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CO, Electroreduction to CO Over Silver Nanoclusters: The
Impact of Nuclearity on Synergistic Activity Modulation

Parvathy Jayan, Arijit Jana, Zhengyuan Li, Rahul Kumar Sharma, Vivek Yadav,
Astrid Campos Mata, Ming-Hsuan Li, Ali Shayesteh Zeraati, Tomas Base, Sung-Fu Hung,
Jingjie Wu, Biswarup Pathak, Thalappil Pradeep, and Soumyabrata Roy*

Electrochemical reduction of CO, (eCO,R) powered by renewable energy
holds the potential to produce sustainable platform chemicals and
decarbonize the hard-to-abate sectors. Herein, the structure-activity
correlation of atomically precise silver nanoclusters (NCs) in eCO,R to carbon
monoxide (CO) is studied, elucidating the effect of the nuclearity of metal core
and the electronic nature of the ligands. Electrocatalytic studies on Ag NCs,
[Ag21 (MCT);,(TPP),]", [Ags; (TRZ) 0", [Ag4,(CBDT)y5 (TPP),J*~ (shortly, Agy,,
Ags,, and Ag,,, respectively), reveal that the CO Faradaic efficiency (FE.q)
increases while the FEo .., (the maximum FE(q) moves to higher positive
potentials upon decreasing the nuclearity of these Ag NCs, almost in a
quantitative correlation. Notably, every ~ten Ag atoms variation in the cluster
shifts the potentials for FEq ., and maximum partial current density,
Jco(max) by 70 and ~80 mV, respectively. The smallest nanocluster, Ag,;,
achieved a near-unity FE¢q ., of 99.6% at —0.59 V vs RHE, and a
competitive eCO,R-to-CO rate, producing a jico (may) of 148 mA cm~2at—-0.7V
vs RHE. First principle calculations reveal that decreasing the atomicity in Ag
NCs reduces the activation energy barriers for the 2e~ reduction pathway due
to the modulation of surface charge distribution and the electronic density of
states of the active Ag sites.

1. Introduction

Renewable energy (RE) powered electro-
chemical CO, reduction reaction (eCO,R)
offers a promising approach to trans-
form greenhouse gases like CO, into valu-
able products that can close the artifi-
cial carbon cycle and store intermittent
RE in chemical bonds (C—C, C—H, and
C—0 bonds).['*! ECO,R offer significant
advantages over other chemical conver-
sion routes, due to its ambient opera-
tional conditions, adaptability to renew-
able energy infrastructure, and the wide
product scope comprising C,—C; hydro-
carbons, oxygenates, and key commod-
ity chemicals.>!l Among these, CO is a
promising eCO,R product having low ther-
modynamic potential requirements (0.1 V
vs reversible hydrogen electrode [RHE]),
fast kinetics, and ubiquitous applications
in the chemical (use as syngas in Fischer-
Tropsch process), fertilizer, biorefineries,
and metal/steel processing sectors.l'2-18]
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Coinage metals viz. Cu, Ag, and Au have shown tremendous
potential in eCO,R due to their partially filled d orbitals, which
can favorably interact and overlap with the 2p orbitals of car-
bon to activate CO,.I""2%] Among these, Cu easily stabilizes the
CO intermediate, leading to the formation of higher hydrocar-
bon and multi-electron (beyond 2e~) reduced products.?!l Agand
Au, on the other hand, are highly selective for the production of
CO due to the weak binding and easy desorption of CO.[22%]
Ag is considered more viable due to its cost benefits over Au
and has demonstrated its eCO,R-to-CO potential in various na-
noengineered forms.[22] CO, a 2-electron reduced eCO, R prod-
uct, usually forms via a proton-coupled electron transfer process
(CO, + 2H* + 2e- - CO + H,0), involving activated *COOH as
a key intermediate. CO, gets adsorbed and activated as *CO,™ in-
termediate, which on subsequent hydrogenation forms C-bound
*COOH, which is further reduced and eventually desorbs as
CO.3931] Activation of CO, and formation of *COOH can both
be rate-limiting steps on Ag/Au catalysts.[323]

Various nanoengineering levers, such as morphology, size,
doping/alloying, superstructural assembly, surface modifica-
tions, and nano-structuring, have started pushing the bound-
aries of eCO,R-to-CO production on Ag catalysts.>*-38 However,
achieving near-unity selectivity of eCO,R-to-CO at competitive
current densities is challenging, due to high overpotential needed
for CO, activation and competing hydrogen evolution reaction
in aqueous electrolytes.33] Moreover, the heterogeneity and dy-
namic nature of these nanostructures and inconclusive active site
configuration impede the development of meaningful and reli-
able structure-activity correlations.

To that end, ligand (monolayer) stabilized atomically precise
metal nanoclusters (MNCs), typically consisting of 4-500 metal
atoms with well-defined structures, are an ideal platform for tun-
ing eCO,R activity at the molecular level and elucidating the
tunable interface of heterogeneous catalysis.?¥* These molec-
ular materials comprising coinage metals are steadily emerg-
ing as a unique class of catalysts owing to their high surface
area-to-volume ratio, distinct electronic properties, and metal-
ligand interactions.[**®l Such features can improve the perfor-
mance by activating reactant molecules on the undercoordinated
and charge-modulated surface active sites, steering the pathways
and energetics of the redox processes.*’*] Further, the quan-
tum confinement effect in MNCs can alter the band gap, which
can resonate with the activation energy barriers of the intermedi-
ate species.’*>!] Engineering approaches on Au and Ag NCs are
extensively exploring these features to fine-tune and boost their
eCO,R-to-CO activity.[2->¢]

For example, in one of the early pioneering studies on thiol-
protected Au NC involving [Au,s(SC,H,Ph),¢]”, Kauffman et al.
achieved 100% Faradaic efficiency (FE) for CO, although the
rates were low even at higher potentials.’”] Alkynyl-protected
[Ag5(C=C-tBu),,] was shown to demonstrate FE¢q,,, of 95.0%
at —0.6 V.58 Kim et al. compared the relative performance
of the thiolate-protected Ag/Au-MNCs comprising [Au,s(SR);g],
[Ag,s(SR) 4], and [AuAg;, @Au,,(SR)5] NCs, which exhibited an
industrially relevant current density of 200 mA ¢cm™2.1! Vari-
ous factors such as ligand effects,!®”) size and morphology of
clusters,[®!l doping and alloying,[®*%] and polymerization!®* have
been studied to probe their influence on eCO, R activity. Nuclear-
ity of MNCs is a unique modulation tool in this regard, not only
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because of the conventional surface area effect, but also, the re-
sultant surface charge tunability of the active metal sites on the
outer motifs and the ligament. Very few studies have critically
examined this aspect while also controlling the performance of
NCs for CO production. Seong et al., conducted an activity com-
parison on Au,s, Au,g, and Au,,, model catalysts, although their
study primarily focused on the identification of active sites after
de-thiolation, where contrary to the conventional trend, the ac-
tivity order was found to increase with the size.[®] Li et al. stud-
ied the comparative activity of Au NCs with different sizes (1-
2.5 nm regime) to find out a higher surface-to-volume ratio in
smaller size NCs leads to a higher eCO,R-CO activity.l®! Zhou
et al. mapped out three distinct size-dependent states (metallic
[>2.3 nm], transition regime [2.3-1.7 nm)], and non-metallic or ex-
citonic states [<1.7 nm]) for thiolate-protected Au,s, Auyg, Au,y,,
Auss;, Aug,, and Au,,, clusters and showed its impact on elec-
trocatalytic CO and alcohol oxidation.!®”] Despite these studies, a
clear gap exist in the elucidation of lucid structure-activity ratio-
nales on the influence of the nuclearity of Ag-NCs and the ligands
on eCO,R-to-CO performance outcomes.

To bridge that, herein, we report the comparative elec-
trocatalytic efficiency of three atomically precise silver nan-
oclusters, ie., [Ag, (MCT),,(TPP),]*, [Ag;;(TRZ),],>~ and
[Ag,,(CBDT),s(TPP),]*~ (abbreviated as Ag,,, Ag,,, and Ag,,,
respectively), demonstrating highly selective eCO,R-to-CO ac-
tivity at competitive rates under low overpotentials.[®*7% The
Ag,, and Ag,, clusters are bound by carborane-thiolate cages,
viz. meta-carborane-9-thiol (MCT-H), and ortho-carborane-1,2-
dithiol (CBDT-H,), respectively. The Ag,, cluster comprises TRZ
ligand shell (where TRZ-H, is 6-(dibutylamino)-1,3,5-triazine-
2,4-dithiol). The study also attempts at elucidating the relative
influence of nuclearity and ligand modulation on the catalytic
behaviour of Ag NCs for eCO,R. To that end, we explored
two reported nanoclusters, [Ag,,(dppe),(2,5-DMBT);,Cl,]**
(abbreviated as Ag,,) and (PPh,),[Ag,,(SPhF,),,] (abbreviated
as Ag,,), to carry out control experiments with NCs having
comparable nuclearity (Ag,; & Ag,, NC and Ag,, & Ag,, NC)
but different ligands (carborane-thiol and benzene-thiol).*72]
Ligands can modulate the electronic density of the metal core
through inductive and delocalization effects and also impact the
structural properties, accessibility of active sites, and surface
hydrophobicity. Consequently, nanoclusters with comparable
nuclearity can display similar baseline activity, although their
selectivity and efficiency may vary depending on the nature of
the protecting ligands.

Agy; NC achieved a near-unity FEqq,,, of 99.6% at a low po-
tential of —0.59 V vs RHE and a maximum partial current density
for CO (jco(may) Of 148 mA cm™ at —0.7 V vs RHE. In contrast,
the larger Ag;; and Ag,, NCs exhibited slightly lower FE.q,,..
of 97% and 95%, respectively. Interestingly, the potentials for
FEopmax 204 joomay Were observed to shift by ~70 and ~80 mV
respectively for every ~ten Ag atoms in the NC. Several spectro-
scopic techniques were explored to probe the relative electronic
and chemical properties of the Ag NCs. Quantum chemical stud-
ies simulated the adsorption of intermediates *COOH and *CO
at different catalytic sites of Ag,, and Ag,, corroborating the bet-
ter performance of Ag,; from the thermodynamic standpoint.
The enhanced overlap between the Ag (5d) and C (2p) states
and increased charge delocalization are primarily responsible for
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Figure 1. Schematic illustration of the synthesis of [Ag,; (MCT)q, (TPP),]* and [Ags, (CBDT) 5 (TPP),]2~ using LEIST reaction starting from Ag;s NC.
b) Synthesis Scheme of the TPP-assisted co-reduction method for synthesizing [Ags; (TRZ)14]%~ cluster. c) Schematic of the relative performance of three
Ag NCs for eCO,R. d) SEM image of microcrystalline Ag,; NC before loading on the GDE (Scale Bar is 0.5 um). e—i) EDS elemental mapping of the

selected region showing the presence of Ag, S, B, C, and P elements.

the activity enhancement on Ag,,. This would allow for greater
charge transfer from Ag to the C atoms of *COOH, leading to
stronger intermediate binding and a lower overpotential on Ag,,.

2. Results and Discussion

2.1. Synthesis and Characterization of Ag Nanoclusters

Three distinct Ag NCs, with varying nuclearity of the Ag core
(about ten Ag atoms each), are chosen for examination of their
eCO,R performance. The thermal and ambient stable Ag NCs,
Ag,,, Ag;,, and Ag,, were synthesized according to our earlier
report %70 [Ag,, (MCT),, (TPP), |, and [Ag,,(CBDT),;(TPP), "
are coprotected by carborane-thiolate (MCT or CBDT) and TPP
ligands, which are synthesized from TPP and hydride-protected
[Ag,s(TPP), H,,] cluster, using ligand exchange-induced size or
structure transformation (LEIST) method (where TPP is triph-
enylphosphine) (Figure 1a). Nanoclusters having carborane (fea-
turing an icosahedral C,B,, cage) or TRZ-based ligands, rarely
explored for catalytic applications so far, are expected to impart
remarkable chemical resistance and unique electronic properties
boosting eCO, R performance.”374

[Ag;; (TRZ),,]*~ cluster was synthesized through a single-step,
TPP-assisted co-reduction reaction of silver, TRZ-dithiolate, and
TPP precursors using sodium borohydride as a reducing agent
(Figure 1b). TRZ is a six-membered aromatic heterocycle with
three nitrogen atoms at positions 1, 3, and 5. The hexagonal tri-
azinering is less electron-dense than benzene due to the electron-
withdrawing capacity of the three nitrogens. A detailed synthesis
procedure of the Ag NCs can be found in the experimental sec-
tion. The gas diffusion electrodes (GDE) were prepared via spray
coating of the purified Ag NC powders, to carry out eCO,R in a
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flow cell setup. Figure 1c illustrates the effect of the decreasing
nuclearity/size of Ag NCs on the catalytic activity. Field-emission
scanning electron microscopy (FE-SEM) of Ag,,, before electrode
loading, displayed microcrystallites having nanoplatelet-like mor-
phology (Figure 1d). Elemental mapping via energy dispersive
spectroscopy (EDS) showed the presence of Ag in addition to S,
B, C, and P elements with nominal stoichiometry (Figure le—i).
The mass and atomic percentage of each element are shown in
the EDS spectra in Figure S1 (Supporting Information).
Molecular characterization of the clusters were conducted
through UV-vis absorption spectroscopy and high-resolution
mass spectrometric studies. UV-vis spectrum exhibited multi-
ple absorption bands for the NCs associated with the size con-
finement and discrete electronic energy levels. Four characteris-
tic peaks were observed for the Ag,, in DCM solution at 305, 355,
396, and 494 nm, along with a broad peak at 697 nm (Figure 2a).
Ag,; NC exhibits absorption peaks at 402, 525, and 593 nm, re-
spectively, and the Ag,, cluster shows two absorption peaks at
571 and 456 nm (Figure 2b,c). Photographic images of all three
cluster solution are shown in Figure S2 (Supporting Informa-
tion). The specific absorption peak patterns from UV-Vis spec-
tra match well with our earlier reports confirming the chemical
purity of the clusters (Figure S3, Supporting Information).[%-72]
Time-dependent UV-vis measurements showed stability of these
clusters up to 2 months at ambient conditions. The molecu-
lar compositions of Ag NCs in solution were investigated us-
ing high-resolution electrospray ionization mass spectrometry
(ESI-MS). The ESI-MS of the Ag,, cluster in positive-ion mode
show a prominent peak at m/z 4893.24 in mono positive charge
state. The molecular composition of the cluster is assigned as
[Ag,; (MCT),,(TPP),]*, and the isotopic distribution of the exper-
imental peak matches the simulated pattern well. Two additional
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Figure 2. Characterization of Ag NCs. UV-vis absorption spectra of a) Ag,;, b) Agsy, and c) Agy, clusters before loading on the GDE, showing long-term
stability at ambient condition, d—f) High-resolution mass spectrometric data of the catalyst materials, with inset showing the comparison of respective
experimental and simulated spectra, g) single crystal molecular structure of Ag,; NC, h) Fully packed structure of Ag,;NC, i) DFT optimized structure
of Agy,. All the structures are along the direction of the b axis. Color legend - dark green: silver, red: sulfur, blue: phosphorus, light orange: boron. gray:
carbon. The SCXRD structural data of Ag,; and the DFT optimized structure of Ag,, have been used from reported literature.[6370]

minor peaks at m/z 4630.5 and m/z 4368.35 indicate sequential
losses of TPP from the parent cluster (Figure 2d). The ESI-mass
spectrum of the Ag,, in negative-ion mode indicates a prominent
peak at m/z 3024.02 (Figure 2e). A peak-to-peak spacing of 0.5 for
m/z 3024.02 confirms the presence of the dianionic state. In the
case of the Ag,, nanocluster, a prominent peak was observed at
m/z 4337.11, with an isotopic peak-to-peak separation of 0.5, in-
dicative of a dianionic charge state. Additionally, two less intense
peaks appear at m/z values of 4205.67 and 4074.21, which corre-
sponded to the removal of TPP ligands from the parent cluster
(Figure 2f). The Ag,, NC exhibit a peak at m/z 2877.39 having
2* charge state, in good agreement with the simulated spectra,
as shown in Figure S4 (Supporting Information). Negative ion
mode ESI-MS of Ag,, exhibits a prominent peak at m/z 2853.29
corresponding to the 3~ charge state, along with a minor peak
at 2140.20 corresponding to the 4~ charge state of Ag,, cluster.
Single-crystal structure of Ag,; NC showed that it has a central
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icosahedral Ag,, core and a shell of eight silver atoms, while the
DFT-optimized structure of Ag,, has a larger Ag,; core and a
shell of 14 silver atoms (Figure 2g—i; Figure S5, Supporting Infor-
mation). Thiolates are bound to the cluster through Ag-S bonds,
while Ag-P linkages coordinate with phosphines.

Transmission electron microscopy (TEM) analysis shows the
nanosized structures of Ag,,, Ag;, and Ag,,, with particle sizes
ranging from 1.5 to 3 nm (Figure 3a—c and Figure S6 (Support-
ing Information)). The overall size of the NC (including the lig-
and) falls well within the NC size regime. The presence of Ag and
other elements in Ag,, NC can be observed in Figure S7 (Support-
ing Information), showing the elemental mapping in HAADF-
STEM (High-Angle Annular Dark Field Scanning Transmission
Electron Microscopy). The IR spectra of Ag,, and the free MCT
ligand were measured and compared (Figure 3d). The pres-
ence of carborane was confirmed from the appearance of C—B
and B—B vibrational peaks at 1050 and 866 cm™!, respectively.
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Figure 3. TEM images showing ultrasmall particle distribution for the clusters of a) Ag,; b) Ags; c) Agy,. d) Full range FTIR spectra of Ag,; NC and MCT
ligand, e,f) XANES spectra of Ag,;, Agy; and Ag,, catalysts with reference samples (Ag foil and Ag,0) at Ag-K edge indicating intermediate oxidation
states, g—i) selected area HR-XPS spectra of Ag 3d region of Ag,;, Agsq, Agsy, respectively.

Another band observed at 1384 cm™ corresponds to the stretch-
ing frequency of the N—O bond of NO,~ counterions. Likewise,
measurements and comparisons of the FT-IR spectra of Ag,, and
free CBDT ligands are shown in Figure S8b (Supporting Infor-
mation). For Ag,,, peaks at 743 and 1543 cm ™ are consistent with
C—S stretching from the thiol and the C=N stretching, respec-
tively, which are constituents of the TRZ ligand (Figure S8a, Sup-
porting Information). The electronic states analyzed through X-
ray Absorption Near Edge Structure (XANES) (Figure 3e-f) sug-
gest mixed oxidation state of the Ag atoms in the Ag NCs. This
can be attributed to the different charge distribution on the Ag
atoms arising from their distinct chemical environments at the
core and surface of the clusters. This is further supported by the
Bader charge analysis conducted through theoretical calculations
(Tables S4 and S5, Supporting Information).

Further XPS analysis was conducted on Ag NCs to investi-
gate the elemental and chemical composition of the clusters. All
the clusters exhibited peaks corresponding to Ag 3ds;, and Ag
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3d;),. Ag,; showed an Ag 3d;,, peak at 368.2 eV and Ag 3d,,
peak at 374.3 eV, indicating the presence of mostly metallic sil-
ver (Ag (0)) (Figure 3g). In addition to Ag, XPS also revealed
the elements present in the MCT and TPP ligand. The intense
peaks observed in the XPS survey spectra of Ag,; NC at 189.7
and 284.8 eV, confirmed the presence of B and C (Figure S9a,
Supporting Information), respectively, in the carborane ring. The
deconvoluted C 1s and B 1s are shown in Figure S9b,c (Support-
ing Information). The sulfur in carborane thiolate shows peaks
at 164.2 eV for S 2p;, and 162.4 eV for S 2p,, (Figure 59d,
Supporting Information). Similarly, P 2p spectra show peaks at
129.3 and 130.2 eV, corresponding to the P 2p; , and P 2p;,, re-
spectively, corresponding to the phosphorus in the TPP ligand
(Figure S9e, Supporting Information). For Ag;; NC, apart from
Ag (Figure 3h), N 1s and S 2p were observed in the XPS sur-
vey scan at peak positions of 399.5 and 164.5 €V, arising from
the TRZ ligand (Figure S10a, Supporting Information). From the
Cls spectra, the peak due to the C=N bond in TRZ is visible at
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Figure 4. eCO,R performance of Ag NCs in 1 M KOH in an alkaline flow cell. a) FE (%) of products with varying potential for Ag,;, b) FE (%) of CO
with varying potential for all the clusters c) total current density across the potential range for Ag, the three Ag NCs, d) partial current density for CO
(ico) across the potential range for all the clusters, e) Electrocatalytic stability plot of Ag,; measured at a constant voltage of —0.59 V vs RHE, f) FEcq
vs potential plots illustrating comparison between various reported Ag-based catalysts (primarily nanoclusters) and Ag,, for eCO,R-to-CO, in flow cell
systems. The entries for the plot has been provided in Table S2 (Supporting Information).

peak position 286.5 eV (Figure S10b, Supporting Information).
The peaks at 399.6 and 401.2 eV in the N1s spectra, correspond
to C—N and C=N bonds in TRZ ligands (Figure S10c, Support-
ing Information). Similarly, the XPS spectra of Ag,, NC, showed
the presence of Ag (Figure 3i) and other elements present in the
ligands (Figure S11, Supporting Information).

2.2. Electrochemical Performance of Ag Nanoclusters

The electrocatalytic CO, reduction performance of the Ag clus-
ters (Ag,; Ags;, and Ag,,) was evaluated in a flow cell with a
1 M KOH electrolyte in the potential range of —0.4 to —0.9 V
vs RHE. For all three nanoclusters, CO is the primary product
generated upon electrochemical CO, reduction, with H, as a mi-
nor byproduct. With minimal HER side reaction, the FEcqay
for Ag,,-loaded GDE turned out to be 99.6% at —0.59 V (vs
RHE) (Figure 4a). As the nuclearity of the clusters increased, the
FEcopmay gradually declined; the highest nuclearity cluster, Ag,,,
exhibited the lowest FEqy,,,y, 95%, at a more negative poten-
tial of —0.71 V vs RHE, and the Ag;; NC-loaded GDE achieved
FEcopmay 97% at #—0.67 V vs RHE (Figure 4b; Figure S12, Sup-
porting Information). To understand the relative effect of nuclear-
ity and ligand contributions on the eCO,R performance, we fur-
ther examined Ag,, and Ag,, nanoclusters, which possess nearly
identical nuclearity but are stabilized by different ligands. Ag,,
exhibited a FEcq,y of 96.2% at —0.6 V (jo, = 78 mA cm™?),
which is slightly lower than that of Ag,, under similar condi-
tions (Figure S13a,b, Supporting Information). The comparable
nuclearity of these two clusters minimizes size-dependent influ-
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ences, thereby allowing a direct assessment of ligand and asso-
ciated effects. The slightly higher performance of Ag,; (FEcqpay
is 99.6 at —0.59 V vs RHE, j is 91 mA cm™2) is attributed to
the carborane-thiol ligands, which impart both electronic mod-
ulation through charge delocalization and redistribution of sur-
face electron density, as well as may have other structural and
physico-chemical effects such as reduced steric hindrance, en-
hanced site accessibility, and different surface hydrophobicity.
Together, these factors can promote more efficient CO, activity
compared to the benzene-thiol-protected Ag,,. However, broadly
speaking, the nuclearity of the clusters was found to have a more
dominant effect on the overall performance of the clusters. Ex-
tending this analysis to higher nuclearity systems, Ag,, achieved
a FEcomay 0f90.29% at —0.74 V, which is lower than that of Ag,,
at —=0.71 V (FEcomay ©0f 95%) (Figure S14a,b, Supporting Infor-
mation). This trend again highlights the superior performance of
carborane-based (CBDT) ligands relative to benzenethiol-based
(SPhF) ligands in steering CO, electroreduction, underscoring
the influence of ligand-modulated structural and electronic ef-
fects in dictating nanocluster reactivity. Interestingly, we note
that while the value of FE¢,,, varies, the potential for FEq .y
matches closely for clusters with similar nuclearity (Ag,,/Ag,,
and Ag,,/Ag,,).

The total current density also followed the similar trend of
FE(o(may, With Ag,; reaching 200 mA cm™ at —0.7 V vs RHE,
outperforming Ags;; and Ag,, which reached 169.2 and 151 mA
cm2 at more negative potentials of —0.77 V vs RHE and —0.85 V
vs RHE, respectively (Figure 4c). The Ag,,-loaded GDE exhib-
ited the highest partial current densities for CO (j,), reaching
148 mA cm™? at —0.7 Vvs RHE, whereas Ag;; and Ag,, exhibited
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117 mA cm™! at —0.77 V vs RHE and 108 mA cm™' at —0.85 V vs
RHE (Figure 4d). Comparative studies show that Ag,, exhibits a
Jcogmay of 130 mA cm™ and a j,,, (maximum total current den-
sity) of 187 mA cm~2 at —0.71 V, respectively (Figure S13¢,d, Sup-
porting Information), which are slightly lower than those of Ag,, .
Similarly, Ag,, delivered a lower activity than Ag,, with a je
of 82.75 mA cm™ and a j,,, of 141.65 mA cm™ at a higher po-
tential of —0.88 V (Figure S14c,d, Supporting Information).

The electrocatalytic stability of Ag,, was investigated in a flow
cellat —0.59 V vs RHE. For up to 10 h, the CO selectivity remained
steady at about FE., of 99% (Figure 4e). We also extended the
stability test at the same potential for over 50 h and observed that
both the total current density (j,,) and FE., remained largely
stable (Figure S15, Supporting Information). However, the per-
formance was occasionally disturbed by systemic issues such as
flooding of the gas diffusion layer (GDL) due to salt deposition,
which hinder CO, transport, diminishing the activity. This issue
was mitigated through periodic washing of the GDL with water.
The Ag,, exhibited a TOF of 0.36 s™! at the potential —0.7 V vs
RHE, where j., was found to be maximum. Further, to assess
the catalyst stability, structural and chemical integrity were ex-
amined through XPS analysis (Figures S16-S18, Supporting In-
formation). Pre- and post-electroreduction XPS spectra revealed
that Ag,, and Ag;, retained their chemical and electronic states,
indicating robust cluster stability. The presence of minor satel-
lite peaks in the Ag 3d XPS spectra after electrocatalysis may arise
from negligible Ag-O formation due to adsorbed KOH electrolyte
on the surface. EXAFS (Extended X-ray Absorption Fine Struc-
ture) analysis (Figures S19 and S20 and Table S1, Supporting In-
formation) confirmed the presence of Ag—S bonds in both Ag,,
and Ag,, after the reaction, further supporting the structural in-
tegrity and stability of these nanoclusters during CO, electrore-
duction.

2.3. Mechanistic Understanding of eCO,R Activity from DFT
Studies

Density functional theory (DFT) was employed to study the CO,
to *CO mechanism over Ag,, and Ag,, clusters using the Vi-
enna ab initio simulation package (VASP)/”®! with the Perdew-
Burke-Ernzerhof (PBE)I7®! functional under generalized gradi-
ent approximation (GGA).””] Computational Details in Support-
ing Information provide the detailed information. To circum-
vent the computational cost, a single molecular unit of Ag,, and
Ag,, was modelled and considered for further calculations. The
DFT-optimized geometries, in terms of their metal and ligand
arrangement, are shown in Figure 5a,b, respectively. The neg-
ative E;,, (interaction energy) of Ag,, and Ag,, complexes rep-
resent the thermodynamic stability of these clusters under the
electrocatalytic condition of eCO,R due to stabilization effect of
the carborane-thiol ligands (Table S3, Supporting Information).
Interestingly, Bader charge analysis reveals distinct charge dis-
tributions across different regions of the Ag clusters, suggest-
ing varying oxidation states of Ag atoms in the staple motifs and
core regions, as tabulated in Tables S4 and S5 (Supporting In-
formation). To compare their activity, adsorption of *COOH and
*CO (asterisk symbol (*) denotes the adsorbed species) was sim-
ulated at different heterogeneous sites, as represented in Figures
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S21 and S22 (Supporting Information), and the most stable op-
timized configurations were selected for further analysis. The
higher number of local minima in Ag,, clusters indicates greater
surface accessibility for intermediate binding, in contrast to the
sterically hindered Ag,, clusters with limited exposed active sites.
In the most stable geometries, the *COOH and intermediates
preferentially bind to the one-fold top positions of Ag atoms
that are bridged between two S atoms, indicating that the ex-
posed Ag atoms on the surface act as the active sites for the
eCO,R activity in these clusters. Notably, the carbon atoms of
these intermediates on Ag,, clusters exhibit a higher charge den-
sity (i.e., are less positively charged) compared to those on Ag,,
clusters (Figure S23, Supporting Information). This increased
electron density likely enhances the activation of the initial in-
termediates, accounting for the higher catalytic activity of Ag,,
clusters.

Using the computational hydrogen electrode (CHE) model,/”®]
we calculated the thermodynamic Gibbs free energy (AG) asso-
ciated with the CO, to *CO formation, following the adsorbate-
evolution mechanism (AEM) via a concerted proton-electron
transfer (CPET) pathway (Figure 5c). The lower AG values of
0.42 eV observed for Ag,,, in comparison to 1.21 eV for Ag,,, sug-
gest that the smaller Ag,, clusters exhibit superior catalytic activ-
ity for eCO, R, which can be attributed to its size-dependent sur-
face charge density and electronic structure. Due to their smaller
size, the Ag,; cluster exhibits a large number of undercoordi-
nated surface atoms, leading to greater charge localization and
a more negatively charged surface (Figure 5d). This increased
surface charge facilitates stronger electrostatic interactions with
the CO, molecule, stabilizing the adsorption and subsequent ac-
tivation of the molecule during the CPET step. To further exam-
ine the effect of cluster size and ligand environment on catalytic
performance, we compared the eCO, R activity of Ag,,, Ag,,, and
Ag,, clusters, where Ag,, was studied with different ligands, and
heterogeneous sites were investigated for stable adsorption posi-
tions (Figure S24, Supporting Information). The higher AG value
of Ag,, (1.29 eV), relative to Ag,, (0.42 eV) and Ag,, (1.21 eV)
indicates its lower eCO,R activity (Figure S25, Supporting Infor-
mation).

The electronic structure analysis reveals that in Ag,,, there is
an enhanced orbital overlap between Ag (5d) and C (2p) states
within the —2 to —4 eV range (Figure 5e; Figure S26, Supporting
Information). This stronger orbital interaction facilitates more
efficient charge transfer from the Ag surface to the adsorbed
*COOH intermediate, thereby enhancing its stabilization and
lowering the energy barrier for its formation. In contrast, the
larger Ag,, clusters, with more bulk-like features and lower sur-
face charge density per active site, exhibit weaker site CO, inter-
actions and less efficient charge transfer, leading to higher AG
values. In addition to the orbital overlap between Ag (5d) and C
(2p) orbitals, we observed a strong overlap between the frontier
orbitals of Ag (5d) and S (3p) orbitals, highlighting their strong
interactions in Ag,, and Ag,, clusters, as represented in Figures
S27 and S28 (Supporting Information). Such strong interaction
between Ag and P atoms contributes to the enhanced stability of
these clusters under eCO,R conditions. Thus, the superior CO,
reduction activity of Ag,, is intrinsically linked to the synergis-
tic effects of cluster size, surface charge accumulation, and site-
specific electronic interactions, together modulating the reaction
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Figure 5. Optimized geometries of a) Ag,; and b) Ag,, clusters, with multiple heterogeneous active sites for intermediate adsorption represented in
Figures S22 and S23 (Supporting Information). c) Gibbs free energy diagram of Ag,; and Ag,, clusters, with the black solid horizontal line denoting
the neutral surface reference. d) Charge density difference (CDD) plots at an isosurface of 0.002 eV A=3, where pink and green regions indicate charge
accumulation and depletion, respectively. Numeric values represent charge transfer (in |e| units) derived from Bader charge analysis on Ag and C atoms.
e) Subplots for total and partial density of states (DOS) for Ag (5d) and C (2p) states, with the Fermi-level set at 0.00 eV. Note that total and partial DOS
analysis for pristine, *COOH, and *CO-adsorbed Ag,; and Ag,, clusters are provided in Figure S25 (Supporting Information).

energy profile by enhancing the stabilization of key reaction in-
termediates.

3. Conclusion

To summarize, this study provides an account of the compara-
tive eCO, R-to-CO activity of three Ag nanoclusters with varying
nuclearity of ~ten Ag atoms between them. The order of activity
and FEqq .y (selectivity) is found to follow the trend of decreas-
ing metal cluster atomicity/size. Ag,;, being the smallest nan-
ocluster, demonstrates excellent performance in electrochemi-
cal reduction of CO, to CO, achieving a near-unity FEq .y 0f
99.6% at a low applied potential of —0.59 V vs RHE, indicating
exceptional selectivity with minimal parasitic reactions. The j, .
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of 200 mA cm™ underscores its ability to drive CO, conversion
at high rates. Interestingly, an increase of ten Ag atoms across
the clusters was found to shift the FE¢ .y and jeomay potentials
(for CO production) by 70 and 80 mV, respectively, showcasing
a semi-quantitative correlation. The enhanced activity can be at-
tributed to the distinct structural and electronic features of the
Ag,, cluster. Its small size ensures a high surface-to-volume ra-
tio and a relatively larger fraction of low-coordination Ag atoms,
both of which contribute to an increased density of active sites.
Moreover, the Ag,, cluster displays favorable electronic interac-
tions that facilitate the CO, reduction reaction. Specifically, the
overlap between the Ag 5d orbitals and the C 2p orbitals of CO,
and key reaction intermediates, such as *COOH and *CO, leads
to enhanced adsorption and activation of reactant molecules and
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intermediates. The delocalization of electronic charge across the
cluster further supports efficient electron transfer and stabilizes
the reaction intermediates, thereby lowering the activation en-
ergy barrier and improving the overall reaction kinetics. To-
gether, these factors establish Ag,, as an efficient catalyst for CO,
electroreduction, with its performance closely tied to its unique
atomic configuration and frontier orbital characteristics. Interest-
ingly, control experiments in this case, reveal a more dominant
effect of nuclearity in dictating the baseline activity of Ag nan-
oclusters, while ligands impart subtle yet significant contribu-
tions that fine-tune selectivity and activity. Such enhancements,
arising from electronic modulation and structural accessibility
provided by the ligand shell, underscore the importance of lig-
and engineering in steering eCO,R performance beyond nucle-
arity alone. Fundamentally, this study attempts to elucidate some
new structure-activity insights in metal nanocluster-driven CO,
electroreduction that can find broader applications in establish-
ing materials design rationales in this field.

4. Experimental Section

Chemicals  Used: Silver nitrate was bought from Rankem
Chemicals. Triphenylphosphine, 2,5-dimethylbenzenethiol,
3,4-difluorobenzenethiol, tetraphenylphosphonium chloride,
tetraphenylphosphonium bromide, 1,2-bis(diphenylphosphino)ethane,
and sodium borohydride (98%) were purchased from Aldrich and Sigma—
Aldrich Chemicals. The meta-carborane 9-thiol and ortho-carborane-1,
2-dithiol were synthesized using carborane derivatives, bought from
Katchem s.r.o. (Czech Republic). The TRZ-H, ligand was acquired from
TCl America. Chloroform (CHCl3), n-hexane, N,N-dimethylformamide
(DMF), solvent grade dichloromethane (DCM), trimethylamine, and
methanol (99.5%) were acquired from Rankem Chemicals and Finar,
India. All the chemicals were commercially available and used as such
without any further purification.

Synthesis of Agy; and Ag,, Nanoclusters: The Ag,; and Agy, clus-
ters were synthesized through a LEIST reaction starting from the
[Agqs (TPP)1oH ] cluster, following the earlier reports.[%87%] The precur-
sor [Agqs (TPP)1gH 6] was synthesized through a single-step reduction of
AgNO; (20 mg) and TPP (70-75 mg) mixture in methanol-chloroform (1:2
v/v) solution, under constant stirring at room temperature. Later, sodium
borohydride (6.5 mg) solution dissolved in 1 mL of Milli-Q water was
added to the prior mixture. After 3-3.5 h, the reduction reaction results
in the dark green solution, which indicates the formation of the desired
nanocluster.

The Ag,; was synthesized via LEIST reaction between [Agqg (TPP)10H 6]
and MCT-H. ~10 mg of the Ag;3 precursor nanocluster was dissolved in
5 mL of methanol and mixed with 8 mg of MCT-H. The solution gradually
changed from yellowish to dark red within 10 min of the thiol addition. Af-
ter 12 h of stirring, a red precipitate formed, which was isolated by centrifu-
gation, and it was isolated through repeated washing with methanol and
cold water. The resulting Ag,; cluster (synthetic yield of 60%), obtained as
a red powder, was used for further studies.

The Agy, cluster was synthesized using a similar LEIST protocol. In
this reaction, 4.2 mg of CBDT-H, dissolved in methanol was added to
a methanolic solution of the Ag;g nanocluster (%10 mg). The mixture was
stirred thoroughly, initially forming a white precipitate, which gradually
transformed into a brownish solid after 5 h of continuous stirring, indi-
cating the formation of the Agy, cluster. The brown product (yield of 65%)
was collected and purified by multiple washings with methanol prior to
further studies.

Synthesis of Agz; Nanocluster:  The synthesis was carried out via a TPP-
assisted co-reduction of AgNO; and TRZ-H,, following the previously re-
ported procedure.l%?] Briefly, 20 mg of AgNO; was dissolved in 5 mL of
methanol and mixed with 25 mg of TRZ-H, dissolved in 9 mL of DCM.
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Subsequently, 45 mg of TPP was added to the mixture. After 20 min of stir-
ring, the resulting solution was reduced by adding 12 mg of NaBH, dis-
solved in 1 mL of ice-cold water. The reaction was allowed to proceed for
6 h, ultimately yielding a purple-colored Ags; cluster. The dark violet solid
(synthetic yield of 75%) was isolated by repeated washings with methanol
and hexane and was used for further studies.

Synthesis of Ag,, Nanocluster: In a typical one-pot synthesis reported
previously, AgNO; (20 mg) was dissolved in MeOH/DCM (5/9 mL, v/v),
followed by the addition of 2,5-DMBT (10 pL) and DPPE (10 mg).l”After
stirring for 15-20 min, NaBH, (20 mg) in T mL ice-cold water) was added
dropwise, changing the solution color from yellow to dark brown. 15 mg
of PPh,Cl and a few drops of triethylamine were then introduced, and the
reaction was stirred for 12 h under ice-cold conditions. The product was
isolated by washing, solvent evaporation, and MeOH extraction, yielding
purified nanoclusters soluble in a wide range of organic solvents. Dried
powder obtained from a methanol solution was used for further studies.

Synthesis of Agss Nanocluster: 20 mg of AgNO; was dissolved
in DCM/MeOH (10/5 mL, v/v), followed by the addition of 3,4-
difluorobenzenethiol (10 pL) and PPh,Br (15 mg) at 0 °C. After 20 min,
NaBH, (40-45 mg) and a few drops of triethylamine were introduced, and
the reaction was aged for 12 h at 0 °C. The organic phase was washed, and
powder of (PPhy)4[Ag44 (SCgH3F,)30] was obtained upon drying the DCM
solution of the cluster.

Gas-Diffusion Electrode Preparation: The catalyst ink was prepared by
dispersing 4 mg of samples in 3 mL of isopropanol and 6 pL of Nafion
solution (5% wt.). The prepared solution was sonicated for 30 min. The
obtained solution, which was the catalyst ink, was coated on the gas dif-
fusion layer (Sigracet 35BC GDL) using the airbrush method to generate
a gas diffusion electrode (GDE). The GDE was then dried at 130 °C for
1 h inside a vacuum oven. The loading was calculated by precisely weigh-
ing the GDL before and after applying the catalyst via airbrushing. Catalyst
loading was optimized within the range of 0.2-1 mg cm™2, with 0.5 mg
cm™2 being selected for the eCO,R tests.

Electrochemical Reduction of CO, and Product Analysis: Electrochem-
ical measurements were conducted under dark conditions to minimize
the photosensitive behavior of silver clusters. All CO, electrochemical re-
duction tests were performed using a Gamry Interface 1010E potentiostat
under the chronoamperometric mode, which applies a constant voltage
to a customized flow cell. A T M KOH electrolyte was used in the flow cell
setup, with Ni foam as the anode and an anion exchange membrane FAA-
3-PK-75 as the separator. Utilizing a mass flow controller (Alicat Scientific),
a CO, gas flow of 50 sccm (standard cubic centimeters per minute) was
controlled at the cathode. The electrolyte was supplied to the cell using sy-
ringe pumps (New Era Pump Systems Inc.), with flow rates set at 1.0 mL
min~! for the cathode and 2.0 mL min~" for the anode. The reference
electrode used was Ag/AgCl (3 M KCl), which was utilized for determining
cathodic potential. All potentials were referenced to the RHE scale using
the following conversion equation:

Egrie = Eng/ngcl +0-209V +0.0591 x pH M

For product monitoring and gas analysis, an online gas chromatograph
(GC, SRI Multiple Gas #5) equipped with a flame ionization detector and
thermal conductivity detectors was utilized. To measure the actual CO,
flow rate at the outlet of the flow cell, an argon gas stream at 10 sccm was
mixed with the outlet gas stream from the flow cell before being directed
to the GCin a closed loop.

Faradaic Efficiency Calculation:

_ ZF XV X 100%

FE (%) -
total

)

where z is the number of electrons required to form the target product,
F is the Faraday constant (964850), x represents the molar fraction of the
product relative to CO, (determined from GC analysis), V is the molar flow
rate of CO, at the outlet, and ji,, is the total current density.
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Turnover Frequency Calculation (TOF):
TOF = (1/N/F) / (m/Myg ) G)

where j is the partial current for CO production at a specific potential, N
is the number of electrons transferred to generate one molecule of CO,
which is 2, and F is the Faraday constant (96485 C mol~"). m represents
the mass of Ag active sites in the electrode, calculated as m_, xw where
M, is the mass of catalyst loaded onto the electrode on GDL and w is the
Ag content in the catalyst (wt.%). Finally, My, is the atomic mass of Ag
(107.86 g mol™1y.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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