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Pushing the Ag-loading of CO, electrolyzers

to the minimum via molecularly
tuned environments

Kevinjeorjios Pellumbi,’? Dominik Krisch,* Clara Rettenmaier,* Houssein Awada,® He Sun,®
Luyang Song,® Sebastian A. Sanden,” Lucas Hoof,' Leonard Messing,' Kai junge Puring,’
Daniel Siegmund,’? Beatriz Roldan Cuenya,* Wolfgang Schéfberger,®* and Ulf-Peter Apfel’-2>*

SUMMARY

Electrochemically converting CO, to renewable synthons is steadily
becoming a globally scalable and important CO, utilization technol-
ogy. Nevertheless, most industrial endeavors employ catalysts based
on metallic Ag or Au, with few catalytically competitive alternatives,
showing similar activity, high mass activity, and cost efficiency. Simi-
larly, this effort is hindered by insufficient testing of promising
materials in application-oriented conditions. We herein present a ho-
listic pathway starting from the conceptualization of different Ag(l)-
based molecular catalysts to their complete integration into directly
industrially applicable cell assemblies. Notably, optimization of not
only the catalyst but also the operational conditions allowed us to
achieve CO, electrolysis for at least 110 h at 300 mA cm 2 and 80 h
at 600 mA cm? with an FEco decay rate of 0.01% h~". Beyond signif-
icant mass activity improvements for CO production, we provide the
community with a broad toolbox toward improving catalytic and cell
performance directly between different cell sizes.

INTRODUCTION

Creating a closed carbon cycle powered by renewable sources is considered the key
to a fossil-fuel-independent future. Here, electrocatalytic CO, conversion is a highly
promising route toward the generation of important carbon synthons such as carbon
monoxide, formic acid, methanol, or even multi-carbon products.'™

Among the multitude of possible products from the electroreduction of CO,, the
conversion of CO, to CO constitutes the most advanced cathodic process.” ® Mainly
performed via the use of heterogeneous catalysts based on Ag and A, significant
efforts in recent years have been focused on increasing the mass activity of the
generated catalytic layers while maintaining selectivity at elevated current densities,
either through complexation with N-containing molecules or smart engineering of

the catalytic morphology/layer (>300 mA cm~2).7"*

Simultaneously, ligand engineering is one of the key components of active molecular
electrocatalysts (MECs) for electrochemical CO, reduction (CO,R). Notably, by care-
fully adjusting the steric and electronic properties of the ligand environment around
a metal center, crucial parameters, such as the flux of water, CO,, and electrons to
the catalytic centers, can be tuned toward optimal CO,R activity and product
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We thus turned the focus of our application-oriented approach toward the integra-
tion of easily tunable ligand systems that can be synthesized in a facile manner simi-
larly to their reported Ag-N coordinated counterparts. Here, we envisioned that the
bis(arylimino)acenaphthene (BIAN) system could provide a ligand scaffold satisfying
the previously set requirements. With BIAN ligands being reported mainly in ther-
mocatalytic reactions, with few insights into their electrocatalytic performance, their
large-scale synthesis (up to 100-g scale) was demonstrated.””** Most importantly,
their preparation through, e.g., green and rapidly scalable mechanochemical
methods has been reported, showing its promising perspective toward industrial
adoption against reported MECs and single-atom catalysts that in some cases
require multiple synthetic steps.?* In addition, elevated tunability is another major
advantage of the BIAN structure. Here, the interesting ability of the BIAN ligand
to accept electrons as well as to functionalize the imine moieties adjacent to the
metal center offers exciting possibilities toward generating efficient and highly
tunable electrocatalysts at the molecular level.?*

Notably, while novel electrocatalysts are being reported in rapid fashion, most in-
dustrial endeavors mainly employ Ag- or Au-based gas-diffusion electrodes (GDEs)
in scaled-up electrolyzers for the CO,-to-CO conversion. From our perspective,
the adoption of novel materials by CO,-focused projects on the industrial level
is limited not only to the catalytic cost against the state of the art but also the em-
ployed electrochemical testing parameters. Specifically, novel materials and the
associated cells are rarely tested in industrially relevant environments involving
higher temperatures (60°C-80°C), significantly diluted electrolytes, and the appli-
cation of elevated current densities for hundreds of hours.?®?’ In case of ligated
electrocatalysts, no investigations have been performed on how to precisely
improve tailored operational parameters (gas humidity, flow rate) to better fit their
specific needs.

We therefore set out not only to test different electrocatalytic structures but to create
a holistic pathway in which instead of focusing on improving individual components,
we transition rapidly from electrocatalytic screening to industrially applicable cells
tailoring the respective key components along the way. This component optimiza-
tion is spread across the whole material/cell chain, including tuning of the ligand
environment, ink composition, cell parameters, and material selection, aiming to
generate a holistically optimized system."*?%7*° Throughout this process, postmor-
tem analysis of the generated electrodes became a fundamental goal of our
approach, essentially setting the question: when focusing on industrial application,
which optimization point possesses the highest significance—the catalyst, the elec-
trode structure, or the operational parameters?

Here we present for the first time a complete pathway from the conceptualization
of a molecular electrocatalyst to its full-scale optimization in an industrially relevant
cell design. Along the way, we present key tuning points toward increasing the
selectivity and efficiency for CO and syngas generation. Our aggregate Ag(l)-
BIAN system can compete with classical Ag-based systems in directly industrially
adoptable cell concepts at current densities close to the A cm ™2 level to produce
tunable CO/H, mixtures. Furthermore, the design strategy presented herein allows
us to reach the highest mass activity reported so far for CO with Ag-containing cat-
alytic layers (101,636 mA mgAg’1). Coupled with in situ and ex situ postmortem
measurements, we clearly demonstrate that the electrocatalyst is only one piece
of a highly dynamic and tunable puzzle as the technological readiness level is grad-
ually increased.
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Figure 1. Influence of the ligand environment on the CO; reduction activity in zero-gap
electrolyzers

(A) Structure of the Ag(l) bis-BIANs catalysts used in this work.

(B) Image of the employed zero-gap electrolyzer in this work.

(C and D) Faradic efficiencies for the different Ag complexes at 100 mA cm™ at a loading of

0.5 mg cm 2 of catalyst after 1 h of electrolysis (C) and the respective cell voltages (D). Error bars
represent the standard deviation from three separate measurements.

RESULTS AND DISCUSSION

Design strategy behind the synthesized Ag(l)-BIAN complexes and developed
electrodes

Among the different approaches toward improving the activity and selectivity of mo-

lecular electrocatalysts, such as immobilization on conductive supports,’’-*%3"-*?

adjustment of the function of pendant groups,****

35-38

and functionalization of the ligand
structure, the integration of electron-donating as well as hydrophobic groups ap-
pears to present one of the most promising and straightforward pathways toward cat-
alytic optimization. Here, by taking advantage of the synthetic flexibility of BIAN li-
gands to directly alter the local environment around the Ag catalytic center through
the modified N,N'-bis(arylimino)acenaphthene moieties, we integrated alkyl chains
of different lengths at the phenyl ring, ranging from methoxy- (Ag-OMe), to hexyloxy-
(Ag-OCy), and finally hexadecyloxy- (Ag-OC,) substituents (Figure 1A). Additional in-
formation on the synthesis and characterization of the Ag-BIANs can be found in the
supplemental experimental procedures and Figures S47-S79, respectively.

Notably, regarding our GDE architecture, we aimed to minimize and simplify the
preparation steps toward the generation of a large-scale fabricable GDE. Specif-
ically, carbon black (ENSACO 250G) was employed as an inexpensive carbon sup-
port, free of possible metal impurities compared to carbon nanotubes, being
directly mixed with the molecular electrocatalysts under investigation at an Ag-
BIAN loading of 0.5 mg cm 2. We specifically selected ethanol as our main ink
component, abstaining from high-boiling-point solvents such as dimethylforma-
mide, often used for the dispersion of molecular electrocatalysts, to align our
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investigation with the standards set by industrial endeavors in the field of CO; reduc-
tion.?” The result is a non-specifically nanostructured catalytic layer (Figures S2 and
S3). While nanostructured electrodes, via tailored impregnation techniques, have

20:40-4% e believe

shown notable performance improvements in multiple cases,
that our simple GDE architectures ensure, at least in initial upscaling stages, a repro-

ducible and easily transferable GDE in the m? range via automated methods.

Integration of the Ag(l)-BIAN complexes in lab-scale zero-gap electrolyzers
For our electrocatalytic screening, we performed a parallel testing of the synthesized
Ag-BIAN electrodes in both H-type and industrially relevant, zero-gap electrolyzers
(ZGEs) to better understand bringing points and gaps between the two screening
methods. On the one hand, H-type investigations aim to provide information
regarding possible structure-activity trends as well as mechanistic insights for the
different catalysts, without the introduction of additional contributions from the
operational parameters of the ZGE or electrode structure. On the other hand, our
ZGE investigations aim to test the perspective of these novel Ag-BIAN catalysts
for COZR. Specifically, H-type cell experiments were performed in acetonitrile for
Ag-OMe and Ag-OCq, while due to solubility issues Ag-OC14 could only be investi-
gated in tetrahydrofuran (THF). For our initial testing in ZGEs, we applied a constant
current density of 100 mA cm™2 for 1 h under ambient conditions. Here, parallel ti-
tanium flow fields ensured the transport of wetted CO, (100% relative humidity) to
the catalytic centers as well as of the T M KOH anolyte to anode. During this
screening we employed Ni foam as the anode material for the oxygen evolution re-
action, with the two electrodes being separated by a Sustainion anion-exchange
membrane (Figures 1B and S1). Such a setup allows for a facile evaluation of catalytic
performance prior to transitioning to an industrially applicable fine-tuning stage to-
ward higher current densities.

H-type cell tests in argon-containing electrolytes reveal for both pure ligands and
complexed compounds the non-innocent nature of the synthesized BIAN ligands.
During cyclovoltammetry a first reduction peak is observed at ca. —0.7 V vs. normal
hydrogen electrode (NHE), which indicates a BIAN radical anion formation. The sec-
ond peak observed at larger cathodic potentials, —1.1 V vs. NHE for Ag-OC, and
—1.5 V vs. NHE for Ag-OC1¢, can be assigned to a full reduction in the respective
BIAN anion ligands (Figures S4-57).*> Consequently, this ability enables the two imi-
noaryl parts of the homoleptic Ag-BIAN complexes to act as electron reservoirs dur-
ing the electroreduction process, constantly supplying electrons to the metal center.
This electron-funneling ability facilitates the two consecutive proton-coupled elec-
tron transfer (PCET) steps during the CO,-to-CO reduction process, underlining
the growing consensus that ligand systems do not merely adjust electronic and geo-

metric environments but can also play a pivotal activity role in CO; electrocatalysis.?

During our H-type investigation, all catalysts underwent testing in a dissolved state.
Given that contributions from our 0.28-cm? carbon working electrode cannot be
entirely ruled out, particularly under reductive potentials, we have chosen to exclu-
sively present the attained currentin microamperes (uA). This approach aims to facil-
itate a more accurate and meaningful comparison across the various solvents utilized
in our study. Here, Ag-OC greatly outperforms its other MeCN soluble counterpart
Ag-OMe, reaching currentvalues of 938 and 251 pA at —1.90 V vs. NHE, respectively
(Figures S8-516). Consequently, in THF, Ag-OCq¢ demonstrates almost double the
current value of its hexyloxy-functionalized counterpart, 85.7 vs. 55.4 pA. Subse-
quent gas chromatography measurements for Ag-OC,4 obtained at —2.0 V vs. revers-
ible hydrogen electrode confirmed its reactivity, reaching a CO faradic efficiency
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(FEco) value of ca. 40% (Figure S17 and Table S1). Similarly, to many monometallic
MECs, CO appears to be the main product of the Ag-BIAN catalysts.'’***” While
here solubility issues do not allow for the direct comparison of the presented cata-
lysts, their selectivity trends hint at an increase of the CO3R activity toward CO,
with increasing length of the alkyl chain.

These trends are only partly mirrored in the results obtained from the zero-gap
approach. Under the aforementioned conditions and at 100 mA cm ™2, the Ag-OMe
GDEs reach FEco values of 66%, while the Ag-OC, complex decreases the parasitic
H_ evolution to a value of 1% accompanied by an FEco of 80%, almost double the
FEco value compared to the H-type cell experiments (Figure 1C). This again shows
how the CO; reduction abilities of MECs can be augmented using GDEs and their
associated advantages, including the improvement of CO, mass transport and better
electron conductivity to the catalytic centers as well as overcoming solubility issues in
organic electrolytes. Surprisingly, the incorporation of longer alkyl side chains leads to
an abrupt decrease of the FEco to 25%. We attribute this severe increase toward H,
evolution to the diminished dispersibility of Ag-OC¢ within the porous carbon matrix.
While Ag-OC, appears to be fully incorporated with our amorphous carbon and in
some cases particles of the reddish Ag-OMe catalyst are visible on the surface of
the GDE, Ag-OC,, forms a thick layer on the gas-diffusion layer surface, hindering
CO, and electron transport (Figures S18 and S19). Attempts to improve the dispersi-
bility of Ag-OC¢ within the carbon matrix through the employed dispersion solvent,
such as ethanol, 2-propanol, or hexane, did not yield any major improvements
(Figures S20 and S21). Such trends are in line with recent reports showing that aggre-
gation effects play a detrimental role in achieving high catalytic stability and selectivity
in both transition metal and molecular electrocatalysts, since the accessibility of the
active centers is limited due to low electrical conductivity and increased particle
agglomeration.?®“? Evidently, even though the role of pendant groups on the cata-
lytic CO,-reducing activity of molecular electrocatalysts has been previously investi-
gated,*®*? when transitioning from lab-scale screening results the overall electrode
architecture and ink composition appears to majorly influence the observed activity,
showing that H-type and zero-gap cell transferability cannot always be easily ensured.

While in H-type cells catalytic differences can be easily observed, this is not the case
for ZGEs. Specifically, regarding the cell voltages, Ag-OMe shows the lowest value
at 2.6V followed by Ag-OCg and Ag-OC, both lying at 2.9 V at 100 mA cm 2. Here,
clear electrocatalytic distinctions between the different Ag-BIAN catalysts possibly
are masked by the multitude of ongoing processes within the zero-gap electrolyzer.
The elevated cell-voltage values as well as the <90% total FE value can be attributed
to the Ni-foam anode, which limits an optimized pressure distribution and a leak-free
operation between the anode and the cathode in our current electrolyzer concept, a
topic we will address subsequently in this article as we move toward more optimized
systems (Figure 1D)

Electrochemical CO, conversion in industrially applicable cell assemblies

Having demonstrated the activity of Ag-BIAN complexes to produce CO, we transi-
tioned to testing in demonstrator-scale relevant conditions. While Ni-foam-based
anodes fed with 1 M KOH present some cost-efficiency advantages during initial cat-
alytic testing, the employment of elevated KOH concentrations can lead to an un-
derestimation of the realistic cell voltages while also promoting the loss of CO,
through carbonate formation in the anolyte.”® Ni-foam anodes have in this regard
been shown to be unstable under such conditions, as the pH value of the anolyte
draws closer to neutral.”’ In addition, the elevated K*-ion concentration can
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promote carbonate buildup in the cathode through unintended cation crossover
from the anion-exchange membrane.>” Therefore, instead of Ni foam and 1 M
KOH, we employed IrO5-coated Ti felts with 0.1 M CsOH as anolyte, based on pre-
viously reported optimized systems.®** Simultaneously, the operational tempera-
ture was increased from 25°C to 60°C, employing in this case PiperlON membranes
that can withstand this electrolytic environment.®*%°* Maintaining our conveniently
accessible electrode architecture, the prepared GDEs of our most active electroca-
talyst, Ag-OCs, also showed increased CO selectivity in our industrially relevant
setup, demonstrating an FEco value of 65% at 300 mA cm2 (Figure 2A). Notably,
small tweaks in the properties of electrolyzer parts can have significant effects on
the observed activity.”” Specifically, by employing a serpentine flow field instead
of a parallel one, we achieved elevated FEco values of 60% and 90% for Ag-OCy
loadings of 0.02 mg cm~2and 0.5 mg cm ™2, respectively (Figures 2A and 522). These
values constitute an important breakthrough in terms of not only achieved selectivity
but also breaking through the 200 mA cm~2 barrier for MECs at an appreciable time-
scale of 1 h. Surprisingly, in a direct comparison of similarly prepared cobalt phtha-
locyanine (CoPc)- and Ag-based GDEs, FEco values of only 11% and 60%, respec-
tively could be obtained (Figure S23). These values are below our expectations
according to current reports in the literature.?®® Further investigation of this
behavior showed that our carbon/Nafion-based ink composition led to the agglom-
eration of the CoPc and Ag nanoparticles. This trend is visible by the naked eye but
was also confirmed by scanning electron microscopy and energy-dispersive X-ray
spectroscopy (SEM-EDX) (Figures S18 and S24). This comparison again highlights
the need to not just simply employ active CO3R electrocatalysts but also carefully
tailor the ink recipe, employed binder, and additive content to the respective cata-
lytic centers. While this remark has been highlighted in recent literature, it often con-
stitutes an overlooked parameter. A clearer comparison of the performance of the
Ag-OC, against the literature benchmark is therefore discussed further.

Optimization of the electrolyzer operation parameters

In recent years, it has been clearly shown that achieving higher partial current den-
sities is not only a matter of possessing highly active electrocatalysts but also tuning
the reactive environment around them. Notably, the required molar excess of CO,
(Aco2) and water (Ap20) as well as their respective ratio to favor the CO3R at different
current densities have become crucial and often overlooked parameters during the
reduction of CO,.°° Notably in the case of MECs and ligand-coordinated systems,
reports are limited, and clearly understanding their impact on catalytic activity is
crucial toward developing an industrially relevant system. Similarly, recent results
have shown how the employed binder can not only affect the morphology of the cat-
alytic particles’ architecture but also control the catalytic microenvironment by tun-
ing the effect of interfacial water as well as accelerating the transport of ionic species
such as OH™, CO3*", and HCO3 >

Specifically, with the help of our previously reported temperature-controlled setup
and bubbler, we adjusted not only the Aco» but also the Acoz/An20 ratio. Notably,
we are able to demonstrate that for each tested current density (300, 600, and
900 mA cm™?) an optimal Apz0, i.e., relative humidity of CO,, exists, with the ob-
tained trends demonstrating that the required A0 must be increased accordingly
as higher current densities are targeted (Figure S25). Transitioning from a Aco2/An20
ratio value of 1.2 to 2.5, while maintaining a constant Acoy value of 6, leads to an
FEco increase of ca. 15% to a FEco value of 51% at 600 mA cm 2. Further increase
of the water content in the CO, stream leads to a decrease of the FEco to 44%,
showing that such operational parameters lie on a very fine balance. Subsequently,
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Figure 2. Establishing Ag-BIAN GDEs in industrially applicable electrolyzers

(A) Effect of the employed Ag-BIAN loading and flow field (S, serpentine; P, parallel) at 300 mA cm~? and 60°C after 1 h of electrolysis.

(B) Current density variation at optimized CO, flow rates and humidification values with an Ag-BIAN loading of 0.5 mg cm 2 using a serpentine flow field
after 1 h of electrolysis.

(C) Long-term measurement of a PiperlON-bound GDE with 0.5 mg cm 2 of Ag-OC, using a serpentine flow field at 300 mA cm™ at 60°C; here the
employed anolyte was 0.05 M CsOH.

(D and E) (D) Comparison of the results presented herein with the state-of-the-art literature in terms of achieved FEco depending on the applied current
density in zero-gap electrolyzers. (E) Comparison of the results presented herein with the state-of-the-art literature in terms of achieved mass activity for
CO per loading of silver in zero-gap electrolyzer.” '*

Error bars represent the standard deviation from three separate measurements.

by maintaining the optimal A4,0 values, we varied the Aco2 value, aiming to find an
optimal point between the required molar excess of CO; and single-pass conversion
(SPC)/FE to produce CO. For all three current densities, the higher the Aco, value,
the larger the obtained FEcq, reaching values of 95% at 300 mA cm~2 and 40% at
900 mA cm? (Figure S26). Nevertheless, the use of elevated CO, excess leads
also to low SPC values below 10%, while in contrast using minimal Acoy values of
3 leads to the SPC values of 29%, lying close to target SPC values for real-life appli-
cations (Table §2).53:58:57
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Switching from Nafion to the anion-exchange ionomers Sustainion (XA-9) and
PiperlON (A5) allowed us to further improve our obtained performance. Here,
PiperlON-bound GDEs delivered higher performance, allowing us to reach partial
current densities for CO of 396 mA cm™2 and 450 mA cm™2 at 600 mA cm~2 and
900 mA cm™2 after 1 h of electrolysis, respectively (Figures 2B and S27). Going
beyond the 1-h experiments, our PiperlON-bound Ag-OC, GDE, in our optimized
environment, is able to operate for at least 110 h at 300 mA cm 2 and for at least
50 h at 600 mA cm™2, maintaining an FEco of 75% and 40% and a cell voltage of
3.1 V and 3.5 V, respectively after initial conditioning (Figures 2C and $28).>*
Notably, this process proceeds without the involvement of any cell or GDE washings
(Figure 2C). Likewise, no carbonate salt formation is visible on the backside of the
GDE or flow field after disassembly (Figure S29). This positive effect can be attrib-
uted to tailoring the incoming water flux through our bubbler to allow for perfor-
mance in CO,RR and dissolution of formed carbonate crystals without leading to
GDE flooding. Another decisive factor for this long-term stability was the choice
of CsOH as the anolyte, with Cs-carbonate crystals being easier to dissolve than their

K* counterparts.®®’

Finally, to show the transferability of our parameter optimization in different reactor
sizes, we transitioned from a 2-cm? electrode area (16 mm diameter) to a 12.6-cm?
active electrode area (40 mm) performing consecutive electrolytic experiments at
300 mA cm~? with varying Acoz/Anzo ratios.>¢° Notably, by transitioning from a
Anzo value of 3.5 to 1.8, at equal Acoz values of 2.8, outlet mixtures of Ho/CO ratios
of ca. 1:1 and 1.5:1 could be generated, with 20 vol. % of CO being contained in
the outlet stream (Figure S30). After a conditioning period, the system maintains
overall a cell voltage of 3.6 V at 300 mA cm™2. Similarly, even when employing
only 0.1 mg cm™2 of Ag-OCq, an SPC to CO of 32% at FEco values of 6% at
240 mA cm™2 (Figure S31) can be obtained. Although the generation of syngas
by coupled CO,-to-CO and H,-producing systems is currently more cost and en-
ergy efficient than its direct generation by CO,R, our results again underline the
often overlooked role of the water content in membrane-electrode assemblies to
shift the product spectrum toward the CO,R in ZGEs.®°

Comparison with the current state of the art

Comparing the complexes presented herein with current Ag-based GDEs, we
demonstrate the competitive selectivity for CO as well as syngas production at
significantly decreased catalytic loadings using a molecular complex. Notably,
regarding mass activity per Ag center contained in the catalytic layer, we present
a significant improvement in terms of mass activity for generation of CO, ranging
from 6,634 mA r‘ng’1Ag to 101,636 mA m g’1Ag depending on the employed
loading. Although lower catalytic loadings lead to the emergence of the hydrogen
evolution reaction (HER), a catalytic loading of 0.1 mg cm™2 of Ag-OC, (Ag:
8.5 x 1072 mg cm™?) appears to lie close to the optimal point between elevated
CO selectivity (FEco: 75%) and mass activity (25,935 mA mg”Ag),(Figures 2D, 2E,
and $32).%7711:23:2 possibly, further tuning the operational conditions to such low
catalytic loadings and thinner catalytic layers could lead to the further decrease of
the parasitic HER. Moreover, the presented electrodes possess energy efficiencies
comparable to both the current molecular and heterogenous state of the art, with
energy-efficiency values lying at 51% (Tables S3 and S4). In terms of turnover fre-
quency (TOF) (site™" h™"), the optimized Ag-OC, GDEs are able to reach a value
of 21,156 at a loading of 0.5 mg cm™2, with the value further increasing to
206,980 at the lowest tested loading of 0.02 mg cm™?, belonging to some of the
most active single-atom catalyts in the field of CO,R (Table $5).°%%* This elevated
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activity could be attributed to the non-innocent nature of the BIAN ligand acting as
an electron reservoir during electrocatalysis, facilitating the performance of the
PCET steps during the catalytic cycle, as supported by our accompanying density
functional theory studies (Figures S33-S37 and Tables S5-57). Such non-innocence
effects are becoming ever more important in CO; electrocatalysis with molecular

sys*cems.é’s’67

Furthermore, in our opinion novel electrocatalysts that aim toward industrial applicability
must not only demonstrate elevated FEco and partial current density (jco) values but
also be obtainable by scalable methods in a cost-efficient manner. Here, we compared
the euro-per-gram price of our Ag-OC, catalyst against Ag-NPs and Ni-N-C and the
required catalytic loading to reach a jeo value of 300 mA cm~(Table S8).

Although our cost calculations only represent rough estimates, it is evident that both
catalytic classes (Ag-BIAN and Ni-N-C) present highly interesting perspectives for
the industrially focused CO,R field. We would therefore like to highlight the need
for collaboration between both academic and commercial partners to push these
catalysts into commercial availability, ensuring their eventual real-life applicability.

Overall, as evidenced by the comparative graph in Figure 2D, further fine-tuning
of both catalytic structures and operational parameters is required for molecular
systems to directly compete with heterogeneous catalysts, regarding the minimiza-
tion of the parasitic HER in CO-focused scenarios, at current densities beyond
300 mA cm 2.

Postmortem and in situ analysis

Understanding changes in the structure of MECs can not only reveal information on
possible morphological changes and catalytic reconstruction but also provide
insight into the active catalytic species. In contrast, the use of a zero-gap electrolyzer
often limits insights due to the delamination of the catalytic layer and design of the
reactors, requiring the development of specialized cells to truly gain insights into the
concurrent processes. To compensate for these limitations, we employed a combi-
nation of ex situ as well as quasi-in situ techniques, either by investigating the ob-
tained GDEs directly after electrolysis, by dissolving the bound Ag-BIAN catalyst
with the help of EtOH, or by performing quasi-in situ X-ray photoelectron spectros-
copy (XPS) measurements to gain a clear understanding of the processes in an elec-
trolyte environment.®®

Starting with our ex situ investigations, our SEM-EDX analysis does not clearly show
the formation of agglomerated particles or metallic films, while the powder X-ray
diffraction analysis demonstrates that the electrodes presented herein show reflexes
that can be attributed to metallic Ag after 1 h at 300 mA cm~2in our zero-gap elec-
trolyzer (Figures S38-5S40). In contrast, by dissolving the tested GDE-bound Ag-
BIAN in EtOH, the obtained electrospray ionization-mass spectrometry and infrared
spectra reveal the existence of the bound Ag(l) species, while surface analysis of a
tested GDE via XPS demonstrates both the existence of the Ag(0) and Ag(l) species,
confirming the stability of the Ag-bound iminoaryl ligands (Figures S41-S44 and
Table S9). Furthermore, inductively coupled plasma-optical emission spectrometry
investigations showed no crossover of Ag species within the detection limits of
our apparatus (Table S10).

Most importantly for our postmortem analysis, we also specifically performed
XANES and XPS analysis of our long-term tested (110 h) GDE sample. Interestingly,
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(A) XANES investigation of a GDE coated with commercially available Ag-NPs against a pristine Ag-OC¢ GDE and long-term tested Ag-OC4 GDE at

300 mA cm~2 for 110 h.

(B and C) Obtained XPS spectra of the N-species of a pristine Ag-OC4 GDE and long-term tested Ag-OC4 GDE at 300 mA cm ™ for 110 h.
(D and E) Obtained XPS spectra of the Ag species of a pristine Ag-OC4 GDE and long-term tested Ag-OC, GDE at 300 mA cm 2 for 110 h.

even after these harsh conditions, the L3-edge peak at 3,350 keV associated with
Ag(l) species is still visible in our XANES spectra, albeit at decreased intensity,
compared to a pristine Ag-BIAN electrode (Figure 3A).°779 This intensity decrease
could be attributed to a loss of the Ag(l) species to Ag(0) but could also be the result
of the delamination of the catalytic layer during the disassembling of the cell. More-
over, the respective Ag-XPS spectra and corresponding Auger parameters again
show the existence of both Ag(0) and Ag(l) species. In this case, the balance is shifted
again toward the metallic species. Regarding the BIAN-related spectra, also after
110 h of electrolysis, no significant changes can be observed compared to the pris-
tine BIAN electrodes (Figures 3B-3D).

Although we do not believe that the Ag(l) species can be attributed to unused cat-
alytic centers under such elevated current densities and electrolytic periods, the re-
oxidation of the Ag center cannot be directly excluded.

Therefore, to gain an even clearer and direct insight regarding changes in the cata-
lytic morphology, we also performed quasi-in situ XPS in 0.1 M KHCOj for all three
Ag-BIAN complexes and Ag nanoparticles (Ag-NPs) at —2.0 V vs. Ag/AgCl for 1 h.
Similarly to our previous observations, Ag-OC, and Ag-OMe show the emergence
of a metallic phase after electrolysis at —2 V vs. Ag/AgCl. Interestingly, Ag-OC1 re-
mains oxidized after electrolysis, showing the critical role of electron-donating
pendant groups on stabilizing the active metal center (Figure S45 and Table S11).
Analyzing the Ag/N ratio provides a hint about the number of nitrogen atoms that
are bound to Ag, thus indicating a loss of N sites or Ag sites by a decrease orincrease
of the number, respectively. An overall increase of the ratio was found after electrol-
ysis, but to a decreasing degree as the alkyl chain was further elongated. Notably,
while in the case of Ag-OMe the Ag/N changes significantly from 0.17 to 0.43
showing that the catalyst lies mainly in its metallic form, Ag-OCg and Ag-OC.4 do
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not demonstrate such dramatic shifts, with the Ag/N ratios transitioning from 0.36 to
0.43 and 0.18 to 0.24, respectively (Table S12).

Overall, our in situ XPS results point to a ligand-dependent transformation of the
different Ag-BIAN catalysts under electrolytic conditions. BIAN ligand with compar-
atively less electron-donating substituents, such as Ag-OMe, promotes the transfor-
mation to Ag-NPs. On the other hand, further increasing the current density close to
the Ag center appears to assist its preservation in the Ag(l) state.

Are Ag-BIAN catalysts molecular or nanoparticle electrocatalysts?
Summarizing our postmortem analysis, we can conclude that our most attractive Ag-
BIAN system, Ag-OC,, mainly forms a stabilized Ag(0)-BIAN species, accompanied
by the existence of Ag(l) species. Here, we conclude that the active species during
electrolysis correspond closer to Ag(0)-BIAN clusters rather than simply formed
Ag-NPs, which would show a decreasing performance due to agglomeration.
Notably, according to our in situ XPS results, in order to maintain the Ag(l)-BIAN cat-
alysts in their molecular form the further elongation of the electron-donating alkyl
chain as for Ag-OCy, is required, though at the detriment of solubility and activity
toward CO3R. This double-edged effect shows that GDE and catalyst optimization,
especially of molecular-based ones, lie on a very fine balance.

To clearly understand whether the BIANs ligand truly assists during the CO2R cycle
instead of simply stabilizing Ag-NPs, we mixed Ag-NPs with the free BIAN-OC, ligand
ina 1:1 and 1:10 ratio, trying to approximate our most active Ag-OCq catalyst, main-
taining our catalyst/carbon/Nafion electrode architecture. Interestingly, simple mixing
of the two components leads to an FEco improvement of 12% (FEco: 77%) and 15%
(FEco: 81%) at 300 mA cm 2 for the Ag/BIAN (1:10) and Ag/BIAN (1:1) hybrids, respec-
tively, compared to our pristine Ag-NPs-coated GDE (FEco: 65%). This is also accom-
panied by a small decrease in the cell voltage by 50-100 mV (Figure S46). These results
possibly open interesting research opportunities toward tailoring organic ligand with
metal NPs for ZGEs, ultimately circumventing issues with dissolution and demetalla-
tion of single-atom metal centers. Nevertheless, in comparison, the pristine Ag-OC,¢
GDEs still outcompete their Ag-NP/BIAN analogs showing similar cell voltages. These
control experiments thus show that: (1) BIAN ligands play an ameliorating role during
CO4R, easily boosting the performance of metal electrocatalysts; (2) the active species
generated via the Ag-OCq is significantly more active and tailored for the CO4R
compared to simple catalyst-ligand mixing.

We herein present a series of N-co-coordinated Ag compounds based on the BIAN
ligand scaffold and show their ability to constitute not only an efficient but also cost-
sustainable alternative for the reduction of CO; in scalable electrolyzers. The Ag-
BIAN presented here lies at the crossing point between molecular and nanopartic-
ular electrocatalysts, opening promising research opportunities to improve and
understand not only the synthesis but also the ink composition and fabrication
method of such novel systems. Notably, we also show that simple mixing of Ag-
NPs with organic ligands can lead to notable performance improvements, opening
collaboration pathways between academic and industrial partners toward the gen-
eration of tailored ligand-nanoparticle “hybrids” for CO, electroreduction under
high-stress conditions.

In understanding the dynamic interaction of novel electrocatalysts with the opera-
tional conditions of the electrolyzer, using multiple reference electrodes and oper-
ando X-ray techniques will further strengthen our understanding of the underlying
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operation and transformation mechanisms that such catalysts undergo. Finally, we
hope that the toolkit and holistic pathway presented herein will help the community
to improve both the activity and stability of the system in both industrially focused
but also fundamental studies.
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