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Broader context

Self-assembled infinite silver cluster with
atomic precision as a scalable catalyst for
CO,-electroreduction under industry-relevant
reaction ratesf

2 Jordi Benet-Buchholz, (2 °
*bC

Leonard Curet,® William Lafargue dit-Hauret,
Marta Martinez-Belmonte,® Dominique Foix,? Emilio Palomares,
Laurent Billon, (2 ¢ Didier Begué (2 and Aurelien Viterisi () *

The multi-gram synthesis of a phenylacetylide silver cluster catalyst and its application to the
electroreduction of CO, to carbon monoxide is described. The procedure involves one synthetic step
from commercially available precursors and vyields highly crystalline silver acetylide clusters in
quantitative yields with no required purification. The crystal structure of the cluster was resolved from
the native powder using cutting-edge electron diffraction techniques (3D-ED), and showed to consist of
an infinite silver tubular core with radially disposed phenylacetylene ligands. Its catalytic properties were
investigated at industry-relevant rates in a flow cell electrolyser. Faradaic efficiencies for CO above 95%
were achieved at current densities reaching 350 mA cm™2. The catalyst's selectivity and stability were
shown to be the result of the unique polymeric structure, a result supported by electrochemical
characterisation and DFT modelling.

The electrochemical reduction of CO, to feedstocks is a promising alternative for offsetting greenhouse gas emissions. While higher hydrocarbon products (so-
called C,, products) are highly revered in academic research, carbon monoxide is arguably one of the most interesting feedstocks from an industrial

perspective. Indeed, phosgene, isocyanates, urea, methyl methacrylate, and acetic acid, to name only a few, are directly derived from CO, industrially. Moreover,
the electroreduction of CO, to CO is the least energetically demanding process with the highest theoretical energy efficiency. The catalyst developed in this
paper combines all the attributes of industry-relevant materials, such as the scalability from widely available precursors with no required purification. The
catalytic properties towards CO, electroreduction, 7.e. high faradaic efficiency for CO (>95%) at high reaction rates (350 mA cm ™ 2), provide strong arguments in

favour of potential industrial applications. A rough extrapolation of the catalysis features indicates that the CO’s weight production by unit time would likely
reach over 1 T hour " per kilogram of catalyst. The approximate cost of the latter weight of catalyst is estimated to be less than 1000 dollars, considering the

price of the precursors, rendering it an insignificant parameter from an economic perspective.

Introduction

The electrochemical reduction of CO, to feedstocks, such as
carbon monoxide (CO), methane, or higher molecular weight
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hydrocarbons (C,.), is a promising alternative for offsetting
greenhouse gas emissions.'” The transformation, generally
mediated by a catalyst of metallic nature under electrochemical
conditions, has attracted considerable interest from the scien-
tific community™® since the pioneering work of Hori.®® While
C,. products are highly revered in academic research, CO is
arguably one of the most interesting feedstocks from an indus-
trial perspective. Indeed, phosgene, isocyanates, urea, methyl
methacrylate, and acetic acid, to name only a few, are directly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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derived from CO industrially. Moreover, the electroreduction of
CO, to CO is the least energetically demanding process and has
the highest theoretical energy efficiency.” Quite importantly, the
adaptability to zero-gap electrolysers in conjunction with differ-
ent anode reactions confers the process the highest probability
of reaching the market in a reasonable timeframe.'® With these
considerations in mind, a general consensus has emerged that
catalysts should be assessed under industrially relevant reaction
rates."" As such, flow cells and membrane electrode assemblies
are commonly accepted designs that allow overcoming the mass
transport limitations resulting from the poor solubility of CO, in
aqueous media."*'® They involve the use of gas diffusion layers
(GDLs), allowing the formation of a gas/electrolyte/catalyst inter-
face where the local concentration of CO, rises far above its
solubility limit, thus allowing the CO,RR to perform at high
reaction rates.'”'® The GDLs require that the catalyst is immo-
bilised on the surface, imposing a significant limitation on the
types of catalysts that can be adapted to bulk electrolysis. Indeed,
the microporous nature of carbon-based or PTFE-based GDLs
commonly used in CO, electroreduction renders this process
challenging, particularly for metal catalysts.'® Their deposition
onto GDLs relies on sputtering techniques that are difficult to
scale,®® and reaction overpotentials are difficult to tune. Their
nanoparticle counterparts, despite being more versatile from a
catalytic perspective, have an intrinsic polydisperse nature.>"*>
Their synthesis is consequently difficult to project on an industrial
scale. Several types of molecular or hybrid catalysts have been
considered as possible alternatives, such as metal-organic
frameworks,> transition-metal complexes,*® polyoxometalates,>”
carbon-based metal-free materials®® or two-dimensional materials.”
Metal clusters have been recently described in this context
since they combine attributes of both metallic and molecular
catalysts, presenting themselves as discrete crystalline materials
that can readily be immobilised on GDLs with controlled surface
coverage.’*? The chemical structure of metal clusters consists
of a main core composed of several metal atoms linked through
metal-metal bonds and organic ‘ligands’ that are orderly dis-
tributed on the outer shell.*> Discrete clusters of gold,** copper®®
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Clusters comprising alkynyl ligands have proved particularly well
suited for the CO,RR, as they involve stable alkyne-silver bonds,
allowing for the direct modulation of the silver cluster’s geome-
try and electronic properties by tailoring the chemical structure
of the organic moiety. However, their synthesis, similarly to most
catalysts, is generally incompatible with industrial-scale produc-
tion, and their performance is often limited to laboratory-scale
electrolysers (Fig. 1a).2*36738:40745

To tackle the above setbacks, herein, we describe a unique
silver acetylide cluster displaying an infinite tubular structure
and demonstrate its ability to efficiently catalyse the CO,RR
under very high reaction rates in a flow cell electrolyser.
Electrolysis currents higher than 350 mA em™> were achieved
with very high selectivity towards CO (>95%). The versatility of
our catalysts is further enhanced by the fact that its synthesis
involves only one extremely reproducible synthetic step carried
out in aqueous media from an inexpensive commercially avail-
able alkyne precursor and silver nitrate. The reaction was scaled
up to multi-gram quantities (over 20 g), and the catalyst was
obtained in quantitative yields with no required purification,
producing only ammonium nitrate as a by-product. The catalyst
was isolated as a nanocrystalline powder from which an electron
diffraction structure was fully resolved from the as-synthesised
material using cutting-edge nanocrystal electron diffraction
technology (3D-ED). The structure consists of infinite silver
tubular clusters with perfect crystalline arrangement packed in
orthorhombic Pna2, unit cell. The insoluble nature of the
catalyst allowed for facile immobilisation of the as-synthesised
nanocrystalline powder onto carbon paper GDLs, providing
a direct structure-characteristics relationship. The resulting
elevated surface area led to a turnover frequency (TOF) over
13.5 s~ *. Finally, a thorough chemical and physical characterisa-
tion supported by DFT modelling provided solid evidence on the
mechanistic fundaments governing the selectivity of the catalyst
towards CO. Accordingly, it appears that the unique infinite
tubular structure with atomically precise order is, to our under-
standing, an essential parameter for the stability of the catalyst
over repetitive catalytic cycles, while the ligands impede catalyst

and silver’®>® with different types of capping ligands have been  poisoning by maintaining the oxidation state of the non-catalytic
recently shown to display remarkable catalytic properties.** > silver atoms.
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Fig. 1

(a) Graph depicting the faradaic efficiency for CO vs. current density of state-of-the-art silver-based clusters catalysts, in comparison with the

best performing molecular catalysts; (b) general scheme of silver acetylide’s synthesis with a representation of an asymmetric unit of the cluster fragment
established by electron diffraction showing two Agy4 clusters subunits; (c) picture of the catalysts powder used for structure resolution by 3D-ED.
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Results and discussion

The catalytic properties of discrete all-alkynyl silver clusters
towards the CO,RR have been reported very recently in the
literature, with very few papers published to date.>*3¢73%4
Their organic-inorganic hybrid nature infers a high degree of
structural versatility due to the ease of synthesis of large
libraries of silver acetylide from commercially available alkynes.
However, the existing reports rely on complex synthetic proce-
dures, generally carried out on a scale limited to tens of
milligrams of starting reagents, with reported yields typically
below 10%. The formed compounds generally have defined
crystalline packing and unit cells with crystallite sizes in the
range of a few tens of nanometres, providing a very high surface
area required for higher catalytic activity while preserving a
precise arrangement of the clusters in the solid state, hence,
the recent coining of “‘atomically precise” catalysts. While the
above catalysts display remarkable selectivity, their perfor-
mance under high electrolysis rates is yet to be demonstrated.
Scheiber and co-workers showed that silver acetylides form
readily as highly insoluble species from mixing a methanolic
solution of an alkyne precursor with an aqueous silver ammonia-
cal solution. The above procedure was employed herein and
optimised to synthesise silver phenylacetylide from commercially
available phenylacetylene. Upon addition of the alkyne dissolved
in methanol to a solution of ammoniacal silver nitrate, the
formation of a white frothy precipitate ensues almost instantly,
indicative of the formation of the silver acetylide species, which
was isolated as a poorly soluble solid by simple filtration, in
quantitative yields (>99%) from a 20 g scale reaction (Fig. 1b).
The solubility in DMSO was, however, sufficient to charac-
terise the cluster via '"H NMR, which shows one unusually
broad phenyl proton peak reminiscent of polymeric species.
The 'H NMR spectrum is consistent with the quantitative for-
mation of silver acetylide, evidenced by the absence of the
acetylene peak from the starting material (see ESIf). Similarly,
the absence of the C=C-H stretching band (3289 cm™") in the
solid-state infrared spectrum with respect to the starting alkyne is
further evidence of the formation of the Ag-C=C bond (Fig. S4,
ESIt). Additionally, a shift of the C=C stretching band from
2109 cm™" to 2054 em ™" further confirms the latter observation.
To gain additional information on the solid-state structure
of the silver acetylide, powder XRD characterisation was carried
out. To our surprise, despite the acetylides’ fast formation
kinetics, powder diffractograms show well-resolved peaks of
archetypical polycrystalline materials. The peak width is con-
sistent with crystallite sizes in the range of a few hundred
nanometres as calculated from the Scherer equation. A com-
parison with calculated diffractograms from existing single-
crystal structures of similar clusters did not allow for crystalline
phase identification. Therefore, to obtain precise structural
information on the organometallic cluster, the growth of
X-ray diffraction-quality single crystals was attempted by slow
diffusion of a solution of the alkyne in methanol to a solution
of ammoniacal silver in similar conditions as those used for
bulk synthesis. However, needle-shaped crystals unsuitable for
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X-ray diffraction would form regardless of the conditions
employed during the crystallisation experiments. These size
limitations led us to explore electron diffraction (3D-ED) as an
alternative method for acquiring structural data.

Contrary to single-crystal X-ray diffraction, 3D-ED was
recently demonstrated to provide diffraction data of sufficiently
high quality from crystals whose size is in the range of those
found in powder samples. Advanced instruments combining
both electron microscopy and diffraction techniques (Synergy-
ED Rigaku-JEOL) now allow for selecting and recording diffrac-
tion data from powders’ crystallites in all directions of space
and resolving their structure with similar accuracy to single
crystal X-ray diffraction. Consequently, 3D-ED data were col-
lected directly from the as-synthesised catalyst powder at room
temperature (Fig. 1c) and 100 K. Crystallite selection was
performed directly on the electron diffractometer by TEM
imaging (Fig. E1, ESIt). The samples were composed of an
overwhelming majority of flat needle-shaped crystals, which
were extremely difficult to index since most of the grains
measured appeared to consist of several stacked plates, leaving
the diffractions collected in the direction of the C-axis unde-
fined. After collecting datasets for 63 separate grains, a suitable
crystal could be localised and indexed in the space group Pna2,,
which allowed for structure determination (measured at 100 K)
(see ESL, 7 for details). The later crystal turned out to be the one
used for solving the structure, being the only one found that
did not present deformations in the direction of the C-axis. This
crystal was refined kinematically to an R1 value of 17.04% with
a completeness of 90.7%. To enhance the completeness and
reflections-to-parameter ratio, the dataset of the selected crystal
(LC155_04_20240308, see ESIf) was merged with a second
crystal (LC152LT_03strong_ 20240308, see ESIT). Although the
latter crystal was of much lower quality, it allowed increasing
the completeness to 97.7%. The merged dataset was refined to
an R1 value of 18.61%. After the correct assignment of the unit
cell and space group, a total of 44 crystal grains could be
indexed and refined to a moderate quality, confirming that
all the grains were of the same crystalline phase (Pna2,).
Simulated powder X-ray diffraction patterns from 3D-ED and
comparison with experimental powder diffractograms con-
firmed that the crystalline phases measured by both techniques
matched (Fig. E2, ESIT). A comparison with reported structures
of phenylacetylene silver acetylides showed that it consisted of
a polymorphic structure from a P2,/c space group (see ESI).*®

Similarly to the P2,/c polymorph, the silver acetylide was
found to display a unique infinite tubular silver core structure
composed of covalently linked silver atoms repeating along the
b parameter of the unit cell, with the organic ligands radially
disposed on the cluster circumference. The asymmetric unit
comprises an Agg cluster subunit assembled with eight [Ph-
C=C]" ligands. The latter consists of two parallel Ag, squares
oriented at a 90° angle with respect to one another and stacked
along the b-axis (Fig. 2). One of the Ag, squares contains two
w*n*n?and two 1>n' m',n' [Ph-C=C]™ units, while the other
contains four p*n'n',n"' [Ph-C=C]  units. The two Ag,
squares are linked by the bridging [Ph-C=C]~ ligands and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Electron diffraction structure of silver acetylide (AgPh),, showing (a) the unit cell and crystalline packing of the cylindrical silver clusters with
infinite order with radially disposed outward-pointing acetylide groups, (b) the infinite arrangement of silver atoms with the two different types of Ag,
clusters subunits depicted in blue and green, (c) the asymmetric unit viewed in the direction of the b-axis (d) a close view of a cluster fragment in space-

filling style, pointing to the somewhat sterically hindered silver cluster.

Ag-Ag bonds. The extension of Agg along the b-axis gives a
highly organised tubular silver cluster. Importantly, in addition
to providing precise structural determination revealing the
polymeric nature of the crystalline arrangement, the exact
correspondence of the molecular packing with the nanocrystal-
line powder later used as the catalyst allows for the establish-
ment of a direct structure-properties relationship. This unique
feature provided by 3D-ED structure determination has no
precedent in the field.

Electron diffraction data provided important information on
the solid-state structure of the cluster, however, the inherent
properties of the crystallites’ surface dictate the catalytic prop-
erties to an equally important extent. For that matter, XPS
analysis was employed to characterise pristine powders and
assembled GDEs. Fig. 3 shows the XPS spectra of (AgPh),
pristine powder. The C 1s spectrum is decomposed into two
peaks. The first peak, centred at 284.3 eV, is attributed to the
carbon bonds within the phenyl ring, while the second peak,
centred at 283.5 eV, is attributed to the silver-carbon bond

a) b)

Ag3d

c-C C-Ag

296 292 288 284
Binding Energy (eV)

280 380 376 372 368
Binding Energy (eV)

364

Fig. 3 XPS measurements of the starting material (a) C 1s electrons
emission. Phenyl (green) C—Ag (purple); (b) Ag 3d electrons emission. The
curves were fitted with the theoretical emission patterns (red dotted lines).

© 2025 The Author(s). Published by the Royal Society of Chemistry

(C-Ag) of the acetylide (Fig. 3a). The Ag 3d spectrum shows a
well-resolved spin-orbit doublet at 368.3 eV and 374.2 eV
ascribed to Ag(i) species in the Ag-C environment (Fig. 3b).

Importantly, quantitative analysis shows a nearly identical
ratio of C= C-Ag and Ag(3d) peak area, unequivocally confirm-
ing that the 1:1 Ag/ligand ratio was determined from the 3D-
ED structure. Further metal quantification from dilute solu-
tions of (AgPh), using microwave plasma atomic emission
spectroscopy (MP-AES) provided additional evidence that the
latter ratio is maintained throughout the bulk of the material
(see ESIY).

To assess the catalytic activity of (AgPh),, the silver cluster
was deposited on carbon-based gas diffusion layers typically
used for CO, reduction. Using a standard procedure, the
GDL was coated with a nanoparticles-Nafion®-(AgPh), ink by
successive deposition-evaporation sequences at 80 °C until
the appropriate weight-amount of catalyst was deposited. The
catalyst loading was optimised by varying the weight-amount of
the catalyst with respect to the carbon nanoparticles and
Nafion® to maximise the catalytic characteristics, particularly
the faradaic efficiency towards the major adduct. Results show
that the catalyst loading could be decreased to a great extent
without a significant impact on the selectivity. However,
catalyst loading values below 0.2 mg cm > tended to favour
the undesired HER (see ESIY). A catalyst loading of 0.4 mg cm >
was eventually found to be optimum with regard to selectivity
towards the main adduct.

Further powder XRD characterisation of the pristine GDEs
revealed that the catalyst retains its original nanocrystalline form
throughout the deposition process. The presence of the most
intense peaks of the diffraction pattern arising from the (002)
and (201) diffraction planes confirms the structure’s integrity.

EES Catal., 2025, 3, 286-296 | 289
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Fig. 4 (a) Powder diffractograms of the pristine catalyst powder (AgPh),

and of the GDE after catalyst deposition; (b) XPS spectra in the Ag 3d
emission region of the pristine catalyst powder and GDE after catalyst
deposition.

In contrast, the slight discrepancy in peak intensity with respect
to the calculated diffractogram is strong evidence of the crystals
orienting towards a preferred face upon deposition. This is to be
expected, owing to the needle-shaped crystals (Fig. 4a). The
virtually identical peaks’ FWHM with respect to the powder
diffractogram is evidence that the crystallites have not under-
gone any significant change in size during the deposition
process. This further confirms that the sonicating step prior to
deposition on the GDLs and the deposition temperature are not
detrimental to the catalyst from a morphological standpoint.
The stability upon deposition is further confirmed by XPS, which
shows unaltered Ag 3d peaks of the GDE compared with the
pristine material (Fig. 4b). A slight shift of the emission peak is,
however, noted and attributed to the fluorine reach environment
brought about by the excess Nafion®.

The catalytic activity of the above GDEs was first tested in a
homemade (Fig. S1, ESIT) 3-electrode cell in a 1 M potassium
bicarbonate electrolyte. The linear sweep voltammetry (LSV) at
10 mV s ' was measured in both N, and CO, saturated
conditions and showed a clear catalytic wave with a measured
catalytic threshold at —0.452 V vs. RHE corresponding to a
0.383 V overpotential vs. CO,RR theoretical potential (Fig. 5a).
Finally, to assess the selectivity of our catalyst, a series of chron-
oamperometry experiments were carried out with 0.1 V increments
from —0.63 V to —1.13 V vs. RHE applied potentials (measured vs.
Ag/AgCl and subsequently converted). The produced gaseous and
liquid products were sampled and quantified from the cell’s
headspace and liquid electrolyte after 15 min (Fig. 5b).

Interestingly, (AgPh), showed a high faradaic efficiency
towards CO at low overpotentials, with FE reaching 90% at
electrolysis potentials as low as —0.63 Volts (vs. RHE). Impor-
tantly, (AgPh),, showed an elevated propensity to suppress the
competing hydrogen evolution reaction (HER). As such, the
selectivity of the CO,RR remains reasonably high over a wide
range of voltages, reaching electrolysis currents particularly
high (15-20 mA cm™?) for laboratory-scale electrolysis cells.
The quantification of the liquid products in the electrolyte by
"H NMR showed the presence of small amounts of non-volatile
formate at higher overpotentials with a maximum FE of 7% at
—0.93 V.

These preliminary results prompted us to apply our silver
acetylide-containing GDEs to a bulk electrolyser flow cell sys-
tem. The latter consisted of a home-designed and 3D-printed

290 | EES Catal, 2025, 3, 286-296
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Fig. 5 (a) Linear sweep voltammetry plot of (AgPh),, carried out in KHCO3
(0.5 M) under an N, or CO, saturated solution; (b) Faradaic efficiencies
for Hy, CO and formate extracted from chronoamperometry experiments

carried out in incremental potential values and sampled after 30 min
of reaction.

flow cell (Fig. S2, ESIT), and Freudenberg H24C5 was selected as
the GDL support due to its demonstrated suitability for bulk
electrolysers. Preliminary tests showed that their hydrophobi-
city remained relatively stable under electrolysis compared to
other hydrophobised GDLs. Constant current chronopotentio-
metry experiments were carried out in KHCO; (1 M) under
currents varying from 50 mA cm > to 350 mA cm °. The
faradaic efficiency of the best-performing GDE is depicted in
Fig. 6. The averaged FEs from four GDEs (two different GDL
types) from experiments carried out on two different electro-
lysers with distinct designs are depicted in Fig. S20b (ESIT).
An outstanding selectivity towards CO was observed over the
whole range of electrolysis current density tested, whereas
HER was kept to a minimum even under currents as high as
350 mA cm 2. The potentials (measured against Ag/AgCl micro-
electrode) of the best-performing GDE remained exceptionally
low (—1.9 V vs. RHE at 350 mA cm ™2, Fig. 6b). According to the
quantification of the catalytically active silver (see ESI, T for
details), the turnover frequency (TOF) accounted for a value
over 13.5 s~ * at the highest applied current density in the best-
performing GDE.

Quite importantly, the catalyst showed exceptional stability
over an extended electrolysis time, as shown in Fig. 7b. Indeed,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Faradaic efficiency of (AgPh),, under CO, reduction conditions
in a flow cell electrolyser (KHCO3 (1 M) as catholyte and anolyte); (b)
Cathode potential of the best-performing GDE (vs. RHE with /R drop
correction).

continuous electrolysis under current density as high as
100 mA cm > led to the production of a majority of CO over
the whole experiment time frame, with hydrogen composition
increasing only slightly. The overall FE on CO drops from 99%
to 91% after 12 h of sustained electrocatalytic conditions
(Fig. 7b). However, the slight increase in H, and decrease in
CO FE was principally attributed to the gradual wetting of the
GDL. Indeed, prolonged reducing conditions have been known
to reduce the hydrophobicity of carbon-based GDLs, an effect
which we confirmed herein using contact angle measurements
(Fig. S29, ESIt). Additionally, a visual inspection of the back side
of the GDEs after fixed current chronopotentiometry showed a
notable amount of catholyte droplets on the carbon fibre mesh
and a substantial amount of liquid in the gas compartment. The
water was seen to diffuse through the pores of the GDEs in a
time as short as 20 minutes, regardless of the current applied in
the range of 50 to 350 mA cm > (Fig. $30, ESIY).

Finally, although (AgPh), showed an overwhelming CO
selectivity reminiscent of pure silver(0), the presence of liquid
products in detectable amounts and the polymetallic structure
of the cluster’s core indicate that the organic moiety plays a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Cyclic voltammetry of Ag showing three consecutive cycles in

the 0 to —1.4 V range (vs. RHE); (b) faradaic efficiency evolution over time
at 100 mA cm™2.

mediating effect in the selectivity of the whole catalyst. The
electrochemical characterisation of (AgPh), by cyclic voltammetry
in the absence of CO, shows a clear irreversible reduction wave
under negative potentials (—0.21 V vs. RHE) attributed to the
reduction of Ag(1) centres from the cluster to Ag(0). The fact that
this reduction wave is only present during the first cycle of the CV
experiment is indicative of a stable Ag(0) intermediate (Fig. 7a).

Upon further cycling, no further reduction waves are observed
other than the faradaic reduction of the surrounding water,
strongly suggesting that the previously formed Ag(0) centre con-
stitutes the active catalytic species. Importantly, the coulombic
charge associated with the reduction wave can be directly linked
to the number of catalytic centres formed during the first
reduction event (see ESIT for details and how it relates to the
turnover frequency (TOF)). Consequently, about 7-mole% of the
silver present on the GDE is electrochemically reduced to Ag(0)
before catalysis, the effect of which must be accompanied by the
loss of one alkynyl ligand per silver atom reduced. The polyme-
tallic nature of the catalyst likely provides the necessary stability to
accommodate the excess charge generated and maintain the
cluster’s structural integrity throughout the catalytic process.

To gain further insight into the structural modifications
incurred to the silver cluster upon catalysis, a thorough post-
catalysis analysis was carried out. For that matter, a set of fresh
GDEs prepared in identical conditions were submitted to
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20 min chronopotentiometry conditions under current densi-
ties spanning a 50-300 mA cm™ > range in 50 mA cm > incre-
ments. The GDEs were thoroughly washed, dried under vacuum
after the experiments, and kept under N, for further XPS and
XRD analysis. Diffractograms of the resulting GDEs recorded in
the range of 5 to 70 degrees 20 angles show an unequivocal
loss of crystallinity upon catalysis, under current as low as
50 mA cm 2. Indeed, as seen in Fig. 8a, the intensity of the
characteristic (200) and (201) plane reflections from the pris-
tine GDE are seen to decrease to such an extent that they barely
protrude above the background noise level after a 50 mA cm™>
chronopotentiometry experiment. This stark decrease in crys-
talline volume is also observed at higher current densities,
where no more diffraction peaks can be observed in the
diffractograms of the chronopotentiometry carried out at 100
mA cm™ > and above. However, the loss of crystalline volume
does not appear to be followed by the formation of an inter-
mediate structure with a crystalline signature. The partial
reduction of Ag(i) to Ag(0) demonstrated from the LSV experi-
ments could have possibly induced the formation of Ag(0) in
the form of metallic silver. However, a comparison of the GDEs’
diffractograms with a reference diffractogram of a silver foil
shows no convincing evidence of the presence of metallic silver
other than in the form of traces in the GDEs cycled at high
current density. This would be intuited by the presence of a very
faint peak at 26 = 38.2° matching the (111) reflection of metallic
silver, however, the missing remaining reflections do not allow

a)
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for a precise assignment either. These results are, therefore,
consistent with a transition of the cluster from a highly crystal-
line to an amorphous arrangement; however, neither fragmen-
tation nor rearrangement to simpler forms of crystalline Ag(0)
is seen to occur by XRD.

Concomitant XPS analysis of the corresponding GDEs con-
firms the trend observed from XRD and allows adding evidence
of a structural change within the cluster structure. Indeed, post-
catalysis GDEs analysis shows a significant change in the Ag 3d
emission and AgMNN Auger peak shape with respect to the
references’ spectrum. Indeed, the spectra of GDEs that have
undergone chronopotentiometry were compared to those of
metallic silver and pristine unused GDE. The characteristic
emission patterns (Ag 3d and AgMNN) produced by both
reference samples were fitted empirically to generate a peak
signature to be used in the convolution of emission spectra of
the cycled GDEs (purple and dark blue areas). Consequently,
despite the fact the initial (AgPh), is seen to evolve towards an
intermediate species upon catalysis under current as low as 50
mA, the GDE still accounts for a significant amount of (AgPh),
as seen in the Ag 3d peaks convolutions (Fig. 8b). However, the
amount of (AgPh), is shown to decrease along with the increase
in catalysis current. The remainder of the Ag 3d peaks’ shape is
assigned to an intermediate species (Fig. 8b).

The AgMNN characteristic peaks of (AgPh), were as well
used in the convolution of the cycled GDEs’ Auger peaks, and
quite importantly, the quantification of initial (AgPh),, on the

b) Ag3d AgMNN
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(a) Stacked powder XRD diffractograms of cycled GDEs (chronopotentiometry 20 min) together with diffractograms of reference samples; (b)

stacked Ag 3d and AQMNN XPS Spectra of cycled GDEs with convoluted peaks of reference spectra.
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latter peaks matches that from the Ag 3d with respectable
accuracy (purple areas). Here again, however, a significant
portion of the peak shape accounts for an intermediate species
(light blue) in which the silver environment differs significantly
from the starting (AgPh),, as well as for a significant portion of
Ag(0) (dark blue). The ratio between the intermediate and pure
Ag(0) shifts drastically at current densities above 200 mA cm ™2,
with Ag(0) becoming the dominant species. Although the
AgMNN peaks convoluted with the silver foil signature match
that from the experimental emission spectra, the absence of
characteristic diffraction peaks of metallic Ag(0) in the corres-
ponding XRD data advocates for a different form of Ag(0) that
the inorganic cubic face centred form.

The results are consistent with the fact that when submit-
ting the catalyst to an increasing current, Ag(1) centres gradually
reduce to Ag(0), providing for a number of catalytic sites
proportional to the kinetics dictated by the current density.
However, the Ag(0) likely remains embedded in the cluster
structure, presumably inducing significant structural deforma-
tion, thus accounting for the loss of crystalline order.

These experimental findings further prompted us to per-
form DFT computations to further confirm the importance of
the infinite structure on the stability of a catalytic mixed Ag(1)-
Ag(0) intermediate. A finite model of the (AgPh), cluster limited
to eight silver (AgsPhg) atoms was designed, and its free energy
was minimised using a 6-31+G(d) basis set. Subsequently, seven
additional Intermediate structures corresponding to the
sequential removal of ligands were minimised accordingly
(Fig. M2, ESIf). The energy necessary to remove contiguous

Fig. 9
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ligands from the finite cluster could be calculated by modelling
the free energy of an isolated alkyne ligand and subtracting it
from the free energy of each intermediate as per the equation in
Table M6 (ESIt). Accordingly, Table M6 (ESIT) reports the free
energy change (AE) associated with the removal of successive
ligands from the cluster. The results indicate that the removal
of a ligand has a high associated energetic cost regardless of the
starting point (from 66 to 100 kcal mol ), thus advocating that
the removal of more than two adjacent ligands is not favoured
based on thermodynamic grounds on an AggPhg hypothetical
intermediate. However, these numerical results indicate that
contiguous Ag(0) atoms may exist, especially under high cur-
rent catalytic conditions in the experimental infinite cluster.
This is further supported by the fact that once the first ligand
has been removed, the energy required to remove an adjacent
ligand is inferior to the amount required to remove the first one
(74.4 vs. 100.8 kcal mol ™). This decreasing trend is, however,
limited to two ligands as the energy required to remove a third
ligand is again nearly identical to that necessary to remove the
first one. It is important to note that the removal of as little as
one ligand from the cluster has a strong impact on the silver
atoms arrangement, showing that the Ag-Ag bond readily
distorts to favour strong m-n interactions between the remain-
ing ligands. Therefore, a 12 silver atoms cluster was further
considered as a model to study the impact of the loss of ligand
on the geometry of the silver core. The structure and conforma-
tion of the latter model, minimised using a 6-31+G(d) basis set,
was shown to match that of an equivalent fragment from the
3D-ED structure with striking similarity (Agi,Ph,,, Fig. 9a),

hY b)
Ag,Phy
w0035 CO 030
CO, e
/ % H,0.00
CO 0.79
*CO 035 L1
o — S
Coz o // =
s, 8|, 4 % H, 000
N Tte 050 A, 7
.. COOH - |g
. <103 -
H
4 Ag.,Ph;

(a) Energy minimised structures of Agi>Phi» and Agi>Phy; cluster models. The ligand being removed from the neutral Ag;>Ph;, is shown in light

blue in both the side view (capped sticks) and top view (space filling); (b) Gibbs free energy profiles for CO, reduction and hydrogen evolution considering
both Ag4Phy (top diagram) and Ag4Phs (bottom diagram) catalytic species. C, H, atoms are represented in grey, oxygen atoms in red and silver atoms in

purple.
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possessing alkynyl ligands bound with n',n'n" or n> hapticity
in a u® bridging fashion. This feature is likely a confirmation
that, from a synthetic perspective, the formation of the cluster’s
infinite structure may be a thermodynamically controlled pro-
cess. Subsequent to the modelling of the cluster, a ligand was
removed from a central Ag atom (Agy,Ph;4), creating a hypothe-
tical Ag(0) catalytic active species. The structure of the energy-
minimised version of the latter intermediate is shown to evolve
only slightly from its parent precursor at first glance, however, a
very interesting feature deserves further analysis. Indeed, a
comparison of the native Ag,,Ph,, and the Ag;,Ph,, intermedi-
ate shows that upon removal of a ligand, the remaining ligands
rearrange such that they fill the gap created. The highly
favourable stacking of the phenyl groups via n-n interactions
is presumably the driving force governing the process. The top
views of both structures, depicted in Fig. 9a, clearly show that
no significant gap is perceived in the Ag;,Ph,; structure.

A similar approach to that employed for the AggPhg cluster
reveals that the energy required to remove one ligand is of a similar
magnitude in the case of the Ag;,Ph,, cluster (99.6 kcal mol *,
Table M7, ESIt). However, and quite importantly, in the latter
case no significant distortion of the silver atoms position is
noted, contrary to the AgsPhg model. This again advocates for
the formation of Ag(0) centres isolated along the tubular
structure with groups of two adjacent Ag(0) being as well
favoured and further confirms the contribution of the infinite
cluster structure to the overall structural stability of the cataly-
tic intermediate. The removal of ligand must, however, induce
sufficient structural distortion to, in turn, induce a significant
loss in crystalline packing, as shown by XRD.

Following the above preliminary results, a complete mecha-
nistic path with both species, Ag;,Ph;, and Ag;,Ph,;, was initially
envisioned. However, for accuracy reasons, a 6-311++G(d,p) basis
set was deemed more suited to the task. Consequently, to bring
the calculations within reach of our computation capabilities, the
cluster model was further simplified to a four-Ag model. A
comparative study was performed to confirm that such a simpli-
fication is meaningful to the catalytic study (see ESI, for details).
The energy of the neutral silver tetramer (Ag,Ph,) was minimised
and shown to retain the original n> hapticity in a p*> bridging
fashion of the alkynyl ligand. Similarly to the above Ag;,Ph;,
model, an analogue in which an alkynyl ligand was purposely
removed to create an Ag(0) atom was considered, and its energy
was minimised (Ag,Ph;). Thereafter, two reaction paths were
modelled in which either of the above clusters was considered
the catalytic species (Fig. 9b, see ESL for details).

Plausible electrocatalytic mechanisms and their corres-
ponding Gibbs free energy pathways are depicted in Fig. 9b
for both four-silver structures. As expected, in the case of
Ag,Ph,, ie. with all Ag(1) atoms, the formation of *COOH
intermediate has a high associated AG (+1.7 eV), forming a
rate-determining step for the formation of the CO-bound
intermediate. On the other hand, the formation of the CO
intermediate for Ag,Phs, ie. in which an alkynyl ligand has
been previously removed, leading to the presence of one Ag(0)
site, is very favourable from a mean thermodynamic perspective
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with AG dropping to 0.25 eV. Interestingly, the simulation of
the HER reaction in identical conditions as above led to
associated AG within a similar energy range, indicating that
the HER would be even slightly favoured on thermodynamic
grounds. Therefore, the experimental selectivity towards CO is
attributed to kinetic factors, such as the wider availability of
CO, near the catalytic interface or the hydrophobicity of the
catalyst surface shielding the Ag(0) centre from water mole-
cules. The activation barrier of the formation of the first
*COOH and *H intermediates are likely the principal parameter
governing the overall selectivity of the catalyst.

Nevertheless, our theoretical models confirm the role of
Ag(0) in the catalytic path and bring additional evidence of
the importance of the infinite polymeric structure on the
stability of the catalytic intermediate. Additionally, the shield-
ing effect of the ligands in the catalytic species, closing the gap
created by the departure of a ligand prior to the formation of
the *COOH intermediate, may likely play a pivotal role in
favouring the CO,RR over the HER. The ligands presumably
create a kinetic barrier to the diffusion of H;O" ions towards the
silver catalytic centre, while favourable CO,-ligand interactions
would favour the diffusion of CO, to the catalytic centre.

Conclusions

In conclusion, we have described a multi-gram scale synthesis
of a novel silver alkynyl cluster which self-assembles into
infinite tubular silver clusters in a perfectly crystalline manner.
The solid-state structure of the cluster was determined by
electron diffraction (3D-ED) from the catalyst powder, confirm-
ing the molecular arrangement throughout the entire sample
and allowing for establishing a direct structure-properties
relationship. The insoluble nature of the material allowed for
deposition from a pre-formed colloidal ink via a simple drop-
casting procedure, with no significant structural change upon
GDE fabrication. The catalytic properties were assessed under
laboratory-scale and flow cell electrolyser conditions, showing
an overwhelming selectivity for CO at low reaction overpoten-
tials. Most importantly, GDEs fabricated from (AgPh), were
shown to perform with selectivity towards CO above 95%
in bulk electrolysis under electrolysis currents as high as
350 mA cm™ ' and TOF values reaching 13.5 s~ .

In addition to the outstanding catalytic performance, specific
electrochemistry experiments and characterisation techniques
supported by molecular modelling allowed the establishment of
mechanistic aspects of the CO, electroreduction catalysed by
silver clusters. CV experiments correlated with XPS measure-
ments provided experimental evidence of the in situ formation of
an Ag(0) catalytic species under reducing conditions. DFT mod-
elling further confirmed these experimental findings, showing
that the *COOH intermediate formation is only favoured if a
silver atom had previously been stripped of an alkynyl
ligand, essentially turning the former atom to an Ag(0) oxidation
state. The CO, molecule, therefore, is reduced from a catalyti-
cally active Ag(0) atom, part of the tubular cluster structure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Thorough characterisation of post-chronopotentiometry GDEs
by XPS and XRD clearly indicates the formation of reaction
intermediates involving silver atoms with three different envir-
onments and a fast loss of crystalline order upon catalysis.
However, results show that the infinite nature of the cluster
plays a significant role in maintaining the catalytic activity stable
throughout successive cycles. Indeed, the excess charge resulting
from the ligand’s loss is likely accommodated by the perfectly
ordered network of Ag-Ag bonded atoms, which likely favours
the delocalisation of charge over the whole length of the tubular
structure. In addition to supporting the Ag cluster’s structure,
the ligands presumably shield the Ag atoms and prevent
unwanted side reactions such as the HER or others that would
otherwise lead to the passivation of the catalyst surface. Therefore,
the infinite nature of the Ag cluster is possibly the reason for their
superior properties compared to the discrete silver acetylide
clusters described thus far in this application.

All in all, the method described herein allows for the
effortless synthesis of alkynyl clusters whose structure is poly-
meric in the crystalline sense. The latter types of clusters were
shown to be better adapted to CO, electroreduction under high
reaction rates than their discrete counterparts. Importantly, the
scale to which they can be synthesised with no loss of crystal-
line features, together with cost-effectiveness aspects, provide
strong arguments in favour of potential industrial applications.
An extrapolation of the catalysis features presented herein
indicates that the CO’s weight production rate would reach
over 218 kg hour™' per kilogram of catalyst (see ESI,t for
calculation). A decrease in catalyst loading by a factor of four
would, therefore, allow approaching a 1 T h™' rate. The
approximate cost of the latter weight of catalyst is estimated
to be less than 1000 dollars, considering the price of the
precursors, rendering it an insignificant parameter from an
economic perspective.
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