
Unveiling the Angstrom-Scale Interfacial Electron Spillover through
the Metal/Electrolyte Interface
Jun Yi,○ Yue-Jiao Zhang,○ Yi-Fan Huang,*,○ Jun-Rong Zheng, En-Ming You, Xiang Wang, Wei Lu,
Petar M. Radjenovic, Meng Zhang, Sai Duan, Jian-Feng Li,* Bing-Wei Mao, De-Yin Wu, Bin Ren,
Wolfgang Schmickler, Alexei A. Kornyshev, Xin Xu, Xiang Zhang, and Zhong-Qun Tian*

Cite This: J. Am. Chem. Soc. 2025, 147, 29468−29477 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The behaviors of solid−liquid interfacial electron
spillovers under negative potentials are crucial for understanding
heterogeneous reactions and catalysts. The missing experimental
details at the angstrom scale leave the current understanding of
interfacial electron spillovers largely conceptual. Herein, we
demonstrated interfacial electron spillover at electrode−electrolyte
interfaces by combining in situ electrochemical plasmon-enhanced
Raman spectroscopy (PERS) with a plasmonic molecular ruler
strategy. Using a series of molecules adsorbed on or proximate to
metallic electrodes (Pt, Pd, Au, and Ag) as molecular rulers, the
electron spillover from electrodes to electrolytes was experimentally
and theoretically correlated to the PERS bands of the functional groups of rulers, which provided a spatial resolution down to the
angstrom scale. The electron spillover length was highly dependent on the potentials, metals, and electrolytes. An electron spillover
with a length of up to 4 Å was observed at the Ag electrode−organic electrolyte interface. These results provide quantitative
measurements of the fundamental details of electronic behaviors in metal−liquid interfaces, which may guide efforts to tailor the
physical and chemical properties of metals under electrochemical polarization and prospectively enable active control of quantum
plasmonics for angstrom-scale interfacial sensing.

■ INTRODUCTION
Hydrogen evolution reaction (HER), CO2 reduction reaction
(CO2RR), and nitrogen reduction reaction (NRR) are
fundamentally important electrochemical reactions that have
been considered promising solutions for sustainable develop-
ment.1,2 These electrochemical reactions are mostly triggered
under significantly negative potentials with large current
densities, and their properties are essentially determined by
the interfacial electronic structure under such overpotentials.1,2

One of the interesting interfacial structural evolutions under
very negative potentials is the interfacial electron spillover. Due
to quantum mechanical effects, electrons from metallic
electrodes can spill out beyond the boundary of the metal
framework for a few angstroms, a phenomenon known as
interfacial electron spillover. This phenomenon critically
depends on interfacial properties, such as the work function
of the metal, and can be modulated by applying external
potentials. Under negative potential, excessive charge usually
leads to more significant electron spillover. The interfacial
electron spillover could lead to nonclassical interfacial effects,
such as the production of interfacial electron−hole pairs,3

resulting in drastic changes in material properties,4 including
electric capacitance,5 optical properties,4 and catalytic
activity.6,7 Furthermore, electron−adsorbate interactions at

the interface may also alter the chemistry of adsorbates via
electron injection or promote chemical reactions by weakening
chemical bond strength.6−8 Therefore, fundamental knowledge
and control of interfacial electron spillover will significantly
guide interfacial chemistry and materials design, attracting
tremendous attention.4,9−13

Since Rice’s pioneering work14 in 1928, several models have
been proposed to describe interfacial electron spillover.5,14−17

One of these models is the jellium model that correlated the
features of interfacial electrons with the metal surface
macroscopic properties, such as the electric double-layer
capacitance, surface electro-reflectance, and the work function
of metals.5,17 Based on this model, the electrons in a metal are
described as electronic jellium, while the ionic cores are
represented by a constant positive background charge that
abruptly drops to zero at the metal surface, forming the so-
called jellium edge. The distribution of electronic jellium
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inherently depends on the nature of the metal electrodes and
interfacial properties. Besides interfacial engineering, applying
external potentials to metals is an effective way to manipulate
electron spillover by modulating barriers. Although the field-
induced surface atomic reconstruction process for some
metals18 (particularly single-crystal metals) may make this
dependency difficult to observe, the main features of the
electronic jellium tail are predicted to spill over the metal
boundary and extend into the electrolyte as far as a few
angstroms, depending on the applied negative potential.
Unfortunately, the jellium model is predominantly limited to
a few simple s-p metals used in electrochemical research, such
as Hg, In, Ga, Pb, and Ag. To rationally study models with
increasingly larger numbers of atoms in real chemical systems,
it is highly desirable to overcome the limitations of simple s-p
metals and obtain more detailed insights into electronic
jellium, thereby advancing the development of a conceptually
significant and efficient jellium model. Furthermore, although
several techniques have been developed to study the interfacial
structure at potentials close to the potential of zero charge
(PZC),19−21 it remains challenging to study interfacial
electronic spillover under electrochemical potentials. This
difficulty arises because experimental characterization of the
electronic distribution at such an angstrom scale at metal/
electrolyte interfaces is still lacking.
Here, we quantified the potential- and material-dependent

angstrom-scale electron spillover at the metal/electrolyte
interfaces in the potential range of hydrogen evolution by
using in situ electrochemical plasmon-enhanced Raman
spectroscopy (PERS). With the molecules adsorbed on or
proximate to the metal electrodes as molecular rulers, we
delved into the correlation of the electron spillover with the
PERS response. The electronic spillovers on metals (Ag, Au,
Pd, and Pt) and electrolytes were correlated with increased
PERS intensity at negative potentials, as confirmed by
theoretical modeling that couples electron spillover with
surface plasmon resonance. With the molecular rulers, we
explored the interfacial electronic spillover in electrochemical
interfaces with respect to the electrochemical potential,
electrode materials, and electrolytes. These studies provided
the electron spillover length within a few angstroms not only
on classic simple metals like Ag but also on Pt and Pd, which
are widely used in electrochemical applications. This
demonstrates the universal applicability of our method for
metal electrodes, with broad relevance to both electro-
chemistry and materials science.

■ RESULTS AND DISCUSSION
Observation of Interfacial Electron Spillover from

Metals into Water. Water is the most abundant compound
on Earth; therefore, the interfacial electron spillover from
metals to aqueous electrolytes is of great interest. Figure 1
illustrates our strategy for revealing the electron spillover at the
metal/aqueous−electrolyte interface based on changes in
potential-dependent PERS signals of water. The electronic
density at the Ag/electrolyte interface in the absence of
illumination (n0, representing the equilibrium electron density)
spills over the ionic skeleton edge of the Ag electrode and
penetrates into the electrolyte, consistent with predictions
from the classical jellium model.5 To experimentally probe the
spillover, PERS is utilized as a highly sensitive and powerful
technique for detecting surface species.22−24 The PERS signal
of species adsorbed on or in proximity to the metal surface can

be correlated with their distance from the surface, enabling
accurate measurements at the angstrom scale in the direction
perpendicular to the surface. These species act as molecular
rulers, providing spatially resolved Raman spectral measure-
ments that enable nanoscale characterization with accuracy
comparable to or even higher than that of established
techniques.25−29

The detection mechanism is based on the coupling between
electron spillover and optical excitation. When the electrode is
illuminated at the appropriate frequency, as in PERS
experiments, the spilled electrons in the electrolyte, together
with the free electron gas within the Ag framework, oscillate
coherently through surface plasmon resonance. At more
negative potentials, both the equilibrium electron density n0
(Figure 1a) and the optically polarized nonequilibrium
electron density n1 (Figure 1b) upon illumination extend
further from the surface, influencing different functional groups
of adsorbed molecules that serve as molecular rulers. This
behavior contrasts sharply with classical predictions, where
both n0 and n1 are confined strictly to the Ag/electrolyte
interface. In the quantum mechanical framework, however,
ground-state electron spillover n0 enables optically polarized
electrons n1 to extend deeply into the electrolyte, creating an
extended plasmon resonance interface within the electrolyte
medium. Consequently, by distinguishing PERS signal changes
of molecular rulers that are directly attributable to potential-
induced deformation of the surface electronic profile from

Figure 1. Schematic illustration of the interfacial electron spillover at
the electrode−electrolyte interface. (a) Schematic illustration of the
interfacial electron spillover at the electrode−electrolyte interface
under neutral potentials (left panel) and very negative potentials
(right panel). The cloudy blue region indicates the equilibrium
electron density spillover outside the ionic skeleton edge in the
absence of illumination. The gray dashed curve serves as a guideline
indicating the distribution of electron density. (b) Schematic
illustration of the polarized interfacial electron spillover under
illumination. The cloudy red region indicates optically polarized
electron density. The gray dashed curve serves as a guideline
indicating the distribution of electron density. Molecules of different
bond lengths in the red region act as molecular rulers, their potential-
dependent PERS variations, which arise from the interfacial electronic
response, provide a strategy to determine the spillover characteristic
length.
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other effects, we can extract quantitative information about
electron spillover.
In order to comprehensively understand electron spillover

on metal electrodes, Raman spectra were obtained on noble
metals (Ag and Au) as well as transition metals (Pt and Pd). As
shown in Figure 2a, a layer of nanoparticles was directly
dispersed on and in contact with the metal electrode surfaces
to induce plasmonic enhancement, mimicking the effects
observed on roughened metal electrodes. For Pt and Pd
electrodes, PERS enhancements were optimized using Au-
core@transition-metal-shell nanoparticles (Figure S1).
As shown in Figure 2b,d, at negative potentials, the Raman

spectra of water on the Ag electrode show significant
alterations. A strong libration mode of water at ca. 470 cm−1

is observed, with an intensity even greater than that of the
water bending mode (δH−O−H) at ca. 1610 cm−1. Similar results
were also observed from Au and Pd electrodes. This
contradicts the Raman spectrum of aqueous water, where the
libration mode is invisible compared with the δH−O−H mode.
Notably, as shown in Figure 2b,d, the frequency of the δH−O−H
mode is highly material-dependent, with 1609 cm−1 from the
Ag electrode and 1621 cm−1 from the Au electrode, which is a
result of the surface interaction between the metal and the O−
H bonds of water. This confirms that the observed abnormal
spectral features originate mainly from the interfacial water
molecules that interact with the metal.
The abnormal spectral features, particularly the strong

libration mode of water, are theoretically attributed to the
interaction between water molecules and free electrons, where
one O−H moiety from each of several water molecules is
directly hydrogen-bonded to the electron, leading to dramatic
changes of vibrational modes and photoabsorption character-
istics of the electron-injected water.30 This phenomenon is also
evidenced by pump−probe Raman spectroscopic studies31

(Figure S2), which demonstrate that transient electron

injection into bulk solutions greatly enhances the δH−O−H
and libration water modes, a phenomenon termed solvated
electron-enhanced Raman scattering (EERS).31−33 Particularly
in EERS experiments with injected electrons, the broad
libration mode of water becomes even more intense than the
δH−O−H mode. The spectral features observed in EERS
perfectly match those seen in our experiments, as shown in
Figures 2a and S3, suggesting that interfacial electron spillover
from the metal electrode into water occurs within this potential
range in our systems. The correlation between the increase in
the intensities of both δH−O−H and libration modes and
electron spillover is further supported by the comparison
between the PERS responses and the normal Raman spectral
features of water in the solvation shell of halide anions, as
shown in Figure 2b. Here, the halide anion serves as an
analogue to the spilled electron that interacts with water
molecules. As expected, the libration mode is strongly
enhanced in this scenario. Moreover, more polarizable halide
anions lead to stronger δH−O−H bands and libration modes.
However, the Raman spectra from the Pt electrode exhibit

distinct features. The libration mode is kept silent, and a band
of the Pt−H stretching mode (υPt−H) with a frequency of 2000
cm−1 emerges. It is well-known that a full monolayer of atomic
hydrogen (ca. 1.9 Å thick layer34) is adsorbed on the Pt surface
at negative potential, where Pt−H originates from the
electrochemical reduction of protons. The Pt−H layer
physically isolates water from the electrode surface by a few
angstroms, leading to a much weaker interaction between
water and spilled electrons, as supported by the absence of the
libration mode of water from the Pt electrode. We note that Pt
and Pd electrodes interact differently with hydrogen: Pt forms
stable surface Pt−H species that suppress electron spillover,
while Pd rapidly absorbs H into the bulk lattice, enabling
consistent spillover enhancement35−37 (see Supplementary
Section 11 for details).

Figure 2. Correlating the changes in Raman band intensities with the interfacial electron spillover. (a) Schematics of the PERS experimental
configuration. WE: working electrode; RE: reference electrode; CE: counter electrode. (b) PERS spectra of water on Ag, Au, Pd, and Pt in 0.1 M
NaClO4 at a potential of −1.9 V. The normal Raman spectrum of pure water is also shown for comparison. (c) Comparison between the PERS
spectrum of water on Ag at −1.9 V in 0.1 M NaClO4 and normal Raman spectra of 4 M KI, KBr, KCl, KF, and pure water. (d) Potential-dependent
PERS spectra of water on Ag, Au, Pd, and Pt in 0.1 M NaClO4. (e) Normalized potential-dependent PERS intensity of δH−O−H on Ag, Au, Pd, and
Pt in a 0.1 M NaClO4 electrolyte. Error bars indicate statistical errors from multiple measurements from five batches of samples.
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Besides the material dependency, another interesting
observation is that the intensity of the libration mode and
δH−O−H also depends on the applied potential. Changes in
potential from −1.0 V to −1.9 V result in a concomitant
increase in the intensity of δH−O−H and the libration mode on
these metal surfaces to different extents, as shown in Figure 2c.
Figure 2d quantitatively summarizes the potential-dependent
PERS intensities of δH−O−H, showing similar trends on Ag, Au,
and Pd electrodes, with the maximum increase being up to 20
times on Ag. For the Pt electrode, due to the monolayer Pt−H
adsorption, the intensity increase of the δH−O−H mode is
negligible, while the υPt−H mode increases under negative
potentials. This suggests that the spilled electrons are mainly
confined within the Pt−H layer, i.e., ca. 1.9 Å away from the Pt
surface. Therefore, the increase in both PERS intensities of
δH−O−H and υPt−H can be used to unveil the electron spillover if
a detailed correlation between them can be established.
Bridging the Electron Spillover to the Increase in

PERS Enhancement of Materials at Negative Potentials.
In PERS, enhancement mechanisms are typically attributed to
chemical enhancement and electromagnetic (EM) enhance-
ment. Chemical enhancement is selective for specific molecules
or vibrational modes due to electronic interactions and charge
transfer processes between adsorbates and the metal surface.22

However, the universal PERS enhancement observed under
negative potentials is independent of electrode material,
molecules, or vibrational mode (see Supplementary Sections
1 and 4, Figure S4), indicating the predominant role of EM
mechanisms. We propose that upon illumination, spillover
electrons in the electrolyte become polarized and couple to the
surface plasmon resonance, thereby altering the local electro-
magnetic field distribution at the electrode surface (Figure S5).
Consequently, this modifies the Raman intensity of surface
species through an enhanced electromagnetic coupling. To
quantitatively correlate the measured electronic response with
PERS intensities, we calculated the electromagnetic field at the
surfaces of the metal electrodes under negative potentials.
We employ the quantum hydrodynamic model (QHT)38−41

with affinity energy corrections to address the limitations of the
Jellium model for common metal electrodes. The QHT has
demonstrated accuracy comparable to time-dependent density
functional theory (TD-DFT) while enabling a self-consistent
description of interfacial electron spillover under electro-
chemical potentials in both equilibrium and optically polarized
nonequilibrium states. The detailed QHT formulations for the
electrochemical interface are described in Supplementary
Sections 8−13, Figures S6-7.
The calculated electromagnetic field distribution on the Ag

electrode surface (Figure 3a) reveals that with increasingly
negative potential, the location of maximum electric field
enhancement shifts away from the electrode surface, while the
overall average field strength increases. To elucidate this
behavior, we examined the electron density profile at the Ag−
electrolyte interface. In the absence of illumination, the
electron density remains at equilibrium, with electrons spilling
over the boundary of the Ag framework and penetrating deeper
into the electrolyte at more negative potentials, consistent with
classical jellium model predictions.5 Under laser illumination
during PERS experiments, both the spilled electrons in the
electrolyte and the free electrons in Ag collectively oscillate,
generating localized surface plasmon resonance (LSPR). The
optically polarized electron density n1 exhibits similar
potential-dependent spillover behaviors, as shown in Figure 3b.

Unlike the classical scenario, where n1 is confined strictly to
the Ag/electrolyte interface, quantum spillover allows these
polarized electrons to penetrate deeply into the electrolyte and
couple with the electrode’s LSPR. Since the local electro-
magnetic field strength is proportional to the surface density of
polarized electrons, the field reaches its maximum where the
density of polarized electrons in the electrolyte is greatest.
More negative potentials increase the population of spilled,
polarizable electrons, enhancing the field strength at the
electrode surface and resulting in a consistent PERS signal
increase. We therefore define the distance of maximal polarized
electron density as the characteristic spillover length, as it
directly relates to the experimentally observed PERS enhance-
ment. In contrast, the common definition of spillover length,
based on the center of mass of equilibrium electron density n0,
is experimentally inaccessible and unrelated to light-driven
processes (Figure S9).
Based on QHT calculations, the electron spillover length at

the Ag−electrolyte interface reaches 3.3 Å. The observed PERS
enhancement of δH−O−H follows the order Ag > Au > Pd
(Figure 2d,e), suggesting that electron spillover lengths follow

Figure 3. Electron spillover and its correlation with PERS intensity
based on the QHT model. (a) The electromagnetic field distribution
on the surface of the electrode (left panel) and a zoom-in of the
hotspot regions (right panel) under −1 V and −2 V. The illumination
laser is at 633 nm with a power density of 1 mW/μm2. (b) The
distribution of equilibrium electron density n0 (top panel) and
optically polarized nonequilibrium electron density n1 (bottom panel,
multiplied by 2000 times) across the Ag electrode−electrolyte
interface. The gray shaded region indicates the Ag skeleton, and the
blue shaded region indicates the electrolyte. The densities n0 and n1
are normalized to the ion density of the Ag skeleton nb. (c) PERS
enhancement factor at the interface under −1 V and −2 V. (d)
Schematics of monolayer Pt−H adsorption on the Pt electrode
surface. (e) The calculated n0 and n1 (multiplied by 2000 times) for
the Pt electrode under negative potential. The red shaded region
represents the Pt−H surface layer.
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the same trend when using water molecules as molecular
rulers. This trend is consistent with the predictions based on
QHT regarding the concentration of free electrons in the bulk
material and the surface charge. While surface reconstruction
occurs on Au electrodes,42,43 our polycrystalline electrodes
create ensemble-averaging effects where individual grain
reconstructions and surface modifications are statistically
diluted across the entire electrode surface, minimizing their
impact on macroscopic electron spillover behavior.
For Pt electrodes, however, hydrogen monolayer adsorption

at the surface (Figure 3d) significantly alters the electrode
properties and suppresses electron spillover. Our calculations
show that the spillover length decreases by approximately 2 Å
in the presence of the Pt−H layer (Figure S8), with spilled
electrons largely confined within the ∼1.9 Å thick Pt−H region
(Figure 3e). As a result, only the υPt−H mode is enhanced at
negative potentials (Figure 2d), while the δH−O−H mode of
water molecules remains unchanged. This distinct behavior
explains the different potential dependences of the δH−O−H
intensity observed for Pt versus Pd, despite their similar bulk
electronic structures.
Notably, the density of spilled electrons is only a tiny

fraction of the total electron density, and therefore, the LSPR
frequency remains largely unaffected with increasingly negative
potential (Figure S10). The calculated PERS enhancement

factor increases consistently but modestly (1.46-fold from −1
V to −2 V), matching the 1.8-fold PERS intensity change for
the υPt−H mode on the Pt electrode but significantly lower than
the 20-fold enhancement observed for the δH−O−H mode on
the Ag electrode (Figure S11). This quantitative discrepancy
likely arises from interfacial water restructuring at highly
negative potentials on the Ag electrode, as supported by
molecular dynamics simulations showing water molecules
reorient from a “parallel” alignment at PZC to a “two-
hydrogen-down” configuration under highly negative polar-
ization, thereby altering the Raman polarizability.44 Interest-
ingly, the δH−O−H intensity enhancement on the Ag electrode is
much greater than that on Au or Pd electrodes (notably abrupt
at −1.6 V, Figure 2d). This suggests that the electron spillover
on the Ag electrode (3.3 Å based on QHT) is likely to
penetrate beyond the first layer of water molecules at very
negative potentials, while the electron spillover of the other
metals is limited to or below the first layer, depending on the
magnitude of PERS intensity increases. However, due to the
elusive structure of the interfacial water molecular assemblies
in the aqueous electrolyte and since the first layer of water
molecules can be attached differently to these electrodes, it is
difficult to precisely quantify the electron spillover length based
on the PERS of water.

Figure 4. Measuring the length of the electron spillover on the Ag electrode in contact with the organic electrolyte. Phenylacetylene (PA) acts as a
molecular ruler in tetrahydrofuran with 0.1 M tetrabutylammonium hexafluorophosphate as the organic electrolyte. (a) PERS spectra series of PA
as a function of applied voltage under laser excitation of 633 nm. (b) Typical PERS spectra of PA under negative potentials. (c) The integrated
PERS intensity of ν6a (blue squares), ν8a (red dots), and νc≡c (green triangles) modes as a function of voltage, normalized with respect to the
voltage = −1.0 V case. The QHT-calculated PERS intensity of ν8a (red curves) and νc≡c (green curves) is shown for comparison. The error bars are
statistical errors obtained from multiple measurements from five batches of samples. (d) Schematics of the bond lengths of PA adsorbed on the Ag
surface. The lengths of Ag−C and C�C are 2.1 Å and 1.2 Å, respectively. (e) The calculated distribution of polarized electron spillovers n1 under
excitation of 633 nm and (g) 532 nm (right panel) with various applied voltages. (f) The calculated electric field enhancement |E/E0| under
excitation of 633 nm and (h) 532 nm with various applied voltages. The surface of the Ag film is indicated by solid black lines (distance = 0 Å).
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Quantitative Measurement of Electron Spillover
Length. To quantitatively determine the electron spillover
length at the angstrom scale, we refined the molecular ruler
approach by employing organic molecules with two functional
groups. Ideal rulers would be those that are chemically
attached to the metal surface and remain chemically stable
under applied potentials. However, a densely packed
monolayer of such molecules may substantially alter the
interfacial properties and electron spillover dynamics, as
demonstrated in the Pt−H monolayer case. In that scenario,
the measured characteristics reflect the modified, rather than
the bare, electrode−electrolyte interface. Therefore, submono-
layer coverage is preferable in this respect.
In this context, phenylacetylene (PA) was chemically

anchored to the Ag electrode via dehydrogenative adsorption,
offering both stability and a well-defined orientation. The
PERS spectra of submonolayer PA display three major Raman
bands: the ν6a (1185 cm−1) and ν8a (1592 cm−1) modes
associated with benzene ring breathing and the νc≡c (2000
cm−1) mode assigned to the acetylenic C�C stretch. Apart
from intensity changes, the spectral features�positions and
relative patterns�remain unaffected by increasingly negative
potentials (Figure 4b), confirming the chemical and geometric
stabilities of the PA layer during electrochemical modulation.
Remarkably, all three PA bands exhibit synchronous

intensity enhancement with negative potential, with the
average PERS intensity increasing by a factor of 1.5 from −1
V to −2 V, in excellent quantitative agreement with QHT
simulations. Density functional theory (DFT) calculations
show that PA adsorbs nearly vertically on Ag with Ag−C, C�
C, and C-phenyl bond lengths of 2.1, 1.2, and 1.4 Å,
respectively (Figure 4d). QHT results indicate that upon
increasingly negative potential, the spatial distribution of
optically polarized spillover electrons advances progressively
from the vicinity of the Ag−C bond toward the C�C bond
region (Figure 4e). This angstrom-scale modulation, dictated
by the applied potential, allows for quantitative determination
of the spillover length using the characteristic bond distances
of PA as an internal reference. Crucially, the local electro-
magnetic field experienced by the C�C bond site, which
effectively acts as a probe along the molecular axis, shows a
more pronounced potential dependency than that of the
distant phenyl group (Figure 4f).
Owing to the rigid structure of the PA molecule and the

parallel orientation of the dipoles of the νc≡c and ν8a modes, the
relative enhancement of the two modes serves as a sensitive

and spatially resolved indicator of field gradients along the
molecular rod. Specifically, the intensity ratio of νc≡c versus ν8a
goes through a maximum with negatively changing potential,
peaking at roughly −1.3 V before returning to the baseline
(Figure 5a,b). Notably, the relative intensity between ν8a and
ν6a remains constant (Figure 5c), corroborating that the
observed change is not due to general surface effects or
molecular reorientation but rather to the spatial progression of
field enhancement driven by electron spillover. Changing the
excitation wavelength to 532 nm yields the same trend (Figure
S12), but with the peak position shifted negatively by 0.1 V,
consistent with EM field redistribution rather than photo-
chemical changes. This wavelength-dependent shift is ration-
alized by QHT calculations, which attribute it to the dielectric
dispersion and the LSPR properties of the Ag electrode: under
532 nm excitation, the region of polarized electron spillover is
located closer to the metallic surface, so a more negative
potential is necessary for the spillover to reach the C�C
region.
While quantitative differences exist between theoretical and

experimental voltage ranges and curve shapes, the QHT
calculations demonstrate consistent trends for both wave-
length-dependent electron distribution and potential-depend-
ent intensity ratios, showing good qualitative agreement with
experimental findings despite narrower experimental peaks
suggesting more localized electric field distributions.45 From
this combined experimental and theoretical analysis, we
robustly determined the characteristic length of electron
spillover under illumination at −2.0 V to be approximately
3.5 Å from the Ag surface. This value provides a quantitative
benchmark linking the electromagnetic field distribution at the
electrochemical interface to the measured molecular-scale
spectroscopic response.

■ CONCLUSIONS
We probed the electronic behaviors of metal electrodes under
significant negative potentials by using the in situ PERS
technique. This approach revealed a new interfacial structure
with electron spillover under significant overpotentials and its
interactions with surface species. The spilled electrons extend
into the electrolyte and selectively polarize specific chemical
bonds of interfacial species, which act as molecular/atomic
rulers to quantitatively capture the electron spillover length.
These results lend quantitative support to a long-term concept
of electron spillover from metal electrodes and can be extended
to more general interfacial systems, such as electron−hole pair

Figure 5. Quantitative measurement of electron spillovers. (a) The QHT-calculated PERS intensity ratio between νc≡c and ν8a modes. (b) The
measured PERS intensity ratio between νc≡c and ν8a mode. (c) The measured PERS intensity ratio between ν8a and ν6a. Two cases with excitation
wavelengths of 633 nm (red dots) and 532 nm (green dots) are shown. The error bars represent statistical errors obtained from multiple
measurements.
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generation across metal/semiconductor interfaces. They
provide experimental evidence of the quantum nature of the
electronic response at these interfaces upon applied potentials,
which was previously speculated to be important in electro-
chemical kinetics and tunneling spectroscopy.46 These findings
may improve the understanding of interfacial physics and
chemistry in energy conversion and electrocatalysis fields, such
as water electrolysis.

■ METHODS
The Preparation of PERS-Active Ag, Au, Pd, and Pt

Electrodes. The silver electrode was polished with alumina
powder with sizes of 1 and 0.3 μm in sequence. The sol of the
Ag particles with a mean size of ca. 80 nm was prepared by
reducing 200 mL of boiling AgNO3 solution with a
concentration of 1 mmol/L by adding 6 mL of 1 wt %
sodium citrate solution. After three centrifugation cycles, the
sol was dropped onto the polished silver electrode and dried in
a vacuum desiccator.
The gold electrode was polished with alumina powder with

sizes of 1 and 0.3 μm in sequence. After being polished and
sonicated, the gold electrode was transferred into an
electrochemical cell. In 0.5 mol/L H2SO4 solution, cyclic
voltammetry ranging from −0.25 to 1.4 V (vs SCE) was
performed on the gold electrode in order to remove the
surface-active sites formed during the polishing process. The
sol of the Au particles with a mean size of ca. 55 nm was
prepared by reducing 200 mL of boiling HAuCl4 solution with
a concentration of 0.01 wt % by adding 1.4 mL of 1 wt %
sodium citrate solution while boiling.47 After three centrifuga-
tion cycles, the sol was dropped onto the polished gold
electrode and dried in a vacuum desiccator.
The palladium electrode was polished with alumina powder

with sizes of 1 and 0.3 μm in sequence. After polishing and
sonication, the palladium electrode was transferred into the
electrochemical cell. In a 0.5 mol/L H2SO4 solution, cyclic
voltammetry ranging from −0.2 to 1.25 V (vs SCE) was
performed on the palladium electrode to remove the surface-
active sites formed during the polishing process. The 55 nm
Au-core @ 1.4 nm Pd-shell particles were synthesized for the
preparation of the PERS-active Pd electrode.48,49 First, the sol
of Au particles with a size of 55 nm was synthesized by using
the procedure described above. Then, 17.5 mL of water and
1.64 mL of 1 mmol/L H2PdCl4 were added to 30 mL of Au sol
under vigorous stirring at 4 °C. Subsequently, 0.82 mL of 10
mmol/L ascorbic acid solution was slowly added to the system.
Finally, the 55 nm Au-core @ 1.4 nm Pd-shell particles were
prepared by maintaining the temperature for 30 min. After
three centrifugation cycles, the sol was dropped onto the
polished palladium electrode and dried in a vacuum desiccator.
The platinum electrode was polished with alumina powder

with sizes of 1 and 0.3 μm in sequence. After polishing and
sonication, the platinum electrode was transferred into the
electrochemical cell. In a 0.5 mol/L H2SO4 solution, cyclic
voltammetry ranging from −0.3 to 1.25 V (vs SCE) was
performed on the platinum electrode in order to remove the
surface active sites formed during the polishing process. The
55 nm Au-core @ 1.4 nm Pt-shell particles were synthesized
for the preparation of the PERS-active Pt electrode.48,50 First,
the sol of Au particles with a size of 55 nm was synthesized
using the procedure described above. Then, 17.8 mL of water
and 1.47 mL of 1 mmol/L H2PtCl6 solution were added to 30
mL of Au sol under vigorous stirring at 80 °C. Subsequently,

0.74 mL of 10 mmol/L ascorbic acid solution was slowly
added to the system. Finally, the 55 nm Au-core @ 1.4 nm Pt-
shell particles were prepared by maintaining the reaction
temperature for 30 min. After three centrifugation cycles, the
sol was dropped onto the polished platinum electrode and
dried in a vacuum desiccator.
The reagents AgNO3, HAuCl4, H2PdCl4, and H2PtCl4 were

purchased from Sinopharm Chemical Reagent Co., Ltd. Highly
pure KCl, KBr, KI, and NaClO4 were purchased from Alfa
Aesar. Phenyl isocyanide was purchased from Hangzhou Yi Lu
Biological Technology Co., Ltd., and it was characterized by
1H NMR (Bruker Advance II 400 MHz calibrated with
tetramethylsilane. Solvent: CDCl3, 1H NMR (ppm): δ = 7.40
(m)). The ultrapure water with an electrical resistivity of 18.2
MΩ·cm used in all experiments was obtained from a Milli-Q
system.

In Situ EC-PERS Measurement. The prepared PERS-
active electrodes were transferred to a custom-made
spectroelectrochemical cell with a three-electrode configura-
tion. A saturated calomel electrode (SCE) and a platinum wire
were used as the reference and counter electrodes, respectively.
The Raman spectroscopic measurements were performed
using Dilor and XploRA (Jobin Yvon-Horiba, France) confocal
Raman microscopes. The two systems feature lasers with
wavelengths of 532 nm (XploRA) and 632.8 nm (Dilor). The
electrochemical potential was applied using the electro-
chemical potentiostat CHI 631B, manufactured by Shanghai
Chenhua Instruments Limited (SCHI).
Quantum Hydrodynamic Theory Calculation. In QHT,

the electron gas is then fully described by macroscopic
hydrodynamic quantities. We used an energy functional
G[n(r,t)] to describe the kinetic energy, exchange energy,
and correlation energy of the interacting electrons.40 The
electron density distribution of equilibrium static states (taken
as the ground-state density, n0) was obtained. A Neumann
boundary condition41 was used to obtain the potential-
dependent n0. The electron density distribution under optical
illumination (taken as the polarized electron density, n1) was
obtained by coupling the hydrodynamic equations to
Maxwell’s equations and linearizing the system using the
perturbation approach. The equations were solved using a
commercial finite-element method software package, COM-
SOL Multiphysics. The details of QHT formulations,
numerical implementation, calibration of QHT, characteristic
length of electron spillover, and discussions on interfacial water
and Pt−H adsorption are elaborated in the supplementary
sections.
Density Functional Theory (DFT) Calculation. The

geometric optimizations of Pt−H and Ag−PA systems were
performed on a slab model using DFT with the Vienna Ab
Initio Simulation Package.51 The projector augmented wave
method (PAW)52 and the Perdew−Burke−Ernzerhof general-
ized-gradient approximation (GGA-PBE) functional53 were
applied. The Pt(111)-√3×√3 and Ag(111)-3 × 3 slabs were
employed to describe Pt and Ag surfaces, with Monkhorst−
Pack k-point sampling of 9 × 9 × 1, respectively. An energy
cutoff of 450 eV and a first-order Methfessel−Paxton smearing
with a sigma of 0.2 were applied.54 The thickness of the
vacuum layer was set to 30 Å. The lattice constants of 3.9864 Å
and 4.164 Å were used for Pt and Ag, respectively.55,56 Two
layers at the bottom were fixed, while three layers were fully
relaxed for the simulation of the surface.
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