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Figure S1. Oxygen-oxygen radial distribution functions (¢goo(r)) and running coordination num-
bers (noo(r)) of bulk liquid water at (a,b) 360 K, (c,d) 370 K, and (e,f) 390 K with a fixed density
of 0.997 g/ml. The results are compared with previous AIMD studies [2, 3] that use the same

PBE-D3 functional and temperatures, as well as with experimental data [5] collected at 295 K.
Benchmarks of the MLIP on bulk solution

We benchmark our fitted machine learning interatomic potential (MLIP) by comparing
to previous ab initio molecular dynamics (AIMD) and experimental measurements on the
structural and dynamical properties of pure water and aqueous KF solution.

Bulk water For pure bulk water, we compare the MLIP against previous AIMD simula-
tions [1-3] and MLIP MD studies [3] based on the same DFT functional (PBE-D3) without
nuclear quantum effect corrections. Consistent with the previous AIMD studies [1, 3], the
system contains 64 water molecules at the density of 0.997 g/ml. The simulations were con-
ducted using the ASE package [4] in the NVT ensemble using the Nosé-Hoover thermostat.
Each trajectory has 500 ps with a 1 fs timestep after a 100 ps equilibration.

Fig. S1 compares the oxygen-oxygen RDFs goo(r) and running coordination numbers
noo(r) for bulk water at 360 K, 370 K and 390 K. Experimental data (black dashed lines)
at 295 K [5] are included for comparison. At both 360 K and 390 K, the RDFs from the

2



0.8

=@~ MLIP
PBE-D3 AIMD, Bankura et al.(2014)
0.6 PBE-D3 MLIP, Wang et al.(2024)
' Exp, 300 K

0
&
% 0.4 -
Q

0.2 A

OO T T T T T T

320 340 360 380 400 420
T [K]

Figure S2. The temperature-dependent diffusion coefficient (D(T")). Red and blue lines represent
NVT MD results from our MLIP and a previous NEP MLIP [3] at a fixed density of 0.997 g/ml,
respectively. AIMD data [1] (blue square) and experimental values at room temperature [6-9]

(gray band) are included for reference.

MLIP MD agree well with AIMD results. At 370 K, the RDF from the MLIP is quite close
to the experiment at room temperature.

Fig. S2 shows the diffusion coefficients of water (D(7")) over the temperature range of
324 K-420 K, computed from the mean square displacement (MSD) via the Einstein relation
without system size corrections. The MLIP results (red symbols) are in good agreement with
previous studies based on the same DFT functional, including AIMD simulations [1, 10] (blue
square) and a recent neuroevolution potential (NEP) study [3] (gray triangle). The MLIP
D at the elevated temperature of 370 K matches the experimental diffusion coefficient of
water at room temperature (gray band, 0.218-0.262 A2/ps) [6-9].

Bulk KF aqueous electrolyte To directly compare with a previous AIMD simulation [2]
based on the PBE-D3 functional, we employed the same simulation box setup: 1 ion (either
K* or F7) and 63 water molecules in a periodic cubic cell of 12.42 A, which corresponds
to 0.9 M ion concentration. MLIP MD simulations were conducted at 390 K in the NVT
ensemble using a Nosé-Hoover thermostat for 200 ps after 50 ps of equilibrium.

Fig. S3 shows the computed RDFs between the ions (KT and F~) and the O atoms of
water molecules, and the running coordination numbers nio(r) (i.e., the integrated RDF). It
shows a good agreement between our MLIP and AIMD results for both gro(r) and gxo(r).
From the RDFs, the first solvation shell cutoffs are 3.65 A for K* and 3.26 A for F~, con-
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Figure S3. Ion-oxygen radial distribution functions (gro(r)) and running coordination numbers

(n1o(r)) of aqueous ion solutions at 390 K (red solid lines) with a concentration of 0.9 M. Previous

AIMD results [2] at 390 K based on PBE-D3 (blue dashed lines) are included for comparison.

Table S1. Hydration shell properties for F~ and K™ ions. The position (r1) and intensity (g1) of the

first peak in RDFs, and the coordination numbers (njp) obtained by integrating from oxygen-ion

RDF's to the first minimum (solvation shell cutoff) are tabulated for different research approaches.

Previous AIMD results [2] and experimental data for 0.7-4 M KF solutions at 298 K [11, 12] are

included for comparison.

Method

Ton

Condition

1 [A]

91 nI0
MLIP 370 K, 1.3 M KF 2.62 4.17 4.85
- MLIP 390 K, 0.9 M K*(aq) 2.62 3.99 4.73
F AIMD 390 K, 0.9 M K™ (aq) 2.62 4.07 4.70
Exp 298 K, 0.7-4 M KF 2.54-2.62 [11, 12] 4.5-6.9 [11, 12]
MLIP 370 K, 1.3 M KF 2.82 3.06 6.57
- MLIP 390 K, 0.9 M K*(aq) 2.78 2.84 6.72
AIMD 390 K, 0.9 M K*(aq) 2.82 2.88 6.86
Exp 298 K, 0.7-4 M KF 2.73-2.95 [11, 12] 5.3-6.4 [11, 12]
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Figure S4. Distribution of the angles ZO—ion-O for K™ (purple) and F~ (green) at 390 K based
on NVT simulations of a system of 1 ion (K* or F~) and 63 water molecules. The angle ZO-ion-O
is illustrated in the insert. Previous AIMD results [2] at 390 K based on PBE-D3 (dashed lines)

are included for comparison.

sistent with previous AIMD data [2] and experimental measurements by X-ray and neutron
scattering or diffraction [11-14] (see Table S1). The structural information of hydration
shells is also summarized in Table S1.

The ZO-ion-O angle distributions within the first solvation shells of K (purple line)
and F~ (green line) are shown in Fig. S4. The ZO-F-O distribution for the hydrated F~
ion is centered between 80° and 110°, which suggests a well-ordered shell consistent with
tetrahedral (npo = 4) and pentahedral (npo = 5) coordination geometries. This structured
arrangement inferred from Z0O-ion-O is consistent with the derived coordination number
of npo &~ 4.7 computed from gpo(r), as shown in Fig. S3 and Table S1. In contrast, the
Z0-K-0O angles exhibit a flattened distribution, which suggests a more flexible solvation
shell of K™ and its lower hydration free energy compared to F~. These findings align
with earlier theoretical studies on the thermodynamics of solvation of these two ions at
298 K [15, 16], which treat the ion and its first hydration shell with high-accuracy quantum
mechanics and the remaining solvent with classical force fields.

We ran another set of MLIP MD simulations using a charge-neutral setup that is more
akin to experiments: a cubic simulation box with a dimension of 18.50 A containing 5 KF ion
pairs and 208 water molecules, which corresponds to a KF 1.3 M solution. NVT simulations

were performed at 370 K for 200 ps with a timestep of 1 fs after 50 ps of equilibrium. These
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Figure S5. Comparison of water density distributions from simulations at 420 K of Pt(111)-water

interfaces with different electrolyte thickness Al.

computed hydration shell properties are listed in Table S1, which are similar to the ones

using the isolated ions solvated in water.

Size convergence test

we have performed a convergence test using about double the system size: Fig. S5 com-
pares the simulation using 1626 atoms (with electrolyte filled between the space of Al = 60 A
between two Pt surfaces) at 420 K, and the simulation using 915 atoms (with electrolyte

filled between the space of Al = 40 A between two Pt surfaces) produce consistent EDL

structures.

Surface coverage of water

In Fig. S6 we show the surface coverage of water on the Pt(111) surfaces at different bias
A®. The surface coverage percentage is the ratio between the number surface Pt atoms
that have an oxygen atom with distance less than 2.7 A and the total number of surface Pt
atoms (36 atoms on the (6 x 6) 111 surface for each electrode). At the zero bias condition

(PZC), the surface coverage is about 15%.
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Figure S6. The surface coverage of water on the Pt(111) surfaces at different bias A®.
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Figure S7. Oxygen and hydrogen molar density distributions for the Pt(111)-water system at

370 K and zero electric bias (PZC). The horizontal axis of the figure corresponds to the vertical
distance to the top of the Pt surface.

Criteria for chemisorbed vs physisorbed water

We classify chemisorbed and physisorbed water molecules as: chemisorbed water molecules
have oxygen positions within 2.7 A of the Pt surface, and physisorbed water have oxygen
positions within 2.7 A to 4.5 A to the surface. As shown in Fig. S7, the 2.7 A correspond

to the minimum in the oxygen density distribution, and the chemisorbed and physisorbed

water distributions have well-separated peaks.

Snapshots of chemisorbed and physisorbed water molecules are provided in Fig. S8 and

Fig. S9, respectively.
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Figure S8. Snapshots for the chemisorbed water molecules on surface for the Pt(111)-water system

at 370 K and zero electric bias (PZC).
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Figure S9. Snapshots for the physisorbed water molecules on surface for the Pt(111)-water system

at 370 K and zero electric bias (PZC).
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Figure S10. Snapshots for the surface charge distribution in the Pt(111)-water system at 370 K
and zero electric bias (PZC). For clarity, only the chemisorbed water molecules are shown. Blue

indicates negative charges, and red indicates positive charges.

Surface charge distribution

Fig. S10 shows the charge distribution on the Pt surface for the Pt(111)-water interface.
For clarity, only the surface layer of Pt atoms and the chemisorbed water molecules are
shown. The Pt atoms that are vertically under the oxygen atoms of the chemisorbed wa-
ter are positively charged (colored in red), while the surrounding Pt atoms are negatively
charged (in blue). This picture seems quite intuitive considering the Siepmann-Sprik model
used. It is also consistent with the diagonal transfer of charges from water to Pt atoms
observed in a DFT study from Surendralal et al. [17]: in contrast with the conventional
view that the electron transfer is vertical (from the on-top bonded water molecule to the Pt
atom below), both the water molecule and the on-top Pt atom act as electron donors, while

the nearby Pt atoms become negatively charged.

Fig. S11 shows the charge distribution for the Pt(111)-KF 2M interface. F~ within 4.5 A
and chemisorbed water molecules are shown. The surface charge distributions are similar to
the pure water case, except that F~ seems to induce a smaller amount of positive charges

on the metal atom beneath.



_ N

o o ©® & o ) ® o o e
v o O o 5} O o {

Qo ) O Qo 5] o o o @ o o
o o o o b o e e o ¢

o o 9 o o o @ o o ) O _©®
Oooo ( oo,\,\ Oofo“\ ,\QO;“Q/
e o 9 o .® o e @ 0 "«

), @ O o @ ) O @ _© (6} o)
‘Qﬁo,,ﬂ @ O 57 %9 o &

0T o _ @] °o_o / O"’i
o« v 4K—,ﬁ . v

o o e > o 8 o o o
o o (&) ¢ (8] ®) P

e o o e o o ® @& o
@ o ¢ e o o o ’'o ¢

o _o o e o o ®% o o
o _ o o o ¢ ¥ o o ¢

@ o o Lo, ® o ) @ _ O
- @ o ¢ ¢ ooa & ouo

A J o W

O, 0 ¢ Y I @ o . ¢

'Y o o oo @ 4 _e &
L = & @ L —=—e—9 L= 8= =9

Figure S11. Snapshots for the surface charge distribution in the Pt(111)-KF 2M system at 370 K
and zero electric bias (PZC). For clarity, only the chemisorbed water molecules and F~ (medium
sized blue spheres) within 4.5 A of the Pt surface are shown. Blue indicates negative charges, and

red indicates positive charges.

Diffusion coefficient of water in Pt(111)-water and Pt(111)-KF 2M interfaces

As depicted in Fig. 1a of the main text, the interface system is divided into five distinct
zones along the z-axis: a chemisorbed layer (<2.7 A from the surface) and a physisorbed
layer (2.7-4.5 A from the surface) close to the cathode (—), the two layers close to the anode
(4), and the bulk region with distance >10 A away from the Pt surface. Fig. S12 shows the
in-plane (D,,) and out-of-plane (D,) diffusion coefficients of undissociated water molecules
across these five regions for Pt(111)-water, Pt(111)-0.4 M KF, and Pt(111)-2 M KF systems,

computed using the MSD of water molecules that are initially in the corresponding region.

In all the systems, interfacial water molecules show reduced diffusivity compared to the
bulk ones at zero bias conditions (A® = 0 V). However, at finite A®, the in-plane mobilities

of the interfacial water at the cathode are enhanced and can exceed the bulk values.
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Figure S12. In-plane (D,,) and out-of-plane (D) diffusion coefficients of water in five distinct
regions for three systems: (a) the Pt(111)-water interface, (b) the Pt(111)-0.4 M KF interface, and
(c) the Pt(111)-2 M KF interface. Results are shown for regions near the cathode (—, solid lines)
and the anode (+, dashed lines). The chemisorbed (chem, red) and physisorbed (phys, orange)
layers are defined by their distance to the surface of the cathode and anode, <2.7 A and 2.7-4.5 A,

respectively. The bulk region (blue) is at a distance of >10 A away from the Pt surface.
Water dissociation and proton transfer reactions

In Fig. 2 of the main text, we provide two representative trajectories of reactions, as well
as the aggregated proton transfer analysis across different bias potentials A®. Here we show
the individual analysis for each simulation run where water dissociation occurred.

Fig. S13 shows the water dissociation reaction for the Pt(111)-water, and Fig. S14 shows
the reaction for the Pt(111)-aqueous KF 2 M system at 370 K under different bias potentials

A®. We visualize all these water dissociation reactions using two consecutive snapshots: The

11



first snapshot shows the last configuration before water dissociation has happened with the
simulation time ¢ indicated, and the second snapshot shows the dissociated configuration at
time t + 1 ps.

The individual proton transfer statistics for H3O' and Pt-OH in Pt(111)-water (Fig. S15)
and Pt(111)-aqueous KF 2 M (Fig. S16) systems are analyzed using the same methodology
described in the main text. From each trajectory, we used a maximum of 500 ps after
dissociation for the analysis. Such individual analyses confirm that a Poisson model (orange
lines) parameterized by 7 effectively describes proton hopping dynamics for both hydronium
and hydroxide. Figs. S15 and S16 also suggest that the mean hopping time 7 does not have
a clear dependence on the applied potential A®. Consequently, the values for 7 reported in

the main text were aggregated from these individual analyses.

Diffusion coefficients of H3;0" and Pt-OH

To further confirm that added ions reduce the proton transfer rate of HsO" and Pt-OH
in the Pt(111)-aqueous interface systems, we compute the diffusion coefficients based on the
mean square displacements in the x-y plane. As with the hopping statistics, no systematic
dependence on A® was observed, so values were averaged across all finite-field simulations.
The in-plane diffusion coefficient was computed using the MSD along = and y directions
according to the Einstein relation:

(Ar(t))

D=
4t

(1)

where (Ar?(t)) is the ensemble-averaged MSD in two dimensions and ¢ is the elapsed time.
The total time lag in computing MSD was 10 ps, and D was obtained from the slope between
2-10 ps. For the Pt(111)-water interface, the diffusion coefficients are D = 2.95(8) A2 /ps
for H3O" and D = 0.56(2) A?/ps for Pt-OH, consistent with the faster mobility of the
excess proton. Upon addition of 2 M KF, both species exhibit reduced diffusivity: D =
1.43(5) A2 /ps for HsOt and D = 0.47(2) A2 /ps for Pt-OH. These H3O* diffusion coefficients
are quite consistent with what a memory-less random jump model in 3D combined with the
computed proton hopping 7: 1.6 A2 /ps for water and 1.0 A2 /ps for KF 2 M, when taking
the oxygen-oxygen nearest neighbor distance to be 2.85 A. On the contrary, the 2D random
model predicts the Pt-OH diffusion coefficients 1.1 A?/ps for water and 0.9 A%/ps for KF

12



A® =1.13 t=2851ps After (1ps) Displacement

15 941 0 01
] ] N ]
76 #b 5‘0-342 K ?f
9 11‘10 ’£ 1]§10 i 3
— 10 13| 4 7 12913( ° ¢
< 12’14 14 :
=
5 4 ] ]
0 T T T T T T T T T T T T T T T T T T
A® = 1.50 t=1628ps After (1ps) Displacement
P &7 L4
15 B 1
= 10 B 1
x
51 1 7 1]
4 4 g %
0 - &% — — .
A® = 1.65 t=1432ps After (1ps) Displacement
] 5 03 %0 | 0l 7@F10| | BT |
15 -8 S 11 z"3-3( a\11 o@ogi
9 9 5
109 1 «
x
5 4 ] ]
6
0 . . . . 24 . . . . . . . . . . . .
A® = 1.88 t=536ps After (1ps) Displacement
7
15 B 1
= 10 B 1
x
5 4 ] ]
5 32 1 6 300
6, a .
0 . . . . “#8'*0, . . . . ;ﬁr . . . . YL
A® = 2.03 t=1177ps After (1ps) Displacement
15 A 1 1
1 5 5
13 4
2101 ¥ ¥4 | 38
< 2
54 ] ]
0 T T T T T T T T T T T T T T T T T T
A® =2.26 t=799ps After (1ps) Displacement
15 B 1
109 1 «
x
54 10 B 4 10 7 4
2 .gé 7 o
1 6 2 b b6 o @c
0 L 11*53?4 1996 EE?A 7%
A® = 2.63 t=758ps After (1ps) Displacement
10 10
15 11\’9 1 1o | 1 ®
54 13 12 54 13312 °
— 10 763 4 17“‘«?31)2 j Qfgfe
< §-14 1 B?u ot %
x 17"15 16 15
54 16 4 4
0 y T v v v v T v v v v v T T v v v v
10 15 20 25 30 35 10 15 20 25 30 35 100 15 20 25 30 35
z[A] z[A] z[A]

Figure S13. Configurations before and after water dissociation, in the Pt(111)-water system
at 370 K and under different bias potentials A®. The first column shows the snapshot before
dissociation. The onset time for water dissociation is indicated. The second column shows the
snapshot 1 ps after the first snapshot. Water molecules are marked in green, H3O™" ions are
marked in red, OH ions are marked in orange. Atoms from species participating in the reactions
are indexed. The third column demonstrates the displacement of the relevant atoms during the

1
1 ps interval. Oxygen atoms are in red, and hyci%rogen atoms are in white.
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Figure S14. Configurations before and after water dissociation, in the Pt(111)-aqueous KF 2 M

system at 370 K and under different bias potentials A®. The first column shows the snapshot

before dissociation. The onset time for water dissociation is indicated. The second column shows

the snapshot 1 ps after the first snapshot. Water molecules are marked in green, H3O™ ions are

marked in red, OH ions are marked in orange. HF is marked in orange at the bottom middle panel.

Atoms from species participating in the reactions are indexed. The third column demonstrates the

14
displacement of the relevant atoms during the 1 ps interval. Oxygen atoms are in red, hydrogen

atoms are in white, and floride atoms are in green.
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Figure S15. Distribution of proton-hopping events per picosecond for hydroxide (left column) and
hydronium (right column) in the Pt(111)-water system at 370 K under a set of bias potentials A®.
Simulation data (blue bars) were obtained from MD trajectories after water dissociation occurred,

compared with Poisson distributions (orange lines) parameterized by the mean hopping time 7.
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Figure S16. Distribution of proton-hopping events per picosecond for hydroxide (left column)
and hydronium (right column) in the Pt(111)-aqueous KF 2 M system at 370 K under a set of
bias potentials A®. Simulation data (blue bars) were obtained from MD trajectories after water
dissociation occurred, compared with Poisson distributions (orange lines) parameterized by the

mean hopping time 7.
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2 M, which are faster than the computed D values. This can be explained by the back-and-

forth jumping observed in the inverse Grotthuss step.
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