Nano Energy 134 (2025) 110597

Contents lists available at ScienceDirect

Nano Energy

journal homepage: www.elsevier.com/locate/nanoen

ELSEVIER

Full paper ' :.)

Check for

Highly active and selective Ag/C catalysts for CO, electrolysis to CO using |
4-aminothiophenol as anchoring agent

Khaled Seteiz **°, Hannes Grammel *”, Josephine N. Hiberlein **", Philipp A. Heizmann **°,
Lukas Metzler *°, Dennis Rusitov *", Michael Giinthel ¢, Markus Knébbeler-Bus ¢,

Severin Vierrath >, Joey Disch "

2 Electrochemical Energy Systems, IMTEK - Department of Microsystems Engineering, University of Freiburg, Georges-Koehler-Allee 103, Freiburg 79110, Germany

® University of Freiburg, Institute and FIT — Freiburg Center for Interactive Materials and Bioinspired Technologies, Georges-Kohler-Allee 105, Freiburg 79110, Germany
¢ Fraunhofer Institute for Solar Energy Systems ISE, Heidenhofstr.2, Freiburg 79110, Germany

ARTICLE INFO ABSTRACT

Keywords:

CO2 electrolysis to CO
Ag/C catalysts
Zero-gap electrolyser

Carbon supported silver nanoparticles (Ag/C) have the potential to reduce the precious metal content in the
catalyst layer of carbon dioxide (CO3) electrolyzers producing carbon monoxide (CO), while enhancing the
electrochemical performance at the same time. Typically, molecular linkers (e.g. cysteamine) are used to attach
the Ag nanoparticles (Ag NPs) to the carbon support. In this study, 4-aminothiophenol (4-ATP) is used for the

Nanoparticles ) : . . s 1 . . . .
High performance first time as an alternative anchoring agent, yielding evenly dispersed Ag nanoparticles with an average particle
Electrodes size of 2 nm. Using this linker a current density of 1 A cm™2 was achieved with faradaic efficiency for CO of 85 %

at 3.3 V. These results were obtained with a low Ag loading of 0.26 mgag cm ™2, yielding a turnover frequency of
9.6 s7. The catalyst demonstrated high stability during long-term measurements exceeding 200 hours at
500 mA cm 2. The faradaic efficiencies for CO remained consistently around 80 % at 3.1 V, with a cell voltage
degradation rate of 1.5 mV h™. This makes thiol-based linkers promising candidates for surface modification to

promote durable, efficient and selective electrocatalysts for CO, electrolysis to CO.

1. Introduction

Given the climate crisis driven by global warming, there is an im-
mediate need to reduce the usage of fossil carbon feedstock. The Euro-
pean Union aims to achieve climate neutrality by 2050, targeting net-
zero greenhouse gas emissions[1]. Achieving this goal is one of the
most ambitious objectives of this century and will have a significant
impact on our lives. This is primarily because fossil fuels are deeply
integrated into our daily lives, not only as an energy source but also as a
carbon source for the production of a wide variety of chemicals and
plastics[2]. A recent study by Vogt et al. assumes that half of the carbon
required for the refinery of the future could be supplied in form of
CO2[3]. While the primary carbon source of today’s refineries is mainly
crude oil, it is suggested that by 2050, the refinery input stream will
transition to 50 % CO3, 25 % biomass and 25 % plastics.

Through the integration of electrification, direct eklectrochemical
CO4 reduction (eCO2R) emerges as a promising method for sustainable

production of carbon-based chemicals closing the carbon cycle[4-6].
Consequently, the eCO5R mitigates CO2 emissions, making it essential
for tackling global environmental challenges[7,8]. As the demand for
CO continues to grow, its role in various industrial processes becomes
increasingly important. CO serves as a critical building block for pro-
cesses such as Fischer-Tropsch synthesis, methanol synthesis, and the
production of acetic acid[3].

Recent studies highlight that achieving a current density of
250-300 mA cm ™2 with high product selectivity is crucial for the eco-
nomic viability[9]. Furthermore, the European “Energy X” project has
laid out a roadmap for CO; electrolyzer development, aiming for sig-
nificant improvements in energy efficiency and stability over the next
decade. This roadmap sets ambitious targets, such as maintaining a
stable cell voltage below 2.2 V above 500 mA cm ™2 with Faradaic effi-
ciencies above 90 %[10].

Despite notable progress in recent years towards enhancing the en-
ergy efficiency, achievable reaction rates and durability of the eCO2R,
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further advancements are still required to enable the commercialization
of this technology. Several different approaches are followed to over-
come these hurdles. These approaches span for example strategies like
cell configurations with bipolar membranes or cation exchange mem-
branes to improve the overall energy efficiency or the development of
catalysts with improved selectivity and CO» reduction activity [11,12].

Among the pure metal catalysts, gold (Au) and silver (Ag) exhibit the
highest selectivity for producing CO[13]. This is due to their optimal
binding energy for intermediate CO species, which are strongly bound to
the catalyst surface, preventing further reduction to other products.
Recent research is focused on engineering the nanoparticle-based cata-
lysts by controlling their morphological, chemical, and structural
properties[14-19]. One of the primary challenges inherently encoun-
tered when employing nanoparticles is the rapid degradation of the
catalyst[20,21]. Owing to their elevated surface energy, nanoparticles
tend to aggregate, leading to uncontrolled agglomeration in both the
synthesis process and the electrochemical reduction reaction. This, in
turn, affects the performance and durability of the CO5 conversion. To
counteract nanoparticle agglomeration and to ensure stable utilization
during the reaction, supported catalysts can be employed, wherein the
active materials are deposited on an electrochemically inactive support
material[22-29]. By that the catalyst loading can be decreased, while
maintaining high catalytic activity. Furthermore, molecular anchoring
agents can be used to attach catalysts to carbon supports, to increase the
stability and mitigate nanoparticle agglomeration. A recent study
focusing on carbon supported Ag nanoparticles (Ag/C) using cysteamine
as anchoring agent has achieved long-term stability for 100 hours at 300
mAcm ~2 maintaining faradaic efficiencies for CO formation of over 85 %
[30]. Despite the promising results achieved with cysteamine, there is a
lack in understanding the role of the anchoring agent in the COy
reduction reaction and changing the anchoring agent holds potential to
further enhance the electrochemical performance through more favor-
able binding between the catalytically active nanoparticles and the
carbon support. For instance, 4-Aminothiophenol (4-ATP) was proposed
for the functionalization of Pt nanoparticles (Pt NPs), where it showed
superior electrochemical activity towards the hydrogen evolution re-
action (HER) compared to various other thiophenol molecules[31]. In
their study, Wang et al. have both theoretically and experimentally
validated that the enhanced electrocatalytic performance stems from
modification in the electronic structure of Pt NPs due to the surface
adsorption of 4-ATP molecules. This effect is attributed to the favorable
charge transfer facilitated by the thiophenol groups and aromatic rings
present in 4-ATP. For Ag catalysts, thiol-based linkers are preferred over
linkers based on amines, carboxylates and phosphines, because they
form strong covalent bonds with Ag molecules[32]. This effectively
prevents the agglomeration of Ag NPs[33,34].

In theory, the aromatic ring of 4-ATP and the strong binding of its
thiol-group with the Ag surface could also significantly influence the
electron transfer between Ag NPs and adsorbed molecules for the
eCO9R. Therefore, this study investigates the effect of 4-ATP as an
alternative molecular anchoring agent between Ag-NPs and a carbon
support on the electrochemical performance for CO5 electrolysis to CO
as shown in Fig. 1.

2. Results

In this study, Ag catalysts supported on carbon black with 4-ATP or
cysteamine as anchoring agent were synthesized and investigated. The
synthesis of the catalysts was adapted from our previous work[22].
Carbon black in ethylene glycol, along with the anchoring agent, was
added to a solution containing silver nitrate in ethylene glycol and
heated under reflux. Vulcan XC-72 carbon black with a specific surface
area of 200-250 m? g’1 (Brunauer-Emmett-Teller, BET method) was
used as support material as it has shown favourable performance
compared to Ag catalysts on high surface area carbon black (Ketjenblack
~ 800 m? gfl) or low surface area carbon black (Super P ~ 50 m? gfl)
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Fig. 1. Schematic drawing of the Ag/C catalyst for electrochemical CO,
reduction to CO using 4-Aminothiophenol as anchoring agent between Ag NPs
and carbon support. The nitrogen atom of 4-ATP can form either an amide or an
amine bond with the carbon support.

with cysteamine as anchoring agent[30]. The reaction temperature
during the synthesis was varied between 140, 160 and 180 °C, while the
reaction time was held constant for 1 hour. Fig. 2 shows the transmission
electron micrographs of the Ag/C catalysts obtained at different tem-
peratures. Varying the reaction temperature did slightly affect the size of
the Ag particles, yielding an average Ag particle size of 2 nm. At 180 °C,
the Ag particles had a more uniform size distribution (Figure S1). In
contrast, increasing the reaction temperature for Ag NPs anchored with
cysteamine led to the formation of larger Ag NPs[28].

X-ray photoelectron spectroscopy (XPS) was conducted to investi-
gate the bond formation between the anchoring agent, the support
material and the silver nanoparticles. The XPS measurements show clear
evidence of the formation of the proposed bonds between carbon,

a)

b)

50 nm

c)

Ag NPs

Cvulcan

Fig. 2. Transmission electron micrographs of Ag/C catalyst particles with 4-
ATP as anchoring agent synthesized at reaction temperatures: a) orange: 140
°C, b) pink: 160 °C and c) blue: 180 °C. The average Ag nanoparticle size is
2 nm in all three cases as shown Fig. S1.
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anchoring agent and Ag NPs. In Fig. 3a, pristine Vulcan XC-72 treated
with ethylene glycol (EG) exhibited three N 1 s peaks corresponding to
nitrogen functional groups within the carbon black: 398.7 eV to pyr-
idinic, 400.5 eV pyridone or pyrrolic and 402.0 eV to quaternary or N-
oxide functions (Figure S2)[35-37]. For the anchoring agent 4-ATP a
peak at 399.6 eV belongs to its nitrogen group in para position[38]. The
formation of bonds between carbon black and the nitrogen group in
4-ATP is evidenced by the peak shift to lower binding energies, to
around 399.1 eV([38,39]. This shift is consistently observed in all three
Ag/C catalysts synthesized at different reaction temperatures. Peaks in
the N 1s spectrum of Ag/C catalysts above 401 eV are attributed to
nitrogen functional groups within the carbon support (Figure S2)
[35-37]. The Ag-S bond between 4-ATP and Ag NPs is associated with a
binding energy of 162.1 eV[28]. Interestingly, an additional S 2p3/2
signal at 161.3 eV appeared for all Ag/C catalysts, which can be asso-
ciated to multi-coordinated sulfur on Ag NPs (Agx-S)[40,41]. An addi-
tional S-bond is observed following the synthesis, as indicated by a
signal at binding energies at about 168 eV. This corresponds to oxidized
sulfur, consistent with findings reported by Kim et al. using cysteamine
as an anchoring agent[28]. Fig. 3c and d shows the Ag 3d and C 1s
spectra. Functional groups of hetero atoms bound to carbon were
observed above 287 eV for both Vulcan XC-72 and Ag/C catalysts
[42-44].

As shown in Table 1, the synthesis temperature of the 4-ATP-based
Ag/Cs has only a negligible effect on the Ag-S and Agx-S bond ratios,
which is in contrast to the observations made by Kim et al. showing an
increase in Ag-S bonds with increasing reaction temperature for cyste-
amine based Ag/Cs[28]. In comparison, the Ag/C catalysts with cyste-
amine show a more than five-times higher Ag-S ratio with 26.7 % and
even a more than four-times higher Agx-S ratio of 34.2 % (Table S1).
The higher amount of Ag-S bond formation with cysteamine compared
to 4-ATP can probably be explained by its higher reactivity[45]. The
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primary factor contributing to the difference in chemical reactivity be-
tween cysteamine and 4-ATP is the electron-withdrawing effect of the
aromatic ring in 4-ATP. This effect decreases the nucleophilicity of the
thiol group in 4-ATP by reducing the electron density available on the
sulfur atom, making it less reactive compared to the thiol group in
cysteamine. The carbon black-nitrogen linkage ratios were with 40.6 %
for 180 °C, 39.1 % for 160 °C and 35.7 % for 140 °C higher than for
Ag/C cysteamine with 32.1 % (Table S1-3).

2.1. Electrochemical performance

The electrochemical performance of the synthesized Ag/Cs was
evaluated in a zero-gap electrolyzer with an active cell area of 4 cm?
The experiments were carried out at a cell temperature of 60 °C while
circulating a 0.02 M cesium hydroxide (CsOH) solution on the anode
side. The comparison of the catalysts with 4-ATP synthesized at different
reaction temperatures is shown in Fig. 4a. Up to a CO partial current
density of 500 mA cm ™2 no significant difference in performance was
observed. However, at a partial current density above 600 mA cm ™2 the
catalysts show improving electrochemical performance with increasing
synthesis temperature. At 180 °C, the Ag/C catalyst exhibited a more
uniform silver particle size distribution compared to those prepared at
140 °C and 160 °C (Figure S1). This uniformity likely ensures a consis-
tent availability of active sites and better reactant accessibility, which
could explain the higher catalytic activity observed. Furthermore, the
primary loading of silver on the carbon support increases with higher
reaction temperatures from 7 wt% to 29 wt% (Figure S5). This results in
a greater number of catalytic active sites in the Ag/C catalyst prepared at
180 °C, thereby explaining its enhanced performance. As the catalyst
synthesized at 180 °C showed the highest CO partial current density, it is
used in all further experiments.

Fig. 4b compares the electrochemical performance of the 4-ATP-
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Fig. 3. XPS spectra of 180 °C Ag/C, 160 °C Ag/C, 140 °C Ag/C, 4-ATP and carbon black for a) N 1 s, b) S 2p, ¢) Ag 3d, d) C 1 s. For further details on XPS analysis,

please refer Figs. S2-4.



K. Seteiz et al.

Nano Energy 134 (2025) 110597

Table 1
Deconvolution of the S 2p peaks and their quantity ratios in (%at conc.) of Ag/C catalysts, 4-ATP and Vulcan-XC-72.
SOx CS-SC C-SH Ag-S AgyS
Peak S5 S4 S3 S2 S1
Binding energy (ev) 167.7-169.2 164.6-165.4 163.5-163.7 162.1-162.3 161.2-161.4
140 °C Ag/C ratio (%) 18.7 16.4 54.6 6.7 3.6
160 °C Ag/C ratio (%) 17.5 10.0 59.5 6.8 6.3
180 °C Ag/C ratio (%) 20.4 19.8 45.5 6.0 8.3
4-ATP ratio (%) 0 0 100 0 0
Vulcan XC—72 ratio (%) 0 25.5 74.5 0 0
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Fig. 4. A) Electrochemical performance of the 4-ATP based Ag/C catalysts. a) Cell voltage and CO partial current density obtained with 4-ATP Ag/C catalysts
synthesized at 140, 160 and 180 °C. b) Comparison of the 4-ATP Ag/C with unsupported commercial Ag NPs (1 mgAgcm’2, Alfa Aeser average particle size 20-40 nm
APS, 99.9 % metal basis) and a cysteamine-based Ag/C (0.05 mgyg cm~2). ¢) TOFs of 180 °C Ag/C GDEs d) Ag loading study with 180 °C Ag/C GDEs varied from
0.15 mg cm™2, 1 mg cm ™2 to 2 mg cm 2. All experiments were conducted with 0.02 M CsOH anolyte at 60 °C for three independent samples to ensure reproducibility
of our results, as illustrated by the error bars. Cathode 95 mLmin~! CO, humidified at a bubbler temperature of 65 °C.

based Ag/C, the cysteamine-based Ag/C and unsupported silver nano-
particles (Alfa Aeser 20-40 nm APS, 99.9 % metal basis). The total
loading including catalyst and 15 wt% ionomer for all cells was set to
1 mg cm ™2 yielding lower Ag loadings of 0.28 mgx, cm 2 cysteamine-
based catalysts and 0.26 mgag cm™? for the 4-ATP-based catalyst, due
to their different primary loadings of Ag on carbon (Figure S5). Both Ag/
C catalysts show reduced overpotentials and higher selectivity towards
CO compared to the bare silver nanoparticles, despite the significantly
lower Ag loadings. When comparing the formation of CO at a current
density of 1 A cm™2, the 4-ATP Ag/C catalyst yields a partial current
density of 850 mA cm ™2 with a FEco of 85 %, whereas the Ag/C cyste-
amine catalyst shows a reduced FE¢q of 65 % yielding 650 mA cm ™2 CO
partial current density (Figure S6), despite the lower catalyst loading of
the 4-ATP. EIS measurements indicate that Ag/C with 4-ATP exhibits
lower charge transfer resistance than Ag/C with cysteamine (Figure S8).
Furthermore, Ag/C with 4-ATP also demonstrates lower HFR values at
current density steps up to 1 A cm™~2 (Figure S 7). This suggests that the
4-ATP functionalization enhances the overall electron conductivity and
reduces the resistance encountered during electron transfer, making it
more efficient than the cysteamine functionalization under the same
conditions. Furthermore, Khurana demonstrated highest charge transfer
kinetics with 4-ATP compared to bifunctional ligands due to small size
and stronger electronic overlap between the nanoparticle and 4-ATP for
applications in photovoltaics and photocatalysis[46].

There are two main differences between the two catalysts that could
be responsible for this significant difference in selectivity: i) the Ag
particle size and ii) the bonds formed between the linker and the Ag
particles. The Ag NPs for 4-ATP measure 2 nm, whereas those for

cysteamine are larger with an average particle size of 5 nm (see Fig. 1)
[22,30].

Deng et al. observed maximum eCO2R performance with an Ag
particle size of 3.7 nm[47]. Above 4 nm they maintained high selectivity
but the turnover frequency (TOF) decreases due to reduced catalyst
utilization. Below 3 nm they observed reduced selectivity towards CO
and a shift towards the HER. The 4-ATP-based Ag/C shows high selec-
tivity towards CO despite the low average particle size of 2 nm. This
indicates that the lower overpotentials at partial current densities
> 400 mA cm™ observed with 4-ATP Ag/C (2 nm diameter) compared
to cysteamine Ag/C (5 nm diameter) are more likely linked to the
interaction of the Ag-NPs with the 4-ATP functionalization than to the
particle size [48]. Kim et al. suggested that the formation of Ag-S bonds
might improve the activity of the eCO2R towards CO and observed the
best electrochemical performance for the catalyst with the highest Ag-S
bond ratio for cysteamine-based Ag/C.The XPS measurements shown in
Fig. 3 prove the formation of Ag-S bonds for both linkers, however the
Ag-S bond ratio for the cysteamine-based Ag/C is more than five-times
as high as that of the 4-ATP linker (26.7 % vs. 5.4 %). This result is
counterintuitive, as a higher Ag-S ratio would suggest greater catalytic
activity towards CO formation. Therefore, it is unlikely that the Ag-S
bonds are the reason for the improved catalytic activity of the 4-ATP
Ag/C.

Several groups found that the Ag®" species play a crucial role in
stabilizing *COOH-intermediates, which, in turn, enhance local electric
fields[48-52]. These fields facilitate more efficient electron transfer,
driven by the negative dipole moments of these intermediates. To
investigate this effect, the Ag®*/Ag® ratio was evaluated by XPS. A clear



K. Seteiz et al.

trend for the Ag®"/Ag® ratio with increasing synthesis temperature
emerged, with the highest ratio of 0.3 for the 4-ATP Ag/C catalyst at 180
°C (Table S7). Thereby, the 4-ATP Ag/C shows a more than two-times
higher Ag®*/Ag’ ratio compared to the cysteamine Ag/C catalyst,
explaining the enhanced catalytic activity of the 4-ATP Ag/C.

Normalizing the amount of produced CO by the Ag loading yields the
TOF as shown in Fig. 4c. The TOF for Ag/C 4-ATP (9.6 s~!) is amongst
the highest TOF found in literature for CO2 reduction towards CO
(Table S3)[47,53-60].

Another factor influencing the catalytic activity for eCO2R is the
catalyst loading on the GDE. Increasing the Ag loadings on the GDE can
lead to improved performance of the CO; electrolyzer[61,62]. There-
fore, a loading variation was conducted with the 4-ATP Ag/C to identify
the optimal loading as presented in Fig. 4d. We used total loadings of
0.15mg em 2, 1 mgem 2 and 2 mg cm ™2, which include both the
ionomer and Ag/C catalyst (gravimetrically). The results show
decreasing overpotentials from low to high Ag loadings at CO partial
current densities up to 0.7 A cm ™2, which can be attributed to a greater
availability of Ag catalyst for CO5 reduction. However, performance of
the cells with the highest catalyst loading declines when current den-
sities surpassing 800 mAcm 2 are applied. The high loading results in
thicker catalyst layers and may increase the mass transport resistance for
the CO,, to reach the electrode surface.

Furthermore, the effect of cell temperature and anolyte concentra-
tion on the electrochemical performance was investigated, as shown in
Fig. 5. These measurements are important to rule out any bias in the

Effect of temperature
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catalyst comparison by unfavorable operating conditions. They also
verify whether the anchoring agent alters performance compared to
pure Ag nanoparticles and help identify optimal conditions for the high-
current stability tests.

The correlation between operating temperature and overall perfor-
mance is grounded in various effects occurring in the electrochemical
CO; reduction. Elevated temperatures play a pivotal role in lowering the
energy barrier for these reactions, facilitating the conversion of CO3 into
CO. Moreover, increased temperatures can improve mass transport
within the electrolyte and the gas phase, ensuring a higher availability of
reactants at the electrode surface[63,64]. Additionally, ion conductivity
is enhanced with rising cell temperature[65,66]. To investigate the
temperature effect on the Ag/C catalyst we conducted measurements at
50 °C, 60 °C, and 70 °C cell temperature. In line with the
above-described effects, increasing the cell temperature results in
decreased cell voltages. At a high current density of 1 Acm™2 a cell
voltage of 3.99 V for 50 °C, 3.53 V for 60 °C and 3.16 V for 70 °C is
obtained. The cells measured at 50 °C show significantly higher high
frequency resistance (HFR), which can be used to quantify the temper-
ature effect on the conductivity (Figure S8). At 1 A cm™ the difference in
HFR leads to a 300 mV difference in cell voltage between 50 °C and to 60
°C and 100 mV between 60 °C and 70 °C. Thereby, the change in con-
ductivity is responsible for 50 % of the cell potential reduction. The
remaining 400 mV can be attributed to other processes like improved
kinetics and mass transport.

However, the temperature also affects the selectivity towards CO.

Effect of electrolyte concentration
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Fig. 5. Effect of cell temperature a-c) and effect of electrolyte concentration d-f) on CO; reduction to CO. Cell voltages in a),d) versus applied current density from
100 mA cm 2 uptol A cm ™2 and in b),d) versus CO partial current density. Faradaic efficiencies in ¢),f) versus current density. The temperature was varied from 50
°C to 70 °C in 0.01 M CsOH for a-c). As for the electrolyte concentration effects (d-f), CSOH concentration was varied from 0.001 M to 0.1 M while maintaining a
constant cell temperature of 60 °C. All experiments were conducted using 180 °C Ag/C catalyst for three independent samples to ensure reproducibility of our results,
as illustrated by the error bars. Cathode 95 mL min~! CO, humidified at a bubbler temperature of 65 °C.
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While the cells measured at 50 °C and 60 °C show comparable CO
selectivity, it reduces significantly when the temperature is increased to
70 °C as shown in Fig. 5c. This decline in selectivity is attributed to
increased flooding effects at higher temperatures, which lead to a higher
HER [66]. Therefore, 60 °C is identified as ideal operating temperature
in this case, when considering both voltage efficiency and selectivity.
The observation by Endrédi et al. and Jeng et al. align with the findings
from our temperature study[61,67]. Both conducted studies on CO5
electrolysis with unsupported silver nanoparticles and identified 60 °C
as the best temperature for maximized CO formation.

Another crucial factor contributing to the enhancement of cell per-
formance is the electrolyte composition. Specifically, the concentration
of cations plays an important role in influencing the efficiency of CO5
electrolyzers[68]. Insights from DFT-based calculations have illumi-
nated this correlation, implying that alkali metal cations play a crucial
role in stabilizing CO2 adsorption by reducing the associated Gibbs free
energy[69]. Among these cations, Cst stands out due to its minimal
hydration shell compared to smaller alkali metal cations, resulting in
reduced repulsion near the electrode and a stronger interfacial electric
field, thereby facilitating CO» adsorption[70].

For the investigation of the electrolyte concentration influence on
the 4-ATP Ag/C, the cell temperature was maintained at 60 °C. The
CsOH electrolyte concentration was varied between 0.001 and 0.1 M. A
clear trend emerges, showing lower overpotentials with increasing
electrolyte concentration (Fig. 5d-f). This trend is also reflected in the
high frequency resistances, most probably due to the change in elec-
trolyte conductivity (Figure S8). At the lowest CsOH electrolyte con-
centration (0.001 M), we observed a maximum current density of
100 mA cm 2 at 3.11 V. In contrast, higher molarities (> 0.001 M
CsOH) enabled 1 A cm 2. It must be noted that a modest increase in
electrolyte concentration, just by 10 mM from 0.01 M to 0.02 M, can
lead to a significant reduction in cell voltage of 210 mV at 1 A cm 2.
Further raising the concentration from 0.02 M to 0.03 M only results in a
marginal decrease in cell voltage, by just 10 mV at 1 A cm™2. With 0.1 M
CsOH the ion conductivity is further increased as indicated by the lowest
HFR resulting in lowest cell voltages (Figure S8). At 1 A cm™? the dif-
ference in HFR from 0.01 M to 0.1 M is responsible for 200 mV differ-
ence in cell voltage, corresponding to 67 % of the cell voltage reduction.
However, the HER gets dominant with 0.1 M CsOH, indicating a peak
performance with 0.02 M CsOH. Using a low CsOH electrolyte concen-
tration (0.001 M) carries the risk of insufficient Cs™ concentration to
effectively enhance performance, potentially leading to elevated over-
potentials[70]. Conversely, employing a high CsOH electrolyte con-
centration (0.1 M) might increase the risk of cathode electrode flooding
and salt precipitation, thereby decreasing the CO selectivity.

A long-term measurement at 500 mA cm™2 was conducted to inves-
tigate the durability of the 4-ATP-based Ag/C catalyst (Fig. 6a). Building
upon previous research involving cysteamine-based Ag/C, a pulsed
technique was employed with a resting period of 1 minute after every
10-minute current step to further mitigate salt formation[71]. The initial
FEco of 95 % decreases to 80 % during the first 100 hours. However,
after 100 hours, the FEco remains stable. While the cell voltage was
below 3 V at the beginning of the measurement it slightly increased to
3.25 V resulting in a voltage degradation rate of 1.5 mV h' . While this
degradation rate might still be too high for industrial application, it can
be considered as low compared to other reports found in literature at
high current densities (Fig. 6¢). Since the 4-ATP Ag/C catalyst demon-
strated high catalytic activity during long-term operation, an additional
long-term test at a current density of 1000 mA cm ™2 was conducted.
Over 100 hours, the initial FE¢o continuously decreased from 85 % to
30 %, with a cell voltage degradation rate of 2.55 mV h™'. Despite, the
significant degradation in selectivity and cell voltage it is remarkable
that the cell did withstand these harsh operating conditions without cell
failure.

Further TEM and XPS analyses after long-term operation show that
the morphology of the Ag NPs remains stable (Figure S10-11). The TEM
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2
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Fig. 6. a) Long-term measurements at 500 mA cm~2 and b) 1000 mA cm 2
with 180 °C Ag/C GDE utilizing low Ag loading of 0.26 mgag em~2 at 60 °C and
0.02 M CsOH as anolyte. Cathode 95 mL min~' CO, humidified at a bubbler
temperature of 65 °C. ¢) Radar graph comparing high current density zero-gap
electrolyzer cells above 300 mA cm ™2 during long-term operation[19,61,62].
The result presented in this work is shown in blue colored area.

images show only few larger Ag NPs, potentially caused by agglomer-
ation or Ostwald ripening. However, significant changes were observed
in bond formation, particularly an increase in multicoordinated Agx-S
bonds (Table S5). Notably, no single Ag-S bonds were detected after
extended operation, suggesting that sulfur tends to form multi-
coordinated bonds with Ag atoms during cell operation.

Additionally, trace levels of Cs were detected by XPS after extended
operation at 1000 mA cm ™2 (Table S6). Therefore, the primary cause of
cell failure at 1000 mA cm ™2 appears to be related to salt formation and
electrode flooding.

It is important to note that a low Ag loading of 0.26 mgag cm™ was
utilized for this extended duration, whereas typical Ag loadings exceed
> 0.5 mgag cm™ for selective CO production. Furthermore, the calcu-
lation of the turnover number (TON) when operating for 200 h at
500 mA cm ™2 yields a value of 3 300 000 (Table S3). In addition,
calculating the TOF at the beginning of the long-term measurement at
1 A em~2 with a FEgo of 85 % corresponds to a TOF of 9.6 s~1, which is
among the largest TOF value found in literature for CO5 reduction to-
wards CO (Table S3)[47,53-60]. This underscores the remarkable cat-
alytic activity and long-term stability of the Ag/C catalyst, facilitated by
the molecular anchoring agent 4-ATP.

3. Conclusion

In this study, carbon-supported silver catalysts with an average Ag
particle size of 2 nm were synthesized using 4-ATP as anchoring agent.
XPS analysis showed that the formation of Ag-S bonds was reduced with
4-ATP compared to cysteamine. Nonetheless, the use of 4-ATP led to an
enhanced electrochemical performance for the electrochemical reduc-
tion of CO5 to CO in a zero-gap electrolyzer. The use of 4-ATP resulted in
the formation of smaller Ag NPs, with a diameter of 2 nm, in contrast to
the 5 nm diameter Ag NPs obtained with cysteamine. The Ag®*/Ag’®
ratio, which plays a key role in catalytic activity, was highest for 180 °C
Ag/C 4-ATP, leading to superior catalytic performance. The 4-ATP-
based Ag/C catalyst enabled a high current density of 1 A cm™2 with
85 % CO selectivity at a low cell voltage of 3.34 V, resulting in an
outstanding TOF of 9.6 s .
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By varying cell temperature and CsOH electrolyte concentration,
optimal conditions of 60 °C and 0.02 M CsOH were identified within a
zero-gap electrolyzer setup. The long-term stability of the Ag/C catalyst
was demonstrated in a measurement over 200 hours at 500 mA cm ™2
with a CO selectivity remaining at around 80 %. The cell voltage stayed
below 3.1 V showing a voltage degradation rate of 1.5 mV h™!. This was
obtained with low Ag loadings of 0.26 mgag cm ™2 resulting in a turnover
number of 3 300 000. Furthermore, long-term measurements at
1000 mA c¢cm™ for 100 hours were conducted. While the FEcq decreased
from the initial 85-30 %, it is remarkable that the cell did withstand
these harsh operating conditions without cell failure.

The post-mortem XPS analysis of 180 °C Ag/C 4-ATP revealed sig-
nificant changes in Ag-S structures with increased Agx-S structures,
indicating that Ag NPs tend to form multi-coordination interactions with
sulfur over time. This transition marks a shift in the role of the anchoring
agent to that of a capping agent, with the capping effect becoming
dominant. The stronger capping effect enhances nanoparticle stability,
reducing degradation.

These results showcase the huge potential of engineering carbon
supported Ag nanoparticles to improve the electrochemical perfor-
mance. Furthermore, these results highlight how molecular linkers can
be used to change the catalytic properties of the Ag nanoparticles.

Vulcan XC-72 was chosen as the carbon support in this study due to
its superior performance with cysteamine compared to supports with
lower (Super P, 50 m?/g) or higher (Ketjenblack, 800 m?/g) BET surface
areas[30]. This performance is likely due to its influence on catalyst
layer morphology and ionomer distribution, which are expected to
behave similarly with 4-ATP. However, the behavior of 4 ATP may differ
on other carbon blacks with varying structural characteristics, poten-
tially affecting catalyst morphology and ionomer distribution. Further
studies are needed to assess the general applicability of 4-ATP across
different supports.

4. Experimental
4.1. Materials

The synthesis was similarly conducted via reported literature[22].
However, the anchoring agent was changed from cysteamine to 4-ATP:
Silver nitrate (AgNOs, Sigma-Aldrich, 99.0 %), 4-Aminothiophenol
(Sigma-Aldrich), carbon black (Fuel cell store, Vulcan XC-72) were
used were used for the Ag/C catalyst synthesis. Ethylene glycol (EG,
Thermo Fisher, 99 %) and isopropyl alcohol (IPA, Carl Roth, > 99.5 %)
were used as solvents. Iridium oxide nanopowder (IrO,, Alfa Aesar,
Premion 99.99 %) and PiperION® (Versogen, PiperION-A5, 5 wt% in
EtOH dispersion) were used as cathode catalyst layer. Nafion D520 (Ion
power, 5 w% dispersion) was used as anode catalyst layer binder and
Zirconium oxide balls (ZrOs, Retsch, 5 mm) for grinding the anode
catalysts. Gas diffusion layer (GDL, Freudenberg carbon paper H23C6),
Ti felt (Mott, 250 pm), anion exchange membrane (Versogen,
PiperION-A20-HCO3) and Cesium hydroxide (CsOH, Sigma-Aldrich,
99.95 %) was used for cell testing.

4.2. Ag/C synthesis

The synthesis of Ag/C was adapted from our previous work[22,30].
Carbon black Vulcan XC-72 (200 mg) in ethylene glycol (100 mL) was
ultrasonicated (Bandelin Sonorex RK) for 30 min. 4-ATP (10 mg) was
added to the mixture and ultrasonicated for another 30 min. Then the
mixture was added to a solution containing silver nitrate (200 mg) in
ethylene glycol (100 mL), kept for 10 min at 50 °C before being heated
up under reflux. The heating was maintained for 60 min at 140°C, 160°C
and 180°C for 140 °C Ag/C, 160 °C Ag/C and 180 °C Ag/C, respectively.
The cooled solution was washed with isopropyl alcohol, filtered and
dried overnight in an oven at 80 °C. The final Ag/C catalysts were ob-
tained as a black powder and yielded a mass between 200 and 300 mg,
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respectively.

4.3. GDE and half-side catalyst coated membrane fabrication

GDEs were fabricated by spray coating catalyst layers directly onto
the GDL (H23C6, 4 cm?) with an ultrasonic spray coater (SNR 300,
Sonocell) using a 60 kHz ultrasonic nozzle (Sonaer NS60K Atomizer.
The flow rate was set to 0.2 mL min ™! and the hotplate below the GDEs
was heated to 50 °C to accelerate solvent evaporation during ultrasonic
spray-coating. Cathode inks were prepared by sonicating the respective
Ag/C (0.1 g), H,O (6.33 g), isopropyl alcohol (4.98 g) and 5 wt%
PiperION®-AS5 (0.353 g).

The anode ink was obtained by dispersing 0.5 g IrO, in 1.2 g H,0:
IPA (3:1 w/w) solution and 0.5 g Nafion D520 solution (in MeOH:H,0
10:1 w/w). ZrO, grinding balls were added and after 2 days on a roll
mixer (IKA, Roller 10) the ink was casted with a bar coater (Mayer rod,
150 ym wet film thickness) onto the anion exchange membrane (Vers-
ogen, PiperlON-A20-HCO3) to obtain the half-side catalyst coated
membrane. The half-side catalyst coated membrane was directly utilized
within the cell without undergoing ion exchange, as it is received in the
carbonate anion form. 250 pm thick Ti-felts were used as anode
electrode.

4.4. Cell measurements

The experimental setup consists of a titanium cathode flow field
featuring a serpentine flow pattern and a stainless-steel anode flow field
with a vertical parallel flow configuration. PTFE gaskets, 200 pm thick
for the cathode and 250 um thick for the anode, were utilized as spacers.
The cell fixture is assembled with 8 screws tightened with 6 Nm each.
For the cathode, a controlled flow rate of 95 mL min ! (CO,) while
5 mL min~" (nitrogen, No) was supplied after the cell using an EL-FLOW
Prestige FG-201CV mass flow controller (Bronkhorst). The CO5 gas was
humidified in a heated bubbler. The anolyte consisted of CsOH circu-
lated by a thermostat-controlled peristaltic pump (REGLO ICC Digital,
Ismatec).

Electrochemical measurements, facilitated by a BioLogic VSP-300
potentiostat, involved applying current steps of 100, 200, 300, 400,
500, 600, 700, 800, 900, 1000 mA cm ™2 for 10 minutes each. After
10 minutes, a gas sample from the cathode outlet underwent analysis via
an online gas chromatograph (GC, Agilent micro GC 990, equipped with
two channels, with a Molesieve A5 column using Argon as carrier gas
and a PoraPlot Q column with helium as a carrier gas). A galvanostatic
electrochemical impedance spectroscopy measurement, with an ampli-
tude equal to 1/20 of the applied current, spanned a frequency range of
800 kHz to 1 kHz to determine the high-frequency resistance of the cell.
In 0.001 M CsOH electrolyte the current density steps were applied from
12.5, 25, 50, 100 mA cm 2. Pulsed long-term operation involved a
constant current of 500 mA cm ™2 in 0.02 M CsOH for 10 minutes fol-
lowed by a 1-minute rest period and a galvanostatic electrochemical
impedance spectroscopy. Similarly, a pulsed long-term operation at
1000 mA cm ™2 was performed.

4.5. Electrochemical calculations

The iR-corrected cell potential (Ujrfree) Was determined by sub-
tracting the product of current density (i) and high-frequency resistance
(HFR;) from the measured cell potential (Ucel))

Uirfree Ucell*i e HFR;.

The Faradaic efficiency (FE,) of the products (where x = Hy or CO)
was calculated using the formula:
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In this equation, n, represents the measured mole fraction of the
product determined by gas chromatography, F is the Faraday constant
(96.485 Cmol’l), Ris the ideal gas constant (8.314 JK’lmol’l), Vris the
volumetric flow rate, T is the temperature, z is the charge transfer
number, p is the pressure, and I is the total current. Multiplying the
product-specific Faraday efficiency by the total current density yields
the product-specific partial current density (i).

4.6. X-ray photoelectron spectroscopy (XPS)

The photoelectron spectra were obtained using an EnviroESCA
spectrometer from Specs GmbH: Phoibos 150 analyzer suitable for near-
ambient pressure, 1D Delay-Line Detector, monochromatic Al Ka radi-
ation at 1486.6 eV, incident angle 55°. The samples were carefully
prepared as powders on a conductive carbon tape. Survey spectra were
measured utilizing a pass energy of 50 eV, high-resolution spectra were
obtained at a pass energy of 30 eV (20 accumulations for C1s, O 1, Ag
3d; 50 accumulations for N 1's, S 2p). For the post-mortem samples,
survey spectra were measured at a pass energy of 100 eV due to antic-
ipated lower element concentrations at the sample surface. The
respective high-resolution spectra were collected at a pass energy of
50 eV due to the aforementioned reason. The number of accumulations
to obtain a good signal-to-noise ratio was also changed. These were as
follows: 20 for C1s, Cs3d, F1s; 50 for O1s; 80 for Ag3d; 150 for S2p, and
200 for N1s. The photoelectron spectra of the pristine 4-ATP and
cysteamine samples have shown significant surface charging under
conventional XPS conditions. Therefore, NAP-XPS was applied using
water vapor at a gas pressure of 3 mbar. Consequently, the resulting O
1 s photoelectron spectra of these two samples contain signals of
adsorbed water and the applied water vapor in the gas phase (between
535.2 eV and 535.7 eV). These signals were considered during the data
evaluation but not further investigated.

The XPS data were processed with CasaXPS by applying the
following peak fitting settings: The evaluation of the S 2p and Ag 3d
signals was done considering spin doublet separation (DS S 2p = 1.2 eV
and DS Ag 3d = 6.0 eV). For all spectra a Shirley background subtraction
was applied. The C 1s, O 1s and N 1 s regions were fitted using a
Symmetric Lorentzian lineshape LA(50); the S 2p and Ag 3d regions
were fitted using a Gaussian-Lorentzian sum function as lineshape, SGL
(20) or SGL(30). For semi-quantitative investigations relative sensitivity
factors from CasaXPS were used.

4.7. Transmission electron microscopy (TEM)

For electron microscopic analysis, TEM grids (copper, lacey carbon
film, 3-4 nm nominal thickness, 200 quadratic mesh, Science Services
GmbH) were prepared by dispersing approximately 100 pg of freshly
synthesized catalyst powder in isopropyl alcohol, followed by brief
sonication (Bandelin Sonorex Super RK 100 H). The grids were then
dipped into the solution and allowed to dry in air. These prepared TEM
grids were subsequently analyzed using a Talos F200X (S)TEM system
(ThermoFisher, high-brightness X-FEG emitter) equipped with a Ceta 16
Megapixel CMOS camera. Micrographs were recorded at an acceleration
voltage of 200 kV with a current of approximately 1 nA.

4.8. Thermogravimetric analysis (TGA)

A NETZSCH STA 449F3 (Netzsch-Geraetebau GmbH) was used for
thermogravimetric analysis (TGA). TGA was carried out under oxygen
atmosphere (O2/N5 20/80, air) with a heating rate of 10 °C min~! and
flow rate of 50 mL min~" in a 3.4 mL Al,O5 crucible using ~ 20 mg
material. TGA experiments were performed on Ag/C catalysts up to 930
°C with an additional isotherm for 1 hour under an oxygen atmosphere
to investigate the decomposition of the carbon black support and
determine the Ag loading (Figure S5). A significant weight loss above
400 °C is due to the decomposition of the carbon black. At around 700
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°C, the carbon black particles are completely burned. From 700-930 °C,
the mass weight remains constant. At 930 °C, the weights were recorded
as they correspond to the residual Ag, as the melting point of Ag is
around 961 °C
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