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ABSTRACT: Electrocatalytic CO2 reduction using atomically precise
nanomaterials has garnered significant research interest, owing to their
controllable molecular structures. Here, we have synthesized an
electrocatalyst composed of single crystals having a one-dimensional
assembly of silver atoms bridged by sulfur atoms of meta-carborane-9-
thiolates. The molecular structure of the framework was further
characterized through high-resolution ESI-MS, which exhibited silver-
and carborane-thiolate-containing ions originating from the fragmenta-
tion of the framework. This thermally stable solid acted as an efficient
catalyst for the electrocatalytic conversion of CO2 to CO with a
Faradaic efficiency of 85 ± 3%. In situ Raman studies provided
experimental verification of binding of CO2 to the framework. First-
principles density functional theory calculations confirmed the feasible
adsorption of CO2 with the Ag chains, highlighting its favorable interaction with the catalyst. Furthermore, free energy calculations
revealed the rate-determining step of the conversion process to be the formation of *COOH. This study presents an efficient
electrocatalyst featuring a one-dimensional silver-chalcogenide framework.
KEYWORDS: silver-chalcogenide, decarboxylation, solvothermal synthesis, one-dimensional solid, carborane-thiol, CO2 electroreduction

■ INTRODUCTION
The increase in atmospheric CO2 levels has significantly
contributed to global warming, leading to various environ-
mental and societal challenges. Therefore, finding effective
methods for CO2 capture and utilization has become a global
priority.1,2 Techniques such as electrochemical,3 thermochem-
ical,4 photochemical,5 and biochemical catalytic reduction6 of
CO2 offer promising pathways for converting CO2 into
valuable chemicals and fuels. Among these methods, electro-
catalytic CO2 reduction has gained considerable attention due
to its wide range of possible products, the use of water as a key
reagent, and its compatibility with renewable electricity
sources.7 Researchers have explored various nano- and
microscale materials as catalysts for electrochemical CO2
reduction, including single-atom catalysts,8 nanoparticles,9

nanoclusters,10 metal−organic frameworks,11 intermetallic
compounds,12 transition metal dichalcogenides,13 and perov-
skites.14 These materials serve as effective and durable catalysts
in the conversion process. Significant efforts have been made
to enhance catalyst performance by carefully controlling their
size, shape, and composition, which allows for the fine-tuning
of their electronic structures.15−18 Additionally, the choice of
solvent and electrolyte type affects catalytic efficiency by
influencing CO2 desolvation and mass transport to the

electrodes.19,20 All these advancements aim to improve overall
reaction efficiency and selectivity by designing active catalysts,
thereby contributing to the development of effective CO2
reduction technologies.21−23

Atomically precise silver nanomaterials, particularly ligand-
protected nanoclusters,24 nanoparticles,25 nanowires,26 nanor-
ings,27 nanocubes,28 nanoprisms,29 and nanocomposites30 are
emerging as active catalysts for electrochemical reduction
reactions. Compared to bulk silver metal, nanostructural
features like exposed metal atoms, high index facets, and
nanoscale pores have enhanced selective CO2 reduction by
promoting active sites that favor specific reactions.31 In CO2
electroreduction, a majority of silver-based nanosystems can
favor the formation of carbon monoxide (CO) as an end
product, thus highlighting the importance of tailoring catalyst
design.32 CO, a key component of syngas, has significant

Received: April 4, 2025
Revised: June 18, 2025
Accepted: June 19, 2025

Articlewww.acsanm.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsanm.5c01918
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

 I
N

ST
 O

F 
T

E
C

H
 M

A
D

R
A

S 
on

 J
ul

y 
10

, 2
02

5 
at

 0
4:

27
:0

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arijit+Jana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhengyuan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amoghavarsha+Ramachandra+Kini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vivek+Yadav"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akhil+S.+Nair"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Astrid+Campos+Mata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Astrid+Campos+Mata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingjie+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Macha%CC%81c%CC%8Cek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomas+Base"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Biswarup+Pathak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soumyabrata+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thalappil+Pradeep"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thalappil+Pradeep"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.5c01918&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01918?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01918?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01918?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01918?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01918?fig=tgr1&ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.5c01918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf


applications in producing synthetic fuels and chemical
feedstock via the Fischer−Tropsch process and in the metal
processing industry.19 Specific structural types of silver-based
nanocatalysts generate hydrogen gas as a side product along
with CO during electrocatalysis of CO2.

33,34 Therefore,
achieving precise structural control is essential to fully harness
the potential of nanostructured catalysts for the quantitative
production of CO. From this perspective, monolayer-protected
silver chalcogenides can offer a new category of precise
nanomaterials with tremendous potential as selective CO2 to
the CO electrocatalyst.

Monolayer-protected metal chalcogenides typically consist
of a layer of metal atoms or a metal-chalcogenide framework
coated with thiol or selenol ligands. These systems can be
based on both noble metals, such as gold (Au), silver (Ag), and
copper (Cu)35,36 as well as non-noble metals like lead (Pb),
iron (Fe), and tin (Sn).37,38 Many of these materials exhibit a
range of optical activities, characterized by their sharply
defined multicolor emissions, in-plane anisotropic electron
transport,39,40 strong exciton stability, and significant electron−
phonon coupling.41,42 A monolayer of surface ligands is crucial
for controlling the atomic packing and dimensional growth of
these systems. One notable ligand, carborane-thiols, is built
from a 12-vertex icosahedral heteroborane cluster, known for
its unique geometry, three-dimensional aromaticity, and redox
properties.43−46 This cage-like molecule, along with its metal-
containing derivatives, such as complexes,47,48 clusters,49−52

and metal−organic frameworks,53,54 holds significant interest
due to its wide-ranging applications in chemistry, biology, and
materials science.55−57 In contrast to these materials,
carborane-thiolated silver chalcogenides are rarely mentioned
in the literature as active electrocatalysts. As a result, this work
focuses on the electroreduction of CO2 utilizing a carborane-

thiolated silver-chalcogenide framework (abbreviated as Ag-
CBT).

■ RESULTS AND DISCUSSION
The Ag-CBT framework was synthesized in 85% yield using a
solvothermal process. This process involved mixing silver
nitrate (AgNO3) with 1-carboxy-9-thiol-1,7-carborane (re-
ferred to as M9-COOH) in a solvent mixture of dimethylfor-
mamide (DMF) and methanol (MeOH) at a volume ratio of
3:1. Figure 1a presents a schematic representation of the
synthesis, and the detailed procedure can be found in the
Experimental Section. Within 48 h of the solvothermal
treatment (at 80 °C), rod-shaped single crystals were formed
inside the hydrothermal container. Optical microscopic images
of the yellow crystals, exhibiting defined optical polarization,
are shown in Figure 1b,c. Scanning electron micrographs (see
Figure 1d,e) further confirmed the rod-like shape of the
crystals, which had smooth surfaces. Elemental analysis via
Energy Dispersive Spectroscopy (EDS) revealed the presence
of silver (Ag), sulfur (S), carbon (C), and boron (B) within the
crystals (illustrated in Figure S1), consistent with their nominal
composition.

Single-crystal X-ray diffraction analysis demonstrated that
this framework crystallized in the monoclinic crystal system
with the space group P21/m. The crystallographic refinement
and structural parameters of the framework are shown in
Tables S1−S4. To investigate the specific role of the M9-
COOH ligand in the synthesis of the Ag-CBT framework, we
conducted a reference hydrothermal reaction using 9-thiol-1,7-
carborane, referred to as M9, which is a noncarboxylated
derivative of M9-COOH. This reaction resulted in the
formation of hair-like solids, as shown in Figure S2. The
powder X-ray diffraction pattern of these solids differed from
that of the crystalline Ag-CBT framework, indicating that a

Figure 1. (a) Schematic representation of the synthesis of the Ag-CBT framework in DMF/methanol (3:1, v/v) solvent mixture using a
decarboxylation-solvothermal synthesis. Optical micrographs of the as-synthesized microcrystals (b) without polarization and (c) with polarization.
FESEM micrographs of the crystals at (d) lower and (e) higher resolution. (f) A small segment of the single-crystal supramolecular framework
shows a linear arrangement of Ag atoms within a zigzag-shaped −(SAg)− chain. (g) A top view of two adjacent chains with the depiction of short
contact S···Ag interactions pairing them together into a double-chain. (h) Interactions between sulfur atoms of one double-chain and positively
charged carborane CH vertices from another, causing two double chains to pack into the 3D framework as depicted in (f). Color code: metallic
gray = Ag, yellow = S, green = boron, gray = carbon, and white = hydrogen.
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different compound was formed by using the M9 ligand (see
Figure S3).

The supramolecular organization in single crystals of the Ag-
CBT framework showed extended packing, primarily driven by
interactions between silver and sulfur atoms (Figure 1f). These
atoms formed zigzag −(SAg)− chains, with an interatomic
distance of 4.79 Å between adjacent sulfur atoms. This
arrangement was similar to the zigzag −(SH) chain reported
for the supramolecular packing of the para-carborane cluster,
which is an analogue of para-mercaptobenzoic acid.58 Notably,
in the −(SAg)− chain, half of the sulfur atoms participated in
additional short-contact interactions with silver atoms from an
adjacent −(SAg)− chain, resulting in the formation of a
double-chain structure (Figure 1f,g). Meanwhile, the other half
of the sulfur atoms engaged in short-contact interactions with
positively charged hydrogen atoms from carborane C−H
vertices in another double chain, thus linking the double chains
into a three-dimensional supramolecular framework.

In this array, the angles between the Ag−S−Ag units
alternated in one chain, measuring 106.9° and 87.53°. The
corresponding Ag···Ag distances also alternated, with values of
3.86 and 3.33 Å, while the Ag−S distances were approximately
2.4 Å. The longer Ag···Ag distances suggested a weak
argentophilic interaction, similar to what had been observed
in other organo-thiolated silver-chalcogenide frameworks.59−61

A more detailed analysis revealed that the two layers of these
indefinite chains interlocked, forming an interesting U-shaped
interlocking mechanism, as illustrated in Figure S4. In each

interlocked unit, the Ag···Ag distance between the two
complementary chains measured 13.50 Å, while the distance
to the nearest adjacent Ag chain was 5.35 Å (Figure S5). The
primary forces that held these chains together included short
intralayer B−H···H−B interactions (ranging from 2.32 to 2.39
Å), as well as interlayer B−H···B (2.97−3.0 Å) and B···B (3.81
Å) van der Waals interactions, all derived from the carborane
surroundings (see Figure S6). Additionally, we observed metal-
centered interactions: Ag···S (3.16 Å), Ag···H−B (2.83 Å), and
Ag···B (3.66 Å) between two neighboring chains also
contributed to their extended packing (see Figure S7).

The phase purity of the solids synthesized through
hydrothermal methods was confirmed by using powder X-ray
diffraction (PXRD). The PXRD patterns displayed exact
matching of various reflexes that corresponded to the
simulated patterns derived from the single-crystal X-ray
diffraction (SCXRD) data (see Figure S8).

Scanning transmission electron microscopy (STEM) inves-
tigations revealed a layered arrangement of silver atoms. Low-
resolution STEM images indicated the formation of spherical
crystallites at the outer periphery of the microcrystals (refer to
Figure S9). At higher resolutions, we observed a chain of Ag
atoms along the edges of the crystallites (Figure 2a−c). Upon
closer examination, we identified a linear arrangement of silver
(Ag) atoms in the P1, P2, P3, and P4 regions, as illustrated in
Figure 2d−g. Similar arrangements were observed in various
other locations. The interatomic distances between these Ag
atoms ranged from 0.24 to 0.29 nm, as shown in the atomic

Figure 2. (a−c) Atomic resolution STEM images of three selected regions of the Ag-CBT crystallites. (d−h) Expanded view of the selected regions
(marked as P1 to P5) showed linear assembly of Ag atoms in the framework (scale bar, 1 nm). Atomic density distribution in light blue marked
lines of (i) P1, (j) P2, (k) P3, and (l) P4 regions.
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density distribution plots in Figure 2i−l. The slight variation in
these distances may be attributed to damage caused by
electron beam irradiation and the effects of mechanical
exfoliation during sample preparation. Additionally, a random
distribution of Ag atoms was also observed in the P5 region
(illustrated in Figure 2h), with interatomic distances ranging
from 0.27 to 0.30 nm and 0.35 to 0.37 nm. The interatomic
distances of 0.35−0.37 nm closely match with the Ag···Ag
distances of the framework. Further analysis revealed cross-
diagonal distances of 0.50 to 0.53 nm for these Ag layers (P1
and P4 region), which correlated with the interlayer spacing of
two nearest adjacent chains, obtained from SCXRD (shown in
Figure S5). SCXRD and STEM analyses independently
confirmed the unidirectional chain-like assembly of silver
atoms within the framework.

The molecular composition of the Ag-CBT framework was
analyzed using high-resolution electrospray ionization mass
spectrometry (ESI-MS) with a Waters Synapt G2Si mass
spectrometer (further details can be found in the Supporting
Information). A small portion of the microcrystalline sample
was ground in a mortar and then extracted with DMF through
centrifugation after 20 min of ultrasonication. In the negative-
ion mode ESI-MS, two prominent peaks were observed at m/z
= 1165.23 and 1197.22, both with a charge state of 1-. These
peaks corresponded to the molecular compositions of
[Ag4S(CBT)4]− and [Ag4S2(CBT)4]−, respectively (as shown
in Figure 3a).

In contrast, the positive-ion mode ESI-MS (Figure 3b)
revealed several peaks with strong intensities, each exhibiting a
monocationic charge state at m/z 957.56, 1029.57, and
1132.25. These peaks were identified as [Ag4(CBT)3]+,
[Ag4(CBT)3(DMF)]+, and [Ag4(CBT)4]+, respectively. More-
over, a significant peak at m/z 2089.03 (with a charge state of
1+) corresponded to the composition [Ag8(CBT)7]+, which
resulted from the combination of [Ag4(CBT)3] and
[Ag4(CBT)4] fragments. All of these characteristic peaks
correlated well with the one-dimensional framework structure.

The FT-IR and Raman spectroscopic measurements further
confirmed the presence of carborane as surface envelopes
within the Ag-CBT framework. The FT-IR spectrum of the Ag-
CBT framework revealeds vibrational peaks at 3022 and 2599
cm−1, corresponding to the C−H and B−H vibrational bands
of the carboranes (see Figure S10). Additionally, we identified
vibrational peaks at 1717 cm−1 (C�O stretching), 1286 cm−1

(C−O stretching), and 2878 cm−1 (O−H stretching) in the
M9-COOH ligand, which were absent in the Ag-CBT
framework, thereby confirming the decarboxylation of the
M9-COOH ligand. The detection of the icosahedral −
C2B10H11 cage breathing vibrational mode at 725 cm−1 further
supported the presence of carboranes within the Ag-CBT
framework. Raman spectroscopic measurements revealed
similar observations. The B−H spectral band of the M9-
COOH ligand, which initially exhibited three features at 2611,
2646, and 2672 cm−1, was reduced to a single band centered at

Figure 3. (a) Full range ESI-mass spectrum of the Ag-CBT framework in the negative-ion mode obtained after extraction of the molecular species
in DMF. Inset shows the exact matching of the isotopic distribution of the respective fragments. (b) Positive-ion mode ESI-MS spectrum of the Ag-
CBT framework. Inset shows the exact matching of the isotopic distribution of the species formed after fragmentation of the framework.
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2645 cm−1 in five different single crystals of the Ag-CBT
framework (see Figures S11 and S12). Similarly, the C−H
spectral band at 3079 cm−1 for the M9-COOH ligand shifted to
3046 and 3082 cm−1 in the Ag-CBT framework. Additionally,
three prominent bands at 1290, 1443, and 1682 cm−1,
associated with the −COOH group, were absent in the Ag-
CBT framework, further indicating that decarboxylation had
occurred. To investigate the band gap and associated electronic
properties, we measured the solid-state absorption spectrum of
the crystalline Ag-CBT sample. The absorption spectrum
revealed two distinct bands: a broad, high-energy band ranging
from 3.7 to 6.0 eV and a relatively weak, low-energy band
between 1.8 and 3.5 eV (see Figure S13). By extrapolating the
absorption band edge, we determined the framework’s band
gaps to be 1.74 and 3.75 eV. The presence of a multiband gap
in these materials could facilitate the related electron transfer
processes involved in electrocatalytic conversion. Additionally,
thermogravimetric analysis (TGA) demonstrated robust
thermal stability for the Ag-CBT framework solids, with-
standing thermal decomposition initiating at approximately
300 °C (Figure S14). This thermal stability was significantly
higher than that of carborane-thiol-protected silver clusters,
which exhibited thermal stability between 150 and 200 °C.62,63

These framework solids were used as active catalysts to
investigate electrocatalytic CO2 reduction reactions. Initially,
we conducted electrocatalysis using a Ag-CBT-loaded gas
diffusion electrode in a flow cell. The product analysis revealed
that hydrogen (H2) was the sole product formed in an argon
(Ar) atmosphere, achieving a Faradaic efficiency of approx-
imately 90 ± 3% (see Figure 4a,b). Notably, no carbon
monoxide (CO) was detected across a wide range of negative
potentials (−0.65 to −0.9 V), indicating that CO generation
was not possible from the decomposition of the Ag-CBT
framework. When supplying CO2 gas as the feedstock, the Ag-

CBT framework maintained stable Faradaic efficiencies for CO
production above 80% throughout the entire range of applied
potentials studied (see Figure 4c). It may be noted that
microcrystalline Ag-CBT framework, characterized by their
porous void spaces having 6.5% volume of the unit cell, was
suitable for the CO2 adsorption and subsequent catalytic
process (see Figure S15). The maximum Faradaic efficiency for
CO reached 86%, with a corresponding partial current density
of 98 mA/cm2 at −0.83 V versus a reversible hydrogen
electrode (RHE) (see Figure 4d). The CO partial current
density was further increased to 137 mA/cm2 at −0.91 V vs
RHE, while maintaining a Faradaic efficiency of 80% for CO.
The Ag-CBT framework was able to retain a steady current
density of approximately 113 mA/cm2 at −0.83 V vs RHE,
with consistent CO Faradaic efficiencies of around 86% over a
span of 10 h (see Figure 4e). The CO2 electroreduction
measurements conducted at three different pH levels (3, 7.8,
and 14) showed that the Faradaic efficiencies for carbon
monoxide (CO) were 84.9%, 87.1%, and 86.1% at pH = 3, 7.8,
and 14, respectively. In contrast, the Faradaic efficiency for
hydrogen was consistently ∼10% across all pH conditions (as
shown in Figure S16). These results suggest that the catalyst
maintains a robust performance across a wide range of pH
levels. A comparison between various silver nanomaterials
along with our Ag-CBT framework is shown in Table S5.

A comparative Raman spectroscopic analysis (Figure 4f)
revealed that CO2 was stabilized on the silver-chalcogenide
lattice. After CO2 bubbling, the catalyst-loaded electrode
showed five new prominent peaks at 1326, 1371, 1521, 1589,
and 1663 cm−1. Note that these features were absent in the
parent framework, as mentioned before. While we could not
assign the bands to specific binding sites, these vibrational
bands corresponded to the symmetric and asymmetric
vibrational modes of adsorbed CO2 and carboxylate anions

Figure 4. Electrochemical CO2 reduction reaction using the Ag-CBT framework. (a) Faradaic efficiency and (b) current density of the electrode
loaded with the Ag-CBT framework under an argon atmosphere. (c) Faradaic efficiency and (d) current density of the electrode at different
potential under a CO2 atmosphere. (e) Stability of the electrode during the electrocatalytic process. Inset shows time-dependent FE variation of the
synthesized CO product using the same electrode. (f) Comparative Raman spectra of the catalyst-loaded electrode before (orange trace) and after
(violet trace) CO2 exposure. Peaks of interest are highlighted here.
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on the Ag-CBT framework.64 Our previous investigation had
demonstrated that the binding of adsorbed CO2 and
carboxylate anions significantly influenced the position and
intensity of the vibrational bands.65 Raman spectrum of the
M9-COOH ligand showed the −COOH vibrational bands at
1290, 1443, and 1682 cm−1 (Figure S15). Comparative Raman
spectra of the Ag-CBT loaded electrode before and after CO2
exposure with that of pure M9-COOH suggested that the one-
dimensional silver framework is important for CO2 uptake
rather than the carborane cages. Previous studies have also
indicated that silver (Ag) centers in various silver complexes,
clusters, and nanoparticles can effectively catalyze organic
carboxylation reactions by adsorbing CO2 onto the Ag
atoms.66−68

Density functional theory (DFT) calculations were con-
ducted to investigate the potential of the Ag-CBT framework
as a catalyst for the electrochemical reduction of CO2. We
focused on a reduction pathway involving the formation of
COOH, which we identified as the primary rate-determining
step in the conversion process. Energetics of the electro-
chemical reaction were analyzed using the computational
hydrogen electrode (CHE) model (see the Supporting
Information for details).69 The reaction energy profile and
adsorption configurations of the intermediates are displayed in
Figure 5. The results showed that the Ag-CBT framework
allows for thermodynamically favorable adsorption of all the
involved intermediates: *CO2, *COOH, and *CO. Both *CO
and *CO2 exhibited relatively strong adsorption with
adsorption energies of −7.76 eV and −5.57 eV, respectively,
due to their binding in a bridging configuration. In contrast,
*COOH bound to the Ag-CBT framework through a single O
atom, resulting in a weaker interaction. This difference in

bonding strength made the formation of *COOH the rate-
limiting step in the reaction pathway. The subsequent step,
involving the dissociation of *COOH to produce *CO, was
favored because *CO bound strongly to the Ag-CBT
framework. Although the mechanism considered here includes
only a limited number of intermediates, the favorable
adsorption configurations for the two key intermediates,
*CO2 and *CO, suggested that the Ag-CBT framework
could serve as a viable catalyst for a broader range of reaction
pathways, ultimately leading to the production of other
valuable chemicals from the electroreduction of CO2.

■ CONCLUSION
In summary, we have developed and characterized a silver-
chalcogenide framework featuring a −(SAg)− double chain
structure, which is protected by meta-carborane-9-thiolate as
surface envelopes. This framework was utilized for the
electrocatalytic CO2 reduction. Single-crystal X-ray diffraction
(SCXRD) and high-resolution transmission electron micros-
copy studies confirmed the one-dimensional linear arrange-
ment of silver atoms within the framework. Mass spectrometric
analysis revealed that the fragmented species was originating
from the framework in the solution. These thermally stable,
atomically precise nanomaterials demonstrated efficient CO2
adsorption and subsequent electroreduction of CO2 to CO,
achieving a Faradaic efficiency of approximately 85% across a
wide pH range. Raman spectroscopy highlighted the binding
affinity of CO2 for the 1D silver-chalcogenide framework.
Additionally, density functional theory calculations suggested
that the Ag···Ag chains enhanced the CO2 adsorption and
facilitated the electroreduction process. This work showcased
the synthesis and structural characterization of a robust

Figure 5. DFT calculation of electrochemical CO2 reduction using the Ag-CBT framework. (a) Free energy diagram of CO2ER associated with the
various intermediate species formed during this conversion. (b) Adsorption efficiencies of different activated species. (c) Schematic representation
of the reaction intermediates of CO2 electroreduction over the one-dimensional framework of the catalyst. Color code: metallic gray: Ag, yellow: S,
brown: C, red: O, green: B, and faint pink: H.
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carborane-thiolate-appended silver-chalcogenide framework
with a high capacity for CO2 electroreduction. It illustrated
the potential for diverse electrocatalytic processes using a
semiconducting metal-chalcogenide framework, which was
stabilized by thermally robust materials and encased in three-
dimensional carborane molecular cages.
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