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may be an intrinsic contributing factor to the observed experimental trends.

INTRODUCTION

Alkaline hydrogen electrocatalysis remains kinetically limited, with Volmer kinetics depending on both
water dissociation and the structure of the catalyst-electrolyte interface"’. On Pt, the benchmark catalyst for
the hydrogen evolution reaction/hydrogen oxidation reaction (HER/HOR), rates in alkaline media are
commonly orders of magnitude lower than those in acidic media®. The conventional hydrogen-binding-
energy descriptor provides an established framework for acidic HER™, but does not fully account for this
kinetic penalty because water dissociation, hydroxide-related species, and interfacial solvent reorganization
also become important in alkaline media®*.. Recent studies further resolve interfacial water orientation and
hydroxide solvation as distinct contributions to alkaline hydrogen electrocatalysis"*'?. For the reverse HOR
on Pt, pH-dependent coupling between water reorientation and adsorbed hydrogen has also been
identified"”. The electrolyte therefore acts as more than an ionic conductor, as cations interact with surface
species and modify the electric double layer"***\. Their influence on interfacial water organization and
elementary reaction energetics makes cation identity an important variable in understanding alkaline HER.

The importance of cation identity is particularly evident in the contrasting HER trends reported for different
metals. Activity has been reported to decrease with increasing cation size on reactive metals such as Pt and Ir,
but to increase on more inert metals such as Auand Agl'”!. These trends also depend on cation
concentration, pH, overpotential, and catalyst structure*”.. Impedance measurements also indicate cation-
dependent contributions of the Volmer-Heyrovsky and Volmer-Tafel pathways on Pt*°!. Electrostatic
descriptions relate this behavior to cation positions in the double layer and the local fields experienced by
reaction intermediates and transition states”??. A mean-field treatment explicitly separates water reduction
from hydroxide transfer through the double layer””). At the level of elementary reaction steps, cation
stabilization of the water-dissociation transition state and hydroxide product has been proposed to facilitate
Volmer activation on Au while hindering hydroxide removal on Pt**. Cation accumulation can also inhibit
HER by restricting access to surface sites!"*!. Its effects extend into the surrounding water network, where
reduced hydrogen-bond connectivity can impede proton transfer through the double layer®"!. Recent
interfacial spectroscopy has additionally linked cation hydration to water orientation on Pt and identified K'-
associated proton shuttling during HER on Au**. Chen et al. further showed that cations can facilitate
Volmer water dissociation on Pt(100), while larger cations disrupt interfacial hydrogen bonding and hinder
hydroxide migration®. Together, these studies indicate that cations can affect local reaction energetics and
interfacial transport in different ways, making their respective contributions difficult to separate from overall
activity alone.

It therefore remains unclear whether the experimentally observed Pt/Au cation-trend inversion can arise
from the intrinsic Volmer barrier under defined single-cation conditions. Comparing Volmer free-energy
profiles on Pt(111) and Au(111) provides a way to assess this local energetic contribution without explicitly
representing dense cation accumulation or long-range transport. Explicit water-metal interface simulations
offer a suitable framework by resolving solvent organization and reaction free energies beyond static
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adsorption energetics' . In this study, electrochemical measurements and in situ Raman spectroscopy on
polycrystalline Pt and Au are combined with constrained ab initio molecular dynamics (AIMD) simulations
of Li*, Na*, and K" at Pt(111)/water and Au(111)/water interfaces. Raman spectroscopy characterizes the
cation-dependent interfacial-water response, while AIMD resolves local cation distributions and water
organization at the model interfaces. The calculated Volmer free-energy profiles reproduce the qualitative
Pt/Au cation-trend inversion under single-cation conditions. This result shows that the metal-dependent
Volmer response can generate opposite cation orderings within the model and may contribute intrinsically
to the experimental trends.

EXPERIMENTAL

Electrochemical measurements

Electrochemical measurements were performed at room temperature using a CHI760E electrochemical
workstation (Chenhua) in a standard three-electrode configuration. A mercury/mercury oxide (Hg/HgO)
electrode and a Pt wire were used as the reference and counter electrodes, respectively. All potentials
reported in this work were converted to the reversible hydrogen electrode (RHE) scale. Polycrystalline Pt and
Au were used as the working electrodes.

Before the HER and spectroscopic measurements, the working electrodes were preconditioned by cycling
twice between 0.02 and 1.20 V vs. RHE at 100 mV s™ in Ar-saturated 0.1 M LiOH, NaOH, or KOH (pH = 13
+0.1). HER polarization curves were recorded at 5 mV s without real-time iR compensation. The
uncompensated resistance, R, was determined under the corresponding measurement conditions. The
measured R values are provided in the Supplementary Materials. The original linear sweep voltammetry
E

current in amperes and R, is the uncompensated resistance in ohms. The full measured R, value was used for

curves were corrected after measurement according to E - iR, where i is the signed measured

corrected — "“measured

the correction. Freshly prepared electrolytes were used for all measurements.

In situ Raman spectra were collected at -0.05 V vs. RHE in the same electrolyte series to compare interfacial
water at a fixed applied potential. The O-H stretching envelope was fitted with three overlapping
components. Literature assignments associate the lower- and intermediate-wavenumber components with
four- and two-coordinated hydrogen-bonded water, respectively, and the high-wavenumber component
with weakly hydrogen-bonded cation-hydrated water'****. These assignments are used phenomenologically
for the present Pt and Au spectra. The same peak-position settings were used across all spectra. Each
component area was normalized by the sum of the three integrated areas. These fractions represent relative
spectral contributions rather than molecular population fractions. Because the weak high-wavenumber
component can be sensitive to fitting constraints, its area fraction is used only for semiquantitative
comparison. Further definitions are provided in the Supplementary Materials.

Computational methods

Structure optimizations and AIMD simulations were performed using the Vienna ab initio simulation
package®. Electron-ion interactions were described using the projector augmented-wave method””, and
exchange-correlation effects were treated with the Perdew-Burke-Ernzerhof functional within the
generalized gradient approximation®. Grimme's D3 dispersion correction was included to account for van
der Waals interactions”. The plane-wave kinetic-energy cutoff was 500 eV. Geometry optimizations were
converged to a maximum force of 0.02 eV A" and a total-energy change of 10° eV. Brillouin-zone sampling
was restricted to the I point, symmetry was disabled, and first-order Methfessel-Paxton smearing with a
width of 0.2 eV was used for the metallic slabs'*’’. All simulation cells were charge neutral, with no electrons
added to or removed from the neutral stoichiometric electron count. The comparison concerns qualitative
cation ordering, not matched electrode potentials or electrolyte concentrations.
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Explicit Pt(111)/water and Au(111)/water interface models were constructed following established

31-33

simulation strategies for hydrogen electrocatalysis”®'**.. Each model contained a four-layer orthogonal metal
slab in contact with 60 explicit water molecules. A vacuum region was included, giving a total cell length of
approximately 4.9 nm along the z direction. The lateral cell dimensions were 11.09 x 9.60 A* for Pt(111) and
11.57 x 10.02 A” for Au(111). To define the modeled surface states, the adsorbed-hydrogen (H ;) coverages
were set to 0.63 monolayer (ML, defined per surface metal atom) for Pt(111)"*" and 0.00 ML for Au(111)"*,
Unless otherwise specified, one alkali-metal cation (Li*, Na’, or K*) was introduced into the interfacial water
region of each periodic cell to define the single-cation condition used for the Volmer free-energy
calculations. Additional Pt(111)/water models containing two or three K* ions were constructed to examine

how cation accumulation affects the water distribution.

Unconstrained AIMD simulations were first performed for 20-30 ps with a 1 fs time step in the canonical
ensemble at constant particle number, volume, and temperature at 298 K using a Nos¢-Hoover
thermostat'“**!. Equilibrated configurations were then used to initialize constrained AIMD simulations of the
Volmer water-dissociation step. Free-energy profiles were obtained with a slow-growth constrained-
dynamics protocol*”, using the collective variable (CV) defined as CV = d(O-H) - d(M-H), where d(O-H) is
the breaking O-H bond length of an H-down interfacial water molecule and d(M-H) is the distance between
the transferring H atom and the target surface metal atom. The CV was advanced by 0.0003 A per 1 fs step
for 10,000 steps, corresponding to a nominal pulling rate of 0.3 A ps™* over 10 ps. This small increment was
chosen to reduce numerical uncertainty associated with finite increments along the slow-growth path by
limiting the change in the constraint at each update. Free-energy differences were obtained by integrating the
mean constraint force along the CV. Further computational details are provided in the
Supplementary Materials. Structural statistics were calculated from the final 5 ps of each full unconstrained
trajectory, after the preceding interfacial relaxation. Water-profile normalization, the operational definition
of the nearest water layer, and numerical Volmer barriers are provided in Supplementary Text and
Supplementary Table 1.

RESULTS AND DISCUSSION

Opposite HER activity trends despite shared interfacial-water responses

Figure 1 compares HER polarization, fixed-current overpotentials, and Raman spectra for polycrystalline Pt
in panels (A-C) and Au in panels (D-F), measured in 0.1 M LiOH, NaOH, and KOH. The electrochemical
measurements show opposite cation-dependent activity trends. At a cathodic current density of -5 mA cm?,
the overpotential magnitude on Pt increases from 0.189 V in LiOH to 0.224 V in NaOH and 0.248 V in KOH
[Figure 1A and B], giving the activity order Li* > Na® > K*. On Au, the corresponding values decrease from
0.532t0 0.517 and 0.499 V, giving the reverse activity order [Figure 1D and E]. Pt remains more active in
every electrolyte, while the direction of the cation effect depends on the metal. This distinction between the
activity of each metal and its response to cation identity agrees with earlier Pt/Au comparisons and studies of
catalyst-structure-dependent cation effects"”**.

The experimental cation ordering provides the benchmark for the Pt(111)/water and Au(111)/water
simulations. Experimental and calculated reference X-ray diffraction patterns are shown in
Supplementary Figure 1. The close-packed (111) facets provide well-defined models with relatively low
clean-surface energies among the low-index facets of both metals****. These interfaces allow cation identity
to be varied systematically within each metal series, enabling comparison of the elementary Volmer response
with the direction of the polycrystalline activity trends. The comparison therefore concerns the cation
ordering rather than a quantitative correspondence between a polycrystalline electrode and a single modeled
facet. Constant-potential simulations of stepped Pt further show that cation-facet coupling can modify water
activation'”, highlighting the complementary roles of terrace and stepped sites in interpreting polycrystalline
activity.
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Figure 1. Cation-dependent HER activity and Raman spectra on polycrystalline Pt and Au. Panels (A-C) show Pt and panels (D-F) show Au
in 0.1 M LiOH, NaOH, and KOH. (A and D) Polarization curves after post-measurement iR correction. (B and E) Overpotential magnitudes
at a cathodic current density of -5 mA cm2 (C and F) Raman O-H stretching spectra at -0.05 V vs RHE and their three-component fits.
The lower- and intermediate-wavenumber components are assigned phenomenologically to four- and two-coordinated hydrogen-bonded
water, respectively. The high-wavenumber component is associated with weakly hydrogen-bonded cation-hydrated water. The numerical
labels in (C and F) are the integrated area percentages of the high-wavenumber component: 100% X A,.../ (A one + Amoderate T Aveat)- IN
LiOH, NaOH, and KOH order, these values are 2.6%, 6.3%, and 9.4% for Pt and 2.9%, 5.1%, and 7.2% for Au. They quantify fitted spectral
contributions, not molecular population fractions.

In situ Raman spectra at -0.05 V vs. RHE reveal a similar interfacial-water response on the two metals
[Figure 1C and F]. The high-wavenumber component near 3,600 cm™ is associated with weakly hydrogen-
bonded cation-hydrated water, following assignments in Raman studies of Pd interfaces®***. Its fitted
contribution increases from Li* to K* on both Pt and Au, with a more pronounced change on Pt. This
increase indicates a larger spectral contribution from weakly hydrogen-bonded environments in the presence
of larger cations. The calculated vibrational density of states likewise shows an increased high-frequency O-H
stretching contribution on Pt(111) and Au(111) [Supplementary Figure 2]. These spectral responses are
consistent with cation-dependent interfacial-water reorganization, which has been implicated in double-layer

25-27,50]

proton transfer' .

Importantly, the Raman response changes in the same direction on both electrodes, whereas the HER activity
trend reverses between the metals. Increasing cation size enhances the weakly hydrogen-bonded O-H
stretching contribution but lowers HER activity on polycrystalline Pt and raises it on polycrystalline Au. The
fixed-potential spectra provide a structural reference for examining these contrasting responses, rather than a
direct measure of water structure at the different potentials used for the activity comparison. The AIMD
analysis first resolves cation hydration and the spatial distribution of water at Pt(111) and Au(111), then
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Figure 2. Interfacial cation hydration from AIMD. Cation-O(water) radial distribution functions (RDFs, gray, left axis) and running
coordination numbers (RCNs, red, right axis) for Li*, Na*, and K* at Au(111) in (A-C) and Pt(111) in (D-F). Within each group, the panels
follow the order Li*, Na*, and K*. Black annotations identify the first RDF maxima in A, and red annotations give the first-shell coordination
numbers. Statistics were calculated from the final 5 ps of the unconstrained trajectories. Insets show representative hydration
configurations rendered using VESTA 3.5.8.531,

evaluates the single-cation Volmer free energies and the geometry of the reacting water. In concentrated
lithium bis(trifluoromethanesulfonyl)imide at Au(111), cation accumulation and electric-field changes can
also alter water orientation and vibrational signatures'”". That concentrated-electrolyte regime is distinct
from the dilute hydroxide solutions examined here.

Cation hydration and spatial redistribution of interfacial water

Unconstrained AIMD characterizes the cation hydration shell and its arrangement relative to the metal
surface*>*). The cation-O radial distribution functions in Figure 2 have first-shell maxima at approximately
1.95, 2.35, and 2.85 A for Li*, Na*, and K*, respectively, on Pt(111) and Au(111). The corresponding first-shell
coordination numbers increase from about four for Li* to 4.6-4.7 for Na" and about five for K*. The sharp Li-
O peak indicates a narrowly defined first hydration shell, whereas the broader K-O peak reflects a wider
distribution of cation-water separations. For a given cation, the first-shell distances and coordination
numbers are similar on Pt(111) and Au(111). Thus, the local hydration shell primarily reflects cation
identity, while metal-dependent differences emerge in the positions of the hydrated cations and surrounding
water. Atomic configurations were visualized using VESTA 3.5.8.1°),

The water-number profiles reveal how the cations redistribute interfacial water [Figure 3A and B]. The
ordinate is the trajectory-averaged number of water molecules per 0.02 A surface-normal bin. For the Pt(111)
and Au(111) bin volumes, the bulk-water reference of 0.056 mol cm™ gives approximately 0.07 and 0.08
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Figure 3. Interfacial water counts per spatial bin and representative configurations from AIMD. (A and B) Profiles for Li*, Na*, and K* at (A)
Au(111)/water and (B) Pt(111)/water interfaces, averaged over the final 5 ps of the unconstrained trajectories. Insets show the two
reference-level crossings that delimit each local water-depleted region and its width in A. The ordinate is the time-averaged number of
water molecules per bin. Bins have a thickness of 0.02 A and volumes of 2.32 A3 for Au(111) and 2.13 A3 for Pt(111). The purple line is the
count equivalent of the bulk-water density, 0.056 mol cm=: 0.08 molecules per binin (A) and 0.07 in (B). Normalization and unit
conversion are specified in Supplementary Text. (C) Profiles for Pt(111) without cations and with one, two, or three interfacial K* ions. (D)
Representative Pt(111)/water configurations containing one, two, and three K* ions from left to right, rendered using VESTA 3.5.8.153,

molecules per bin, respectively. The water-depletion width is the separation between the two crossings of the
reference level annotated as bulk-water density, following the construction used by Li et al.””. The widths
increase from 0.34 to 0.76 and 1.20 A on Pt(111), compared with 1.34, 1.48, and 1.50 A on Au(111), in the
order Li*, Na’, and K*. The Li*-to-K"* increase is therefore 0.86 A on Pt(111) but only 0.16 A on Au(111). On
Pt(111), the solution-side boundary moves from 4.91 to 5.89 A, whereas the metal-side boundary changes
only from 4.57 to 4.69 A. Larger cations therefore extend the depleted region mainly toward the solution,
increasing the separation between near-surface water and the surrounding solvent. This separation may
affect the hydration of the hydroxide formed during Volmer activation and provides a structural basis for
examining solvent reorganization alongside the reaction barrier, especially on Pt(111).

Increasing the number of interfacial K* ions on Pt(111) strengthens the near-surface water peak around 3.2 A
while broadening the adjacent depleted region [Figure 3C and D]. Cation accumulation therefore enriches
the nearest layer while increasing its separation from the outer solvent, with possible consequences for
hydroxide hydration and hydrogen-bond-mediated proton transfer®»*!. Related AIMD work on Cr-Ir
oxides associated greater interfacial hydrogen-bond connectivity with facilitated water dissociation and
proton transfer in acidic oxygen evolution®. Here, the multi-K* models probe water structure, whereas the
Volmer profiles below use one cation per periodic cell. This defines a particular interfacial state rather than a
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concentration-matched model of 0.1 M electrolyte. At higher coverage, additional cation coordination could
stabilize the developing hydroxide, while water redistribution could alter the solvent-reorganization cost. The
net effect on the activation free energy depends on the relative stabilization of the reactant and transition
region. The structural profiles alone therefore cannot determine whether the single-cation model
overestimates or underestimates the barrier response, or whether its cation ordering persists at higher
coverage. Assessing these effects requires multi-cation free-energy comparisons, which introduce additional
complexity to the mechanistic analysis and fall beyond the scope of the present study.

Water orientation adds the geometry of the O-H bonds to this spatial description. Representative
reorientation and water-dipole profiles are shown in Supplementary Figures 3 and 4. On Au(111), cation
addition suppresses the narrow positive O-down contribution closest to the surface and deepens the
neighboring negative H-down contribution near 3.2 A [Supplementary Figure 4A]. The cation-free profile
already contains a negative first-layer contribution, so this change is not a complete reversal from O-down to
H-down water. An H-down geometry directs hydrogen toward the metal and can accommodate a more
outward oxygen position, as illustrated by the representative reorientation in Supplementary Figure 3.
Because the profiles sum cos(a) within each spatial bin, they reflect both local water occupancy and
orientation. They therefore describe the orientational environment available for H transfer during Volmer
activation. Hydration, water distribution, and orientation together define the local reaction environment,
whose energetic consequences are assessed by the free-energy profiles below.

Single-cation Volmer barriers recover the opposite activity trends

Constrained AIMD evaluates the free energy of Volmer water dissociation in an explicit interfacial
solvent***%2l  An H-down water molecule with the smallest H-to-surface distance was selected as the
reactant. The collective variable, CV = d(O-H) - d(M-H), follows O-H bond cleavage as hydrogen
approaches the target surface metal atom to form adsorbed hydrogen, H,,, and interfacial hydroxide.
Figure 4A and B shows the free-energy profiles near the barrier. The full profiles and reacting-oxygen
distances are provided in Supplementary Figure 5, and representative dissociation snapshots are shown for
Pt(111) and Au(111) in Supplementary Figures 6 and 7, respectively. Supplementary Table 1 lists all eight
reported barrier estimates, extracted as the profile maxima preceding adsorption of the transferring
hydrogen. The cation-free values are 1.49 eV for Pt(111) and 1.83 eV for Au(111). For the cation-free model
states, the Pt(111) barrier is approximately 0.34 eV lower than the Au(111) barrier, consistent with the higher
measured activity of polycrystalline Pt. The cation-containing profiles reveal how each interfacial
environment modifies this elementary activation process within its metal series.

The central energetic result is that the single-cation Volmer barriers reproduce the opposite experimental
activity trends qualitatively. On Pt(111), the reported barrier increases from 1.54 to 1.65 and 1.70 eV in the
order Li*, Na’, and K* [Figure 4B and Supplementary Table 1], matching the progressively larger
overpotential required from LiOH to KOH. On Au(111), the reported barrier decreases from 1.79 to 1.75 and
1.64 eV over the same cation series [Figure 4A and Supplementary Table 1], matching the increasing activity.
The cation-free profiles further clarify the metal dependence. All three cations lower the Au(111) barrier,
whereas the profiles of all three cations on Pt(111) lie above the cation-free profile. Thus, cation identity
changes the energetic cost of the local Volmer process in opposite directions on the two model surfaces. By
contrast, the water-depleted region broadens on both Pt(111) and Au(111) [Figure 3A and B], so its width
alone does not predict the direction of the barrier change. The agreement between barrier ordering and
activity ordering suggests that the Volmer barrier in the single-cation models may contribute intrinsically to
the experimental inversion. Without independent repeats or pulling-convergence tests, the 0.04 eV Li"/Na"
difference on Au(111) is interpreted as a qualitative ordering, not a statistically resolved separation.


https://file.oaecenter.com/published/pdf/96780389d15194e6ebf3ca439f7d395f/1793263796/em60271-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/96780389d15194e6ebf3ca439f7d395f/1793263796/em60271-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/96780389d15194e6ebf3ca439f7d395f/1793263796/em60271-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/96780389d15194e6ebf3ca439f7d395f/1793263796/em60271-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/96780389d15194e6ebf3ca439f7d395f/1793263796/em60271-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/96780389d15194e6ebf3ca439f7d395f/1793263796/em60271-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/96780389d15194e6ebf3ca439f7d395f/1793263796/em60271-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/96780389d15194e6ebf3ca439f7d395f/1793263796/em60271-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/96780389d15194e6ebf3ca439f7d395f/1793263796/em60271-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/96780389d15194e6ebf3ca439f7d395f/1793263796/em60271-SupplementaryMaterials.pdf

Jin et al. Energy Mater. 2026, 6, 600149 Page 9 of 14

g
o
N
)

T; ‘\ \\ - -
A— cation-free '}E:;N/‘T cation-free OH B —— cation-free

18] — L = 18] — L
= Na = Na*  K'stablized OH" pyo-peeny
S " > +
2 —K ) —K
>1.6 4 >1.6
2 2
[ [
g 1.4 d=) 1.4 oo U7
- e }‘_i\\(,‘,{,\}f\
' e a\! e

127 121 SO

K* stablized OH"
1.0 1.0

cation-free OH"

Reaction coordinate (A) Reaction coordinate (A)

C___ | Au(111)
Na*

—K*

L7 Pt(111)

o
o
1

Distance to metal surface (A)
:
Distance to metal surface (A)

3.4+

e e —
V

3.2 1

-
o
1

2.5 T T T 3-0 T T T
-0.020 -0.015 -0.010 -0.005 0.000 -0.020 -0.015 -0.010 -0.005 0.000

Reaction coordinate (A) Reaction coordinate (A)

Figure 4. Constrained AIMD profiles for Volmer water dissociation. (A and B) Free-energy profiles near the barrier on (A) Au(111) and (B)
Pt(111) without cations and with one Li*, Na*, or K* ion. (C and D) Surface-normal distance of the reacting oxygen from (C) Au(111) and (D)
Pt(111) over the displayed CV window. The CV is d(O-H) - d(M-H), with M denoting the target surface metal atom. Gray, red, blue, and
green curves denote cation-free, Li*, Na*, and K* conditions, respectively. Insets in (A and B) show local hydroxide environments under
cation-free conditions (upper inset in (A); lower inset in (B)) and with K* (lower inset in (A); upper inset in (B)), rendered using VESTA
3.5.8.531, Full profiles are given in Supplementary Figure 5. Supplementary Table 1 lists all eight barrier estimates. Trajectory snapshots are
provided for Pt(111) and Au(111) in Supplementary Figures 6 and 7, respectively.

Despite the opposite cation orderings, both model surfaces exhibit the same relationship between reacting-
oxygen distance and Volmer barrier. Across the CV window in Figure 4C and D, the reacting oxygen lies
progressively farther from Au(111) in the order Li* < Na' < K, while its distance from Pt(111) follows Li" >
Na* > K*. Within each metal series, the lower-barrier profiles have greater reacting-oxygen distances
throughout the displayed window. The Pt(111) and Au(111) snapshots in Supplementary Figures 6 and 7
illustrate the corresponding dissociation configurations. The mechanistic analysis below examines how
cation positioning and water organization could favor opposite reacting-oxygen orderings at these two
interfaces.

Metal-dependent coupling between cation position and reacting-water geometry

The unconstrained trajectories show distinct cation-positioning patterns at the two interfaces
[Figure 5A and B]. Over the final 5 ps, the mean cation-surface distance on Pt(111) decreases from Li* to Na"
to K*. On Au(111), Li* also remains farthest from the surface on average, while the Na* and K* trajectories
overlap and Na* has the smaller mean distance. The monotonic size ordering on Pt(111), compared with the
Na'/K" reversal on Au(111), suggests that the balance between cation hydration and approach to the surface
depends on the metal. Cation identity and interfacial position both influence double-layer structure!®*"*"),
and the weaker hydration of larger alkali ions offers a rationale for their closer approach in the present
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Pt(111) models"*. Recent combined impedance and AIMD analysis of alkaline Pt interfaces also links
double-layer capacitance to interfacial-water polarization and its potential dependence®”.

The nearest-water-layer distances quantify a different aspect of the solvent response [Figure 5C]. Here, the
nearest layer is operationally defined as water oxygen atoms within 5.00 A above the instantaneous mean z
coordinate of the topmost metal layer, including both O-down and H-down configurations. The oxygen-
surface distances are first averaged within each frame and then averaged over the final 5 ps. This quantity is a
mean position of the selected water layer, not the position of a water-density maximum. The mean distance
on Pt(111) increases from 3.671 A without cations to 3.726, 3.731, and 3.781 A with Li*, Na*, and K*,
respectively. The corresponding Au(111) values are 3.349, 3.480, 3.554, and 3.664 A. From Li"* to K*, the
nearest layer therefore moves outward by 0.055 A on Pt(111) but by 0.184 A on Au(111). Notably, Au(111)
exhibits the larger layer shift, whereas Pt(111) exhibits the larger increase in water-depletion width
[Figure 3A and B]. On Au(111), cation addition also suppresses the near-surface positive O-down
contribution and deepens the adjacent negative H-down contribution in Supplementary Figure 4A. The
cation-free Pt(111) profile already has a more negative first-layer contribution [Supplementary Figure 4B].
These comparisons suggest examining solvent separation on Pt(111) and near-surface water geometry on
Au(111) as distinct aspects of their Volmer reaction environments.
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Figure 5D summarizes a proposed mechanism for these contrasting responses. On Pt(111), both the cations
and the reacting oxygen lie closer to the surface from Li* to K* [Figures 5A and 4D]. Cation-oxygen
coordination may favor this surface-proximal geometry as hydroxide character develops in the reacting
water. Meanwhile, the nearest water layer shifts outward and the water-depleted region extends toward the
solution, increasing the separation between the reacting oxygen and the surrounding solvent. This
arrangement could require greater solvent reorganization to hydrate the developing hydroxide during
activation, even if a nearby cation stabilizes the oxygen-containing species electrostatically. The proposed
OH-removal-limited character on Pt(111) refers to this local solvent-side accommodation of the emerging
hydroxide within the Volmer step. It provides a possible explanation for the higher barriers with larger
cations through their effects on the reacting-water geometry and hydration environment.

On Au(111), Na* is closer to the surface on average than K, yet K* yields the lower Volmer barrier
[Figures 5B and 4A]. The cation-height sequence therefore points to a role for water orientation beyond
surface approach alone. The enhanced near-surface H-down contribution in Supplementary Figure 4A and
the representative O-down to H-down reorientation in Supplementary Figure 3 illustrate a geometry that
tavors H approach to Au(111). During O-H bond cleavage, hydrogen can approach the surface while the
reacting oxygen relaxes toward the solution. This coupled motion is consistent with the greater reacting-
oxygen distance and lower barrier from Li* to K* in Figure 4A and C. The proposed H-transfer-limited
character on Au(111) describes this orientational contribution to hydrogen transfer during Volmer
activation. Thus, the two branches of Figure 5D describe different local geometrical constraints on the same
water-dissociation process.

The two proposed mechanisms explain how distinct interfacial geometries could yield the same association
between a more outward reacting oxygen and a lower barrier within each metal series. On Pt(111), the
analysis focuses on hydration of the developing hydroxide, whereas on Au(111) it focuses on the geometry of
H approach. Both descriptions concern local cation-water coordination and solvent reorganization within
the Volmer step??>*|. The key result is that the calculated barriers reproduce the opposite experimental
cation orderings qualitatively, even though the Raman and water-depletion responses change in the same
direction on both metals. This agreement suggests that the Volmer barrier in the model may be an intrinsic
contributing factor to the observed experimental trends. Recent Au(111) measurements also reveal an OH -
dependent enhancement of alkaline HER under independently varied electrolyte conditions”*. Together,
these findings place the possible intrinsic Volmer contribution within the broader dependence of HER
kinetics on cation identity and hydroxide concentration.

CONCLUSIONS

Electrochemical measurements, Raman spectroscopy, and AIMD simulations reveal opposite cation effects
on alkaline HER activity despite several similar changes in interfacial water on Pt and Au. Increasing cation
size enhances the high-wavenumber Raman contribution and broadens the simulated water-depleted region
on both metals. These trends alone do not predict the activity inversion. In contrast, the single-cation
Volmer barrier increases from Li* to K" on Pt(111) and decreases on Au(111), reproducing the qualitative
experimental ordering. Within each metal series, lower barriers correspond to greater reacting-oxygen
distances, suggesting a role for metal-dependent coupling between cation position and reacting-water
geometry. This agreement suggests that the model Volmer barrier may contribute intrinsically to the
observed experimental trends.
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