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Abstract

The most promising strategy to up-scale the electrochemical CO, reduction reaction (ec-CO,RR) is based on the use
of gas diffusion electrodes (GDEs) that allow current densities close to the range of 1 A/cm? to be reached. At such
high current densities, however, the flooding of the GDE cathode is often observed in ec-CO,RR electrolysers. Flooding
hinders the access of CO, to the catalyst, and by thus leaving space for (unwanted) hydrogen evolution, it usually leads
to a decrease of the observable Faradaic efficiency of CO, reaction products. To avoid flooding as much as possible has
thus become one of the most important aims of to-date ec-CO,RR engineering, and robust analytical methods that can
quantitatively assess flooding are now in demand. As flooding is very closely related to the formation of carbonate
salts within the GDE structure, in this paper we use alkali (in particular, potassium) carbonates as a tracer of flooding.
We present a novel analytical approach —based on the combination of cross-sectional energy-dispersive X-ray (EDX)
mapping and inductively coupled plasma mass spectrometry (ICP-MS) analysis— that can not only visualise, but can
also quantitatively describe the electrolysis time dependent flooding in GDEs, leading to a better understanding of
electrolyser malfunctions.

Keywords: carbon dioxide electroreduction, gas diffusion electrodes, flooding, precipitate formation, energy-dispersive
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1. Introduction In the past few years, the efficiency of newly developed
catalysts for the electrochemical CO, reduction reaction

Great progress has recently been made towards the de-  (¢c-CO,RR) has become so high that under ambient condi-

velopment of new technologies that enable a large-scale
reduction of the atmospheric concentration of CO,, one
of the most important contributors of global warming
[1]. Among these technologies, electrochemical ones de-
serve special attention as electrolysers —ideally powered
by renewable energy sources— can effectively be used to
convert CO, into a variety of commodity chemicals and
synthetic fuels, such as CO, formic acid, different alcohols
and hydrocarbons [2].
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tions it is not any longer the catalytic activity but rather the
limited rate of liquid-phase CO; transport that hinders
the process [3]. Several attempts have thus been made
to boost ec-CO,RR by increasing the rate of CO, trans-
port, and the most promising of these up-scale strategies
involve the use of gas diffusion electrodes (GDEs) [4-7].

The use of GDEs enables current densities that are at
least one order of magnitude larger than those measurable
in standard H-type cells [3, 7]. The benefit of achieving
high currents comes, however, at the cost of stability issues,
and it is primarily the rapid flooding of GDEs that raises
most concerns [7-11].

In zero-gap electrolysers [7] where the catalyst dis-
persed over a gas diffusion layer (GDL) contacts the elec-
trolyte solution through a wet membrane, flooding usu-
ally occurs at high current densities where either the CO,
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reduction reaction itself or its parasitic side-process, hy-
drogen evolution reaction (HER) cause a significant near-
electrode pH increase. The CO, supply of the GDE reacts
with the electro-generated OH™ ions, which leads to the lo-
calised formation of carbonate salts that in turn increases
the wettability [8-10] of the GDE and intensifies flooding.

As flooding limits the access of CO, to the catalyst, it
usually leads to a decrease of the observable Faradaic ef-
ficiency of CO, reduction products, and leaves space for
unwanted hydrogen evolution. To suppress flooding as
much as possible, and to understand its mechanism and
key factors has thus become one of the most important
aims of to-date ec-CO;,RR research, and analytical tools
that can quantitatively assess the means and extent of
flooding are now in demand.

Since flooding is widely believed to be triggered pri-
marily by the massive formation of carbonate precipi-
tates on-top, and within deeper layers of the GDE [7-15],
the amount and distribution of carbonates —in case of
CO,; electrolysers operated with a KOH anolyte, these are
typically potassium carbonates and bicarbonates— seem
to be an important tracer of flooding within the three-
dimensional GDE structure.

The aim of this paper is to show that the post-
electrolysis analysis of GDE samples by energy-dispersive
X-ray (EDX) elemental mapping can easily be used to vi-
sualise the electrolysis time dependent penetration of K*-
containing precipitates into the GDE. In order to make the
obtained distribution profiles comparable for electrodes
that received different electrolysis treatments, it is neces-
sary to convert the relative distribution profiles to absolute
concentration vs. depth plots that already bear quantita-
tive information. This latter aim can be achieved by an
inductively coupled plasma mass spectrometry (ICP-MS)-
based determination of the total potassium content of the
GDE [16]. The described EDX/ICP-MS combination is a
powerful and very robust technique that allows a better
understanding of ec-CO,RR electrolyser malfunctions by
enabling the accurate visualisation and quantification of
flooding phenomena in GDE samples.

2. The Method

The scheme of a typical gas-fed zero-gap CO; electrol-
yser is shown in Figure 1, with the blown-up section de-
picting the GDE cathode in direct contact with the an-
ion exchange membrane. The GDE cathode is created by
evenly covering the surface of a gas diffusion layer (GDL)
with a catalyst ink that can be achieved by using several
techniques [3] including drop-casting, airbrushing, vac-
uum filtering, etc. The uniformity of the catalyst layer
thickness depends however not only on the applied tech-
nique but also on the imperfections of the gas diffusion
layer: especially cracks found on the GDL surface (see,
e.g., Figure 5.b in Section 4) may lead to non-uniform cov-
erage [17-19] and to the burial of some catalyst particles
in deeper trenches.

The GDL itself is a bilayer structure that consists of an
upper (microporous) and an underlying (fibrous) layer.
The microporous layer acts as an electrically conductive
mechanical support to the catalyst, holding it in direct
contact with the membrane. In many electrolysers, the
applied catalyst ink contains silver nanoparticles that di-
rect ec-CO,RR towards the formation of CO as a dominant
reaction product [8, 11, 15, 20-22]. Note here that CO
belongs to the most economically viable ec-CO,RR prod-
ucts [23] and has large global annual production [3]. The
cathode reaction of CO,-to-CO conversion can be written
as

CO, +H,O+2e” - CO+20H, (1)

and the operation of the electrolyser should be optimised
so that parasitic hydrogen evolution reaction (HER),

2H,0 + 2~ — H, + 20H", (2)

would take place only incidentally.

In the design shown in Figure 1, a constant (humidified)
CO, flow penetrates the fibrous part of the GDL, and the
CO; molecules are transported through the pores of the
thin microporous layer to reach the catalyst where they
are reduced to CO.

The (essentially wet) membrane has two important roles
in the electrolyser: one is that it enables water (a reactant
of ec-CO,RR) to access the catalyst, and another is that it
allows the passage of the formed OH™ ions (a by-product
of CO, reduction) from the cathode surface to the anode
compartment of the cell. The anode compartment is filled
with a solution of KOH, and OH™ ions are oxidised on the
Ir anode to form O, gas:

40H™ — 2H,0+ 0, + 4e". (3)

The wettability of the GDL plays a crucial role in deter-
mining the performance of gas-fed zero-gap electrolysers.
The presence of some amount of water, based on Equa-
tion (1), is essential; however, if too much water enters
the GDL structure, it may block the access of CO, to the
catalyst, shifting the balance of the cathode reaction from
the preferred ec-CO,RR towards the parasitic HER [24].

For this reason, GDLs are usually made hydrophobic by
the manufacturer (e.g., by a treatment with polytetraflu-
oroethylene, PTFE) and the conditions of the electrolysis
are optimized to uphold hydrophobicity as long as pos-
sible. From this point of view, the imperfections of the
anion exchange membrane deserve special attention, espe-
cially if the membrane allows not only the transfer of OH™
ions, but also the transference of cations. As the real-life
behaviour of anion exchange membranes is far from ideal
[25], the transference of cations very often occurs, and for
example in case of the electrolyser shown by Figure 1, K*
ions of the anolyte can thus appear on the cathode side of
the cell.

The alkalination of the cathode surface —note that OH~
ions are produced both by Reaction (1) and (2)— clearly
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Figure 1: Scheme of a zero-gap gas-flow CO; electrolyser employing a gas diffusion electrode. The gas diffusion electrode/membrane assembly is

shown by the inset at the initial stage of electrolysis.

acts as a driving force for the transport of K ions from the
anode compartment to the cathode, where the alkaline con-
ditions and the presence of CO, facilitate the formation of
K,COj3 or KHCOj salts. If concentrations are high enough
[9], both K,CO3 and KHCO3 can form precipitates on-top
and within the deeper layers of the GDE. This reduces the
hydrophobicity of the GDE and triggers flooding, which
ultimately breaks down the overall cell performance.

There seems to be a consensus in literature with re-
gard to that the formation of carbonate precipitates on the
cathode side of ec-CO,RR electrolysers is an important
indicator of flooding [9-11, 21, 26-28]. In spite of this,
scanning electron microscopy (SEM)-based imaging tech-
niques like EDX elemental mapping have only scarcely
been used to study the penetration of carbonate precipi-
tates into GDE structures [7, 11, 28]. The reason behind
this is obvious: while EDX elemental (K) mapping, ap-
plied in a cross-sectional view to study the penetration of
K,CO3/KHCOj3 precipitates into the GDE structure can
give a good qualitative picture about the relative distri-
bution of the formed K* salts, the comparison of such
elemental maps is by no means straightforward. Such
comparisons would require EDX elemental mapping to
provide truly quantitative information, which is usually
not the case.

Indeed, the quantification of elemental maps is a very
demanding task that would not only necessitate the acqui-
sition, storage, and subsequent analysis of entire spectra,
pixel-by-pixel [29], but it would also require the in-depth
understanding of electron beam/material interactions,
which is particularly challenging when working with het-
erogeneous and highly porous materials (e.g., GDEs).

X-ray signal intensities are known to depend largely

on (amongst other parameters) the applied acceleration
voltage [29], and this is exemplarily demonstrated by the
cross-sectional EDX elemental (K) maps of Figure 2. These
maps, taken at different applied accelerating voltages,
show the same GDE sample that exhibits marks of ec-
CO;,RR-induced K,CO3/KHCOj3 precipitation within its
structure.

Maps of the top row of Figure 2 are those shown by
the operating software of the SEM instrument. The auto-
matic colouration of these maps is optimised for human
perception, and as a result, the maps could lead us to the
erroneous conclusion that the potassium concentrations
visualised by them are markedly different. As, however,
the four maps are made of the very same sample, this is cer-
tainly not the case: the maps are differently coloured only
because the corresponding K peaks in the EDX spectra
become more intense at higher accelerating voltages.

Fortunately, from most SEM operating software, EDX
maps can be exported not only in the form of images but
also in the form of two-dimensional numerical arrays that
represent the (in our case, K) signal intensities over the
sampled area. If we create such numerical representations
from the four maps shown in the top row of Figure 2, we
get four arrays on which we can perform mathematical op-
erations. We can, for example, normalise the arrays to their
(overall) maximum, and we can then convert the arrays
back into images. If we use the same colour-code that was
applied before, we obtain the images shown by the middle
row of Figure 2. These coloured maps already give a trust-
worthy representation of intensity ratios; however, at low
accelerating voltages, the normalised intensities happen
to be so low that we see almost entirely dark fields.

In order to reduce the dependency of intensities on the
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Figure 2: Electrolysis-induced potassium penetration into a GDE sample visualised by EDX elemental maps (cross-sectional view), recorded using
different accelerating voltages as shown. Images of the same column show maps of the exact same intensity dataset, coloured differently. The
brightness and the contrast of images in the top row was automatically adjusted for optimal perception by the human eye — this is how most SEM
operating software would show these maps. Colour intensities in the middle row were normalised to the largest intensity value detected. In case of the
third row, the maps were normalised individually, each to its own maximum intensity. The graphs show the differences of the two normalisation
concepts in row-by-row intensity summation. The EDX measurements were made on sample GDE#2, following passage of —1839 C cm™2 charge (cf. to

Sections 3 and 4, as well as to Figure 5).

applied accelerating voltage, we have to normalise each
array individually, using their respective maxima as an
individual norm. By this approach, we get to the images
shown in the bottom row of Figure 2. These elemental
maps, while they all appear a bit dark for the human eye,
all look essentially the same. Subtle differences between
the images do exist, however, primarily because not only
the overall intensity of the spectrum peaks but also the
penetration depth of the electron beam depends on the
accelerating voltage [29].

The above two normalisation concepts are illustrated

also by the graphs of Figure 2 that contain sums of inten-
sities for each image row, plotted vs. the respective row
index. The graphs clearly show that while the recorded K
signal intensity does vary greatly with the applied accel-
erating voltage, and while the exact relationship between
local K concentration and intensity may not be known,
EDX mapping is still robust enough to deliver a relative
distribution of potassium-containing precipitates along
the line normal to the GDE surface.

Such relative distributions, obtained from GDEs that
had undergone different ec-CO,RR stressing treatment
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Figure 3: The strategy to quantitatively assess flooding phenomena in GDEs uses K,CO3/KHCO3 precipitates as a tracer of flooding. Following
electrolysis, the carbonate precipitates formed over the GDE are visible to the bare eye (and can also be seen by top-down EDX mapping). By
cross-sectional EDX, the relative distribution of K can be mapped along the surface normal. Absolute concentration (mass over volume) profiles can be
created by applying a scaling factor that sets the integral of the profile equal to the (surface area normalised) K mass determined by ICP-MS analysis.

can of course not directly be compared, unless we deter-
mine by some other analytical method the total potassium
content of the GDE. A variety of elemental analysis meth-
ods can be used to achieve this goal; in our practice we
favour ICP-MS-based determination.

The essence of the method described here is schemat-
ically shown in Figure 3. On the top surface of GDEs
that have previously been used for ec-CO,RR, the appear-
ance of precipitates is usually visible already to the bare
eye. The centrally located, salt-covered part (of known
geometric area) is removed by a punching blade, and the
resulting ‘coin’ is cut into two by a sharp knife. One part
of the coin is briefly sonicated and then left for over-night
in a known volume (usually 1 cm3) of cc. HNOj3, so that
its K,CO3/KHCOj3 content is quantitatively leached. The
concentration of the resulting solution is then determined
by ICP-MS in known (usually 500 or 1000 times) dilu-
tions: by this method, the total potassium mass that is
contained by the given volume of the GDE is calculated
and normalised to the base area of the analysed sample.
This yields a total surface area-normalised concentration

that is usually in the range of a few mg cm™2.

The other half of the coin (Figure 3) is used for cross-
sectional EDX K elemental mapping: in order to improve
statistics, usually multiple locations of the same cut are
mapped, and sometimes, even additional cuts are made
and sampled. The resulting EDX maps are then exported
in numerical form, and depth profiles of the relative K
distribution are created by row-wise summation. Row

indices are turned into spatial coordinates knowing the
resolution of the map.

The individual relative distributions are aligned on the
distance scale by means of (differential) edge detection,
and an averaged curve is calculated. The relative distribu-
tions are subsequently re-scaled into absolute concentra-
tion profiles (usually expressed in units of pg cm™); the
applied scaling factor is chosen so that the full space inte-
gral of the averaged absolute concentration profile equals
the surface area-normalised concentration determined by
ICP-MS.

The described cross-sectional EDX/ICP-MS combina-
tion approach yields concentration depth profiles that are
comparable for GDE samples that are either of different
original structure or that underwent different ec-CO,RR
stressing treatment (see later Figure 5), and can lead to
a better understanding of flooding-related phenomena.
Note here that in order to obtain statistically reliable data,
both the ICP-MS and the EDX mapping measurements
are to be repeated several times, using GDE samples that
received the very same treatment. As it will be shown
later in Figure 5, this approach helps to identify possible
outliers. Also note that ICP-MS measurements may not
have to be performed on all (rather just on a few) stud-
ied samples, which may reduce the time demand of the
analysis.

As the described EDX/ICP-MS combination approach is
a post-experimental characterisation technique, it cannot
be used for a real-time observation of flooding-related phe-



Table 1: Parameters of the gas diffusion layers used in this study.

GDL#1, GDL#2,
Freudenberg H23C8 Sigracet 36BB
Microporous layer thickness* 41 pm 97 pm
Fibrous layer thickness* 194 pm 160 pm
Electrical resistivity® 8 mQ cm? 9 mQ cm?
Area densityJr 135 g cm™2 105 g cm™2
Air permeability+ 90 Gurley s 3 Gurley s

* Average values, determined by cross-sectional SEM.

t Values provided by the manufacturer.

nomena like it is possible, for example, in operando tomo-
graphic X-ray absorption spectroscopy [30]. The EDX/ICP-
MS combination is, however, a more robust and a consider-
ably cheaper method than X-ray absorption or scattering
measurements that require specially designed cells and
a significant amount of synchrotron beam-time, and the
amount of information gathered from EDX/ICP-MS stud-
ies may effectively complement the results of operando
investigations.

The versatility of the method will be illustrated in Sec-
tion 4, where we used two different gas diffusion elec-
trodes for CO,; electrolysis in a gas-fed zero-gap config-
uration, finding that the different structure of the two
GDLs result in different K,CO3/KHCO3; deposition pat-
terns and, ultimately, different electrolyser stabilities.

3. Experimental

Two commercial gas diffusion layers (Table 1), a
Freudenberg H23C8 (GDL#1) and a Sigracet 36BB
(GDL#2) paper, were used in this study. The microporous
layers of both GDLs contain ~ 5% PTFE as a water re-
pelling agent.

To prepare a catalyst ink, 4.5 mg of silver nanowires
(Ag NWs, prepared as described in [31]) and 0.8 mg of
carbon black (VULCAN™ VXC72R, Cabot) were sepa-
rately dispersed in 20 cm? of isopropanol (BASF SE, assay
> 99.0%) by half hour of sonication. Both suspensions
were intermixed and sonicated for an additional half hour,
then dried by a rotary evaporator (Biichi R210, 40 °C,
65 mbar). The resulting mixture was then re-dispersed
in 18 cm?of isopropanol containing 180 ¢ of Nafion 117
solution (Sigma-Aldrich, ~ 5 wt% in a mixture of lower
aliphatic alcohols and water) and subjected to 20 min-
utes of sonication. Subsequently, the resulting ink was
carefully dispersed by using an airbrush pistole (Infinity
CR plus) propelled by nitrogen gas (99.999%, Carbagas,
Switzerland) onto the GDL substrate.

A zero-gap electrolyser (see Figure 1, details of the elec-
trolyser were described previously in [7, 32-35]) was used
for the electrochemical reduction of CO,. The Ag NW-
coated GDEs were placed on the stainless steel body, with
the Ag NW layer directed upwards. The such formed

cathode was then covered by an anion exchange mem-
brane (AEM, X37-50 RT, Dioxide materials), on top of
which a PTFE chamber was placed to support the anolyte,
a 2.0 mol dm™ aqueous KOH solution (KOH, analytical
grade, was purchased from Sigma Aldrich). A central ori-
fice with a diameter of 3 mm at the bottom of the anode
compartment provided contact between the anolyte and
the membrane-cathode assembly, and the area of this open-
ing (0.0707 cm?) was considered the geometric surface
area of the cathode, used for the normalization of current
to current density. An iridium (Ir) wire (99.9%, MaTeck
Material-Technologie & Kristalle GmbH, Germany) sepa-
rated by a glass frit from the anolyte compartment, and
a Ag|AgCl|3 mol dm™> KCI electrode (double junction
design, Metrohm) immersed directly into the anolyte were
used as counter and reference electrodes. A humidified
CO; stream (99.999%, Carbagas, Switzerland) was fed to
the fibrous layer of the cathode from the backside of the
cell at a constant volumetric flow rate of 18 cm® min~!.
Electrolyses were carried out using an ECi-200 potentio-
stat (Nordic Electrochemistry) at a constant current of
—20 mA, resulting in a current density of —283 mA cm~2,
during which the formed gaseous reaction products were
quantified by online gas chromatography (GC, SRI Instru-
ments), as described elsewhere [7].

For the SEM and EDX studies presented in the paper,
a Zeiss Gemini 450 SEM was applied, equipped with an
InLens secondary electron (SE), a backscatter electron de-
tector (BSD) and a SuperEDX detector.

Contact angle measurements were carried out using
a Kriiss Advance Drop Shape Analyzer DSA25 (Kriiss
GmbH, Hamburg, Germany). Electrodes were mounted
on a flat stage and water drops (milli-Q water, 1.4 u€) were
deposited at room temperature.

4. Demonstrative Experiments

Two gas diffusion electrodes —one supported by a
Freudenberg H23C8 paper (GDL#1), and another by a
Sigracet 36BB paper (GDL#2)— were created and used in
our experiments. The two GDLs, as can be seen in Table 1,
are of different structure, and the majority of differences
arise from that while the microporous layer of GDL#1 is
thinner but more compact (Figure 4.a), the relatively thick
microporous layer of GDL#2 is laced by small cracks that
are visible also to the bare eye (Figure 4.b).

When made subject to constant-current electrolyses ex-
periments (applied current density: —283 mA cm~2), both
GDEs initially produce CO at close to 100% Faradaic ef-
ficiency. As the electrolysis continues to longer times,
the observed Faradaic efficiency however drops down (Fig-
ure 4.c and 4.d), and the observed stability loss commences
earlier in case of GDE#1 (with the compact structure) than
in case of GDE#2 (having a cracked microporous layer).

The observed efficiency loss is due to the flooding of the
GDEs, which can be inferred not only from pre- and post-
electrolysis sessile drop goniometry that clearly demon-
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Figure 4: The top-down optical microscopy image of the two studied
gas diffusion electrodes exhibit a compact microporous layer in case of
GDE#1 (a), while the top surface of GDE#2 (b) is laced by small cracks.
Both GDEs exhibit severe stability losses (a decrease of the Faradaic effi-
ciency of CO production as a function of the passed charge) when made
subject to electrolysis at a constant current density of ~283 mA cm™2.
While GDE#1 quickly loses stability (c), GDE#2 remains stable for longer
time (d). The hydrophobicity of both GDLs decrease heavily during
prolonged ec-CO,RR stressing (consumed charge: —1839 C cm™2), as
revealed by the pre- and post-electrolysis contact angle measurements
shown in the insets of (c) and (d). This hydrophobicity loss is caused by
the appearance of KoCO3 or KHCOj3 precipitates on-top of both GDEs
during electrolysis, as clearly shown by the top-down EDX elemental
maps of (e) and (f), recorded after the total charge of -1839 C em2 is
passed through the GDEs.

strates a significant decrease of the surface hydrophobicity
during electrolysis (insets of Figure 4.c and 4.d), but also
from top-down EDX elemental mapping that exhibits the
formation of massive amounts of K,CO3/KHCOj precipi-
tates on top of both GDE samples (Figure 4.e and 4.f).

These top-down EDX elemental maps provide a straight-
forward explanation of the observed stability differences:
while at the end of electrolysis, GDE#1 is more or less
uniformly covered by K,CO3/KHCOj precipitates (and it
is safe to assume that this uniform precipitate layer practi-
cally blocks all active Ag catalyst sites), we observe a rather
non-uniform coverage (and an only partially blocked cat-
alytic activity) in case of GDE#2. As to why the two GDEs
are covered differently by the formed carbonate precipi-
tates, top-down EDX mapping provides no answer, how-
ever. In order to address this question we have to rely
on the combined cross-sectional EDX/ICP-MS method
described previously in Section 2.

When GDE samples are made subject to electrolyses
consuming different amounts of charge, and the samples

are processed as was shown before in Figure 3, the ob-
tained absolute concentration vs. depth profiles are those
shown by Figure 5. Based on these profiles, a very im-
portant observation can be made: namely, that the total
amount of formed precipitates, as well as the extent to
which they penetrate the GDE structure is markedly dif-
ferent on GDE#1 and #2.

On GDE#1 —with the compact surface— K,COj3 and
KHCOj; precipitates are mainly formed (and remain) in-
side the catalyst layer and inside the pores of the microp-
orous layer, and appear only in little amount in the under-
lying (fibrous) structure. As the microporous layer has a
very limited capacity to store the formed carbonates (note
that with increasing charge, the concentration profiles
seem to saturate), catalytic sites become blocked, and this
results in the quick break-down of the measured Faradaic
efficiency (cf. to Figure 4.c).

This situation is eased by the cracks on the surface of
GDE#2, which allow a direct access of water to the fibrous
layer, hence carbonates will also be able to precipitate
in deeper parts of the GDE structure. Neither the water
that penetrates the fibrous layer, nor the carbonate crys-
tals which are formed there will block the active catalytic
sites on-top of the microporous layer. As a result, the
break-down of the Faradaic efficiency of CO production
will commence on GDE#2 much later than on GDE#1,
since in the (due to the cracks, more penetrable) structure
of GDE#2 a significantly bigger amount of K*-containing
precipitates has to be formed to effectively block the access
of CO;, to the catalyst layer. In case of GDE#1, blockage to
the same effect occurs earlier, as in the absence of eluvia-
tion accelerating cracks, the formed precipitates quickly
reach a critical concentration in the microporous layer.

Our results thus demonstrate that the crackedness of
the GDL surface (maybe, somewhat counter-intuitively)
plays a seemingly beneficial role in the water management
of the GDE.

5. Conclusion

When ec-CO;,RR is carried out in a gas-fed zero-gap
electrolyser, K,CO3;/KHCOj; precipitation inside the GDE
structure is a sovereign symptom (and probably an impor-
tant driving force) of flooding. By determining, following
electrolysis, the concentration distribution of carbonate
salt leftovers within a GDE, we can assess the extent of
flooding that occurred during the operation of the elec-
trolyser, and we can better explain any observed stability
losses and electrolyser malfunctions.

In this paper, a robust analytical method, based on the
combination of cross-sectional EDX elemental mapping
and ICP-MS-based analysis, was suggested in order to
achieve the above goal. The novelty of this combination
is that by ICP-MS measurements we turn EDX elemental
—an essentially qualitative technique— into a quantitative
characterisation tool that makes the obtained concentra-
tion profiles comparable across different GDE samples.
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Figure 5: Depth profiles of the absolute K* concentrations in different GDE samples, following electrolyses consuming different charges. The profiles
were created by the cross-sectional EDX mapping/ICP-MS combination described in Section 2. (Grey curves show individual, magenta curves
the averaged profiles.) The integral of each profile —that is, the total potassium content of the GDE normalised to surface area, determined by
ICP-MS—, as well as the Faradaic efficiency of CO production, measured at the moment before the electrolysis was stopped, is given in each panel.
The background shading of the panels pictures the GDL as a bi-layer structure (darker shading corresponds to the microporous, lighter to the fibrous

layer regime).

The basic concept and the technical details of the
method were accurately described in the paper, and we
also presented a short case study that demonstrated the
applicability of the method.

We prepared two gas diffusion electrodes (one with a
compact, another with a cracked microporous layer sup-
port) and made these subject to ec-CO,RR stressing. We
found that while the GDE with the compact surface looses
stability (in terms of CO producing efficiency) rather
quickly, the one with the cracked surface preserves its
stability for a longer time. The newly developed, cross-
sectional EDX elemental mapping/ICP-MS-based depth
profiling tool provided an insight to the background of
these efficiency losses. We found that the fibrous layer of
GDEs (provided that it is accessible to water through the
cracks of the microporous layer) may act as a reservoir for
flooding, and as such, it can prevent (or at least postpone)
the flooding-related deactivation of the catalyst layer.

The EDX/ICP-MS-based K precipitation mapping ap-
proach described in this paper will in future be used for
the creation of statistically meaningful datasets based on
which a systematic comparison of various gas diffusion
layers and catalyst design concepts can be carried out.
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