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Cations play acritical role inelectrochemical CO, reduction, yet the
mechanisms underlying their influence remainincompletely understood owing
to limited knowledge of their solvation structures and interfacial interactions
under operating conditions. Here we combine surface-sensitive total electron
yield X-ray absorption spectroscopy, surface-enhanced infrared absorption
spectroscopy and density functional theory calculations to determine

the solvation environment of caesiumions near aligand-modified silver
nanocatalyst under CO,-reducing conditions. We find that desolvated Cs*ions,
confined between adetached ligand layer and the silver surface, enable CO,
activation at potentials as high as 0.4 V versus reversible hydrogen electrode—
reducing the overpotential for CO,-to-CO conversion by 250 mV compared
withabare Ag film. Our results further reveal partial covalent characterin Cs-
intermediate interactions, which directly accounts for the enhanced catalytic
activity. These findings provide multimodal spectroscopic evidence that
cations can modulate reaction kinetics beyond purely electrostatic effects.

Renewable energy-powered electrochemical CO, reduction (CO,R) has
emerged as a promising approach to mitigate anthropogenic carbon
emissions and reduce reliance on fossil fuels by producing fuels and
chemical feedstocks'*. The ultimate goal of CO,R is to achieve high
selectivity towards desired products while minimizing energy input,
typically reflected by lower overpotential. In addition to the choice of
transition metal electrocatalysts, which are commonly employed for
CO,R, the electrolyte composition—particularly the identity of the

cation—can substantially influence both the energy efficiency and
product distribution of the reaction’™. The effect of cations in CO,R
hasbeen extensively studied, and several key observations have been
consistently reported across various catalyst types and cell configu-
rations. First, the presence of alkali-metal cations is essential for the
occurrence of CO,R, particularly in H-cell systems, where the interfacial
electric field is relatively weak®’. Second, CO,R catalytic activity cor-
relates with the radius of the alkali cation: Cs* > K* > Na* > Li* (refs. 8-11).
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While the critical role of cations in CO,R is widely recognized,
and the trend above has been predominantly observed regardless
of catalyst identity, morphology or cell configuration, the under-
lying mechanisms behind the observed cation-dependent activity
trend remain under debate. Broadly, four main hypotheses have
been proposed: larger, weakly hydrated cations (for example, Cs*)
induce a stronger near-surface electric field>"; decrease the pKa of
cation hydrolysis and thus provide better buffering capacity at the

interface'®"; partially shed their solvation shells and stabilize key CO,R

intermediates through electrostaticinteractions™'%;and accelerate the
hydrogenation of intermediates in acidic conditions’. These hypoth-
eses are primarily supported by theoretical simulations, while direct
experimental evidence remains limited and often fails to reflect realistic
catalytic operating conditions. Furthermore, these explanations are
not mutually exclusive—they are essentially different manifestations
ofthe same phenomenon: the solvation properties of cations and their
interfacial behaviour under CO,-reducing conditions. Therefore, to
comprehensively explain cation effects in CO,R, one must combine
complementary techniques capable of probing various aspects of
cationsolvationand track their evolution under operando conditions
inreal catalytic systems.

Recently, our group developed a catalytic architecture called
the nanoparticle-ordered ligand interlayer (NOLI), which exhibits
benchmark CO, conversion activity'>*°. For example, Ag and Au NOLI
both achieve 100% Faradaic efficiency (FE) towards CO, at =0.78 Vg,
and —-0.40 Vy,, respectively'”’; Pd NOLI achieves 100% formate FE at
-0.20 Vg,’; and Cu NOLI reaches over 55% FE towards C," products
at-0.85 Vi,,°. Inthe NOLI system, cations are confined in anaqueous
layer sandwiched between a detached, ordered ligand layer and the
negatively charged metal surface'”. Notably, once the ligand layer is
intentionally removed after NOLIformation, the catalytic performance
collapses, despite preservation of nanoparticle size, morphology and
crystallinity. This result indicates that the ligand-defined interfacial
environment—rather than the metallic scaffold itself—is responsible
for the enhanced catalytic performance'”. Consistent with one of the
proposed mechanisms, the ab initio molecular dynamics simulations
suggest that cations entering this environment partially shed their
solvation shells and stabilize key CO,R intermediates”. Importantly,
we observe the same cation-dependent trend in NOLI systems across
different metallic catalysts, with Cs* consistently enhancing CO,R the
most (Supplementary Fig. 1). Even more intriguingly, for every alkali
cation, NOLIshifts the performance profile by approximately 200 mV
towards lower overpotentials compared with its metal thin-film coun-
terpart, suggesting that the cation effect is appreciably amplified in
NOLI. This makes the NOLI architecture an ideal platform to study
cation solvation structures and their relationship with CO,R activity,
asitbothpreservesand enhancesthe traditional cation trend—thereby
increasing the likelihood of observing solvation structure changes.

Inthis work, using Ag NOLI as arepresentative system, we utilized
a combination of surface-sensitive vibrational and X-ray spectrosco-
pies to investigate the solvation structure of Cs* and its influence on
CO,R. In situ attenuated total reflection surface-enhanced infrared
absorptionspectroscopy (ATR-SEIRAS) unveils that at the solid-liquid
interface of Ag NOLI, the floating ligand layer maintains a highly con-
fined, ion-rich microenvironment where CO,activationis facilitated by

desolvated Cs*atapotential as high as 0.4 Vg, a process that accounts
for the superior catalytic activity of NOLI. Concurrently, in situ elec-
tron yield X-ray absorption spectroscopy (XAS) at the O K-edge and
Cs M-edge demonstrates that the promotional effect of desolvated
cations originates fromdirectinteractions withadsorbed *CO,. Nota-
bly, further density functional theory (DFT)-assisted analysis of the
CsM-edge spectrareveals that the Cs-CO, interaction exhibits partial
covalent character. These findings suggest that Cs* not only stabilizes
reaction intermediates electrostatically but also participates in par-
tial orbital hybridization, thereby substantially influencing reaction
kinetics. Altogether, this work provides direct spectroscopic evidence
for the presence and reactivity of desolvated cations and uncovers
a previously underappreciated mechanism of cation-intermediate
interaction. By linking distinct mechanisms about cation effectsto a
unified origin rooted in cation solvation structure, our results estab-
lishligand-enabled interfacial confinement as a generalizable design
principle for catalytic systems aiming to leverage cation reactivity.

Results

Ligand-modulated ionic environments facilitate
CO,adsorption

The CO,R performance of two silver-based systems—Ag foil and
AgNOLI-is showninFig.1a,b. As expected, both systems exhibit a
cation-dependent enhancement in activity and selectivity. In the Ag
NOLI system, CO FE increases from 42% in 0.1 M NaHCO, to 79% in
KHCO;, and further to 85% in CSHCO; at —0.68 V. A similar trend is
observed for Ag foil, although with much lower absolute values: CO
selectivity increases from2%to10%and 12% under the same electrolyte
conditions. All reported potentials in this work are referenced to the
reversible hydrogen electrode (RHE), unless otherwise noted. In both
systems, the partial current density for CO production also increases
with cation size, from Na* to Cs*. Notably, the NOLI system shows a
dramaticimprovementinbothselectivity and activity compared with
the Ag foil, regardless of the cation identity. This enhancement high-
lights the notable promotional effect of the NOLI architecture on CO,R.

The performance enhancement associated with NOLIis not exclu-
sive tosilver. AsshowninSupplementary Fig. 1, similarimprovements
are observed for Cu and Au NOLI systems compared with their cor-
responding single crystal counterparts, suggesting that the catalytic
boost conferred by the NOLI structure is generalizable across different
metals. While copper is widely recognized for its unique ability to cata-
lyse the formation of multi-carbon products from CO, at appreciable
rates, its susceptibility to structural and chemical transformations
under electrochemical bias, along with its complex reaction pathways,
complicates the study of cation solvation structures***. By contrast,
silver offers greater stability under applied potentials and features a
simpler, better-understood CO,-to-CO conversion pathway. Therefore,
in this work, Ag NOLI was chosen as the model system for studying
the cation solvation structure and its influence on CO,R. We believe
that the conclusions drawn from this work may be applied to other
heterogeneous electrocatalytic systems.

To elucidate how the NOLI architecture promotes CO,R at low
overpotentials, insitu ATR-SEIRAS measurements were performed using
0.1MCsHCO;astheelectrolyte. The schematic of the insitu ATR-SEIRAS
cell is shown in Supplementary Fig. 2. Before spectral collection, the

Fig.1| CO,activation at low overpotentialin AgNOLI. a, Acomparison of FE,
and partial current density between Ag NOLI and Ag foil, measured at —0.68 Ve
in CO,-saturated 0.1 M CsHCO,, 0.1 MKHCO; and 0.1 M NaHCO, electrolytes.

b, FE., and partial current density as a function of applied potential for Ag NOLI
and Agfoil, both tested in CO,-saturated 0.1 M CsHCO,. Error bars represent the
standard deviation from three independent measurements (n = 3), with bars
and symbolsindicating the mean. c,d, In situ ATR-SEIRAS spectra collected from
1,200-2,200 cm™ (c) and 3,000-3,800 cm™ (d) regions for Ag NOLI. Spectra
were acquired under applied potentials ranging from 0.6 Vg, to —0.8 Ve

in CO,-saturated 0.1 M CsHCO,, referenced to a spectrum collected at 0.6

V- €, The integrated absorbance of interfacial species identifiedincanddasa
function of potential (E). Positive areas are magnified fivefold for clarity.

f, Aschematic of interfacial processes occurring at different biases for Ag NOLI.
The TDPAligand is depicted as a light-yellow ball (phosphonic acid headgroup)
linked to a cyan chain (14-carbon alkyl chain). Cs*ions are shown as purple
spheres with a central plus sign. Water molecules are represented by ared sphere
(oxygen) and two green spheres (hydrogen). For clarity, species outside the
ligand layer and minor components (for example, anions) are omitted.
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electrode was preconditioned by a linear sweep voltammetry from
open-circuit potential (OCV; around 0.6 Vi) to —0.8 Vg, followed by
stabilization at —0.8 Vi, for at least 10 min. This preconditioning step
induces ligand detachment and the aggregation of small Ag nanoparti-
clesintolarger polycrystalline domains, establishing the NOLI structure
(Supplementary Figs. 3 and 4). A detailed discussion of changes of the
interfacial microenvironment during this preconditioning process is
provided in Supplementary Note 1. The successful formation of NOLI
was confirmed by observing the dynamic attraction/repulsion behav-
iour of theligandsin response to applied bias (Supplementary Fig. 6).

After NOLIformation, the electrode was rested at OCV for 30 min
under continuous CO, bubbling to remove surface-adsorbed species
formed during preconditioning. The infrared (IR) spectrum at this state
was used as areference for all subsequent spectra. Figure 1c,d presents
SEIRAS spectra of the fingerprint region (1,200-2,200 cm™) and water
stretchregion (3,000-3,800 cm™) under increasingly negative biases.
A feature at 1,372 cm™ emerges around 0.4 V,,;, reaches maximum
intensity near 0.1 Vg and then gradually decreases with further nega-
tive bias, disappearing entirely around —0.2 V., while shifting slightly
to1,362 cm™. Following the disappearance of this feature, anew peak
around 1,846 cm™ appears, accompanied by an increasingly negative
band at 1,232 cm™. On the basis of our previous work?, the 1,232 cm™
bandisassignedto the v(P=0) vibration of tetradecylphosphonicacid
(TDPA) ligands (Supplementary Note 1), where the negative signal
indicates ligands moving further away from the Ag surface.

Inaddition, a peak around 1,990 cm™is observed from —0.4 Vg, to
-0.8 Vi, shifting to lower wave numbers as the bias becomes more neg-
ative.By-0.8V,the1,846 cm™and 1,990 cm™features shift to1,804 cm™
and 1,966 cm™, respectively. The observed Stark shifting behaviour
strongly suggests that these modes correspond to surface-adsorbed
species. We assign these two modes to bridge-adsorbed (*CO;) and
linearly adsorbed (*CO,) CO species, respectively, which aligns
well with literature reported IR frequencies of CO adsorbed on Ag
surfaces® 2. This assignment is further supported by the observa-
tion that these bands increase in intensity over time when CO, is rein-
troduced into a N,-saturated 0.1 M CsHCO; electrolyte at —0.8 V¢
(Supplementary Fig.7), indicating that they are intermediates of CO,R
rather than surface-bound hydrogen, which has also been reported in
this spectralwindow?”. Notably, bridge-bonded *COis typically favoured
at low CO coverage on Ag, while *CO, becomes dominant at higher
coverage®, consistent with our observation that the1,846 cm™feature
appearsfirstatlower overpotentials. This behaviour rules out the pos-
sibility of *CO adsorbed on Pt—a common source of contamination in
SEIRAS—since Pt favours atop-bound CO at low coverages®'. Although
bothbridge-andlinear-bound CO species are observed, CO-induced site
blockingisunlikely under the present conditions. CO is generated only
insituatvery low partial pressures (-6 x 10™* atm), far below the regime
where competitive CO/CO, adsorption has been reported®.

The nature of the 1,372 cm™ feature was further investigated. Given
the potential-dependent shift of this vibrational mode, itis most prob-
ably associated withasurface-bound species. While vibrational modes
associated with (bi)carbonate species are commonly observed in this
spectral region®, such an assignment appears unlikely in our system.
Adsorbed *HCO; /*CO;~would be expected to detach under increas-
ingly negative potentials, leading to a progressively negative peak
rather than the observed buildup and decay. To probe whether this
featureinvolves hydrogen, ATR-SEIRAS measurements were repeated
in 0.1 M CsDCO; (in D,0), as vibrational modes involving hydrogen
typically experience red-shift when hydrogen is replaced by deute-
rium’. No noticeable shift was observed in the D,0 spectra (Supple-
mentary Fig. 8), indicating that the 1,362 cm™ mode does not involve
hydrogen. Giventhat the appearance and disappearance of this feature
coincide with the emergence of *CO adsorption, we propose that the
1,362 cm™ band corresponds to the symmetric O-C-O stretch (v,(O-
C-0)) of an adsorbed CO, intermediate. The asymmetric stretch,

typically expected around 1,500 cm™, is not observed owing to the
surface selection rules of SEIRAS™***, Importantly, adsorption of CO,
on metal surfaces requires activation of the linear molecule through
bending, which lifts the degeneracy of the 2m, lowest unoccupied
molecular orbital and enables hybridization with metal states. This
interaction necessarily involves partial electron transfer from the metal
into the CO,antibonding orbital, yielding abent adsorbate with partial
negative charge®”. Therefore, the observed 1,372 cm™ feature is less
likely to correspond to acharge-neutraladsorbed CO, species. Instead,
we assign it to (partially) reduced CO,, denoted by “*CO, or activated
CO,inthe following discussion.

In addition to carbon-related intermediates, changes in water-
related modes were also observed. In the fingerprint region (Fig. 1c),
the H-O-H bending mode shows a negative feature around 1,620 cm™
thatbecomes more prominent under negative biases. New features at
1,600 cm™and 1,660 cm™gradually build up as the potential becomes
more negative. Inthe OH stretching region (Fig.1d), the negative band
at 3,580 cm™ becomes more intense at moderate biases and then par-
tially recovers at higher negative potentials, accompanied by intensity
increases at 3,200-3,400 cm™. Similar effects are reproduced in the
D,0 stretching mode in 0.1M CsDCO; (Supplementary Fig. 9). The
synchronous evolution of the 1,620 and 3,580 cm™ features suggests
they belong to the same water species. Notably, the 1,620 and 3,580
features havebeen observedin ATR-IR spectra of highly concentrated
electrolytes (-10 M), where their intensity scales with ion concentra-
tion (Supplementary Fig. 10). Therefore, these bands are assigned to
water moleculestightly associated with the solvation shell of cations,
whichis consistent with multiple spectroscopic studies oninterfacial
water structure® 5,

Theintegrated band intensities of the vibrational modes detected
inFig.1c,d at different applied potentials are summarizedin Fig.le.In
the potential window from OCV to —-0.2 Vi, the increasing negative
areaassociated with H,0 inthe cation solvation shell withincreasingly
negative potentials indicates progressive cation desolvation, that is,
the reduction of the number of water molecules coordinated to the
cation. Interestingly, activated CO, is also observed within this same
potential window, notably more positive than the potentials typically
reported for *CO, activation on Cu (refs. 7,39). The simultaneous occur-
rence of these two phenomena suggests that CO, activation at such
low overpotentials is facilitated by desolvated cations. As illustrated
schematically in Fig. 1f, within this potential range, *CO, molecules
replace the H,0 molecules originally present in the cation solvation
shell. The displaced water molecules reorganize into abulk-like phase
with a strong hydrogen-bond network, which explains the intensity
increase observed between 3,200 and 3,400 cm™in Fig. 1d—aspectral
signature characteristic of strongly hydrogen-bonded, bulk-like water.

Notably, *CO species only appear when the applied potential
becomes more negative than-0.2 Vi, coinciding with the disappear-
ance of the *CO, signal. This observation suggests that the
rate-determining step (RDS) for CO formation is the generation of
*CO, viathe first electron-transfer activation step, rather than the
subsequent conversion of “CO, to*CO. Interestingly, the emergence
of *CO also coincides with the recovery of water-related vibrational
bands (Fig. 1e), which might initially imply that protons or water mol-
ecules participate in the RDS. However, as shown in Supplemen-
tary Fig.11, the CO partial current density (j.,) is nearly identicalin both
deuterated and protic electrolytes, indicating that proton transfer
does not contribute to the RDS. Together, these findings support a
mechanism in which CO, activation proceeds via an electron-
transfer-coupled adsorption step facilitated by desolvated cations

CO, +#+M* + e —>*CO; --M*, @

which constitutes the RDS for CO formation. The observed recov-
ery of water-related signals is therefore attributed to further ligand
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detachment at -0.2 Vi, or more negative potentials, which enables
increased water access to the interfacial region, rather thanindicating
adirectrole of water in the RDS of *CO formation.

The production of gaseous CO on AgNOLIis first detected around
-0.4 Vg, (Fig. 1b), a potential where *CO, starts to be observed, sug-
gesting that a critical surface coverage of CO must be reached before
desorption occurs. To elucidate the origin of the promotion effect of
CO,activationinthe NOLI architecture, SEIRAS spectra were also col-
lected for a ligand-free Ag film. As shown in Supplementary Fig. 12,
under negative bias, the negative band associated with H,0 stretching
is nearly absent, indicating that the interfacial cations remain more
solvated than in the NOLI system under equivalent potentials. More-
over, no discernible *CO,-related features appear across the scanned
potential range, probably due to lower *CO, surface coverage com-
pared with AgNOLI. Consequently, the onset potentials for both *COy
and*CO, speciesonthe Agfilm are atleast 250 mV more negative than
those observedin AgNOLI. This comparison highlights that CO, activa-
tion is substantially facilitated by desolvated cations within the
NOLI architecture.

Results from in situ SEIRAS clearly reveal the promotional effect
of desolvated cations on *CO, activation in Ag NOLI. To determine
whether this enhancementarises primarily from an enhanced interfa-
cial electric field generated by desolvated cations or from direct sta-
bilization of reaction intermediates, we probed the Stark tuning
behaviour of adsorbed *CO, to assess theinterfacial electric field of Ag
NOLI(see Supplementary Note 2 for details). As shownin Supplemen-
tary Fig. 13, within the potential range where “CO, is observed (0.4 Vg
t0—0.2 Vg, the vibrational Stark tuning rate of *CO, is approximately
8 cm™ V7, whichis substantially smaller than the ~30 cm™ V' typically
reported for *CO on metal films***~*', This comparison indicates that
thelocal electricfield in this potential window is relatively modest and
enables us to exclude mechanisms solely on the basis of amplified
interfacial electric fields. Instead, these results point towards amecha-
nism in which direct interactions between desolvated Cs* ions and
adsorbed *CO, intermediates play a decisive role in promoting this
activation—a hypothesis that will be further examined in the
following sections.

Interactions within the water-deficient NOLI pocket

To elucidate the interactions between desolvated Cs" and interfacial
species in Ag NOLI, in situ XAS was employed. Interface-sensitive
information was obtained using total electron yield (TEY) detection.
Figure 2a schematically illustrates the liquid flow cell configuration
used for the XAS measurements in this study. In this liquid-cell geom-
etry, X-ray absorption at the solid-liquid interface createsacore hole.
Core-holerelaxation generates Auger electrons, whosekineticenergies
are determined by atomic energy levels. These Auger electrons undergo
inelastic scatteringin the surrounding aqueous medium and generate
cascades of low-energy secondary electrons*’. Owing to the short mean
free path of these electrons in aqueous media, only those generated
within a few nanometres of the electrode can reach the conductive
surface and be collected as a photoinduced current before recom-
bining with ionized species in the electrolyte****, This photoinduced
current (the TEY signal) follows the X-ray absorption cross-section and
is used to reconstruct the XAS spectra. Further experimental details
are provided in the Methods.

We first focus on the oxygen K-edge XAS spectra, as it is well-
established for characterizing aqueous systems**¢. In condensed
phases, water typically exhibits three distinct spectral features: a
pre-edge near 535.0 eV, a main edge near 537.5 eV and a post-edge
near 541.0 eV. The pre-edge intensity scales with the asymmetry in
the local molecular environment, while the post-edge scales with the
number of Hbonds*°, For example, liquid water displays a strong
pre-edge and subtle post-edge, whileice shows amore subtle pre-edge
and more pronounced post-edge. As shown in Fig. 2b, the interfacial

water structure near a thin silver film exhibits minimal changes from
pure water to 0.5 M CsHCO;; only a slight increase in the pre-edge
intensity is observed, probably due to the structure-breaking nature of
Cs* cations'®. By contrast, Ag NOLI displays markedly different behav-
iour (Fig. 2c). Before preconditioning, when ligands are covalently
attached to the Ag surface, water is excluded from the surface by the
hydrophobic alkyl chains of the ligands. In this initial state, the phos-
phonic acid headgroup is expected to be the only oxygen-containing
species detectable near the surface (Supplementary Fig. 3). Indeed,
the absence of interfacial water at OCV is evident from the spectrum,
which shows a strong peak at 535.2 eV and a weaker second peak at
536.9 eV, anintensity trend that is opposite to that of water. We assign
this spectrum to TDPA molecules chemisorbed onto the Ag nanopar-
ticle surface viaabidentate configuration®. Dry TDPA powder exhibits
asimilar spectrum; minor differences can be ascribed to the different
protonation state of the headgroup and solvation effects’".

After applying a bias of —0.8 Vg, for 10 mintoinduce NOLIforma-
tion and then returning to OCV (around 0.6 Vi), the oxygen K-edge
XAS spectrum changes drastically to resemble that of water, indicating
the formation of anaqueous pocket at the interface (Fig. 2c) caused by
preconditioning. Upon applying a potential of 0.4 Vp—close to the
onset of “CO, adsorptionasshowninFig.le—the O K-edge spectrum
undergoes another dramatic shift, reverting to ashape similar to that
of pure TDPA. Almost no intensity remains near water’s main and
post-edge features, indicating that a considerable amount of the water
previously confined within the NOLI pockets at OCV has been expelled
further fromthe surfaceat 0.4 V,;, leading to the formation of a highly
water-deficient environment populated by desolvated Cs* cations.
This observation is consistent with SEIRAS measurements, where the
OH stretching bands show negative features under 0.4 Vg, The highly
ionicenvironment decreases the Debye length and rapidly screens the
negative charge at the interface, enabling the ligands to settle closer
tothe surface. Compared with chemisorbed TDPA (the OCV spectrum
before precondition), the peak maximum at 0.4 Vi, appears slightly
red-shifted. A similar red-shift has been observed in first-principles
XAS simulations for the protonation of sulfate species®, leading us to
propose that protonation of the phosphonic acid headgroup following
ligand detachment is responsible for the red-shift observed here?,
although contributions frominteractions with other interfacial species
cannotbe ruled out.

When applying an even more negative bias of 0.2 Vg, a more
water-deficient spectrum is obtained. Interestingly, the peak maxi-
mum continues to red-shift, and a new broad pre-peak emerges at
~528.8 eV—a feature that is absent in both pure TDPA and pure water
spectra. To further investigate this signature, we prepared a Cs-TDPA
compound where oxygen atoms of the phosphonic acid headgroup are
interacting with a Cs cation (Fig. 2c). The spectrum of this compound
matches well with that of the 0.2 Vi, spectrum, with a pronounced
shoulderaround 528.8 eV (Fig. 2c), This finding suggests adirect inter-
action between the TDPA headgroup and Cs* at 0.2 Viy.

Together, the in situ XAS and ATR-SEIRAS results demonstrate
thatunder moderate bias, the NOLI pocket becomes a highly confined,
water-deficient interfacial environment dominated by desolvated
cations, detached ligands and surface intermediates. In this micro-
environment, Cs* not only sheds its hydration shell but also directly
interacts with detached ligands. However, O K-edge spectra alone do
not provide direct information on Cs-intermediate interactions. To
probe theseinteractions, we next turned toinsitu XAS at the Cs M-edge.

Interpretation of Cs M-edge spectra

Recent work has demonstrated that in situ XAS at alkali-metal edges
can directly capture electronic structure changes of cations induced
by interactions with adsorbed reaction intermediates®, motivating
the use of Cs M-edge XAS to directly interrogate Cs-intermediate cou-
pling under operando CO,R conditions. To develop a fundamental
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525 530 535 540 545 550

Energy (eV)

reference electrode (RE) and counter electrode (CE), respectively.b,c, The
electron yield O K-edge spectra of Ag film in H,0 and CO,-saturated 0.5 M CsHCO,
(b), AgNOLI at different applied potentials in CO,-saturated 0.5 M CsHCO; (c) and
reference samples. The reference spectrainclude TDPA powder (green trace) and
Cs-TDPA complexes dissolved in ethanol (red trace, with the solvent background
subtracted). Inset: schematic of the Cs-TDPA complex, showing Cs coordinated
by the O atoms of TDPA.

understanding of the behaviour of the largely unexplored Cs M-edges,
we first measured several relevant reference samples. Figure 3a shows
the Cs M, and M; edges of solid-state Cs,CO5, CsHCO; and Csl. These
absorption features arise from electronic transitions from the 3d core
level tothe unoccupied 4forbitals, with the two mainabsorption edges
resulting from spin-orbit coupling of the 3d core hole. Interestingly,
additional satellite features are observed at relatively higher energies—
specifically at ~742.5 eV and ~757.0 eV. The intensity of these satellite
featuresis highestin Cs,CO,, weakerin CsHCO, and barely visible in Csl.
A similar trend has been reported by Suzuki et al., who observed
prominent satellite structuresin vermiculite (a mineral containing Cs
and 0), but much weaker featuresin caesium halides®*. They attributed
the appearance of these satellites to the formation of delocalized 4f
orbitals via hybridization between Cs 4f and anion orbitals. While Cs
4forbitals exhibit minimal overlap with halide orbitals, they strongly
interact with O 2p orbitals, explaining the more pronounced tail struc-
tures in oxygen-containing compounds. Notably, comparable behav-
iour has also been observed in M-edge spectra of lanthanide oxides,
where similar satellite features arise from hybridization between lan-
thanide4forbitalsand O 2p orbitals™. Together, these findings suggest
that the satellite intensitiesin our Cs M-edge spectrareflect the degree
of orbital mixing between Cs 4f and neighbouring anion orbitals. In
addition, they also indicate that beyond the pure electrostatic effect,
Csand O forma partial covalent bond in CSHCO; and Cs,CO,.
Although the M-edge tail structure providesinsightinto the local
coordination environment of the unoccupied 4f orbitals, the 4f orbit-
alsin Cs* are largely empty in the ground state. To assess whether
Cs M-edge features reflect broader ground-state interactions, we

therefore combined density of states (DOS), Bader charge analysis,
differential charge density (Ap) and electron localization function
(ELF) calculations for Cs,CO;, CsHCO; and Csl. Asshownin Fig. 3b, the
DOS reveals that Cs 5s and 5p orbitals lie within the energy ranges of
-20to-25eV and -5to -10 eV, respectively. In Csl, no orbital overlap
is observed, and orbitals show no dispersion, indicating purely ionic
interactions between Cs and I. By contrast, both Cs,CO; and CsHCO,
show clear overlap between Cs 5p and O 2p orbitals, with a noticeable
dispersion of the Cs 5p DOS with a width of more than 2.5 eV, indicat-
ing partial covalent bonding between Cs and O. This is further sup-
ported by Bader charge analysis, differential charge density and ELF
inFig.3c:in Csl, the Cs Bader charge approachesits formalionic value,
indicating nearly complete charge separation. In CsHCO; the Cs posi-
tive charge is slightly reduced and even more so in Cs,CO,, indicating
partial electron density redistribution towards Cs. Carbonate and
bicarbonate phases display directional electron depletion near O and
accumulation along the Cs-O axis and partially towards Cs, forming
a polarized bridge region; Csl lacks any continuous accumulation
between Cs and I, retaining spherical, isolated ionic basins. For ELF
slices, along Cs-1, the internuclear gap maintains a uniformly low ELF
baseline (<0.30) with no mid-segment basin. In Cs,CO; and CsHCO;,
after excluding near-nuclear regions, an extended intermediate ELF
plateau (-0.30-0.35) develops along the Cs-0O corridor; the corridor
areafraction with ELF >0.30 is markedly larger (Cs,CO, approximately
0.460, CsHCO; approximately 0.419 and Csl approximately 0.000)
(Fig. 3d, Supplementary Note 3 and Supplementary Table 1). This
plateau is well below the high ELF values (- 0.7-0.9) characteristic of
strong covalentbonds, but it reveals directional polarization and weak
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Fig.3|Cs M-edge reference spectra. a, Cs M-edge spectra of solid-state Cs,CO,,
CsHCO; and Csl. b, The PDOS highlighting Cs 5s and 5p states and anion valence
states:15s/5p in Csl (top), and O 2s/2p in CsHCO; (middle) and Cs,CO; (bottom).
The Fermilevelis set to O eV. Carbonate phases show a substantial orbital

mixing between Cs 5p and O 2p states, whereas Csl exhibits well separated ionic
manifolds. ¢, The differential charge density (Ap = p_total - Xp_frag (identical
supercells, fragment geometries frozen) isosurfaces (positive accumulation/
negative depletion) superimposed on the crystal structures (view along the x-y
plane) for Csl, CsHCO; and Cs,CO,, including Bader charge values on Cs atoms,
revealing directional Cs-O polarization absentin Cs-1. Corresponding ELF slices

at four representative z positions, illustrating the emergence of intermediate
internuclear charge density corridors for Cs-O but not Cs-1. Atom colours: Cs
(green), I (purple), O (red), C (brown) and H (white). d, The corridor area fraction
with ELF >0.3 for Cs,CO;, CsSHCO; and Csl. Each point represents one Cs-anion
pair environment in the calculated unit cell, with n = 48 Cs-0 pairs for Cs,CO;,
n=24Cs-0 pairs for CSHCO; and n =4 Cs-1 pairs for Csl. Bars and error bars show
mean values + s.d. across Cs—-anion pair environments. e, Cs M-edge spectra of
Cs,CO; measured under different water concentrations. Regions of 738-746 eV
and 754-762 eV are highlighted by dashed rectangles, reflecting the evolution of
satellite features with increasing water content.

p-p co-localization—a polarized partial-covalent character unique to
Cs-Ointhese lattices. Taken together, the substantial Cs 5p-0 2p DOS
overlap and dispersion, the dipolar Ap redistribution, the reduced
(lessionic) Bader charge on Cs and the intermediate ELF plateau col-
lectively rationalize the presence of the M-edge satellite tailin Cs,CO,
and CsHCO,, while the absence of all four signatures in Csl explains the
lack of acomparable tail.

The difference in tail intensity between CsHCO, and Cs,CO; in
the M-edge spectra correlates with the aggregate degree of polarized
Cs-0 bonding rather than a large increase in per-bond covalency.
Bader charge analysis reveals that Cs ions in Cs,CO; exhibit a slightly
lower charge (+0.84 and +0.88) than the Cs ion in CsHCO; (+0.90),
indicating amore pronounced charge redistribution (partial electron

back-polarization) for Cs,CO,. Atomic bond population analysis with
theintegrated Crystal Orbital Hamiltonian Population (ICOHP) metrics
further support this view: although the average per-bond ICOHP for
strong Cs-O contacts (2.8-3.4 A subset) is similar in the two phases
(-0.170 versus —0.177 eV per bond; anegative ICOHP indicating abond-
ing interaction), Cs,CO; hosts a substantially larger number of such
interactions (26 versus 16) in the unit cell, yielding a more negative
cumulative ICOHP (-4.41 versus —2.83 eV). When all identified Cs-O
contacts are included, the total ICOHP in Cs,CO; (-5.54 eV over 60
bonds) also exceeds thatin CsHCO, (-3.28 eV over 28 bonds), reflect-
ing a denser network of weak-to-moderate polarized bonds. Con-
sistent with this, the Cs—O distance distribution for Cs,CO, is shifted
towards shorter separations (Supplementary Fig. 14b,d), increasing
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orbital overlap pathways for final-state screening. Taken together,
these results indicate that the more extensive network of polarized
partial-covalent Cs—0 contacts in Cs,CO,;—rather than a dramatic
strengthening of any single bond—underpins its stronger M-edge
satellite tail. Collectively, our experimental and computational results
demonstrate that theintensity of satellite featuresin Cs M-edge spectra
canserveasasensitive probe of the strength and nature of interactions
between Csand its surrounding atoms.

To establish a baseline for interpreting in situ Cs M-edge spectra
under electrochemical conditions—where cations are presentin a
solvated state—we further investigated the spectral evolution of Cs
M-edges during the dissolution process. As shownin Fig. 3e, Cs,CO; ini-
tially dried under vacuum calcination exhibits sharp satellite features
atthepreviously identified energies, reflecting strong and well-defined
Cs-O interactions in the crystalline lattice. However, upon gradual
introduction of water vapour, these satellite features progressively
broadenand eventually disappear at awater pressure of approximately
500 mTorr. The presence of water is expected to expand and/or distort
the crystal lattice, leading to partial solvation. Once Cs* ions become
fully solvated, a marked decrease in the tail intensity of the M-edge
spectrais observed, indicating weakened interactions between Cs*
and its surrounding oxygen atoms. This weakening is consistent with
thelonger Cs-Odistancesin solvation shells compared with the short,
directional Cs-O bonds in solid-state salts (Supplementary Fig. 14).
These results confirm that M-edge satellite intensity is sensitive not
only to the chemical identity of neighbouring atoms but also to the
local solvation structure, providing a valuable reference point for
interpretinginsitu measurements under electrochemical conditions.

The Cs-0 interactionin the NOLI pocket

Building on our understanding of Cs M-edge spectral features, we next
investigated theinteraction between Cs*and various interfacial species
within the Ag NOLI pocket using in situ Cs M-edge XAS. As outlined
in Fig. 4a, Cs M-edge spectra were first collected at OCV, followed
by catalyst preconditioning at —0.2 Vy,,;. After preconditioning, the
potential was returned to OCV, and Cs M-edge spectra were recorded
every 20 min to monitor temporal changes. It is important to note
that directly measuring Cs M-edge TEY signals under -0.2 Vg is chal-
lenging. The large Faradaic current—typically on the order of micro-
amperes in our setup—overwhelms the TEY signal, which is typically
inthe nanoampere range. Therefore, while the post-bias spectra may
not perfectly capture the —0.2 Vg, condition, their time-resolved evolu-
tion still offers valuable insights into interfacial Cs* behaviour during
catalysis. Thisis especially informative in the NOLI system, where the
floatingligand layer restricts the rapid relaxation of the electric double
layer once the bias is removed.

Before preconditioning, when the surfaces of Ag nanoparticles
are chemisorbed with TDPA ligands, the Cs M-edge signal is weak in
TEY mode, as shown in Fig. 4b. This is because Cs" ions reside outside
the ligand layer at this stage, and the electrons emitted from these
ions cannot reach the electrode owing to the short mean free path.
After applying —0.2 Vg, an overall enhancement in the TEY signal
is observed, indicating an increased local Cs* concentration at the
electrodeinterface (SupplementaryFig.3). Concurrent OK-edge and
SEIRAS measurements confirm reduced interfacial water content
under bias, implying that Cs" ions at the interface are partially des-
olvated. Interestingly, at 0 min (that is, immediately after returning
to OCV), sharp satellite features emerge around 743 eV between the
M, and M; edges, along with a broader tail feature centred at 757 eV.
After 20 min, the 735-743 eV region becomes flattened, and the 757 eV
feature diminishes substantially, continuing to fade by 40 min. Notably,
these spectral changes are observed in TEY mode but absent in the
bulk-sensitive total fluorescence yield (TFY) mode (Fig. 4c), confirm-
ing that the spectral variations arise from the interfacial region rather
thanthebulk electrolyte.

The strongsatellite features at 0 minreflectapronounced interac-
tion between Cs* and oxygen-containing species during catalysis.
Withinthe NOLI pocket, several species could contribute to this inter-
action. First, Cs* may coordinate with the phosphonic acid groups of
TDPA ligands, as supported by O K-edge data. Indeed, Cs-TDPA com-
plexes display pronounced satellite features in their M-edge spectra
(Supplementary Fig. 15). Second, although Cs-H,0 interactions typi-
cally do not give rise to sharp satellite features, our prior work on
graphene-electrolyte interfaces shows that at extremely high interfa-
cial Cs* concentrations (-8 M), satellite features canemerge due to the
formation of Cs—anion pairs*®. Finally, given the applied bias and
CO,-saturated environment, the observed features could originate
from directinteractions between desolvated Cs*and surface adsorb-
ates, for example, surface hydroxyl (*OH), which has been recently
reported”, or reaction intermediates, particularly *CO, , as supported
by SEIRAS data.

To further elucidate the origin of the satellite features, we con-
ducted in situ Cs M-edge measurements during an online electrolyte
exchange from CO,- to Ar-saturated conditions at OCV. During the
exchange, we observed agradual decline in the intensity of the M, and
M;main edges (Supplementary Fig. 16), indicating adecrease ininter-
facial Cs* concentration. Thisresult is corroborated by electrochemical
capacitance measurements showing lower ion concentration under
Arversus CO,-saturated conditions (Supplementary Fig.17). After the
Cs signal stabilized, the same measurement protocol was repeated:
preconditioning at —0.2 Vi, followed by spectral acquisition every
17 min. Under Ar, the Cs M-edge intensity did not recover to the level
observed under CO,, confirming that CO,isrequired to maintaina high
interfacial Cs* concentration. As shown in Fig. 4d and Supplemen-
tary Fig. 18, while aweak 757-eV satellite feature appeared at O min, its
intensity was markedly lower than that under CO,-saturated conditions.
Uponreintroduction of CO,, the satellite feature promptly recovered
(Supplementary Fig. 19). Since Cs-ligand, Cs—HCO3_/Cs—CO32_ and
Cs-H,0 interactions remain largely unchanged between Ar and CO,
conditions, these observations point to interactions with CO,-derived
surfaceintermediates as the origin of the satellite features. Alternative
assignments—for instance, Cs—*OH interactions—can be ruled out,
since under Ar conditions the coverage of *OH (if present) should be
higher owing to the absence of competitive adsorption of CO, inter-
mediates, and would thus be expected to produce a stronger, not
weaker, satellite signal. Instead, the observed trend is fully consistent
with a direct interaction between desolvated Cs* and CO,-derived
intermediates, most probably adsorbed “CO, . DFT calculations further
support this conclusion. The DOS of adsorbed “CO; stabilized by a
partially desolvated Cs* (Fig. 4e) shows noticeable orbital overlap
between Cs 5p and O 2p states in the —6 to —12-eV region, as well as
additional Cs 5s-0 2s overlap below —20 eV. s orbital overlapping is
negligible in salt crystals such as CsHCO; and Cs,CO;, suggesting an
even stronger Cs-Q interactionin the adsorbed *CO, ---Cs* complex.

To mechanistically rationalize how desolvated Cs* promotes CO,
activation, we generated seven idealized interfacial states (Fig. 4f)
that discretize adesolvation coordinate from Cs* with six explicit H,0
molecules, Cs*(6H,0) (outer Helmholtz/diffuse layer-like environ-
ment)*** to Cs*(1H,0) (extreme near-surface coordination). These
states are thermodynamic sampling points rather than a presumed
kinetic pathway. We employed grand canonical DFT (GC-DFT) cal-
culations and evaluated a grand free energy of CO, adsorption (AQ)
referenced to the clean Ag(111) surface with a solvated Cs*, and the
Gibbs free energy of solvated CO,. Details can be found in the Methods.
We used hydrated Cs*(6H,0) far from the interface as the reference
point, where a physisorbed, nearly linear CO, (0-C-0179.9°, average
Cs-04.56 A) is observed. Slight disruption (lower symmetry) of the
solvation shell (6H,0) begins to bend the CO, (angle > 171.0°) at the
Ag surface (Fig. 4g). Progressive water removal (5 > 1H,0) shortens
Cs-0(of CO,) from3.51 > 2.83 Aand CO,-Ag contact from2.82 > 2.19 A,
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Fig.4|Cs-*CO,interaction probed by in situ XAS and DFT calculation.

a, A schematic of the experimental protocol. XAS spectra were collected before
preconditioning, and at 0 min, 20 min and 40 min after preconditioning at

~0.2 Vge- b,c, Insitu Cs M-edge spectraacquired in TEY mode (b) and TFY mode
(c)in 0.5 M CO,-saturated CsHCO,.d, In situ Cs M-edge spectraacquired in TEY
modein 0.5 M Ar-saturated CsHCO, e, The PDOS of an adsorbed *CO, stabilized
by a partially desolvated Cs*; O orbitals are selected exclusively from the two

O atoms of adsorbed *CO,. f, GC-DFT-optimized adsorption structures of CO,

under varying degrees of Cs* desolvation. Colour code: Cs (purple), O (red),

C (grey) and H (white). g, Structural descriptors including average Cs-0-CO,
(light blue), Ag(111)-CO, (green) bond lengths and the O-C-0O bond angle (red)
of adsorbed CO,across the configurationsin f. h, Negative ICOHP values
reflecting the bond strength between Cs and CO, in the structures showninf.

i, The calculated potential-dependent AQ stability of different *CO,-Cs
structures in fwith varying degrees of cation desolvation.

while ICOHP(Cs-0) magnitudes become more negative (-0.11,-0.14,
-0.18,-0.19and -0.20 eVfor 5,4, 3,2 and 1H,0, respectively) (Fig. 4h),
evidencing an increasing partial covalent component in Cs-O bond.
This enhanced interaction yields a more activated *CO, intermediate
thatisstructurally predisposed for downstream protonation (Fig. 1f).

Potential-dependent AQ profiles (Fig. 4i) show several crosso-
vers: Above —0.1 Vg, Cs*(3H,0) minimizes AQ; between —0.1 Vi, and
-0.8 Vpea (2H,0) state becomes competitive, and more negative than
—0.8 Vg, the (1H,0) state is lowest. These results suggest that under
increasingly reductive conditions, activated CO, is preferentially sta-
bilized by Cs* with progressively higher degrees of desolvation. Since
such desolvated cation-intermediate interactions are thermodynami-
cally promoted by applied bias, we propose that they are not unique

to ligand-defined NOLI interfaces but represent a general feature of
electrochemical solid-liquid interfaces once cation desolvation can
be sustained.

In conventional ligand-free metal electrodes operated in dilute
aqueouselectrolytes, cations are expected to remain largely solvated,
limiting the magnitude and persistence of such specific interactions.
This provides a natural explanation for why cation effects are com-
monly observed on bare metal surfaces yet are typically more modest
and highly sensitive to electrolyte identity and operating conditions.
By contrast, the NOLI architecture stabilizes a locally ion-rich,
water-deficientinterfacial microenvironment, thereby amplifying the
populationof desolvated Cs*ions and rendering their directinteraction
with *CO, experimentally observable and catalytically important.
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More broadly, similar desolvation-enabled cation-intermediate
interactions may be accessible in other confined or low-water-activity
interfacial environments, such as highly concentrated electrolytes™,
ionic-liquid-containing media®® and nanoporous orionomer-containing
electrodes™*®’, where ion crowding and restricted solvation are more
likely to occur. Altogether, these insights underscore the importance
of interfacial design—specifically, engineeringion-rich, water-deficient
microenvironments—as a general strategy to harness desolvated cat-
ion-intermediate interactions for enhancing reactivity across awide
range of electrochemical transformations.

Conclusion
We combined in situ vibrational and X-ray spectroscopic techniques
with first-principles simulations to elucidate the solvation structure
and interfacial behaviour of Cs* under CO,-reducing conditions. SEIRAS
measurements captured the full evolution of the Cs* solvation environ-
mentunder applied bias, revealing that within the catalyst-electrolyte
interface confined by adetached ligand layer, desolvated cations facil-
itate CO, activation at unusually low overpotentials. This phenomenon
directly accounts for the enhanced CO,R activity observedin thisNOLI
system. Insitu XAS measurements further revealed that the promotional
effect of desolvated cations originates from direct interactions between
Cs*"andsurface-bound intermediates. Notably, DFT-assisted XAS anal-
ysis showed that the interaction between desolvated Cs*and *CO; spe-
cies possesses partial covalent character, demonstrating that cations
can stabilize intermediates, and thus modulate electrochemical reac-
tions through mechanisms beyond pure electrostatic stabilization.
Altogether, this work provides direct spectroscopic evidence of
desolvated Cs* under operando conditions and clarifies its role in
stabilizing *CO; intermediates, enabling efficient CO,-to-CO conver-
sion at low overpotentials. Moreover, we highlight that desolvated
cations can engage in orbital hybridization with key intermediates,
thereby influencing reaction kinetics through direct electronic effects.
Our findings highlight thatligand-realized, ion-richinterfacial confine-
ment is a powerful and generalizable design principle for catalytic
systems seeking to harness and amplify cation effects. This strategy
opensavenues for microenvironment engineering to optimize activity
and selectivity across awide range of electrochemical reactions.

Methods

Synthesis of Ag nanoparticles

Silver nanoparticles were synthesized following previously reported
procedures”. In a three-neck flask, 10 ml of trioctylamine (Sigma-
Aldrich, 98%) was degassed with nitrogen at 130 °C for 30 min. After
cooling to room temperature, 0.50 mmol of silver(l) acetate (Sigma-
Aldrich, 99.99%) and 0.25 mmol of TDPA (Sigma-Aldrich, 98%) were
added. The mixture was heated at 130 °Cfor 1 hunder anitrogen atmos-
phere.Upon coolingto 50 °C, the reaction mixture was transferred to
a centrifuge tube, and 35 ml of ethanol was added to precipitate the
nanoparticles. After centrifugation at 4,000g for 15 min, the nano-
particles were redispersed in 10 ml of hexane. To further narrow the
particle size distribution, acetone (10 ml) was added dropwise to
induce turbidity, followed by centrifugation at 16,100g for 10 min. The
final nanoparticles were redispersed in hexane for storage.

Preparation of Cs-TDPA complexes

TDPA was dissolved in ethanol to afinal concentration of 50 mM. CsOH
powder was gradually added to the solution until the Cs* concentration
reached 0.1 M. Dissolved TDPA and CsOH are expected to undergo an
acid-base reaction, forming the Cs-TDPA compound, where oxygen
atoms of TDPA directly interact with Cs cations.

Electrochemical measurements
Allelectrochemical measurements were performed in a custom-built
H-cell. The Ag/AgCl (3 MKCI, World Precision Instruments) electrode

was used as the reference, and a platinum wire served as the counter
electrode. The potentiostat (Biologic) automatically compensated
for 85% of the solution resistance; the remaining 15% was manually
corrected in post-processing. For catalyst preparation, 29 pg of Ag
nanoparticles were dropcast onto a 1-cm? carbon paper electrode
(Toray 29AA).

Gaseous reaction products were analysed using a gas chromato-
graph (SRIInstruments) equipped with both thermal conductivity and
flame ionization detectors. Product-specific FEs were determined by
converting the quantified molar productionratesinto charge equiva-
lents and normalizing to the total charge passed during electrolysis.
To reliably quantify the FE values at low current densities, the surface
area of the working electrode was increased, and the CO, flow rate
was reduced to 5 sccm when total current is below 0.5 mA (compared
with20 sccmused at higher current densities), enabling gas products
to accumulate to higher concentrations before gas chromatograph
analysis and ensures that detected signals remain well above the instru-
ment’s quantification limit.

Theelectrochemical surface area (ECSA) of the AgNOLI catalysts
was quantified using the Pb underpotential deposition method, fol-
lowing a procedure that was reported previously”. In brief, cyclic vol-
tammetry was performed between-0.10 and -0.45V versus Ag/AgCl
(1M KCI) at a scan rate of 50 mV s in an electrolyte containing 3 mM
Pb(Cl0,),,10 MM HCIO, and100 mM NaClO,. A polished Ag foil witha
geometric areaof 2 cm?*was used as the reference, and its Pb stripping
charge (361.7 uC cm™) was taken as the standard for calculating the
ECSA of the Ag NOLI catalysts.

Electrochemical impedance spectroscopy measurements were
performed to quantify the electrochemical double-layer capacitance
ofthe AgNOLIelectrode. All electrochemical impedance spectroscopy
experiments were conductedin 0.1 M CsHCO;electrolyte. Impedance
spectra were collected by applying a 10-mV AC perturbation over a
frequency range from 100 kHz to 100 mHz, with eight data points per
decade. Each measurement was repeated three times to ensure repro-
ducibility. The resulting spectra were analysed using an equivalent
circuit consisting of a solution resistance (R,) in series with a parallel
combination of a constant phase element (CPE; Q) and charge-transfer
resistance (R.). CPEwas used in place of anideal capacitor to account
for non-ideal capacitive behaviour of the electrochemical double
layer®’. The fitted CPE exponent (a) was greater than 0.9 across all
measurements, indicating near-ideal capacitive response. Accordingly,
the Q values were taken as close approximations of the double-layer
capacitance (Cy).

Electrode preparation for SEIRAS

The reflecting surface of a 60° Si prism (Pike Technologies) was pol-
ished sequentially with 6-um, 1-um and 0.25-pm diamond pastes
for 10 min each to expose a fresh Si surface. The prism was then
rinsed with deionized (DI) water and sonicated in DI water, acetone
and DI water for 10 min each. After cleaning, the prism surface was
etched in 5 ml of 40 wt% NH,F solution at 25 °C for 2 min to achieve
a hydrogen-terminated surface, followed by thorough rinsing with
DIwater.

Gold films were deposited by immersing the etched Si prismin
a gold plating solution at 60 °C for 200 s. The plating solution was
prepared by adding 200 pl of 49% HF to a10-mlaqueous mixture con-
taining 10 mM NaAuCl,-2H,0, 100 mM Na,SO;, 33 mM Na,S,0,-5H,0
and 33 mM NH,CI. To improve film adhesion and uniformity, the
freshly deposited gold layer was first removed using aqua regia, fol-
lowed by re-plating until a smooth, mirror-like surface was obtained.
A high-quality gold film exhibited aresistance less than 10 Q.

Before catalyst deposition, the Au film was electrochemically
activated by cycling the potential between 0.2V and 1.5V (versus
3 M Ag/AgCl) in 0.1 M H,SO, for three cycles. This step is critical for
cleaning the surface and enabling sufficient surface enhancement.
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The activated Au films were rinsed with DI water and dried under
nitrogen. For Ag NP measurements, 35 pg of Ag nanoparticles were
dropcast onto the Au-coated prism. For Ag film control samples, a
50-nm Ag film was deposited directly onto the activated Au surface
by thermal evaporation.

Insitu SEIRAS measurements

The catalyst-loaded Si prism was assembled into acustomelectrochem-
ical celland mounted onto a VeeMax Il ATR accessory (Pike Technolo-
gies). IR spectrawere collected using a nitrogen-purged Bruker Vertex
70 FTIR spectrometer equipped with a mercury cadmium telluride
detector. Spectrawere recorded witha4 cm™resolution, 32-scan aver-
aging and a scan velocity of 20 kHz during linear sweep voltammetry
(2mV s™).Each spectrumacquisition took approximately 50 s, and the
reported potential corresponds to the end of the acquisition period. All
SEIRAS spectra are reported as absorbance, calculated using

Absorbance = —Iogw%, (¥)]

where Sis the single-beam sample spectrum and Ris the single-beam
reference spectrum.

STEM measurement

Electrochemical scanning transmission electron microscopy
(EC-STEM) and four-dimensional scanning transmission electron
microscopy(4D-STEM) were collected on the FEI ThemlS instrument
at the molecular foundry, LBNL. The liquid-cell setup consisted of a
Protochips Poseidon AX holder and twossilicon chips with silicon nitride
windows sandwiching a 500-nm electrolyte layer. The bottom chip
features athree-electrode setup with glassy carbon working electrode,
Pt counter electrode and Pt pseudo-reference electrode. Ag NOLIwas
dropcast onto the glassy carbon working electrode. The beam current
was set to <1 pA to avoid beam damage, and the convergence angle
was 0.46 mrad.4D-STEM was collected on a Gatan K2 cameraininsitu
mode. Data were processed using the py4DSTEM python library®.

XAS measurement

In situ XAS experiments were conducted at three synchrotron facili-
ties: beamline 8.0.1.4 and 9.0.1 of the Advanced Light Source (ALS),
Lawrence Berkeley National Laboratory (USA), and beamline BO7 at
the Diamond Light Source (UK). At ALS, the measurements were per-
formed using a custom-built liquid flow cell featuring an ultrathin Si;N,
membrane (100-nm thickness), which serves as the X-ray transparent
window and separates the liquid-phase electrochemical environment
from the ultrahigh vacuum of the beamline. To ensure conductivity,
the membrane was coated with 10 nm of Pt. The electrochemical setup
inside the cellincluded a calibrated Ag/AgCl (3 M KCI) reference elec-
trode and a platinum wire as the counter electrode.

At the Diamond Light Source, an in-house electrochemical flow
cell®® was employed. This setup included a platinum wire counter elec-
trode and an Ag/AgCl-coatedsilver wire asthe reference electrode. The
continuous Si;N, window (100 nm thickness) was coated with 2.5 nm of
Crasadhesivelayer,al0-nm layer of gold as current collector, followed
by three layers of graphene. The quality and coverage of the graphene
layer were verified by scanning electron microscopy and Raman spec-
troscopy to ensure minimal defects and uniform coverage.

For in situ measurements, the Ag NOLI sample was prepared by
dropcasting Ag nanoparticles onto the Si;N, membrane at aloading
of 50 pg cm™. For Ag film control samples, a 2.5-nm chromium adhe-
sion layer followed by a15-nm silver film was deposited onto the Si;N,
window by thermal evaporation.

The XAS spectraofreference salts were measured on Beamline 9.3.2
ofthe ALS and BO7 of the Diamond Light Source. Samples on 9.3.2 were
dropcastand measured onapolished gold foil, all samples were dropcast
as3-pldroplets fromasaturated solution and dried in anitrogenbox. A

platinum heater sample holder was used for temperature control and
purified water for humidity control. The XPS capabilities of 9.3.2 were
used to find a thin layer of salt at the outer edges of the coffee ring, to
reduce charging and solid-state effects. Gold was used as a current col-
lector for the drain current measurements. Therefore, the thermocouple
was connected to a SR560 preamplifier. To verify that the observed
Cs-0 interactions are not an effect of Cs-electrode interactions, or
background drift from the drain current measurement, the XPS analyser
was employed tosimultaneously measure the secondary electronyield,
by collectinglow-energy electrons with akinetic energy of 40 eV. Refer-
ence measurements at the Diamond Light Source were performedona
p-doped Siwafer. Dropcasting was performed inasimilar manner tothe
9.3.2samples. Fluorescenceyield and drain current measurements were
employed at the same time to verify that the observed spectral features
arenot an effect of electron-based XAS detection methods.

DFT details

Allperiodic DFT calculations were performed with the Vienna Abinitio
Simulation Package®* using the projector-augmented wave method®
and the PBE exchange-correlation functional within the generalized
gradient approximation, augmented by the dDsC dispersion correction
toinclude van der Waals interactions®®“’. A plane-wave kinetic-energy
cutoff of 400 eV was used in all stages (converged to less than ~1 meV
peratomintest calculations). Gas-phase and bulk structural relaxations
were first carried out in vacuum until the maximum residual force fell
below 0.01 eV A and the total energy change was <107 eV. Subsequent
implicit-solvation optimizations employed VASPsol***° with force and
energy convergence criteria of 0.02 eV A" and 10~ eV, respectively.

For bulk crystals (Cs,CO;, CsHCO; and Csl) the Brillouin zone
was sampled with al-centred 5 x 5 x 5 Monkhorst-Pack grid during
geometry optimization. Surface models used a three-layer Ag(111)
(4 x 4) supercell (bottom layer fixed), a15 A vacuum gap along zand a
5 x5 x1k-pointgrid for relaxation. Forimplicit-solvationand GC-DFT
treatments, the simulation cell height was extended to 60 A to host
the dielectric continuum while retaining the atomically explicit
slab and adsorbates; slab symmetry operations were preserved
where applicable.

High-accuracy single-point calculations for projected density of
states (PDOS), Bader charge analysis, differential charge density (Ap),
ELF and bonding (COHP) metrics used denser I'-centred meshes of
8 x 8 x 8 (bulk) and 8 x 8 x 1(slabs). COHP and integrated -ICOHP values
were obtained with LOBSTER (pbeVaspFit2015basis)’ after verifying a
charge spilling <2 %.Bader charges were computed on the all-electron
charge density reconstructed from the projector-augmented wave
potentials with a fine FFT grid (spacing < -0.10 A). Differential charge
densities were generated as p_total - Zp_frag (identical supercells,
fragment geometries frozen to the combined state). ELF was evaluated
ontheself-consistent real-space grid and analysed viaselected zslices
and line profiles along Cs-O (or Cs-intermediate) axes.

GC-DFT calculations

The grand canonical free energy was evaluated by GC-DFT calcula-
tions, which is a surface charging technique. Details can be found in
our previous work, and here we summarize the key points””>. The net
charge of the surface n surface is obtained as

Nsurface = Nsurface — surface,neutral (3)

where Ny gace AN Nyyiface neutral are the number of electrons on the surface
and the number of electrons in the neutral state. DFT energy for the
charged surfaceis obtained as

Esurface = Lsurface,raw t €fermishifc/lsurface (4)

where Eg, taceraw 1S the raw electronic energy of the surface and
ErermishiftTsurface 15 the correction term accounting for the difference
(€rermishire) iN the reference energy of the electron between the internal
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reference level and vacuum. Then, the grand canonical electronic
energy of asurface model, Q(U) is obtained as

? (U) = Esurface — NsurfaceMelectron (5)

where flq..on 1S the chemical potential of an electron, which is defined as
Helectron = quac = _eraCs (6)

where U,,. is the potential of the system with reference to the vacuum
leveland gis the charge of an electron. The potential of the system with
reference to the vacuum can be determined by two components, the
Fermi level (E£;) with reference to the internal zero energy reference
and the Fermi shift, whichis the difference between the internal energy
reference and the vacuum level

—eUyac = Ef + Efermishifc- @)

For the metallic systems, the potential-dependent grand canonical
energy, Q(U), exhibits a quadratic behaviour around the potential of
zero charge (U,) inthe vacuum scale

2U)= 2 Uy) - 30U~ Up) @®)

where Cis the capacitance of the surface. The potential of the system
with respect to the standard hydrogen electrode (SHE) can be con-
verted from U,,. as

Uspe = Uyae — 4.44. 9)

The linearized Poisson Boltzmann implicit solvation model
implemented in VASPsol®’ is used to represent the polarizable elec-
trolyteregion. The dielectric constant of water, 78.4, and the Debye
screening length corresponding to a 0.1 M concentration of elec-
trolytes, 9.6 A, were used. The surface slab is symmetrized along
the z axis to avoid asymmetric potential in the implicit solvation
region. Here, the implicit solvent thickness is set to 60 A for the
symmetrized slab.

Grand canonical free energy calculations of CO, adsorption

To evaluate the thermodynamic stability of *CO, adsorption configura-
tions with different degrees of Cs* desolvation under applied potential,
we employed GC-DFT. For each configuration containing adsorbed
*CO,, an interfacial Cs* cation, and n explicitly modelled water mol-
ecules on Ag(111), we define the grand free energy of CO, adsorption
atelectrode potential U (versus RHE) as

ARWU) = G(U)Ag111+COZ+CSH+(HZO)n - G<U)Ag111+ts*‘+(H20),, —Geo,,  (10)
where G(U)yoi11,co, 1057 +,00 1S the Gibbs free energy at electrode
potential Uofthe Ag(111) slab bearing an adsorbed *CO,, an interfacial
Cs"and nexplicit water molecules, whichisreferenced toaclean Ag(111)
surface with an adsorbed solvated Cs* with n explicit water molecules,
G(U)AgHHCSHHHZO)H , and the free energy of solution-phase CO,, Gco,
(approximated as gas-phase CO, with one-half of its gas-phase entropy
to mimic dissolution).

Data availability

Data supporting the findings of this study are available within the
Article and its Supplementary Information. Atomic coordinates of
the structures used in our DFT calculation are provided in Supplemen-
tary Data 1. Other relevant data are available from the corresponding
authors upon reasonable request.
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