silver GDE for electrochemical

Table 6. Summary of the published models regarding CO, reduction to CO with silver-based GDEs. 1: COMSOL Multiphysics, 2: gPROMS ModelBuilder,

3: MATLAB.

Author Year Cell type Membrane Dimension Software Refs.
Lees et al. 2024 MEA AEM 1D 1 [273]
Osiewacz et al. 2024 GDE setup AEM 1D 2 [102]
Léffelholz et al. 2022 GDE setup AEM pseudo 2D 2 [274]
Blake et al. 2021 GDE setup - 1D 1 [272]
Kas et al. 2021 GDE setup PEM 2D 1 [275]
Kannan et al. 2019 GDE setup - 2D 1/3 [276]
Weng et al. 2019 MEA AEM 1D 1 [277]
Weng et al. 2018 GDE setup AEM 1D 1 [277]
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CO, reduction (eCO,R). The 1D model, discretized along the
through-plane (z-axis), included the GDE, stagnant boundary lay-
ers on both sides, and ideally mixed bulk phases. The model also
employed a Leverett approach to capture gas-liquid coexistence in
the porous GDE, incorporating electrowetting effects on silver’s
potential-dependent contact angle. Fitted to steady-state experi-
mental data for sprayed electrodes with diluted CO, feeds, the
model identified high electrolyte saturation as the primary cause
of mass transfer limitations at high current densities. Addition-
ally, potassium carbonate (K,CO,) precipitation due to local su-
persaturation was identified as a degradation mechanism above
300 mA cm~2. Furthermore, their model suggested that more hy-
drophobic and thinner GDEs enhance performance.

As shown in Table 6, 2D modeling studies of electrochemical
CO, reduction remain relatively scarce in the literature. Among
the few, Kannan et al.l?’°l employed Monte Carlo simulations
(MCS) using a 2D mechanistic model for the electrochemical
conversion of CO, to CO in a microfluidic flow cell reactor. Both
intrinsic material and electrochemical properties, as well as ex-
trinsic operating conditions and design parameters, affected the
performance, conversion efficiency, and selectivity. Parameters
were ranked based on their impact, revealing that the charge-
transfer coefficients for CO and H, formation and catalyst prop-
erties are the most influential ones across all potentials. Along-
side this research, Kas et al.l?”*] presented a 2D transport model
for a GDE performing CO, reduction to CO with a flowing
catholyte. Specifically, the cathode compartment of a PEM-based
CO, electrolyzer with a flowing catholyte configuration was mod-
eled at steady state using a 2D finite element approach. The 2D
model provided longitudinal insights into concentration gradi-
ents within the gas and electrolyte flow channels. It quantified
concentration overpotentials and Ohmic drops across a range
of potentials, exploring their impact on the CO, mass transfer-
limited current density, conversion, and outlet gas composition.
Understanding all these process interactions will aid in the de-
sign of more efficient electrolyzers.

Complementing this work, Loffelholz et al.l?”* developed
a spatially resolved pseudo-2D mathematical model for low-
temperature eCO, R at silver GDEs and validated it by studying
flow cell experiments. The model, which included the GDE and
two stagnant films (gas and electrolyte side), highlighted key lim-
itations in eCO,R efficiency: CO, mass transport constraints at
high current densities and low carbon utilization efficiency due
to chemical absorption of CO, in the electrolyte. It accurately pre-
dicted the overpotential and the Faradaic efficiency across varying
KHCO; concentrations and CO, feed fractions.

While the previously discussed studies primarily focused on
GDE-type cell configurations, as illustrated in Figure 3, there
are comparatively fewer modeling efforts addressing alternative
cell configurations. Notably, Weng et al.l?’””] presented a model-
ing framework for an AEM-MEA cell performing eCO,R with
a silver catalyst with either pure gaseous feeds (ful-MEA) or a
gaseous cathode feed and aqueous anode feed (exchange-MEA).
The model accounted for mass transport, electrochemical and ho-
mogeneous reaction kinetics, and thermal effects. Simulation re-
sults were used to evaluate different MEA designs, highlighting
their advantages, limitations, and strategies for improving water
management and overall efficiency. Extending this line of inves-
tigation, Lees et al.?”?] employed multi-physics modeling to ana-
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lyze the CO, reduction to CO in a membrane-electrode-assembly
setup with silver catalysts. They implemented a 1D model to sim-
ulate the partial current densities for H,, CO, and O, formation
within a CO, electrolyzer MEA, along with carbon crossover from
the cathode to the anode, providing insights into optimizing the
CO, electrolyzer performance. Their study highlighted key per-
formance factors, such as ion transport, CO, solubility, and wa-
ter management. Their simulations indicated that enhancing the
ion-exchange capacity and catalyst surface area could improve CO
formation rates without compromising CO, utilization.

Lastly, Bui et al.?”®] conducted a comprehensive review on
eCO,R, positioning it as an ideal model reaction for studying
electrochemical synthesis in porous electrodes due to its diverse
product distribution and strong sensitivity to the local chemical
environment. They emphasized that the transport of gases, lig-
uids, and ions determines this chemical environment and con-
sequently influences the electrochemical synthesis performance.
Understanding how to control this environment was identified as
crucial for enhancing the catalytic activity. However, they noted
the difficulty in experimentally quantifying the concurrent rates
of mass transfer and (electro)chemical reactions due to their oc-
currence across various length and time scales. To address this,
their review highlighted how modeling had been used to corre-
late the dynamic chemical environment within porous electrodes
with experimentally observable variables and values, such as the
product distribution, total current density, and thermodynamic
efficiency. Importantly, these models aim not only to facilitate the
design of porous electrodes from first principles but also to pro-
vide fundamental insights by identifying the roles of transport
and reaction processes that remain inaccessible through current
experimental methods.

While the previously described models provide mechanis-
tic insights into the underlying species transport and cell
performance, they are computationally expensive and time-
consuming.[?°] The challenge in employing these models be-
comes apparent when one must perform multivariate optimiza-
tion or uncertainty analysis. Numerical models must be run mul-
tiple times to perform optimization, which becomes a significant
bottleneck owing to their high computational cost, making them
less efficient for parameter optimization and real-time analysis.
Data-driven models have emerged as a promising cost-effective
approach to perform multi-variable optimization!?®’l and sen-
sitivity analysis.[?!] These methods use statistical algorithms,
which learn the relationship between input parameters and out-
put variables from numerical or experimental data.?8?] Consid-
erable amounts of work on deploying data-driven models for op-
timization and real-time analysis of proton exchange membrane
fuel cells (PEMFC) exist both at the cell level and for fuel cell
stacks.[?83] However, there is a scarcity in the literature on the us-
age of data-driven models for CO, electrochemical conversion at
the cell and stack level.

Grega et al.”®¥ used experimental data obtained from an au-
tomated platform (AdaCarbon), which fabricates and character-
izes GDE for CO, electrolysis, to develop a hybrid ML-based
continuum model. They used a multilayer perceptron architec-
ture to map five experimental input parameters (Nafion volume,
composition ratio of Ag:Cu, Sustainion volume, catalyst mass
loading, and mass-averaged catalyst density) to six pre-sample
inputs, which were provided as modeling parameters for a
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physics-based continuum model.1??] This hybrid model allowed
capturing multi-product reactions with CO and ethylene as prod-
ucts. Furthermore, the authors augmented a Gaussian process
with the hybrid model to perform uncertainty analysis. The ex-
tended adaptive hybrid function (E-AHF) approach was used to
perform multi-variable multi-objective optimization of a GDE-
based eCO,R system.[?%’] The E-AHF methodology is an ensem-
ble of five different surrogate models, namely support vector
regression (SVR), kriging, polynomial response surface, radial
basis function, and moving least squares. Predictions from the
model were made as a weighted summation of predictions made
by individual surrogate models. An experimentally validated 2D,
multi-physics, multiphase, isothermal model of a GDE-based mi-
crofluidic cell was used to generate the dataset to train the E-AHF
surrogate model. The authors selected three electrode parame-
ters and five operating conditions as input parameters to map
the product yield, CO, conversion rate, and specific electrical en-
ergy consumption (SEEC) of the eCO,R cell. Sobol’s global sen-
sitivity analysis(?%] was performed using a variance-based Monte
Carlo method, indicating that product yield and conversion rate
were most sensitive to the electrolyte concentration, whereas the
cathode potential impacted the SEEC the most. Furthermore, op-
timization performed using the surrogate model improved the
performance of the electrochemical reactor by providing optimal
parameters, which reduced the SEEC by #50% and increased the
product yield and conversion rate by two times. A similar ap-
proach was undertaken by Tai et al.l?8%] in which they used deep
neural networks to develop a data-driven model from data gener-
ated from a physics-based 2D model. However, their framework
also included the use of a bi-directional long short-term memory
(LSTM) model to forecast meteorological data from renewably
generated electricity, which in turn, provided a dynamic supply
of input current density to the electrolyzer stack.

The advantage of data-driven models is evident when perform-
ing scale-up studies for CO, electrolysis. Using a hybrid data-
driven and 2D continuum model for eCO,R, Zhang et al.l?%”]
systematically investigated the consumption of CO, within the
catalyst layer when the electrode area is scaled up from 1 to 100
cm?. They selected four key variables, namely, electrode area (1-
100 cm?), catalyst layer thickness (1-100 um), gas flow rate (1-
100 mL min~?), and GDL porosity (0.5-0.9), wherein each vari-
able had six levels. Latin hypercube sampling was used as a sam-
pling technique to extract data points at different levels while
ensuring a uniform positional distribution.?8¥] The researchers
compared the performance of SVR, random forest (RF), and re-
current neural network (RNN) algorithms trained on the sam-
pled dataset. Using the hybrid modeling approach, the authors
achieved a maximum CO, consumption rate of 98% at an elec-
trode area of 100 cm?, which was sustained throughout the scale-
up process. Furthermore, the feature importance analysis with
RF identified the catalyst layer thickness, electrode area, and gas
flow rate as the key parameters.

Data-driven models are often black-box in nature and suffer
from a lack of interpretability. Recent advances in this direction
have been made under the domain of explainable artificial intelli-
gence (XAl) to alleviate this problem. XAI techniques like SHap-
ley Additive exPlanations and local interpretable model-agnostic
explanations can be useful in screening key experimental param-
eters, which strongly influence the experimental performance
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metrics like CO Faradaic efficiency and selectivity. Combined
with high-throughput experimentation (HTE), this approach ac-
celerates parameter screening and guides design choices for
scaling from lab to industry. HTE builds on parallelization, au-
tomation, modularization, and standardization, requiring auto-
mated experimental design and data analysis for a streamlined
workflow.[?8] Real-time analysis can be enabled by ML and XAl,
which operate on high-dimensional, correlated parameter spaces
(process, electrochemical, and component parameters). How-
ever, even with HTE, data may remain insufficient, making hy-
brid models a necessary first step.

Currently, performance data are largely limited to small lab-
scale cells (~5 cm?), far below industrial-scale requirements
(1 m?). To address this gap, Blake et al. developed a 2D
model comparing lab- and large-scale electrolyzers, revealing that
larger systems experience greater inhomogeneities, elevated pH,
thicker boundary layers, higher overpotentials, and increased
CO, losses.l??! Similarly, Bahreini et al. validated a 2D transient-
state model for formate production, showing that scaling in-
duces pronounced pH gradients, CO, depletion, and localized
efficiency losses, which represent major barriers to uniform
performance.[?!l Therefore, model validation for industrially rel-
evant cells should be focused on spatial inhomogeneities (e.g.,
across electrodes) and be benchmarked against experimentally
measured profiles. For example, single cells should be equipped
with (arrays of) sensors to monitor the local values of parameters,
such as temperature, pressure, and potential. To strengthen com-
parability and validity, harmonized models, experimental proto-
cols, and cell configurations, also within the framework of inter-
laboratory studies, would be desirable. Finally, the use of data-
driven models for real-time monitoring and control is well estab-
lished in PEM fuel cells/stacks.!??) Time series forecasting meth-
ods like RNN and LSTM have been deployed to perform predic-
tive control of the electrochemical system by anticipating unde-
sired changes.[?)] With the aid of the predictions made by these
models, one can deploy adaptive control strategies to be able to
foresee early indicators of system failure.[?*+?%] Adapting these
approaches, which are capable of real-time monitoring and opti-
mization, is essential for scaling up CO, electrolysis toward the
industrial scale.

6. Conclusion and Perspective

In this work, the published research activities from the past ten
years on the development of Ag-based GDEs for the application
of electrochemical CO, to CO conversion were analyzed. The re-
spective electrode designs and experimental laboratory cell con-
figurations were compared, as well as the employed electrode
fabrication methods. In the academic landscape, carbon-based
GDEs far outnumber any other variants. The most prominent
non-carbon-based GDEs are PTFE-based when considering stud-
ies beyond the laboratory scale of ~10 cm?. The highest reported
current densities were on the order of 1-4 A cm~2, well within
the domain known from water electrolysis, thus demonstrating
the potential for real-world implementation. To date, the largest
Ag-based electrode area reported is 300 cm?, featuring a Faradaic
efficiency of 95%. This geometric scale was also extended to a
stack consisting of ten such cells. Further, long-duration tests
were performed for ~4000 h with a single cell, albeit still with a
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small active cell area of 5 cm?. In addition, and in complementary
ways, physics-based and data-driven models driven by machine
learning will greatly accelerate further development with respect
to Ag-GDE design and operation.

For future experimental work and modeling efforts, we recom-

mend the following:

1)

Adv. Funct. Mater. 2026, 36, €22386

A more rigorous approach in terms of reporting all rele-
vant information, especially with respect to the catalyst and
ionomer loading and the description of the electrode fabri-
cation steps, is required. It is also crucial to specify all pa-
rameters employed for testing with half-cell and full-cell se-
tups. The composition of the catalyst layer should also be in-
vestigated in more detail, namely with pristine samples and
post-test and post-mortem, implementing microscopic anal-
yses, spectroscopy, and X-ray techniques. To refine techno-
economic and life cycle assessments, a focus on revealing and
mitigating degradation phenomena and lifetime prediction
based on accelerated stress tests should be implemented.
With respect to scaling catalyst production, one should be
mindful that, although silver is currently significantly less ex-
pensive than noble metals, future market volatilities cannot
be ruled out entirely, especially considering the accelerating
expansion of photovoltaics. Therefore, minimizing the cata-
lyst loading and reducing excess waste in the fabrication pro-
cess is critical, as well as developing economically viable recy-
cling routes. Moreover, research on silver alternatives should
be continued, with a focus on scaling up the synthesis proce-
dures. Due to potentially more stringent environmental reg-
ulations in the coming years, it is pertinent to develop and
incorporate alternative binders and ionomers that do not con-
tain perfluorosulfonic acid compounds.

Physics-based modeling of eCO, R has gained momentum in
recent years, yet it remains relatively underdeveloped com-
pared to models describing more mature electrochemical
systems like PEM water electrolyzers. While some studies
have incorporated microkinetic insights or techno-economic
considerations, comprehensive multi-scale models, transient
simulations, and detailed parametric studies are still scarce.
In this context, Yanzheng He et al. emphasized the impor-
tance of coupling density functional theory (DFT), molecular
dynamics (MD), and FEM to address the full complexity of
eCO,R, bridging atomic-level mechanisms with macroscopic
behavior.[2%°] In a more recent work, the same authors further
highlighted that integrating multiscale simulations with real-
world parameters, such as pH, solvent effects, and applied po-
tential, will be key to developing predictive, high-fidelity mod-
els capable of guiding the rational design of next-generation
CO, electrolyzers.[?]

The development of data-driven models for the electrochem-
ical reduction of CO, to CO is still in its early stages. While
considerable efforts have been made in using machine learn-
ing to screen electrocatalysts for CO, reduction, the lack of
similar progress in data-driven modeling at a macroscopic
cell/component level has so far been a missed opportunity
to further drive efficiency to optimize and scale up. There are
a few works that combine physics-based 1D/2D models with
machine learning to perform sensitivity analyses and multi-
objective optimization. Therefore, further exploration into de-
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veloping these hybrid physics-based Al models must be un-
dertaken with higher-dimensional numerical models at the
cell and stack levels. Moreover, since the electrochemical re-
duction of CO, is a complex process, which is dependent on
several parameters and is hampered by side reactions, it is
pertinent to use experimental data to develop accurate data-
driven models, which can simultaneously capture degrada-
tion and electrode flooding in real-time, as well as variability
due to fabrication methods. Accounting for all these factors
through numerical simulations is a challenging task, and ex-
perimental data captures these effects implicitly. Therefore,
experimental-based data-driven models can provide a higher
degree of insight for the optimization and scale-up in indus-
trial application scenarios.

With respect to viable continuous GDE fabrication processes,
most likely spray coating or slot die coating would be the
methods of choice for industrial manufacturing, provided the
catalyst ink is sufficiently stable, offers adequate viscosity be-
havior, and the required drying period is compatible with the
other process parameters. Apparatuses that monitor the fab-
rication steps are required to ensure consistent quality with
minimal tolerances regarding key parameters, such as the
ionomer or binder content and catalyst loading. Ideally, such
devices would be incorporated directly into the manufactur-
ing line, acquiring data in real time to enable immediate ac-
tion, should the required specifications not be met, such as,
e.g., the appropriate electrode coating thickness. Inks, slur-
ries, or pastes should be characterized rheologically immedi-
ately before the coating process, ideally in an automated man-
ner. The thickness and homogeneity of coatings should be
monitored continuously. The interfaces within the GDE must
be tailored for optimal functionality of the catalyst, but also all
interfaces in the cell as well, to ensure optimal electrical con-
tact, potential distribution, and mass transport. Interfacial de-
sign considerations, therefore, affect electrode performance
and are crucial in assessing the scalability of electrode con-
cepts from laboratory studies to industrial implementation.
With respect to future work, it may be worthwhile to study
novel electrode architectures that feature gradients across the
electrode thickness with respect to the catalyst and ionomer
content, as well as the pore size, to further optimize perfor-
mance while trying to minimize the catalyst and ionomer
loading.

With respect to cell operation, a major challenge lies in main-
taining the proper degree of humidification, respectively wet-
ting of the electrode surface, and the optimal pressure dif-
ferential under varying current load, as would be the case if
the cell or stack were directly coupled with an intermittent
power source. Further, the hydrostatic pressure in the elec-
trolyte gap depends on the height of the electrode. At a cer-
tain height, this affects the flooding behavior of the cathode,
which would require engineering design measures to adapt
the flow configuration within the cell, should the objective
be to greatly increase the geometric area as opposed to cell
stacking.”>#! In addition, current-dependent electrowetting
is an important phenomenon that affects flooding as well.
Care must also be taken during operation in the field to avoid
degradation of the electrodes. For instance, during standby,
the cell should be held at a discrete constant potential so that
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a deteriorating reversal of the cell potential is prevented at all
times.2%®] Otherwise, the silver catalyst may be oxidized ir-
reversibly, thus greatly decreasing the electrochemical activ-
ity of the cathode. Further, intermittent operation following a
virtual power output profile as it would be provided by a pho-
tovoltaic plant, revealed that while overall operation over 500
h was demonstrated, distinct spikes with very high rates of
hydrogen evolution were also observed.!*! In light of these
intricacies, it is pertinent to design algorithms for cell oper-
ation that account for dynamic changes with respect to the
above-mentioned parameters to ensure optimal cell operation
with rapid response times, especially when coupling CO, elec-
trolyzers directly with intermittent sources of renewably gen-
erated electricity.

7) Statistical experimental design, e.g., with factorial experi-
ments, may be employed to evaluate the impact and inter-
action of the key operating parameters with the Faradaic ef-
ficiency or cell voltage employed as response variables, thus
ideally allowing more rapid optimization. Based on promis-
ing results obtained with simulations by Zhang et al., it can
be hypothesized that the application of design of experiment-
based methods could also lead to an in-depth understanding
and optimization in experimental work.[2%’]

8) Combined with advanced modeling and optimization of the
balance of plant in the context of stacking cells of appropriate
active area, the abovementioned approaches will enable the
deployment of CO, electrolyzers as either stand-alone devices
or as integrated units within major chemical plants, provided
economic criteria will be met as well.
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