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Abstract

The dynamic response of surface ligands on nanoparticles (NPs) to external stimuli critically determines the
functionality of NP-ligand systems. For example, in electrocatalysis, the collective dissociation of ligands from NP
surfaces can lead to the creation of a NP/ordered ligand interlayer (NOLI), a microenvironment that is highly active
and selective for CO2 to CO conversion. However, the lack of in situ characterization techniques with high spatial
resolution hampers a comprehensive molecular-level understanding of the interlayer formation mechanism. Here, we
utilize in situ Infrared nanospectroscopy (nano-FTIR) and surface-enhanced Raman spectroscopy (SERS), unveiling an
electrochemical bias-induced consecutive bond cleavage mechanism of the surface ligands, leading to the NOLI
formation. This real-time molecular insight could inspire the design of confined localized fields in multiple catalytic
systems. Moreover, the demonstrated capability to capture nanometer-resolved dynamic molecular-scale events holds
promise for advancing controlled local molecular behavior to achieve desired functionalities across multiple research

domains in nanoscience.
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Introduction

Inorganic NPs capped by organic ligands have found extensive scientific applications, ranging from
nanomedicine 2 to optoelectronics 34 and catalysis 0. While the introduction of ligands has traditionally aimed at
providing precise control of the NP size, shape, and colloidal stability 78, recent research has increasingly emphasized
the critical role of ligands under relevant operating conditions in determining specific NP functionalities and
phenomena °'. In response to external stimuli, such as temperature, magnetic/electric fields, light, or pH, ligands can
undergo reorganization, degradation, exchange, and notably, detachment, as a result of bond cleavage between the
ligands and the NP surface %!1. Controlled ligand dissociation in specific biological environments, for instance, dictates
the precise delivery of drugs >14. In optoelectronic applications, the detachment of ligands plays a crucial role in

augmenting the efficiency of charge transport between neighboring NPs 5.

Similarly, in electrocatalysis, the detachment of ligands from nanocatalysts is generally requisite to expose
active metal sites to reactants . Due to the electric field variation caused by ligand dissociation, this process can also
induce favorable non-covalent interactions surrounding active sites 718, This phenomenon engenders the creation of
an electrocatalytic microenvironment, which is pivotal in parallel to active sites, for steering a specific reaction pathway
9. An exemplary system is the NP/ordered-ligand interlayer (NOLI), which relies on ligand dissociation to establish a
favorable reaction pocket that supports the remarkably efficient conversion of CO2 to CO with 100% selectivity 7.
Specifically, it is hypothesized that ligands dissociate from the Ag NP assembly under electrochemical conditions,
followed by NP aggregation, resulting in a structurally ordered layer adjacent to the evolved NP surface, and featuring
an aqueous interlayer confined between the ligands and Ag surface (Fig. la). Furthermore, cations within the
electrolyte are inserted into the interlayer and lose part of their solvation shells. These desolvated cations stabilize key

intermediates, thus promoting a boosted turnover of CO2 to CO V7.

Despite the remarkable catalytic performance of NOLI, direct evidence substantiating the existence of this
interlayer is lacking. Moreover, if it indeed exists, the mechanisms governing its formation remain largely unclear,
obstructing a comprehensive molecular-level comprehension of the interactions within the interlayer that ultimately
lead to its catalytic performance. These constraints significantly limit the potential use of controlled ligand behavior
to rationally design the microenvironments tailored for desired electrochemical reactions. To understand the ligand
behavior under electrochemical conditions and its localized impact, it is imperative to capture the real-time ligand
configurations in response to the electrochemical bias. Furthermore, given the inherent heterogeneity and substantial
restructuring of ligand-NP systems upon ligand detachment °%, a spatial mapping of this process with nanometer
precision becomes indispensable. Although challenging and unreported thus far, a direct probe of ligand dynamics
under electrochemical conditions, with prerequisite spatial resolution on the order of NP size and chemical sensitivity,

assumes a crucial role in providing molecular-level insights for the future design of nanocatalysts.
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In this study, we utilize in situ infrared nanospectroscopy (nano-FTIR), complemented by in situ surface
enhanced Raman spectroscopy (SERS) and density functional theory (DFT) calculations, to monitor the ligands’
dynamic behavior in response to the electrochemical potential of the Ag-NOLI system. Assisted by these vibrational
spectroscopies, we unveil how the bias-induced dissociation of tetradecylphosphonic acid ligands instigates the
development of an electrocatalytic interlayer, which is stable in close proximity to the Ag surface. As illustrated in Fig.
1b, with a gradual increase in cathodic bias, in situ nano-FTIR captures the transition from a bidentate to monodentate
ligand binding configuration on the aggregating NPs. Additionally, SERS captures the transformation from
monodentate to free ligands and the conformational change of the alkyl chains. This consecutive dissociation of ligands,
further supported by DFT simulations, offers a real-time picture of how the bias and electrochemical environment
modulate ligand-NP interactions. In addition, we also reveal the gradual buildup of the noncovalent interactions,
mediated by the ligand dissociation process, among the Ag surface, detaching ligands, and electrolyte species. These
interactions collectively contribute to the development of the confined electric field within the microenvironment,

thereby promoting high catalytic performance.
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Fig. 1. Real-time molecular picture of microenvironment formation probed by in situ nano-FTIR and SERS. a, The
proposed initial and final states during NOLI formation 718, b, Probed NOLI formation mechanism. Under low
overpotential, in situ nanometer-resolved nano-FTIR reveals the cleavage of one of the P-O-Ag bonds on the
aggregating NPs. Meanwhile, the second P-O-Ag bond cleavage is observed by in situ SERS under high overpotentials.

This combination uncovers a consecutive bond cleavage mechanism that promotes the formation of favorable
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noncovalent interactions between COq, cations, solvent, and ligands, which are responsible for the high catalytic
activity of NOLI (C, brown; cation, purple; O, red; H, grey; ligand head group, yellow; ligand alkyl chains, blue;

aqueous interlayer, cyan).

Results

Initial Binding Configuration of Ligands Probed by Nano-FTIR

To investigate spatially inhomogeneous chemical processes in situ while minimizing radiation damage,
vibrational spectroscopy/spectromicroscopy techniques with low excitation energy, such as nano-FTIR, are preferable
213, In the experimental setup depicted in Fig. 2a, a broadband, spatially coherent synchrotron IR beam is focused onto
the metal-coated probe of an atomic force microscope (AFM). The sharp tip acts as an antenna that creates a large
enhancement of the IR field near the apex, which decays exponentially with distance, resulting in a high spatial
resolution (typically <20 nm) with surface and chemical sensitivity 223, Furthermore, due to the approximate alignment
of the IR near field with the axis of the AFM probe, vibrational modes with dipoles along the same direction are
selectively excited. This polarization facilitates the detection of molecular orientation, which can be characterized by
changes in the relative peak intensities of vibrational modes ?12#%>. The recent development of liquid cells with single
layer graphene windows that are transparent to photons has facilitated the utilization of nano-FTIR for studying
organic molecules under electrochemical conditions 2¢?°. In the current experimental configuration, the detection under
CO2 reducing condition and the replication of Ag NP evolution (Fig. 2b, c) is achieved, demonstrating the suitability of

this platform for investigating the formation of NOLI in situ.

To study the initial binding configuration of ligands, the as-prepared Ag NPs are assembled on the single-
layer graphene facing the electrolyte (Fig. 2a, b). The corresponding nano-FTIR spectrum under open circuit potential
(OCP) is shown in Fig. 2d, revealing multiple peaks around the P-O stretch region that are the IR fingerprint of the
tetradecylphosphonic acid (TDPA) ligand used in the synthesis of the NPs (Supplementary Figure 1). From DFT
calculations (Supplementary Table 1, Supplementary Note 1) and previous studies %%, the peak around 1039 cm™ can
be assigned to the symmetric stretch of P-O (v4(P-O)), and the peaks around 1112 cm™ and 1170 cm! to the asymmetric
stretch of P-O (v45(P-O)) coupled with C-C stretch (v(C-C)) and with C-H twisting (t(C-H)), respectively. For simplicity,
V45(P-O) will be used to refer to these two asymmetric modes in the following discussion, while v(P-O) specifically
refers to the mode at 1039 cm. In addition, the mode at 1305 cm™! belongs to the P=O stretch (v(P=0)) 3. The orthogonal
vibrations of v¢(P-O) and v, (P-O) are particularly sensitive to the polarization of the IR radiation, which can provide
valuable insights into the initial binding structure of the ligand on the Ag surface *. Based on the dominant intensities
of the v4(P-O) mode in the P-O stretch region and the presence of the v(P=0O) mode, it can be concluded that TDPA
binds to the Ag surface through a bidentate mode when immersed in the electrolyte. As illustrated in the schematic
representation of the modes in Fig. 2d, a bidentate binding structure allows for a dipole moment of the v4(P-O) mode

along the surface normal, leading to a high nano-FTIR intensity. Under the same configuration, the v, (P-O) mode,
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which has a dipole moment parallel to the surface, exhibits a low intensity. This non-zero intensity comes from the

orientation variation of the ligand on the NP surface with large curvature, allowing some coupling with the near field.
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Fig. 2. In situ nano-FTIR setup and determination of initial binding configuration of ligands on Ag NPs. a, A
schematic of the nano-FTIR experiment. The AFM probe is located over one of the graphene windows suspended across
the holes of a perforated 100 nm thick SisN4+ membrane (the diameter of the hole is 1 pm and only one hole is shown in
this schematic). The single-layer free-standing graphene closing the cell serves both as the working electrode and as
the separation between the aqueous environment and the AFM tip, thus preventing tip damage and contamination 2725,
The cell is filled with 0.1 M KHCO:s solution saturated with CO2 and the entire setup is situated in a dry N2environment.
b-c, Ex situ transmission electron microscopy (TEM) images of the monolayer Ag NPs drop cast onto the graphene
facing the electrolyte (b), and their evolved state after the application of negative bias (c). The scale bar is 100 nm in b
and c. The inset in b shows the densely packed monolayer particles, with a scale bar of 25 nm. d, Nano-FTIR spectrum
of Ag NPs inside the cell filled with electrolyte under open circuit condition. The P-O stretch region is composed of
four different modes around 962 cm (blue, dotted), 1039 cm™ (cyan), 1112 cm™ (red, dotted), and 1170 cm? (brown,
dotted), which correspond to v (P-O) coupled with v (P-C), v (P-O), v4s (P-O) coupled with v (C-C), and v, (P-O)
coupled with t (C-H), respectively. Schematics of the relative movement of atoms in symmetric and asymmetric modes,
as well as the corresponding dipole change projected along the z direction (surface normal) are depicted below the

spectrum.

Bias-Induced Bidentate to Monodentate Transformation

The structural evolution of ligands on the Ag NPs is revealed by the nano-FTIR line profiles captured under
electrochemical conditions (Fig. 3). Fig. 3a displays the image of the integrated near-field IR amplitude scattered from

the tip-sample region during scanning over the graphene-covered window and surrounding regions. The
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corresponding transmission electron microscopy (TEM) image of the same area, acquired after the nano-FTIR
experiment, reveals the NP distribution of the evolved state (Fig. 3b). While the near-field IR image exhibits a somewhat
lower spatial resolution compared to the TEM image, we employ it for localizing the aggregation of nanoparticles
during the nano-FTIR experiment. To preserve the integrity and functionality of the TDPA ligand, samples were not
exposed to electron beam prior to the nano-FTIR experiments, considering the extreme sensitivity of organic ligands

to electron beam radiation 3%,

Nano-FTIR line profiles under different biases, acquired along the scan direction represented by a red arrow
(Fig. 3a, b), are visualized as 3D color maps depicting line scans over which the intensity of nano-FTIR absorption is
recorded (Fig. 3c-h). All biasing potentials in this work are referenced to the reversible hydrogen electrode (RHE),
unless indicated otherwise. At OCP, which is approximately 0.71 V at pH 6.8, the intensity distribution of three P-O
stretch modes (v (P-O), v45 (P-O), v(P=0)) of the phosphonate head group indicates a relatively homogeneous
distribution of the as-prepared NPs within the graphene window. When a bias of 0.34 V is applied, the nano-FTIR line
profile (Fig. 3d) shows some spatial inhomogeneities, which we attribute to the initial rearrangement of ligands.
Interestingly, at -0.06 V, a boost in intensity of the v,5 (P-O) mode is observed, while the spatial inhomogeneity remains
similar. At -0.26 V, when the NPs are expected to begin fusing together (Supplementary Figure 2), the IR line profile
becomes highly inhomogeneous, characterized by the augmented localization of the intensity of the v, (P-O) mode
(Fig. 3f). Careful comparison between the IR line profile and the TEM image confirms that NPs aggregate and fuse
together at positions where the concentrated IR intensity is observed. Upon reduction of the bias, a decay of the v, (P-
O) mode intensity is observed. To better present the bias-induced intensity change of the v,5(P-O) mode, nano-FTIR

spectra taken in a representative position are provided in Fig. 3i.

The observed changes in the intensities of the v,5 (P-O) mode can be attributed to corresponding structural
modifications of TDPA ligands. At a bias of -0.06 V, we propose that the enhanced intensity of the v,4(P-O) mode is
attributed to the partial dissociation of Ag-O bonds, indicating a transition from bidentate to monodentate binding
configuration of the ligand head group. This structural transformation accounts for the boost in the intensity of v,(P-
O) mode in two ways. Firstly, this transformation releases one O atom with partial negative charges from the surface,
drastically augmenting the overall dipole moment of the v, (P-O) mode. Secondly, as depicted in Fig. 3j, the lifted O
atom reorients the ligand structure, increasing the dipole moment projection of v, (P-O) mode along the surface
normal direction. It is crucial to highlight that alternative factors that might account for the augmented intensity of the
V45 (P-O) mode, such as Localized Surface Plasmon Resonance (LSPR) or an increased concentration of ligands, can be
discounted. This is because if these factors were the primary drivers, one would expect a uniform increase in intensity

across a broad wavenumber range. However, we only observe the increased intensity exclusively in the v, (P-O) mode.
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Once the monodentate configuration is formed, the electrostatic interaction between the detached O atom and
the negatively charged Ag surface dictates a highly sensitive and dynamic response of the ligand structure to the
applied bias. Under -0.26 V, the boosted intensity of v,4(P-O) indicates that the ligand structure remains in the
monodentate configuration, which is further supported by the remaining P-O-Ag covalent interaction observed by X-
ray photoelectron spectroscopy (XPS) (Supplementary Figure 7-8). However, a greater accumulation of surface charge
compared to that under -0.06 V results in a larger separation between the detached O atoms and the Ag surface driven
by repulsion. This separation decreases upon gradual retraction of the bias (decrease of the overpotential), explaining
the decrease in the intensity of the v,5(P-O) mode when we retract the bias to 0.14 V and 0.54 V, as illustrated in Fig.
3g-h and Fig. 3i.
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Fig. 3. Spatially resolved bidentate to monodentate transformation and structural dynamics. a, Images of the total
scattered optical amplitude from the suspended graphene with NPs and its surrounding area. The intensity increases
when the tip is positioned on the top of the region outside the suspended graphene window because the gold film
under the graphene scatters more IR light (scale bar, 100 nm). b, Corresponding TEM image of the same area after the
nano-FTIR experiment (scale bar, 100nm). c-h, Color map representations of the nano-FTIR spectral intensities
(arbitrary units in the color scale) from 800 to 1800 cm! over the Ag NPs under various biases. The ranges for stretching
modes of P-O and P=0 are indicated. The nano-FTIR profiles were acquired at positions along the red arrows in a and
b. The electrochemical bias was applied in the following manner: OCP— 0.34 V— -0.06 V—-0.26 V— 0.14 V— 0.54 V.
Each nano-FTIR spectra is collected under a constant potential in 0.1 M KHCOs (pH 6.8) saturated with 1 atm COsx. i,
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Stacked nano-FTIR spectra (left panel) under stepped bias collected at the position on the line scan marked by a soft
green square in b. j, The mechanism of intensity variations of the v,5(P-O) mode under different potentials. All the

potentials in this figure are referenced to the reversible hydrogen electrode (RHE).

Microenvironment Formed by Transformation to Free Ligand

The in situ nano-FTIR measurement captures the bias-induced bond cleavage and structural dynamics of the
ligands. The high spatial resolution uniquely allows a direct comparison of spectra originating from NPs of varying
sizes and evolving statuses, which leads to the conclusion that the bidentate to monodentate transformation occurs
universally across all NP surfaces, maintaining consistent ligand structural dynamics irrespective of NP sizes
(Supplementary Note 2). However, within the bias window stabilizing the monodentate configuration, no evidence
suggests the occurrence of CO:z reduction, and the current nano-FTIR/graphene cell setup suffers from the fragility of
the graphene membrane under greater bias (beyond -0.26 V). To circumvent this problem and to capture the final
ligand state supporting CO2 reduction, we use surface enhanced Raman (SERS) to follow the evolution of the molecular
structure within NOLI up to more negative bias compared to those currently possible with nano-FTIR. This enables
tracking changes of ligand species through the onset of full detachment. The Raman scattering experiments employ a
focused laser beam that passes through the electrolyte and is focused on the electrode surface (Fig. 4a). However, SERS

is not polarized and hence there is no preferential orientation axis like in nano-FTIR.

The initial state of the ligand on Ag NPs (Fig. 4b), in electrolyte, is characterized by three main Raman peaks
at 540 cm, 711 cm™, and 780 cm! within the spectral range between 400 and 900 cm™ (Fig. 4b)- The peak at 540 cm™ is
assigned to O-P-O wagging (out-of-plane bending) mode of the ligand head group bound to Ag surface, supporting a
bidentate ligand configuration on the as-prepared NPs (Supplementary Table 1). The C-P stretching mode is located at
780 cm, with a shoulder peak at 711 cm™ which is assigned to alkyl C-C bending 3. Upon initial biasing, the O-P-O
wagging mode disappears. As predicted and shown in other works, this type of mode can be highly dependent on the
binding configuration and even surface geometry, given that the prominent structural change due to the detachment
of an O atom can contribute to distinct active modes, supporting that a change in ligand configuration is occurring
upon initial biasing 323, Meanwhile, the continued appearance of C-P stretches confirms the ligand is still detectable
near the surface. Together, this compellingly demonstrates the detachment of first Ag-O bonds and supports the results

from nano-FTIR (Supplementary Note 5).

Under the same conditions, a dominant peak emerges at 530 cm-!, which belongs to the P-O bending modes
(i.e., 8(O-P-O), or §(C-POs)) 3. This mode exhibits a red shift of 10 cm*! compared with the wagging mode of the
initial state, which arises from a distinct ligand configuration following the second Ag-O detachment occurring
between -0.40 and -0.65 V 3133, Under higher bias (-0.40 V and greater, Fig. 4b), the sharp peak at 710 cm is assigned to
COs* bending mode and accompanied by the depletion of the bicarbonate CO-H mode (1042 cm). This confirms a

change in the pH near the surface that occurs at the onset of COz reduction in the NOLL in agreement with the onset
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of Faradaic currents observed by linear sweep voltammetry (LSV) (Fig. 4d). As expected, the second detachment
prompts interlayer formation, causing substantial changes within the local electrochemical environment, and the onset

of efficient COz2reduction marked by a change in the reactive species present 7.

Utilizing the C-Hx region, containing asymmetric and symmetric stretching modes (2800 — 3000 cm!), the bias-
induced behavior of the alkyl chains is captured. A peak at 2821 cm™ emerges starting from - 0.40 V (Fig. 4c), which
remains unreported in many spectroscopic studies focused on alkyl chains and their assemblies 3*41. Notably, this peak
is negligible during the bias-induced detachment process of a TDPA assembly on polished (planar) Ag foil
(Supplementary Figure 16), which offers a contrast to the ligand behavior arising from surface curvature-induced
ligand-ligand interactions which can be stabilized under biasing conditions in NOLI'. Furthermore, the bias-
dependent behavior of this mode is reversible, as the peak disappears when the bias is retracted (Fig. 4c). Based on
these observations, we propose this peak represents a C-H stretching mode which originates from the presence of
solvent molecules situated between alkyl chains. This proposition stems from the understanding that while the ligand
layer remains in proximity to the NP after detachment, applying greater bias expands the spatial region that an
individual ligand can explore as it is electrostatically repelled from the surface. This process increases the likelihood of
water intercalation between the ligand chains and these water molecules would potentially weaken the C-H stretch

mode (Supplementary Figure 16, Supplementary Note 6).
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Fig. 4. Bias-induced second bond cleavage towards formation of the catalytic interlayer. a, Simplified schematic of
in situ Raman spectro-electrochemical set-up conducted in a customized cell. A roughened Ag substrate is used to
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further boost scattering enhancement and one layer of graphene is transferred onto the surface. Ag NPs are then drop
casted onto graphene capped electrodes. b, in situ Raman spectra from the Ag NPs on the graphene/SERS electrode in
0.1 M KHCO:s (pH 6.8). Illustrations show O-P-O wagging, C-P stretching, and P-O symmetric stretching modes with
the Cus alkyl chain represented for simplicity by one C atom (brown). Each of these modes is indicated by a dashed line
in the left spectra. The remaining peaks at 1007 and 1064 cm are assigned to bicarbonate CO-H bend and carbonate
symmetric stretching modes, respectively, and carbonate bending at 710 cm™, from the electrolyte . ¢, in situ Raman
spectra in the C-Hx region. In the range of 2850 and 2950 cm!, methylene (-CHz) and methyl (-CHs) symmetric and
asymmetric stretches appear. The peak at 2825 cm! appears at greater applied biasing conditions (green dashed line).
The presence of a high-quality layer of graphene is confirmed by the presence of graphene’s 2D mode around 2680 cm-
! (Supplementary Figure 14) 4. All Raman peak intensities are normalized to this mode. Potentials in b and ¢ are
referenced to the reversible hydrogen electrode (RHE). d, LSV from 0.2 V to -0.7 V of as-prepared Ag NPs without
holding (blue) and after holding at -0.1 V (orange), or -0.5 V (purple) for 30 mins. e, Optimized structures obtained
through DFT calculations (0 V vs. Standard Hydrogen Electrode).

The bias-induced step-by-step detachment mechanism of the ligand can be further supported by a careful
analysis of the LSV. As shown in Fig. 4d, after a cathodic scan from 0.2 V up to -0.7 V, a broad cathodic peak is observed,
which is due to the elimination of covalent interactions between ligands and NPs (blue curve) 7. However, when the
NPs are preconditioned at a constant potential of -0.1 V for 30 min, the subsequent LSV scan distinctly shows a cathodic
peak centered around -0.4 V (orange curve). This indicates the broad cathodic peak of the blue curve contains at least
two sequential differentiated charge transfer processes with onset potentials corresponding to 0.1 V and -0.3 V. These
two sequential processes can be assigned as first and second Ag-O bonds cleavage (Supplementary Figure 8), respectively,
which aligns well with the observations in nano-FTIR and SERS experiments. Interestingly, the LSV scan after
preconditioning at -0.5 V (both bonds are dissociated) exhibits a nonzero non-Faradaic current from 0.2 V to -0.2 V
(purple curve), in contrast to the zero current observed after being held at -0.1 V (orange curve). This observation
supports that the insertion of charged species (i.e. K*) to the ligand-Ag interface can only occur after both Ag-O bonds
are dissociated. Furthermore, no notable difference in selectivity and activity between direct and stepped potential
application has been observed for NOLL This indicates that stepping of the applied potentials used in nano-FTIR, SERS,

and LSV experiments does not interfere with the formation of the NOLI structure (Supplementary Figure 17).

To gain more detailed insights into the ligand dissociation mechanism, DFT calculations are performed, which
provide an additional support for the initial state of a bidentate structure under OCP (Fig. 4e, Supplementary Method).
The calculations also reveal that the presence of intercalated water molecules on the Ag surface, evidenced by sum
frequency vibrational spectroscopy (SFVS) (Supplementary Figure 18, Supplementary Note 7), was essential for the
stability of the detaching ligands (Supplementary Figure 20). Furthermore, as indicated by the calculated energetic
phase diagram (Supplementary Figure 21), a more negative bias amplifies the electrostatic repulsion between the
negatively charged surface and the ligand head group, which serves as the driving force of the bond cleavage. The
complete detachment of ligands not only provides the space for cation insertion (Fig. 4c-d), but the resulting negatively

charged layers (both the charged Ag surface and the detached ligand head groups are negatively charged) promote
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the partial shedding of the cations’ solvation shell, thereby exposing positive charges to stabilize the NOLI structure 7.
This partially solvated cation has been shown to play a crucial role in enhancing the electron transfer in electrocatalytic

systems 4445,

Conclusion

In this study, we employ a suite of in situ spectroscopic techniques and elucidate the formation pathway of a
microenvironment through bias-induced ligand detachment at the nanometer scale. By unraveling the molecular-scale
events that accompany this process, we gain a comprehensive understanding of the evolution of electric field confined
near the NP surface, mediated by ligand dynamics, which supports favorable non-covalent interactions and thus
enhances the selectivity and activity. These insights offer fundamental knowledge for guiding the design of
electrocatalysts through traceable structural evolution of the NP-ligand systems. Furthermore, the methodology
presented in this work could be universally applied to investigate the dynamic response of various interfacial species
(capping ligands, reaction intermediates, solvent molecules) to multiple external stimuli and with nanometer spatial
resolution, thereby substantially facilitating the mechanistic understanding of how the molecular-level events
ultimately leads to specific NP functionalities and phenomena. This holds great importance for providing fundamental
guiding principles for the rational design of responsive ligand-NP systems of desired functionalities with precise

dosage-, spatial- and temporal- control across medicine, optoelectronics, and energy fields.

Methods

NP synthesis and Ag foil preparation

Ag NPs were synthesized following the previously reported procedures 7. For TDPA assembled Ag foil (Alfa
Aesar, 99.9%), Ag foil was initially mechanically polished using 2000G sandpaper, followed by Alpha alumina powder
with decreasing sizes of 1, 0.3, and 0.05 micrometers until achieving mirror shiny. The polished Ag foil was immersed

in 10 mM TDPA ethanolic solution overnight, and adequately rinsed with ethanol and deionized water.

Electrochemical measurement

All the electrochemical measurements were conducted using a customized H-cell, with an anion exchange
membrane (Selemion, AMV) separating working and counter chambers. The reference electrode was Ag/AgCl 3 M KCl
(World Precision Instruments), and the counter electrode was an electropolished platinum wire. The conversion of
electrode potentials from Ag/AgCl 3 M KCl to the reversible hydrogen electrode (RHE) is achieved through: E (vs.
RHE) =E (vs. Ag/AgCl 3 M KClI) + 0.210 + 0.0591 x pH. In terms of electrochemical testing, a stepped potential program
was employed using the chronoamperometry (CA) technique with two continuous biases. A scan rate of 50 mV/s was

used in the Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) and 85% of the ohmic losses were
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compensated automatically by the potentiostat (Biologic), while the remaining 15% was manually post-corrected. In
terms of catalyst loading, 29 ug of Ag NPs were deposited on the 1 cm? carbon paper (29AA). To remove the ligand
layer from the Ag-NOLI electrode, the electrode was biased under -1.3V vs. Ag/AgCl for 20 min and rinsed thoroughly

with 1 M KOH. We used Scanning electron microscopy (SEM) to confirm the intactness of the particles.

nano-FTIR measurements

Nano-FTIR measurements were conducted at beamline 2.4 and 5.4 of the Advanced Light Source at the
Lawrence Berkeley National Laboratory. The details of graphene membrane fabrication and the graphene liquid cell
have been previously reported ¥.2. Following the graphene transfer process, a hexane suspension containing 2 g of
NPs was drop-casted onto the corrugated side of the graphene membrane. The details of the experimental setup and

data analysis process can be found in the published work?.

Preparation of Raman measurements

Samples for in situ Raman experiments were prepared starting from an anodized Ag foil. The foil was then
treated via the reported method for roughening of Ag for purposes of boosting SERS performance. First, Ag foil was
gently sanded down and electrodes were cut to a desired size. Ag electrodes were then sonicated in Milli-Q water (18.2
MJQ) to remove any loose Ag remaining on the surface. Electrodes are then submerged in a 30% NH4OH solution for
45 seconds and rinsed with Milli-Q water, followed by submersion in 6 M HNOs for 90 seconds*. After, electrodes are
rinsed, sonicated, and treated in an oven at 60 °C. Prior to graphene transfer, Ag-roughened electrodes are treated with
plasma for 1 min to remove surface impurities. Graphene transfer is conducted in the same manner as described for
Nano-FTIR membranes. Electrodes are annealed overnight to improve the stability of graphene under aqueous
environment and biasing prior to use. Ag NPs are deposited on the graphene-capped Ag roughened (g-SERS)
electrodes. For control measurements of HPO4*/PO4*, a liquid sample holder was used, the solution was transferred

onto the g-SERS electrodes for Raman measurements.

Electrochemical Raman spectroscopic measurements

In situ measurements were performed in a custom-built Raman spectro-electrochemical cell with the working
electrode consisting of the 6 nm Ag NPs deposited on chemically roughened Ag surface, Ag/AgCl 3M KCl reference
electrode (World Precision Instruments), and Pt mesh counter electrode. The ohmic drop (ZIR) of the electrochemical
cell was compensated for each spectrum and chronoamperometry (CA) was run by stepping subsequently towards
more negative potentials using a Biologic potentiostat. Raman spectroscopic measurements were obtained using the
Horiba LabRAM HR Evolution. Excitation at 532 nm from an HeNe laser source which was focused through a 20x
microscope objective (Olympus). The incident laser to the system was attenuated by a D 0 - 0.3 filter (6~8mW/um?).
The hole size was 200 um and the focus plane of electrode samples was focused using white light from a halogen lamp

or directly via laser illumination. In addition, the Raman spectrometer was equipped with a diffraction grating of 600
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gr/mm. This was a preferred choice of grating as it ensured adequate signal acquisition even from samples covered by
a thick layer (several millimeters) of aqueous electrolyte. Collection parameters were set at 10 s exposure, 30 s RTD
exposure, and 5 s for potentiostatic measurements at negative applied potentials (V) in Fig. 4 (main text), or 10 s for
measurement of powder TDPA Raman spectra used in Supplementary Figure 10. The background of Raman spectra

was removed via LabSpec 5 software, and a Savitzky-Golay smoothing method (parameters set to 31, 6) was applied.

Density Functional Theory calculation

Density functional theory (DFT) calculations were employed using Vienna Ab initio Simulation Package
(VASP) 4% to obtain the optimized structures of the ligand on the Ag surface in various configurations: tridentate,
bidentate, monodentate, and non-dentate, consisting of 3, 2, 1, and 0 O atoms of the ligand, respectively, attached to
the surface. The projector augmented wave (PAW) method *° was employed, and the generalized gradient
approximation(GGA) was used to describe the exchange-correlation °'. To account for van der Waals (vdW) forces, the
D3 correction method of Grimme et al 52 was incorporated. We used an energy cutoff of 550 eV for all systems. K-points
meshes of 11x11x11 and 1x1x1 were used for bulk Ag and ligand in vacuum, respectively, while a 7x7x1 mesh was
used for surface calculations. We used the Ag (111) surface for our calculations because it is the most stable Ag surface®.
To simulate the experimental ligand coverage of 1 ligand in 29 A2 of Ag surface, a 2x2 supercell (with an edge length
of 5.9 A) in the x-y plane with one ligand was chosen as the model structure. Of the six silver atomic layers, the bottom
three were kept fixed while the top three layers were allowed to move during the relaxation. An additional 15 A of
vacuum was imposed in the z direction to prevent undesirable neighboring interactions (Supplementary Figure 19).
The computational setup used is described in more detail in Supplementary Method. While the ligand used in the
work contains 14 carbon atoms ((CHz2)13CHs) attached to a phosphonic head group, a 4-carbon atom chain-based
((CH2)sCHs) ligand is considered sufficient to capture the binding configuration to minimize the calculation cost
(Supplementary Table 7). All the geometry relaxations were converged to within 10-5 eV of the total energy. For surface
relaxations, it was found advantageous to relax the structure in stages: a rough relaxation to 10+ eV was followed by a
refined relaxation to 10 eV of the total electronic energy. The net charge of the system was set to -2 for the tridentate,

bidentate, and monodentate configurations while the non-dentate with one attached H had a net charge of -1.

Sum frequency vibrational spectroscopy measurement

We use the same SFVS experimental setup as in our previous papers™.

Structural characterization of NPs
The sizes and shapes of the as-prepared NPs were checked by transmission electron microscopy (Hitachi H-
7650) while the evolving status on carbon paper was characterized by Scanning electron microscopy (Ultra 55-FESEM).

X-ray photoelectron spectroscopy (XPS) with an Al Ka source was conducted using a Thermo Scientific K-Alpha
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instrument, and Shirley background subtraction was employed for data analysis. Attenuated total reflection Fourier-

transform infrared spectroscopy (ATR-FTIR) was performed on a Bruker Vertex80 FTIR instrument.

Data availability

All data is available from the authors upon reasonable request.
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