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We study the role of binders (ionomers) in determining the life-span of gas diffusion electrodes (GDEs) used for
high throughput CO2-to-CO electrolysis. We compare two typical ionomer materials (Nafion and Fumion, both
are widely used for the preparation of Ag nanoparticles-based catalyst inks) to show that when used in zero-gap
membrane/electrode assemblies, Fumion-containing inks are superior to Nafion-based ones and can uphold a
very high CO-selectivity in the electrochemical CO, reduction reaction for longer time. This is due to the ability

of Fumion containing inks to suppress precipitation inside the GDE structure. As Fumion-fixed GDEs are
significantly less hydrophobic than Nafion-fixed ones, our results contradict the widely accepted opinion that it is
their non-wettability what mostly protects COy-reducing GDEs from flooding. In turn, we argue that it is more
important to maintain efficient electrolyte drainage pathways in the GDE structure, and explain the superiority of
Fumion-fixed GDEs on this basis.

1. Introduction

The increasing level of atmospheric carbon dioxide (CO3) and its
climatic and environmental consequences, such as global warming and
ocean acidification, present a serious threat to the sustainable devel-
opment of human society [1]. Propelled by the excess of intermittent
energy sources, the electrochemical CO; reduction reaction (ec-CO2RR)
is a promising approach to convert CO; into valuable fuels and com-
modity chemicals [1-3], and thereby to restore the global carbon cycle.

Depending on the catalyst applied for the reaction, ec—-CO2RR can
yield a variety of products that even include hydrocarbons [4] and al-
cohols [5,6] of various (typically 1-3 carbon atoms) chain lengths [7,8].
However, from an economic point of view, those that lead to the for-
mation of carbon monoxide (CO) and formate (HCOO™) are considered
the most viable amongst the various possible reaction routes. This is
mostly because the two-electron transfer that leads to CO and formate
production offers a large profit margin over other multi-electron transfer

products that require heavier energy inputs [9]. Strong cases of com-
mercial viability can be made especially for the production of CO, as CO
is considered a remarkably versatile precursor of the production of
synthetic fuels [9], and industrial applications already exist for the
coupling of CO, and water co-electrolysers to fermentation modules
where CO and Hj are converted to butanol and hexanol with high carbon
selectivity [10]. Amongst the various metal catalysts (Au, Ag, Zn, Pd,
Ga) that direct ec-CO2RR towards the formation of CO [11], Ag-based
ones seem to be the most promising [12-14].

By using Ag especially in the form of nanoparticles (NPs) for the
catalysis of ec—-CO2RR, Faradaic efficiencies (FEs) reaching almost 100%
in the CO,-to-CO conversion can be achieved [12], and at least in
standard lab-scale experiments utilising conventional “H-type” cells, the
reaction can remain stable for a very long time. The up-scaling of the
reaction in the direction of reaching industrially relevant reaction rates
is still hindered, however, by several tough challenges, and addressing
these requires not only the study of new catalyst materials, but also that
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of entire electrolyser designs [16,17].

In a conventional H-type cell, where CO; dissolved in an aqueous
phase undergoes reduction at the electrode surface, the reaction quickly
becomes mass transport limited at high enough cathodic potentials, and
the reaction rate will thus not be determined by the catalytic activity of
the cathode but rather by the slow diffusion and low concentration of
water-dissolved CO, molecules, allowing current densities typically not
exceeding a few mA cm™ in quiescent solutions. To overcome this
limitation, and to achieve current densities that are orders of magnitude
higher, the application of gas diffusion electrodes (GDEs) seems to be
intuitive [18-28].

In GDEs, the catalyst is supported by a gas diffusion layer (GDL) that
is composed of a carbon fibrous layer (CFL) and a microporous layer
(MPL), as shown in Fig. 1a, and this bi-layer structure allows CO5 to
reach the catalyst layer essentially in gas phase, relieving the mass
transport limitations that apply to H-type cells. Besides enabling fast
reactant delivery, the GDL also facilitates the release of gaseous reaction
products, serves as a mechanical support and electrical contact for the
catalyst, and plays important role in controlling the amount of electro-
lyte in the catalyst layer [29].

In practical electrolysers producing mostly gaseous products, GDEs
are often applied as parts of so-called zero-gap membrane-electrode
assemblies (MEAs, Fig. 1), where the GDE is directly interfaced to an
anion exchange membrane [30,31]. The membrane [32] assures that no
volatile cathode-generated products cross over to the anode, which
would reduce the efficiency of electrolysis. Another important role of the
anion exchange membrane in zero-gap MEAs is that it controls the ac-
cess of water to the catalyst layer while making sure that anionic reac-
tion byproducts and products of COz neutralisation —e.g., hydroxide
and (bi-)carbonate ions— can be transported away from it.

Water plays a very ambiguous role in MEA-based CO5-to-CO elec-
trolysers [23,33]. Since water appears as a reactant in the target reaction

CO; + H;O + 2 - CO + 20H ", (R1)

the presence of some amount of water in or nearby the catalyst layer is
essential. If, however, an excess amount of water penetrates not only the
catalyst layer but the underlying MPL as well, it may flood micropores,
thereby blocking the access of CO; to the catalyst and giving rise to
parasitic hydrogen evolution:
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2H,0 + 2¢~ — H, + 20H™- (R2)

As of today, it is probably the above-mentioned proneness of GDE
micropores to flooding that presents the main obstacle in front of the
scale-up prospects of CO electroreduction [21,34-39]. When flooding
in a GDE-based electrolyser occurs to such extent that the reactant CO4
can no longer reach the catalyst layer, severe stability issues —a shifting
from Reaction (R1) to (R2)— occur, and as a result, the FE of CO for-
mation drops down during long-time electrolyses.

In zero-gap MEAs, the penetration of water (or in fact, that of the
KOH solution) through the membrane cannot be precisely controlled,
and usually the amount of electrolyte passing through the membrane is
more than what could be consumed by Reaction (R1). In order to avoid
that this excess amount of electrolyte gets trapped within (and ulti-
mately floods) the micropores of the GDL, measures have to be taken to
allow its drainage through the microporous and then the carbon fibrous
layer, so that it can eventually exit the electrolyser with the outward gas
flow. As it was pointed out recently [15,40-42], maintaining the efficacy
of drainage channels by which the above-described perspiration [43,44]
occurs seems to be a key strategic line in avoiding the flooding of MPL
micropores, and thus extending the lifetime of zero-gap MEA-based CO»
electrolysers.

The task of optimising electrolyte management in zero-gap MEAs is
further complicated by the fact that most of these constructions apply
heavily alkaline electrolyte solutions (to keep the anode process fast
enough) and by that the anion exchange membranes used for the sep-
aration of the cathode GDE from the anode compartment are to some
extent permeable also to cations.

When cations of the anolyte (in our case, K* ions) appear on the
cathode GDE, they react with the CO5 supply and form KoCO3/KHCOg3
salts. If these salts are formed only in a small amount, they present less of
a threat as they can perspire through the GDL and exit the electrolyser
dissolved in aerosol. If, on the other hand, K;CO3/KHCO3 salts are
formed at large concentrations, they precipitate inside the GDE structure
or over the catalyst layer, which can have a detrimental effect on the
electrolysis process [43,45]. Following electrolysis, KoCO3/KHCOs3
precipitates can often be visualised, e.g., by energy dispersive X-ray
(EDX)-based analysis, inside or on top of the GDE structure [41].

The EDX elemental mapping-based analysis of precipitate formation
patterns in GDEs, combined with the inductively coupled plasma mass

(b) (c)

Iridium wire

(anode)\‘

Ag | AgCl | 3 mol dm™ KCI
reference electrode

anolyte
(2 mol dm™ KOH)

glass frit

S

/channels

Gas outlet
Fl ™~ (to60)

Water trap for
perspirates
U

aliquots analysed by ICP-MS

Fig. 1. A zero-gap membrane-electrode assembly (MEA) employing a gas diffusion electrode in contact with an anion exchange membrane, used in a gas-flow cell for
the electrolysis of CO,. Part (a) shows a close-up view of the MEA, parts (b) and (c) show the exploded and the cross-sectional view of the electrolyser.

Adapted from [15].
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spectrometry (ICP-MS) -based monitoring of K outflow can lead to a
better understanding of the often-observed stability losses of zero-gap
MEA-based CO5 electrolysers [41], and the combination of these
methods have already led to the successful identification of design
strategies that could help prolong electrolyser lifespans. These strategies
included the preferential application of GDLs with a cracked MPL
structure (over GDLs of compact MPLs, [42]) or the practice of avoiding
the use of polymeric capping agents when formulating Ag NP-based
catalyst inks [15].

In the present paper we focus on another important constituent of
zero-gap MEAs that has crucial effect on the water (electrolyte) man-
agement of electrolysers. This constituent is the binder: an ionomer that
is added to the catalyst ink in order to improve its consistency, its
electrical (ionic) conductivity, and its adherence to the MPL surface. In
this paper we compare two well-known binders, Nafion and Fumion, in
order to study their effect on the lifespan of electrolyses.

The major difference between the two applied binders is that Nafion,
a sulphonated tetrafluoroethylene-based polymer, is an essentially H-
conducting material, while Fumion, a polyaromatic polymer with qua-
ternary ammonium functional groups, conducts electricity by coun-
terion (in the studied media, OH™ or CO%’/HCOg) hopping. While,
probably mostly out of tradition, Nafion is still used by a vast majority of
researchers of ec-CO2RR as the ionomer of cathode catalyst layers (see
[46] for a Review), the advantages of using anion exchange ionomers
(especially in order to hinder cation penetration and precipitation at the
cathode) were also identified [47].

Working under the hypothesis that upholding effective perspiration
is essential in order to avoid the entrapment of electrolyte (flooding) in
the GDE structure, as well as that the appearance of K* ions inside the
GDE can directly be interpreted as a tracer of flooding, we utilise our
recently developed approach [31] that combines post-experimental
EDX-based analysis of GDEs with the ICP-MS-based monitoring of
perspired electrolytes in order to shed light on the reasons why the
application of Fumion as a binder leads to more prolonged electrolysis
stability compared to when a Nafion ionomer is used for the fixation of
the catalyst ink.

We note here that a recent comparative study by Nwabara et al. on
different ionomers [48], the scope of which also initially included
Fumion, concluded —based on contact angle measurements screening—
that Fumion would not be an efficient binder because of its hydropho-
bicity being significantly lower than that of Nafion. While this obser-
vation is generally valid (and in contact angle measurements we also
observed the same difference), this paper points out that the ability of
ionomers to assure effective electrolyte perspiration, thus enabling
longer electrolysis stability, is a more important factor than hydropho-
bicity alone. This observation, we believe, is an important addition to
existing screening strategies that seem to emphasise mostly the role of
non-wettability in GDE design for stable ec-CO2RR [48-51].

With regard to the zero-gap cathode MEA configuration used in our
experiments (see Fig. 1) we note here that this set-up was created spe-
cifically for the accelerated durability testing of CO5 electrolysing GDEs
[22]. As opposed to devices of higher effective surface areas employing a
true zero-gap configuration that also includes an anode GDE, the
effective area of our small-scale electrolyser is only a few
square-millimetres, and it features a semi-zero gap design, meaning that
the membrane is brought into direct contact with the anolyte solution
containing an Ir wire anode and is not interfaced to an anode GDE. As a
result of these two conceptual differences, stability defects in our
small-scale electrolyser can be observed after much shorter times of
electrolysis, compared to semi-industrial scale reactors where durability
issues similar to those reported in our paper would occur only after
weeks of stable operation [52].
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2. Experimental
2.1. Chemicals used

All chemicals were used as purchased, without further purification.
Potassium hydroxide (reagent grade, 90%, flakes) and Nafion (Nafion
117, w = 5%, dissolved in a mixture of lower aliphatic alcohols and
water) were purchased from Sigma-Aldrich. Dispersions of lipoic acid
capped —for some experiments, polyvinylpyrrolidone (PVP) capped or
branched polyethylene-imine (BPEI) capped— Ag NPs (1 mg cm™ Ag in
2 mmol dm™ aqueous KyCOj3 solution) were purchased from Nano-
Composix. The Freudenberg H23C8 GDL and Fumion solution (Fumion
FAA-3-SOLUT-10) were purchased from Fuel Cell Store. Carbon black
(Vulcan XC 72 R) was purchased from Cabot. Isopropanol (VLSI Selec-
tipur) was obtained from BASF. The anion exchange membrane (X3750
RT) was purchased from Dioxide materials. Ir wire (99.9%) was ob-
tained from MaTeck Material Technologie & Kristalle GmbH. An Ag |
AgCl | 3 mol dm™3 KCl reference electrode (double junction design) was
purchased from Metrohm. Carbon dioxide (99.999%) was purchased
from Carbagas. Ultra-pure water (Milli-Q by Merck Millipore,
18.2 MQ cm specific resistance) was used in all experiments.

2.2. Catalyst ink preparation

0.25 cm® of the dispersion containing lipoic acid (alternatively, for
some experiments, PVP or BPEI) capped Ag NPs and 0.74 cm?® of carbon
black in isopropanol (carbon concentration: 0.059 mgcm™) were
separately sonicated for 10 min. Then, the two solutions were mixed,
and 0.01 c¢m? of either Nafion or Fumion binder solutions (as purchased)
was added, following which the resulting ink was sonicated for another
10 min. We note here that if no binder is used, the ink becomes unstable
and already within 10 min, agglomeration of particles can be observed
(see the photos of Fig. S1 in Supporting Information). The amount of
binders to add (0.01 cm® in 1 ecm® ink, corresponding to 1% binder
volume fraction) was determined based on pre-screening experiments,
results of which are shown in Fig. S2 of Supporting Information. In case
when the Fumion binder was used, the ink of 1% binder volume fraction
exhibited the longest durability during electrolyses. In case of Nafion,
the binder concentration had little effect on the stability of electrolysis,
thus we decided to compare inks with the same, 1% binder volume
fraction. As seen in Fig. S1, these catalyst inks were homogeneous, with
an Ag NP concentration of 0.25 mg cm™ and an Ag/carbon black mass
ratio of 85:15.

2.3. Preparation of the GDEs

0.04 cm® of the prepared catalyst ink was drop-cast on the centre of
the microporous surface of a circular Freudenberg H23C8 (FuelCell-
Store) GDL of 2 cm diameter by using vacuum filtration. By applying a
silicone plate mask, the drop-cast area was limited to a circle of 4 mm
diameter. The thus prepared GDE was dried in a vacuum drying chamber
overnight.

2.4. Assembly of the electrolyser

The electrolyser shown in Fig. 1 was used to carry out electro-
chemical CO; reduction. The bottom part of the electrolyser is made of
stainless steel and is equipped with gas flow channels, on which the
prepared GDEs were placed with the catalyst layer facing upwards and
the bottom carbon fibre layer facing the gas flow channels. The GDE was
covered by a hydroxide functionalised Sustainion anion exchange
membrane from above, before fixing the Teflon-made anode compart-
ment on top. The anode compartment has a central orifice on its bottom,
allowing access of the anolyte to the membrane. The orifice is of 3 mm
diameter, determining the geometric surface area (0.0707 cm?) of the
GDE. The anode compartment is filled with 10 cm® of 2 mol dm™3 KOH
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solution, and contains an Ag | AgCl | 3 mol dm™ KCl reference electrode
and an Ir wire anode. The anode is placed inside a small chamber and is
separated from the rest of the anolyte by glass frit, as shown in Fig. 1.

2.5. Electrochemical measurements and product analysis

All galvanostatic electrolysis experiments were carried out using an
ECi-200 potentiostat (Nordic Electrochemistry), by applying a current of
— 21.2 mA (corresponding to a geometric surface area-normalised cur-
rent density of —300 mA cm~2 for a duration of 1 h, resulting in a
passage of —76.34 C of charge (—1080 C cm ™2 normalised to geometric
surface area). Cathode potentials reported in the paper are all referred to
the applied Ag | AgCl | 3 mol dm™ KCl reference electrode. Potential
values were IR-corrected based on an impedimetric determination of the
series cell resistance. Gaseous reaction products (CO and Hj) were
analysed by connecting the gas outlet of the electrolyser to a gas chro-
matograph (GC, SRI Instruments Multigas Analyzer). The continuous
flow of the carrier CO5 gas through the cathode flow channels carried
reaction products from the gas outlet of the electrolyser into the sam-
pling loop of the gas chromatograph. The partial current [;, corre-
sponding to the formation of a gaseous product i, can be calculated [53]
as

li = xi nj F vy, (@)

where x; denotes the mole fraction of the products, determined by GC
using an independent calibration standard gas (Carbagas); n; is the
number of electrons involved in the reduction reaction to form a
particular product (n =2 for both CO and H; formation); F =
96,485.3 C mol ! is Faraday’s constant; and vy, is the molar COy gas
flow rate determined by a universal flowmeter (7000 GC flowmeter,
Ellutia) at the gas outlet of the electrolyser. The Faradaic efficiency (FE)
of a given reaction product was determined by dividing the respective
partial current, calculated from Eq. (1), by the total current. A thermal
conductivity detector (TCD, for the detection of Hy) and a flame ion-
isation detector (FID, for the detection of CO) were equipped to the gas
chromatograph. In all our experiments, the formed CO and Hy amounts
accounted for an altogether 90-99% FE. Following 1-hour electrolyses,
some amounts of formate (HCOO™ ) were detected in the anolyte
compartment, which could account for the less than 100% total FE,
although an exact quantification of this product is not possible (due to
the fact that it is partially consumed by oxidation at the anode).

2.6. Scanning electron microscope (SEM), energy-dispersive X-ray
spectroscopy (EDX) and transmission electron spectroscopy (TEM)

A Zeiss Gemini 450 scanning electron microscope with InLens sec-
ondary electron detector and backscattering detector was used to study
the surface and the interior of GDEs prior to, and after electrolysis. An
accelerating voltage of 5 kV and a beam current of 120 pA were applied
at working distances between 5.0 and 5.5 mm. The SmileView software
was used to measure the particle size of Ag NPs, 500-700 particles were
analyzed at each experimental setting to create particles size distribu-
tion charts. To study the morphological evolution of Ag NPs upon
electrolysis, all GDEs were immersed into Milli-Q water at least 15 min
for three times, to remove K2CO3/KHCO3 precipitates from their surface.
(This step was obviously omitted before the SEM/EDX-based charac-
terisation of the formed precipitate patterns.) An Energy Dispersive X-
Ray Analyzer (EDX) was used to provide elemental identification and
compositional information of Ag and K for after-electrolysis GDE sam-
ples. To obtain surface or cross-sectional mapping of GDEs, the Aztec 5.0
software (Oxford Instruments) was used, with an acceleration voltage of
10 kV, current of 1 nA and working distance of 8.5 mm. Cross-sectional
SEM and EDX analysis was carried out using the GDE cut by a knife in
the middle, by applying pressure to the knife from the back side. For the
transmission electron microscopy (TEM) imaging, an FEI Titan Themis
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instrument was used with an accelerating voltage of 300 kV.
2.7. Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS (NEXION 2000, Perkin Elmer) was applied to determine the
mass of potassium that perspired through the membrane and the GDE,
and exited the electrolyser through the gas outlet. A trap containing
10 cm? of ultrapure water was used to collect perspired potassium salts
(Fig. 1b). 0.02 cm?® aliquots of the trap content, collected every 10 min,
were 500-fold diluted by an appropriate amount of 2% HNO3 solution
(BASF SE, Ludwigshafen, Germany) and the resulting solution samples
were injected into the ICP-MS to obtain the content of potassium in
perspiration. To determine the Ag mass loading of the GDE samples, the
GDEs were immersed in 1 cm® of concentrated HNO3 (69.3%, BASF SE,
Ludwigshafen, Germany) for 24 h to dissolve all Ag NPs. 0.02 cm® of the
resulting solutions was diluted with 3% HNOs solution by a factor of
500, and was then fed into the ICP-MS. Loading values reported in the
paper are 95% confidence intervals, calculated from 6 independent
measurements.

2.8. Contact angle measurements

Contact angle measurements were carried out using a Kriiss Advance
Drop Shape Analyzer DSA25 (Kriiss GmbH, Hamburg, Germany). GDEs
were mounted on a flat stage and water drops (milli-Q water,
0.0014 cm®) were deposited at room temperature.

Raw data, as well as unprocessed measurement files serving as a basis
of this publication can be downloaded from Zenodo [54].

3. Results and discussion

The aim of this paper is to study the effect of two chosen ionomers
(Nafion and Fumion) on the stability of ec-CO2RR carried out in the
electrolyser shown in Fig. 1. This reactor is a small-scale version of
catholyte-free (also known as zero-gap) gas fed MEA-based electrolysers
[45] in which cathode GDEs are directly interfaced to an anion exchange
membrane. Although its small active GDE area (0.0707 cmz, see the
Experimental section for details) limits the operating current of the
device (so that it definitely falls short of industrial requirements), the
electrolyser can be operated at high (> 100 mA cm’z) current densities.
Since it was designed [30,31], the device has become a useful tool for
the simulation of close-to application electrolysis conditions, and
—complemented by the quantitative monitoring of perspired electrolyte
amounts and by the post-mortem SEM/EDX-based analysis of GDEs—
the small-scale electrolyser has already successfully been used to iden-
tify the major causes of efficiency losses [15,40-42] in GDE-based
CO»,-to-CO converters.

Due to its limited size, our small-scale electrolyser device is more
sensitive to edge effect-related stability losses, thus when operated at
suitably high current densities, a break-down of the electrolysis effi-
ciency can be observed relatively early (usually, within an hour). This
allows the identification of major malfunction causes without the need
of long-lasting electrolyses, and the device can thus serve for the
accelerated durability testing of GDEs, the need of which has been
pointed out recently [22].

3.1. Characterisation of as-prepared GDEs

Nafion- and Fumion-fixed GDEs were prepared as described in the
Experimental Section by keeping the following two points in mind: First,
we intentionally applied a Freudenberg H23C8 GDL, the MPL of which is
free of any cracks or voids, the size of which would exceed the sub-
micron region. This choice was necessary in order to make sure that
we study a “worst-case scenario”, in which larger cracks can provide no
drainage channels in addition to those provided by micropores [42].
Second, we chose an Ag NP dispersion for the formulation of the catalyst
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ink in which the NPs were capped by lipoic acid, a non-polymeric agent
that stabilises the NPs mostly by Coulomb interactions, and that does not
get adhered to the MPL, clogging its micropores [15].

Although the applied silver loading was almost the same in case of
the Nafion-fixed ((37.7 &+ 6.0) pug cm’z) and the Fumion-fixed ((40.0
+ 6.5) ug cm™2) GDE, sessile water drop tensiometry (respective contact
angles: 150.9° & 0.1° and 99.8° + 0.5°) revealed that the surface of the
Fumion-bound catalyst layer is significantly less hydrophobic, in
agreement with previous reports of Nwabara et al. [48].

While TEM investigations (see Fig. S3 of Supporting Information)
reveal that Ag NPs originating from Nafion- and Fumion-containing
samples have a rather similar nanoscale structure, the SEM/EDX-based
imaging of as-prepared GDEs exhibit significant differences. The top-
down SEM micrographs (Fig. 2) of the Fumion-bound catalyst layer
were relatively blurry, and they showed an apparently smaller number
of Ag NPs compared to the much sharper micrographs taken from the
Nafion-bound catalyst layer where not only the Ag NPs, but also flakes of
the Vulcan carbon support could well be identified. We ascribe the
observed blurriness of the SEM images taken from the Fumion-bound
catalyst to the formation of an electron-optically dense, jelly-like
Fumion layer that covers most of the Ag NPs, keeping them partially
inaccessible to the electron beam. This argument is further supported by
the cross-sectional SEM micrographs and elemental (Ag) EDX maps of
the GDEs. These show that while the Ag NPs of Nafion-bound catalyst
inks can relatively deeply penetrate the MPL (to an approximate depth
of ~10 um), such penetration does not occur in Fumion-fixed GDEs. In
the latter case it seems that Fumion, probably due to its hydrophilic
nature, cannot enter the (hydrophobic) MPL, and as a result, the catalyst
forms a well-discernible (about 500 nm thick) layer on top of the GDE.

3.2. Electrolysis stress tests: stability—perspiration relations

Nafion-fixed and Fumion-fixed GDEs also exhibit several differences
when made subject to 1 h ec—-CO2RR stressing experiments at a high
current density (-300 mA cm2, Fig. 3). Fig. 3a shows that at the start of
electrolysis, both GDEs perform well and yield CO with a Faradaic ef-
ficiency of FEco > 90%. The performance of the GDEs will then
decrease, however, and a shift from CO»-to-CO reduction (Reaction
(R1)) to hydrogen evolution (Reaction (R2)) is clearly indicated both by
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Fig. 3. Results of ec-CO4RR stressing of Nafion-fixed (black) and Fumion-fixed
(red) GDEs. Panel (a) shows the variation of the Faradaic efficiency of CO, FEco,
over time. Panel (b) shows the temporal variation of the measured electrode
potential E, while in panel (c) we plotted the amount of K* that perspired
through the electrolyser and was detected in the water trap equipped to its gas
outlet channels (cf. to Fig. 1). Error bars and shaded areas indicate 95% con-
fidence intervals calculated from at least three independent measurements, raw
data that served the construction of the figure are accessible online [54].

the instantaneous increase of the cathodic potential shown in Fig. 3b,
and by the (due to the nature of GC-based sampling, much slower)
decrease of the measured FEcg values. The trend of this shift is, however,
distinctly different for the two GDEs, and while for the Nafion-bound
catalyst layer a deterioration of electrolyser stability is imminent

cross-sectional SEM

cross-sectional EDX

itopzdownISEV!

cross-sectional SEM

cross-sectional EDX

Fig. 2. SEM/EDX-based characterisation of Nafion-fixed (top row) and Fumion-fixed (bottom row) GDEs.
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—already after the first 15 min of electrolysis, FEco drops to below
50%—, the Fumion-bound catalyst layer holds on for longer times, and
even after 1 h long electrolysis, CO is still the majority product.

The reason of this difference in the electrolysis stability is not that
electrolyte could not enter the Fumion-fixed GDE: as it can be seen in
Fig. 3c, the amount of K exiting through the outflow of the electrolyser
is quite significant and the K' content of the trap keeps increasing
steadily for the Fumion-containing GDE. The Nafion-fixed electrode, on
the other hand, seems to allow no significant perspiration of K* ions
through the electrolyser.

3.3. Fumion vs. Nafion: reasons behind different electrolysis lifespans
unravelled by post mortem SEM—-EDX investigations of GDEs

That the appearance of membrane-transported electrolytes have a
key role in determining the stability of electrolyses is directly proven by
the top-down and crosssectional SEM investigation of the two GDEs at
different stages of electrolysis. The SEM micrographs in Fig. 4 were
colourised based on the EDX-based elemental mapping of K and Ag to
show the exact spots where precipitates and catalyst particles are
located.

The as-prepared Nafion and Fumion-fixed electrodes look different in
terms of apparent loading (top-down view) and the distribution of the
catalyst particles (crosssectional view), due to reasons already described

Q=180Ccm™

as-prepared
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previously, in relation to Fig. 2. When the electrolysis starts, K"-con-
taining precipitates begin to appear (and their concentration evidently
increases with the time of electrolysis) in both GDEs, however the spatial
distribution and the accumulated amount of precipitates will be
completely different for the two studied systems.

In Nafion-fixed GDEs, K" preferentially appears on-top of the catalyst
layer, and plaques of precipitates tend to cover rather quickly the Ag NP
catalyst particles. At the final stage of electrolysis, and this is well
observable both in the top-down and cross-sectional SEM images, only
some very little part of the catalyst layer remains active due to the
formation of an about 3 pm thick K;CO3/KHCO3 plaque formed over it.
This is clearly the reason for which the Nafion-fixed GDE at this point
already loses almost all its ability to reduce CO, to CO. The amount of K™
that could enter —primarily at the beginning of electrolysis— the deeper
layers of the MPL is significantly less than what is retained in the plaque.
Note that after it is formed, the plaque should not only inhibit the
electrolysis process, but should also hinder the further entry of K™ ions
into the MPL, which explains why the Nafion-fixed GDE allows almost
no K* perspiration (Fig. 3c).

Fumion-fixed GDEs behave utterly differently compared to Nafion-
fixed ones: not in the sense that in this case, clear signs of precipitate
formations would not be visible (the amount of K, both on-top and
within the GDL, clearly increases with the time of electrolysis, Fig. 4) but
rather because the distribution of the precipitates is clearly more

Q=360Ccm” Q=1080Ccm™

Fig. 4. Top-down and cross-sectional images recorded of Nafion and Fumion-fixed GDEs at different stages of electrolysis (after the passage of the indicated amount
of charge). The images were colourised based on elemental EDX mapping: yellow colour stands for Ag, magenta for K-rich spots. The original SEM images and

corresponding EDX maps are accessible online [54].
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homogeneous in Fumion-fixed GDEs. Here, no distinct plaque formation
is observed, and the formed precipitates seem to penetrate more uni-
formly the deeper regions of the MPLs. For the majority of the formed K™
salts it is still possible to perspire through the GDE structure, and
eventually to exit the electrolyser—these salts can be detected in the
water trap equipped to the gas outflow (Fig. 3c).

That the Fumion-fixed GDE retains its activity for a longer time than
its Nafion-fixed alternative can clearly be explained by that the formed
precipitates cover much less of the catalyst layer on-top of the Fumion-
fixed GDE. Formed precipitates, on the other hand, do seem to penetrate
the GDL structure to considerable extent, where they probably flood
some portion of the micropores —this causes the about 50% drop of the
Faradaic efficiency over the 1-hour electrolysis—, but this effect seems
to be less detrimental than that of the plaque formation on-top of the
catalyst layer, seen in the case of Nafion-fixed electrodes. It seems to be a
plausible assumption that this improved performance of Fumion-fixed
GDE:s is due to the relatively compact, jelly film-like nature of Fumion
that, as opposed to Nafion, does not penetrate and clogs the micropores
of the MPL, however that is still somewhat permeable to K™ ions.

As the ultimate source of K' ions in the studied electrolyser config-
uration is the anolyte, we carried out additional experiments utilising a
0.2 (instead of 2.0) mol dm™ KOH solution as anolyte (see Figs. S4 and
S5 in Supporting Information). It seemed, however, that also this
decreased anolyte concentration is high enough to cause very similar
stability issues and plaque formation during electrolysis on Nafion-
bound GDE:s.

In order to further support the hypothesis that Fumion-bound GDEs
are superior to Nafion-bound electrodes due to that they enable more
effective electrolyte perspiration, we had to rule out two alternative
explanations; namely, that i) the deficient stability of Nafion-bound
GDEs could also be caused by the deeper penetration (and, as a result,
partial deactivation) of the Ag NPs into the MPL, as was shown in Fig. 2;
and ii.) that specific chemical interactions between the lipoic acid
capping agent and the used ionomers may also be responsible for the
observed durability differences of Fumion and Nafion-bound GDEs.

As to the first point, we found that in case we apply spray coating
(instead of vacuum filtration) to cover the GDL with the catalyst ink, the
aforementioned penetration of Ag NPs will occur to a considerably less
extent (see Fig. S7 of Supporting Information), while the same difference
between the stability of Nafion and Fumion fixed GDEs will remain to be
observed (Fig. S8 of Supporting Information).

As to the second point, we also prepared GDEs using another two
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capping agents —PVP and BPEI— with structures very different from
that of lipoic acid, and we still observed (see Fig. S9 in Supporting In-
formation) that Fumion-fixed GDEs retain their stability for longer times
than Nafion-fixed ones, in a way that is rather similar for lipoic acid
stabilised NPs.

The above experiments further support the conclusion of findings
shown in Figs. 3 and 4: that is, efficient perspiration needs to be main-
tained in the zero-gap MEA to avoid plaque formation over the catalyst
layer and resulting stability losses. From this point of view, Fumion-
bound GDEs seem to perform better than their Nafion-fixed alter-
natives—however, upholding the efficiency of electrolysis is not the only
advantage that Fumion offers.

3.4. The role of ionomers in protecting catalyst NPs from degradation

Another beneficial effect of the Fumion layer is that it protects most
Ag NPs from degradation. If after 1 h electrolysis, we clean away (by
water rinsing, see the Experimental Section) the formed precipitates
from the top of the GDEs, we can use SEM-based analysis to detect the
morphological changes of catalyst particles. Fig. 5 shows that in case of
both electrodes, the initial size distribution of the NPs was almost
monodisperse, centred around approximately 50 nm. During electrol-
ysis, in case of the Nafion-bound electrode, severe degradation occurred,
as a result of which many particles merged into large conglomerates, and
the size distribution became flattened. A tendency towards the forma-
tion of large aggregates can also be noticed in the case of the Fumion-
fixed GDE; however, in this case the protective Fumion layer seems to
keep the big majority of the particles immobile, and as a result, the
initial size distribution still remains dominant also after the electrolysis
testing. We note here that following long-lasting electrolyses, the
sharpness of the top-down SEM micrographs taken from Fumion-bound
GDEs has apparently improved, and thus the number of exhibited NPs
also seemed to increase (compare the SEM images of the “Fumion” panel
in Fig. 5). This probably has to do with the degradation of the protective
Fumion layer during electrolysis. That the large agglomerates formed to
more extent on the Nafion-bound and to less on the Fumion-bound GDEs
during electrolyses consist of Ag, is clearly proven by the EDX maps of
Fig. S6 in Supporting Information.

3.5. Testing Fumion-bound GDEs with anolytes of different compositions

The experiments described above all indicate that it is the relatively

Fumion
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Fig. 5. Top-down and cross-sectional images recorded of Nafion and Fumion-fixed GDEs at different stages of electrolysis (after the passage of the indicated amount
of charge). The images were colourised based on elemental EDX mapping: yellow colour stands for Ag, magenta for K-rich spots. The original SEM images and

corresponding EDX maps are accessible online [54].
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good permeability of the Fumion layer to K ions that enables a more
long-lasting cell stability (compared to what can be achieved by using
Nafion-bound GDEs), and that the ability of Fumion in upholding elec-
trolyte perspiration is essential for the stable operation of CO; electro-
lysing zero-gap MEAs.

In order to further test the validity of this statement and to define its
boundaries, we performed a set of further experiments in which Fumion-
fixed GDEs (MEAs) were used in combination with anolytes of different
compositions. Apart from KOH, LiOH, NaOH and CsOH solutions of
2 mol dm™3 concentration were used as anolyte in these experiments. As
shown in Fig. 6, we found during electrolysis at a constant current
density of 150 mA cm™ that in case of a CsOH anolyte, the stability of
electrolysis could slightly be improved (compared to when a KOH
anolyte was applied). In case of NaOH, the durability of the electrolysis
has already significantly decreased, and HER became prevailing over
ec—CO2RR already after 2 h of electrolysis. Furthermore, if NaOH was
used as an electrolyte, results (see Fig. 6) also indicated the production
formate ions at large scale (something that was not seen either in case of
KOH or of CsOH). In the case when LiOH was used as an anolyte, the
electrolysis broke down almost immediately —so that no product dis-
tribution could be determined— and the measured potential reached a
saturation value, indicating that the control circuit cannot provide suf-
ficient current for the electrolysis.

Also in these experiments we found that stability losses during
electrolysis usually occur as a result of plaque (precipitate) formation
over the GDE surfaces (Fig. 7), and that the time at which the electrolysis
breaks down is mostly determined by two factors: the transport prop-
erties (the mobility) of the cations and the solubility of their carbonate
salts. The SEM/EDX characterisation of GDEs at different stages of the
electrolysis show that in case of K™ and Cs™, precipitates appear rather
late over the catalyst layer, while the formation of Na' and, in partic-
ular, Li* carbonates on top of GDEs commences much earlier. This has to
do with the greater (hydrodynamic) radius and the resulting reduced
mobility of hydrated Na® and Li" ions, as well as with the limited
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solubility of their carbonate salts (see Table 1 for data). A correlation
between the diffusion coefficients of the cations and the solubility of
their carbonate salts, as well as the stability time of electrolyses when
different alkali hydroxides are used as anolytes are shown in Fig. 8. (The
time of electrolysis stability we define here as the electrolysis time
required for FEy, to grow higher than 50%.).

The above experiments demonstrate that while the application of
Fumion as an ionomer of catalyst inks usually leads to more prolonged
electrolyser stabilities compared to when, e.g., a Nafion binder is used,
precipitation inside Fumion-bound GDEs can still be observed, and this
is what at the end determines the stability of the process. Apart from
choosing the right ionomer material for the fabrication of GDEs, also the
composition of the anolyte has thus to be taken into account in order to
establish proper electrolyte management within CO reducing GDE-based
MEAs, in alignment with novel findings of Garg et al. [56] and of Bur-
dyny et al. [57].

4. Conclusion

In this paper we prepared Ag NPs containing catalyst inks by the
application of two different binders: Nafion and Fumion. By using these
inks, we created GDEs that we subjected, in a zero-gap MEA configu-
ration, to ec-CO2RR experiments. Although based on their wettabilities
(Nafion-fixed GDEs are more hydrophobic than Fumion-fixed ones) we
expected the opposite [48,49], we found that on Fumion-containing
GDE:s the selectivity of CO2-to-CO conversion can be upheld for longer
times.

By a post-electrolysis EDX-based elemental (K) analysis of precipi-
tation patterns inside and on-top of the GDEs, combined with a mass
spectrometric monitoring of the perspired electrolyte amount, we
concluded that the poor performance of Nafion-fixed GDEs is due to the
formation of KoCO3/KHCO3 precipitate plaques over the catalyst layer
that breaks down its activity in ec-CO2RR. On Fumion-fixed GDEs this
plaque formation was avoided, and while a protective ionomer layer
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Fig. 6. Fumion-fixed GDEs are tested in ec~-CO,RR experiments in the cell shown in Fig. 1, using different anolyte compositions. The top row shows the time (charge)
dependence of the product distribution, the bottom row the time (charge) dependence of the measured cathode potential. Applied current density: 150 mA cm™2.
Regions marked as “rest” in the product distribution plots probably correspond to the production of formate. (Slight amounts of formate were detected in the anode
compartment of the electrolyser following the experiments: the amount of formate can however not be exactly quantified in the used set-up, due to its possible

oxidation at the anode.)
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Table 1

Physico-chemical parameters (Ao: molar conductivity at infinite dilution, Dy:
diffusion coefficient at infinite dilution, rsikes: hydrodynamic radius) of the
different hydrated alkali cations studied in this paper, as well as the solubility of
their carbonate salt (bmax, My, ) €xpressed in molality and the approximate
stability time (tyap) Of electrolyses when the given alkali hydroxide is used as
anolyte of the electrolyser. Data are taken from Ref. [55]; transport parameters
correspond to 25 °C, solubilities to 15 °C temperature.

@ e O

Ao / (S em? mol™) 38.66 50.08 73.48 77.20
Do/ (10° em®s™) 1.029 1.333 1.957 2.056
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Bimax , Maco, / (mol kg™ 0.1894 1.581 7.839 8.011
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Fig. 8. Plot showing a direct correlation between the diffusion coefficients
(scaled mobilities) of the studied cations and the solubilities of their carbonate
salts, as well as the stability of electrolyser cells operated with the corre-
sponding 2 mol dm™ hydroxide solutions. See Table 1 for numerical data.

kept most of the Ag NP catalyst particles active, a majority amount of the
K*-containing electrolyte that penetrated through the membrane could
perspire through the GDE and exit the electrolyser through the gas
outflow line.

Our results indicate that from the point of view of upholding the
stability of CO; electrolyses in zero-gap MEA-based cathode configura-
tions, the importance of good electrolyte management (effective
perspiration) is even higher than that of the wettability properties of
GDEs [48-51].

By carrying out experiments with Fumion-fixed GDEs in combination
with anolytes of different compositions (KOH, CsOH, NaOH and LiOH),
we demonstrated that stable electrolysis (efficient perspiration) can
more be upheld in the order Cs* > K™ > Na® >> Li™; that is, in case
when smaller (more mobile) cations are used, the carbonates of which
exhibit greater solubility in water.
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