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1. Model Systems:

(a)

Figure S1: MLMD simulation equilibrated explicit water solvation slab models of the (a) (110)
and (b) (101) facet of the IrO, surface.

2. Computational Details and Methodology:

A symmetric periodic slab composed of four O-Ir-O layers with lateral xy dimensions of 2 x 2
supercells was modelled to represent the rutile IrO, (110) and (101) surfaces. This resulted in
a symmetric [rO, composition, i.e., for both surfaces, we had 32 Ir and 64 O atoms. The explicit
aqueous IrO, (110) and (101) models were built up by keeping the slabs separated with a 15 A
solvent space. This led to the construction of an orthorhombic supercell with dimensions 6.35
x 12.74 x 26.99 A3 and 11.03 x 9.01 x 24.39 A3, respectively. The vacuum layer was
introduced between two periodic slabs along the surface normal, z-direction, in order to
diminish/prevent the interactions between periodic, adjacent images. The solvent space
between the slabs was filled with 41 and 63 water molecules for the (110) and (101) surfaces,
respectively, including one monolayer of water (4 and 8 water molecules, respectively). These
ensured the bulk region water density to be near 1 g/cm?. All our simulations were carried out
under charge-neutral conditions, corresponding to the point of zero protonic charge for the
aqueous IrO,.

2.1 AIMD Simulations:

We performed all the ab-initio molecular dynamics (AIMD) simulations using the Quickstep
11 code as implemented in the CP2K? package. Along all three directions, the periodic boundary

conditions were applied to simulate an effectively infinite system. The Perdew-Burke-
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Ernzerhof (PBE)? functional was coupled with the Grimme’s D3# dispersion correction to
simulate the IrO,/H,0 interface accurately. To define the core electrons, we opted for the
Goedecker-Teter-Hutter (GTH)>® pseudopotential. The employed atomic basis sets for the
valence electrons (H: 1s'; O: 2s? and 2p*; Ir: 5s2, 5p°, 5d7, and 6s?) were the standard short-
ranged double-basis functions with one set of polarization functions (DZVP) 7. The plane wave
cut-off for the electronic density expansions was set as 400 Ry. Furthermore, the target
accuracy for the SCF convergence was set to 3 X 107 a.u. The canonical NVT ensemble was
employed for the simulation with a time step of 0.5 fs. The simulations were carried out for 10
ps for each of the IrO,/H,0 interface systems. The equilibrium temperature for all simulations

was maintained at 330K to ensure a frank diffusive motion of liquid water, utilizing the Nosé-

Hoover thermostat.?
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Figure S2: Time evolution of potential energy (left) and temperature (right). Panels (a) and (b)
correspond to the (110) and (101) surfaces, respectively, obtained from the 10 ps AIMD
simulations. The potential energy stabilizes over time, while the temperature fluctuates around

the target value, confirming thermal stability of both surfaces during the simulation.
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2.2 Machine learning Potential Training:

In this work, we trained the deep learning-based interatomic potentials using the open-source
DeePMD-kit*!9 package. The Deep Potential-Smooth Edition (DeepPot-SE)!!, a two-atom
embedding descriptor model, was used to capture both angular and radial information of atomic
configurations for the structural descriptor. The cut-off radius for neighbor searching within
the local environment was set to 6.0 A. The cut-off smooth was set as 0.5 A. The embedding
network had layers of size 25 x 50 x 100, and the fitting network used layers of size 240 x 240
x 240. The overall learning dataset for the (110)/H,O and (101)/H,0O interfaces is constructed
from their respective AIMD simulation trajectories. The 10 ps AIMD trajectory for each facet
was systematically subsampled to yield 10,000 configurations per surface, rather than using all
~20,000 generated snapshots directly. A denser sampling interval was applied during the pre-
equilibration regime (0-3 ps) to ensure adequate representation of higher-energy, structurally
distorted configurations, while a comparatively sparser sampling frequency was employed over
the equilibrated region (3-10 ps). An 80/20 train/validation split was subsequently applied to
this subsampled dataset, yielding approximately 8,000 training configurations and 2,000
validation configurations per facet. This deliberate subsampling strategy was adopted to
balance configurational diversity with computational efficiency, and to avoid redundancy
arising from the high temporal correlation of consecutively generated AIMD frames. To certify
the quality of MLMD simulations, we trained the inter-atomic deep potential with 1000000
batch steps. We achieved L2 energy error of 0.34 meV/atom and force error 81.60 meV/A on
the training set, as well as L2 error of 0.35 meV/atom and 82.22 meV/A for the energy and
force, respectively, on the validation set for the (110)/H,O interface model. Similarly, for the
(101)/H,0 interface model, we obtained an L2 energy error of 0.36 meV/atom and a force error
0f 90.19 meV/A on the training set, followed by an energy error of 0.36 meV/atom and a force

error of 90.39 meV/A on the validation set.
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Figure S3: Parity plots of machine-learning (ML) predicted versus DFT reference energies

(upper panel) and forces (lower panel). (a) and (c) show results for the training set; (b) and (d)

show results for the validation set, for the IrO,(110) surface. Energies are given in eV/atom

and forces in eV/A. The diagonal line indicates perfect agreement.
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Figure S4: Parity plots of machine-learning (ML) predicted versus DFT reference energies
(upper panel) and forces (lower panel). (a) and (c) show results for the training set; (b) and (d)
show results for the validation set, for the [rO2(101) surface. Energies are given in eV/atom

and forces in eV/A. The diagonal line indicates perfect agreement.

2.3 MLMD Simulations:

We performed all potential-based MLMD simulations using the LAMMPS!? code, interfaced
with the DeePMD-kit. We kept the identical supercell model structure as implemented in the
AIMD simulations for both the IrO,/H,O interface models. The simulations were carried out
under constant volume, constant temperature, and canonical ensemble conditions. The
temperature was also controlled here with the Nosé-Hoover thermostat at 330 K. The MD time
step was set to 0.5 fs, and the total time scale of the MLMD simulations was 10 ns for each of

the surface-water interface models.
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Figure S5: Time evolution of potential energy (left) and temperature (right). Panels (a) and (b)
correspond to the (110) and (101) surfaces, respectively, obtained from the 10 ns MLMD

simulations.

2.4 MLIP Validation:

The out-of-distribution (OOD) transferability of the trained MLIP models was systematically
assessed by benchmarking their predictive performance against independent AIMD datasets
generated across a range of temperatures not encountered during training. Specifically, the
models were evaluated against independent AIMD datasets generated at 200 K, 400 K, 500 K,
and 600 K, none of which were included during MLIP training. As shown in Table S1, the
regression metrics (RMSE and MAE for both energies and forces) remain at a reasonably high
level of accuracy across all unseen temperatures for both facets. The corresponding parity plots
in Figure S6 confirm that the models accurately describe configurations well outside the 330
K training distribution, including highly distorted geometries sampled at 600 K.

Table S1. Regression metrics (RMSE and MAE) for energies and forces predicted by the 330
K AIMD-trained MLIP models evaluated on independent AIMD datasets generated at 200-600
K for the IrO, (110) and (101) surfaces.

S7



Temperature

(110) Surface

(101) Surface

Energy
(meV/Atom)

Force

(meV/A)

Energy
(meV/Atom)

Force

(meV/A)

RMSE

MAE

RMSE

MAE

RMSE

MAE

RMSE MAE

200K 0.75

0.64

95.61

72.50

0.36 0.28

89.33 67.12

400K 1.01

0.86

109.20

81.61

0.76 0.62

109.02 | 81.67

500K 0.88

0.70

119.09

87.70

0.65 0.53

120.80 89.28

600K 0.90

0.71

131.29

96.03

0.75 0.61

133.45 | 97.68

200K

400K
ML Energy (eV/Atom)

ML Energy (eV/Atom)

500K

ML Energy (eV/Atom)

600K

ML Energy (eV/Atom)

(110)

(101)

Energy Force Energy Force
. 4
~634.605 (a) s 5 4] (e) s (I) 3_(m)
/ £
/ = 2 ] = 24
-634.610 P g 2 T -520.004 ;‘ z
/-‘." o % o
-634.615 - ,t-fi; 8 o o -520.008 ". 8 o
7 6 2 S
5 £ o 57
~634.620 - E‘ =27 ﬂ 20 = 24
RMSE = 0.75 meV/Atom e RMSE = 95.61 meV/A | = sz016 RMSE = 0.36 meV/Atom| -3 RMSE = 89.33 meV/IA
B MAE = 0.64 meV/Atom s P MAE = 72.50 meV/A MAE = 0.28 meV/Atom 5 MAE = 67.12 meV/IA
-634.625 ~634.620 634 615 -634.610 ~634 605 -4 2 0 2 1 -520.016-520.012-520.008-520.004-520.000 -4 -z ] 2 4
DFT Energy (eV/Atom) DFT Force (eV/A) DFT Energy (eV/Atom) DFT Force (eV/A)
(b) +1(f) () *(n)
-634.5684 i T o, 4
< 2 3
3 & -519.982 3
-634.508 i 2 % _?._,. 2
y g 0 > -519.085 § o
-634.592 ek o 2 2
e [y 2 3 -z
j:}y 5‘ W -519.988 - : =
3 I, a i -4
R : i’ RMSE = 1.01 meV/Atom RMSE = 109.20 meV/A | = I RMSE = 0.76 meV/Atom RMSE = 109.02 meV/A
MAE =0.86 meV/Atom MAE = 81.61 meV/A . MAE = 0.62 meV/Atom * MAE = 81.67 meV/A
-634.506 -634.592 -634.588 -634.584 PR T 6 519.991 515,988 ~519.985 ~515.982 -518.979 % -4 -2 0 2 4 6
DFT Energy (eViAtom) DFT Force (eV/A) DFT Energy (eV/Atom) DFT Force (eV/A)
C ke 61 -519.964 k (o]
@ EGEET el (K) [
=z “1 g-sw‘wo- =z 4
~s4.sm01 S 2 S
o 3 -s19.976- 3
6345724 § 031 b= § ks
2 . g-swmz- 2
634576+ = 5 i
I = -4 El -519.988 - =
—saasa0- - -RMSE = 0.88 meV/Atom RMSE = 119.09 meV/A RMSE = 0.65 meV/Atom| RMSE = 120.80 meV/A
< MAE =0.70 meV/Atom| MAE =87.70 meV/A| -st0.904 MAE = 0.53 meV/Atom MAE = 89.28 meV/A
-634.580-634.576-634.572-634.568-634 564 5 4 2 o @ 4 8 ~513.994-519.988-513 962-519.976-519.970-519.964 % 4 2 0 2 4 G
DFT Energy (eV/Atom) DFT Force (eV/A) DFT Energy (eV/Atom) DFT Force (eV/A)
8 ]
s (D) Ty m 'fip)
P / -—E~ -519.95+
634,540 A Y s X
e % N _g -519.96 - s,
y £ =z 3 &
an 8 o 3751097 ; o
634552 £ - & Q-2
] u=J -519.98 < wl
= 4 g =4
634,558 - e E‘
JRMSE = 0.90 meV/Atom | -6 RMSE = 131.29 meV/A | = -s19.991 RMSE = 0.75 meV/Atom| RMSE = 133.45 meV/A
oses 47 MAE =0.71meV/Atom| MAE = 96.03 meV/A MAE =0.61 meV/Atom| MAE = 07.68 meV/A

634564634 556634552634 546:634.540-634.534
DFT Energy (eV/Atom)

—l".5 U:U 2:5
DFT Force (eV/A)

7 T
75 50 50 75

~519.99 -519.98 ~519.97 -519.96 -519.95

DFT Energy (eV/Atom)

=75 =50 =25 0.0 25

DFT Force (eV/A)

50 15

Figure S6. Parity plots of MLIP-predicted energies and forces against DFT reference values
for the IrO, (110) and (101) surfaces, evaluated on independent AIMD datasets at 200 K, 400

K, 500 K, and 600 K. For the (110) surface, energy and force correlations are shown in panels

(a-d) and (e-h), respectively and corresponding panels for the (101) surface are presented in

(i-1) and (m-p).
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In order to systematically broaden the configurational space sampled during training, an
expanded dataset was constructed by incorporating AIMD frames collected at 200 K, 330 K,
400 K, 500 K, and 600 K, supplemented by rattled and strain-displaced structures specifically
designed to probe OOD configurations. Starting from randomly selected equilibrated frames
from the 330 K AIMD simulation, we carried out short 3 ps AIMD runs at each of these
temperatures using the same computational setup as the original 10 ps trajectory. Equi-spaced
frames were extracted from these trajectories and for the 330 K simulation only post-
equilibration configurations (beyond the initial 2 ps) were included.

Two complementary strategies were employed to further augment the structural diversity of
the training set. First, controlled mechanical deformations were applied via strain engineering:
biaxial in-plane strain and uniaxial strains along the x and y directions, each spanning a
symmetric range of -2% to +2%, generating 18 configurations that capture the materials
response under both compression and tension. Second, thermal distortions were introduced
through atomic rattling: approximately 30 structures were generated by applying random
Gaussian displacements to atomic positions, with displacement magnitudes calibrated by atom
type and spatial location (0.050 A for Ir; 0.050-0.095 A for O depending on layer; 0.080 A for
H), producing a structurally diverse ensemble that mimics finite-temperature effects. Together,
these two strategies contributed approximately 40 distinct structural configurations, enabling
systematic exploration of both mechanical and thermal effects. Single-point DFT calculations
at the same level of theory as the original AIMD were performed on all generated structures,
and these 40 datapoints were incorporated into the expanded training set. The final dataset
comprises approximately 7,500-7,600 configurations per facet, with 20% held out as the
validation set.

As shown in Figure S7, the models trained on this expanded dataset reproduce DFT energies
and forces with high fidelity. Using these retrained MLIPs, we performed extended 10 ns
MLMD simulations at 330 K for both facets. As evident from Figure S8, the trajectories remain
thermally stable and energetically well-converged throughout the simulation. Critically, the
water density profiles, radial distribution functions (RDFs), and vibrational density of states
(VDOS) obtained from the expanded model are in excellent agreement with those from the
original model trained solely on the 330 K trajectory (see Figure S9). This close agreement
confirms that the original 10 ps training trajectory already captures the essential configurational
space relevant to 330 K conditions. Consequently, the convergence observed in the 10 ns
MLMD simulations reflects physically meaningful behavior rather than an artifact of a limited

training distribution.
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Figure S7. Parity plots of MLIP-predicted versus DFT reference energies and forces for the

IrO,(110) and (101) surfaces, obtained from the expanded training dataset. Panels (a) and (b)

show energy correlations for the training and validation sets of the (110) surface, respectively,

with the corresponding force correlations presented in panels (c) and (d). Analogous energy

and force parity plots for the (101) surface are shown in panels (e), (f) and (g), (h), respectively.
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Figure S8: Time evolution of total energy (left) and temperature (right). Panels (a) and (b)
correspond to the (110) and (101) surfaces, respectively, obtained from the retrained MLIP-
driven 10 ns MLMD simulations.
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Figure S9: Radial distribution function of selected atomic type pairs at the (a) IrO,(110)/H20
and (b) [rO,(101)/H,0 interface obtained from MLMD simulations trained on a fixed, 330 K
AIMD dataset (MLMD FT) and from MLMD simulations sampling various temperature
AIMD dataset (MLMD VT, inset). Water density profile obtained upon MLMD FT and
MLMD VT simulations for IrO, (c) (110) and (d) (101) surface. Vibrational density of state
(VDOS) profile of the water layers obtained from the MLMD FT and MLMD VT simulation
for the (e) (110) and (f) (101) surface.
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2.5 CI-NEB Calculation:

For IrO, covered with a monolayer of adsorbed water, the climbing-image nudge elastic band
(CI-NEB) method, developed by the Henkelman group'>!#4, was used to determine the
transition state geometries and energy barriers as implemented in the Vienna Ab-initio
Simulation Package (VASP) code. The image of the highest energy approximated the transition
state of the optimized reaction coordinate.

2.6 OER Profile Calculations:

All the first principle-based static calculations were carried out using the VASP 517 program,
based on plane-wave basis sets. The Perdew, Burke, and Ernzerhof (PBE) generalized gradient
approximation (GGA)? was employed for the electronic exchange-correlation function. The
electron-ion interactions were used utilizing the all-electron projector augmented wave
(PAW)'® method. A plane-wave cutoff energy of 500 ¢V and a convergence threshold of 103
eV in total energy were used for the electronic density. A maximum force of less than 0.02 eV/
A on any ion and Gaussian smearing with a smearing width of 0.05 eV were employed for the
structural optimization. Throughout the calculations, the dispersion correction term was
considered using the van der Waals density correction with the IVDW = 11 tag, corresponding
to the DFT-D3 method of Grimme with zero-damping function*. A Gamma (I')-centered k-
point grid of 1x1x1 was employed to sample the Brillouin zone for optimization purposes.
The implicit solvation was described using the self-consistent continuum solvation framework,
(dielectric constant, € = 80, and Debye screening length 3.04 A), coupled with the linearized
Poisson-Boltzmann model (PBM) as implemented in VASPsol.!1%-20

Water electrolysis involves the hydrogen evolution reaction (HER) at the cathode and the
oxygen evolution reaction (OER) at the anode. Theoretically, a potential difference of 1.23 V
is required between the anode and cathode to drive the overall reaction. In OER, molecular
oxygen is produced via four proton/electron-coupled procedures depending on the pH
environment. In acidic conditions, two water molecules are oxidized into four protons (H") and
an oxygen molecule (O,).

2H,0y— 4H T + 0y, + 4e”

It is traditionally taken into account that OER occurs via four electrochemical steps involving
the simultaneous release of proton-electron couples. Following the adsorbate evolution
mechanism (AEM), upon adsorption on the active surface metal site via a one-electron
oxidation process, a water molecule forms a site-adsorbed hydroxyl (*OH) intermediate.

Subsequently, *OH undergoes a proton coupling and electron removal to form oxo (*O)
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intermediate. The following O-O bond formation step allows *O to react with a second water
molecule to form hydro-peroxide (*OOH) species. Finally, *OOH is oxidized by a one-electron
transfer process to release O, and recover the initial active site. Each elementary step possesses
specific free energy as a function of binding energies/adsorption free energy of the

corresponding intermediates, given as,

1
G =G -G, -G -G, -kTin10 X pH -eU
A6 . =G, +Gy =Gy o=G. - 2KTIn10 X pH - 2eUg; @
G =G + 3G 2G G 3kTIn10 X pH - 3eU
A8 o = Yoonr T30, Hy0 n p eYsug 3)
G=E +ZPE-TS

elect , where

Furthermore, the free energies of the intermediates were obtained by
Eeject 18 the electronic energy of the corresponding intermediate, ZPE is the zero-point energy,
S is the entropy, and T is the absolute temperature. The ZPE corrections and entropies of
intermediates were calculated using vibrational analysis at T = 298.15 K with VASPKIT.?!

The four-electron steps of the OER pathway in acidic conditions (pH = 0) can be broken down

as in the computational hydrogen electrode (CHE) model, introduced by Nerskov et al.??

. + 4 o AGeip=AG ., + AG
* + Hy04) »>OH" + H" + e ;A cig = AG .+ AGy (4a)
. . o AGA=AG . -AG .+ AG
OH* 50"+ H' + e ;ACHE Ao* AOH* AGy (4b)
3 _
0" +H,0) »00H" + H + e~ ;AGCHE_AGOOH* — 4G, + AGy (40)

4 _ —
OOH"™ 50, + H' + e~  AGeyp = AGy (=4.92eV) —AG . + 4Gy (4d)

The 4Cv s the potential correction term.

To drive the OER, a minimal theoretical voltage of 1.23 V is needful at room temperature.
However, practical operation demands a higher applied potential to drive the reaction at
appreciable rates. From a thermodynamic standpoint, such a biasing potential exceeding the
minimum of 1.23 V can drive these four steps exothermically and is termed as overpotential.
The step with the largest free energy difference is defined as the rate-limiting step and regulates
the theoretical overpotential of the whole reaction. Given as,

{AGpp
e —1.23V (5)

OER _
NeHg =

Each reaction intermediate was optimized in the presence of an equilibrated interfacial water
layer captured from the MLMD simulation, thereby capturing the dynamic solvation effects

that conventional static or implicit models often overlook.
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2.7 Electronic Structure Analysis Calculations:

Work function () calculations were initially performed for the pristine IrO, slab model in
vacuum to characterize the intrinsic electronic properties of the two facets under study. ¢ was
defined as the difference between the electrostatic potential in the vacuum region and the Fermi
level of the slab. The vacuum reference was determined from the plane-averaged electrostatic
potential along the surface normal direction (z-axis). Further, to assess the influence of
solvation, the water-equilibrated surface structures were considered for the study. Solvent-
induced electronic effects were analyzed by monitoring shifts in the Fermi level and changes
in the plane-averaged electrostatic potential relative to the vacuum-referenced pristine slab
models. These potential shifts capture interfacial charge redistribution and solvent-induced

screening at the solid-liquid interface.
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Figure S10: Planar-averaged electrostatic potential profiles along the surface normal (z-axis)
for the IrO, (a) (110) and (b) (101) surfaces under vacuum and explicit solvation conditions.
The electrostatic potentials are referenced to the Fermi level (Er = 0 eV) (dashed line). The
vacuum level is identified from the plateau region in the vacuum, while in the solvated system
the oscillatory behaviour reflects the structured solvent layers and interfacial electrostatic
screening at the IrO,/H,0O interface.

The electronic structure of the catalyst surface of interest was further analyzed for
configurations with an adsorbed oxygen-based intermediate. Orbital-resolved projected
density of states (PDOS) calculations was performed to evaluate the contributions of the Ir(5d)
states and O(2p) states in the vicinity of the Fermi level, providing insight into the extent of
metal-oxygen hybridization under adsorbed conditions. All PDOS spectra were referenced to
the Fermi level, set at 0 eV.

The d-band center (g,) plays a crucial role as a quantitative descriptor in determining the

strength of interactions between the active catalytic metal site and adsorbed molecules, which
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directly channels the catalytic activity. The position of the g4 is determined with the formula,

Ep(E)dE
- [t
¢ p(E)dE  where E represents the energy of the d-electrons, A(E) denotes the density of

states for the d-orbitals. [23-23]

Furthermore, to examine the charge redistribution between the catalytically active Ir site and
the O-containing adsorbed intermediates, Bader charge and Bader population analyses were
performed using the Henkelman Group’s Bader analysis program. 2628 Alongside, the charge

density differences of the key OER intermediates were mapped using the VASPKIT program.

(b)

Figure S11: Charge density difference (CDD) plots for the *O (left panels) and *OOH (right
panels) intermediates on (a) [rO,(110) and (b) I[rO,(101) facets, computed under explicit water
solvation. Yellow and cyan iso-surfaces denote charge depletion and accumulation,
respectively, with an iso-value of 0.0025 eA-3. The arrows indicate the net Bader charge
transfer from the Irs. active site to the adsorbed intermediate.

Lastly, the Crystal Orbital Hamiltonian Population (COHP)?° calculations were performed
using the LOBSTER 3 package, starting from converged and relaxed electronic structures. The
orbital-resolved COHP and integrated COHP (ICOHP) between metal d-orbitals and oxygen
2p-orbitals were investigated to understand the bonding strength between the catalyst and the
target OER intermediates. The ICOHP analysis also provides a significant insight into bonding
and antibonding interactions, rather than orbital population, as in the case of the density of

states (DOS) calculation.

3. Surface Structure Coordinates:
IrO,-110
IrO2 110
1.00000000000000
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