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Subsurface Control of Active-
Site Distributions in Pt-Skin

HEA Electrocatalysts

From single active sites to engineered active-site populations
— tuning H adsorption through the buried composition
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o2 Platinum is the HER benchmark — but it is expensive

HER activity peaks when hydrogen binds at AG,,. = 0 — right where Pt sits. But Pt is costly and scarce, so the search for cheaper, tunable

catalysts continues.
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KEY MESSAGE The goal: reach Pt-like H binding (AG. = 0) with far less Pt.
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0z High-entropy alloys = enormous local-environment diversity

Five-plus near-equiatomic elements, randomly mixed — so no two surface sites see the same neighbourhood

O . 0 . . o Why we care random mixing means every surface
site sees a different local environment — one
’ . Q ’ O material, a continuum of distinct binding sites.
. Q . . Q . Five-plus principal elements, each near-
equiatomic — a vast, tunable composition space.
. . . Q . . High mixing entropy keeps it a single disordered
solid solution.
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Key MEssAGE What makes HEAs special for catalysis is local-environment diversity — many distinct sites in one material. 03/30
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o4 Pt-skin HEA: keep Pt’s surface, tune the buried core

A pure-Pt outer layer over a mixed Fe—~Co—-Ni—Cu-Pt core — Pt-like chemistry on top, far less Pt and new tunability underneath

006
000
000

000
® ©
000
006
000
000
006
000
000

Pure Pt Alloy Pt-skin HEA

uniform Pt surface mixed surface Pt surface - tunable core

@ Pt @re @ Co @ Ni @ cu OH

The Pt skin preserves Pt-like surface chemistry, while the buried high-entropy environment is used to tune H adsorption.

KEY MESSAGE Keep a Pt-like surface, let buried atoms tune it, and use less Pt. 04/30
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os HEA catalysis is not a single-site problem

Even under a pure-Pt skin, each hollow sits above a different subsurface — so adsorption becomes a distribution

Conventional catalyst Pt-skin HEA
Q00000 Q00000
Q00000 . 00000

single AGy.
distribution v v v
A;H* A;H*
single representative site many local environments

one representative site —  adistribution of AG,,. — engineer the active-site population

KEY MESSAGE Activity is a distribution of sites — so the design target is the active-site population, not one site.
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o6 Pt-skin: a controlled platform for the buried effect

The adsorbate always meets a Pt-rich surface; the variation comes from the composition underneath

|

H hollow site
FCC/HCP 3-fold hollow on the skin
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Pt skin

topmost layer is all Pt

.\ mixed subsurface

randomly mixed Fe-Co-Ni-Cu-Pt
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The Pt skin fixes the surface chemistry, while the buried Fe~Co-Ni-Cu-Pt environment tunes the local H adsorption energy.

KEY MESSAGE The Pt skin isolates one clean question: how does the buried environment tune surface Pt?
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o7 The central question of this work

Can the buried composition set — and let us predict — each site’s H binding, and thus the whole active-site population?

o 2] =] o

28 R 0% v Al

00k _ . ® 5
Pt-skin slab Hollow-site DFT Local descriptors Adsm:ptlon Actlve-s.lte
predictor population
SQS surface model per-site AG,,. subsurface counts

from local descriptors W, 0, Py

The buried environment sets each site’s AG,,.; the target is the resulting active-site population — with DFT as calibration, not a full census, kinetics, or MLP.

KEY MESSAGE The target is the active-site population; prediction is the route, and DFT is the calibration. 07730
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0s Methods overview

Fe-Co-Ni-Cu-Pt Pt-skin (111): from random structure to descriptors

SQS bulk

random alloy in a finite cell

Pt-skin slab
4x4x6 - 96 atoms - pure-Pt top

96 hollow sites
all FCC + HCP, 3 slabs

DFT AG,,.
VASP, per site

Descriptors
local environment - d-band - surrogate prediction

- SO OO0,

KEY MESSAGE A controlled 96-site hollow-site dataset across three Pt-skin HEA surfaces.

DFT SETTINGS

VASP - GGA-PBE

520 eV - spin-polarized
r-centered 3x3x1

FREE ENERGY

DGy. = DE, + ©.24 eV
computational hydrogen electrode

SQS gives finite periodic slabs whose local statistics
approximate a random alloy.

08/30
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oo Can a small cell represent an infinite random alloy?
A real random alloy has ~10?* atoms; DFT can treat only ~100 — this is the gap an SQS bridges

Real Random Alloy
(~10% atoms)

DFT Supercell
(~100 atoms)
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Can a tiny model represent an infinite random alloy?

A real random alloy is effectively infinite, but DFT can only treat ~100 atoms — the SQS is the small cell built to stand in for it.

KEY MESSAGE An SQS lets a ~100-atom DFT cell represent an effectively infinite random alloy.
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10 What is a special quasirandom structure (SQS)?

A small periodic cell built to imitate an infinite random alloy

An SQS reproduces the local atomic statistics of a random alloy — in a cell small enough

for DFT.

O O

The problem - The constraint

A real rand lloy is effectively infinit
rea‘ R A \n. nte DFT needs a finite, periodic cell —
— it cannot enter a DFT calculation

directly.

whatever it contains repeats forever.

KEY MESSAGE An SQS is statistically random — not merely random-looking.

The trick

Choose the arrangement whose
neighbour statistics match a random alloy.

10/30
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11 Our model: a Pt-skin (111) high-entropy slab

Top view and side view of the 4x4x6 slab — 96 atoms, six layers

TOP VIEW — PT SKIN (16 SURFACE PT)

. "‘ ‘ -

4x4 surface cell - FCC + HCP 3-fold hollow sites (96 in total)

SIDE VIEW — 6 LAYERS

Pt skin on top - Fe-Co-Ni-Cu—Pt below (top 3 relaxed, bottom 3 fixed)

KEY MESSAGE A pure-Pt skin over the HEA subsurface — the surface looks like Pt; the layers beneath do the tuning. 1730
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12 What we count: the 6 atoms beneath a hollow site

An x-ray view from the Pt skin into the subsurface ring

An H atom adsorbs in a 3-fold hollow site on the
Pt skin.

Make the skin transparent: directly beneath sit 6

subsurface atoms — the local ring.

Descriptor Is_X = counts in that ring — here Pt 2 -
Fe1-Co1-Ni1-Cul.

KEY MESSAGE Each site's descriptor is the element makeup of the 6 atoms under its hollow. 12/30
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13 The site population sits on the Sabatier optimum

AG,,. across all 96 sites — tight and near-thermoneutral

Dlstrlbutlon of AGy-~: Fe-f Co Ni-Cu-Pt HEA Pt-skin (111)

[ FCC hollow (n=48) | 12
[ HCP hollow (n=48)
==+ Optimum (0 eV)

T

i

|

I

| ------ Pt(111) ref. r 10

| —:= Mean = +0.013 eV

—— KDE (all)
6 l -8

I
€ i 2
5 @
<] ! 6 5
o o

-0.05 0.00 0.05 0.10 0.15
AGy- (eV)

0
-0.15 —-0.10

Figure 1. AG,,. distribution over 96 FCC + HCP hollow sites (3 SQS slabs); Pt(111) reference
-0.09 eV.

92.

of sites are already within |AG,,.| < 0.10 eV — most of
the population is near-optimal

+0.013..

mean AG,;. — essentially thermoneutral

0.055.

standard deviation — a narrow spread

KEY MESSAGE The Pt-skin HEA naturally creates a near-optimal population of H-binding sites. 13/30
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14 A trap hides in the simplest analysis

RECOVERING THE TRUE CHEMISTRY - the subsurface counts are not independent — they add to a fixed total

Add one Fe and you must remove another
element. The five counts are compositionally
coupled.

Caution A raw correlation for one element absorbs
everyone else's effect — correlation, not cause.

6 subsurface neighbours — fixed total
The fix is partial correlation: hold the other counts
fixed, then ask what each element does.

KEY MESSAGE In a constrained alloy, naive correlation can point at the wrong element. 14730
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15 The apparent ranking is misleading

RECOVERING THE TRUE CHEMISTRY - raw Pearson correlation of each subsurface count with AG,. (n = 96)

APPARENT RANKING (RAW R VS AG,..)

1s_pt

1s_Fe

1s_Cu

1s_Co

1s_Ni

+0.54

+0.20

+0.02

Bars left of centre = strengthen H binding - right = weaken. Fe is flagged

| Is_Pt is genuinely the strongest signal (r = —0.64, p < 107').

Trap Fe looks important (+0.54) — but this is mostly Pt's complement:
"few Pt here," not "Fe acting."

Cu and Co look weak here — only a method that removes the coupling can
tell.

KEY MESSAGE At face value Fe rivals Pt — a classic collinearity artifact. 15/30
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16 The corrected hierarchy follows chemistry

RECOVERING THE TRUE CHEMISTRY - remove the coupling — a stable, electronegativity-ordered hierarchy

CONTROLLING FOR THE OTHER COUNTS UNMASKS THE TRUE RANKING

STRONGEST WEAKEST

X 2.28 X 1.90 X 1.91 X 1.88 X 1.83

Fe collapses from apparent hero to weakest; Cu rises to second. . .
P PP More-electronegative subsurface neighbours pull charge

The order tracks electronegativity (x), not arithmetic. D N - U N P

KEY MESSAGE A stable, electronegativity-ordered descriptor hierarchy: Pt > Cu > Ni = Co > Fe. 16730
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17 Subsurface Pt is the dominant handle

More Pt beneath the skin — weaker H binding, AG,,. rising through zero

Figure 3 (alt.) - site scatter with group means

slope ~ 43 meV per c i
oc»n( S041p=leell)
itin n-group sc:

-0.64 .

monotonic trend in subsurface Pt count

0 — 3 subsurface Pt walks a site's AGy;. from

-0.05 . .
positive toward and past the optimum.

~0.10{ | Group mean = 1 SD Sign convention: higher AG,,. = weaker H binding.

0 1
Subsurface Pt count (Is,)

Figure 3. AG,,. vs subsurface Pt count; points coloured by local Fe count, black = group mean
+1SD. Trend r = —0.64 (* —43 meV per subsurface Pt).

KEY MESSAGE One countable quantity — subsurface Pt — predicts which way H binding moves. 17730
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$£18H
18 The electronics confirm the mechanism 2
A site-projected d-band-center effect, measured atom by atom %E % lzl‘:é: *E EI] Eﬁ *% %IJ (d - ba n d)

BEENYIEZME?ZE d-band center - HM—FH—
) = FHIMERE Pt A9 d-band center, iR AG_H* RS E
R | _0.86. -0.86;%3 PDOS th&S2),E T Pt ZHIKSE RE Pt i

REG N d ERETE - FLUERSBENES, EEES &M

T subsurface Pt T — d-band center | — Pt-H
B T ens = 6 =0 9,2 d-band center EEEEERNYIEZL -

V)
3
o

€

Figure 6. (a) AG,,. vs surface-Pt d-band center (r = —0.86). (b) d-projected DOS for high vs low
subsurface Pt.

KEY MESSAGE The descriptor is not a fit — it is the d-band center doing the work. 18/30
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19 The mechanism in one line

A closed causal chain, each link independently measured

O O, @)

Buried atoms d-band center | H binding weakens

subsurface Pt count surface-Pt states shift down AG, rises toward 0

KEY MEsSSAGE Composition, electronics, and energetics tell one consistent story.

Sabatier population

sites land on the optimum

19/30
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20 The conceptual advance: engineer the active-site population

Shift the whole AG,. distribution — its centre and spread — with the buried composition, not one site at a time

Tune the subsurface Pt / Cu / Ni/ Co / Fe
tuned to optimum balance to slide the whole population toward
AGy. = 0.

'
starting gfloy !
Buried composition — electronic structure —

adsorption — active-site population.

We stop optimizing one site and start engineering the population;
the d-band center is the transferable bridge.

AG_H* (eV)

KEY MESSAGE Move from optimizing a single active site to engineering the active-site population — buried composition is

the handle. 20730
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21 Scope: what this work is — and is not

A controlled hollow-site calibration study and predictor framework — not a full search, kinetics, or MLP

Scope of this work

IS

. Controlled hollow-site study

Focus on well-defined hollow sites on
close-packed transition-metal surfaces.

. DFT calibration dataset

Generate a high-quality DFT dataset of
adsorption energies for targeted sites
and surfaces. ‘

Local-environment descriptor analysis |
Quantify geometric and electronic local |
environment using physically interpretable
descriptors.

. Adsorption-energy predictor

e

KEY MESSAGE A descriptor-based local adsorption-energy predictor — the seed for active-site population estimation.

Develop and validate a model that predicts
adsorption energies from local descriptors.

Active-site population framing
Connect predicted energies to Boltzmann
populations to frame active-site
distributions under reaction conditions.

Reaction coordinate.

-4

1. Full site search
We do not yet perform global searches
over all possible adsorption sites.

2. Complete HER kinetics

We do not yet compute full reaction
pathways, barriers, or rate constants
for HER.

3. Universal machine-learning potential
We do not yet develop a transferable
ML potential for general bond-breaking
and -forming processes.

4. Exhaustive surface enumeration

We do not yet enumerate all surface
orientations, terminations, or alloy
compositions.

21/30
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22 Because the physics is simple, the population is predictable

A few local descriptors capture the d-band physics — so adsorption can be predicted, not enumerated

27-31..

prediction error from local descriptors — shared by every
model tried

Many different models reach the same small error
— evidence that a few physical descriptors, not any
one algorithm, capture the landscape.

o 005 000 005 010
FT AG

Figure 4. Predicted vs DFT AG,,. from local descriptors (leave-one-out cross-validation).

KEY MESSAGE The mechanism is simple enough that local descriptors predict adsorption — ML is the evidence, not the point. 22730
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23 DFT becomes calibration — from sites to populations

A handful of DFT sites calibrates the descriptors; the descriptors estimate the whole population

Local position + coor
each hollow site's environment

Local descriptors

DFT learns the rule — it does not enumerate every
subsurface counts - geometry - d-band

site.

A controlled local-environment model —
calibrated, not yet a full MLP.

Descriptor model
DFT-calibrated on 96 sites

Goal rapid estimation of active-site populations

Predicted AG,.
redicte H across HEA composition space.

for uncalculated sites

Active-site population
M. 0, Popt

- OO OO,

KEY MESSAGE The 96 DFT sites are calibration for estimating active-site populations across composition space. 23730
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24 Where this goes next

Validated within these compositions; the frontier is population engineering across composition space

NEXT

VALIDATED NOW P . . . .
¢ Cross-composition population engineering — binary —

e Within the studied Pt-skin hollow-site dataset; the d-band quinary

descriptor transfers across the three compositions ¢ Carry the subsurface handle to OER / ORR / CO,RR

¢ Toward descriptor-guided, autonomous catalyst discovery

KEY MESSAGE From within-composition evidence toward descriptor-guided population engineering across composition
space. 24/30
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25 Three things to take home

Subsurface control of active-site distributions in Pt-skin HEA

1 HEA catalysis is a population problem
96 Pt-skin sites form a near-optimal population (4 = +0.013 eV; 92% within +0.10 eV) — engineer the distribution, not one site.

Subsurface composition controls H adsorption through the d-band

An electronegativity-ordered hierarchy (Pt > Cu > Ni = Co > Fe); subsurface Pt lowers the surface-Pt d-band center.

Toward descriptor-guided catalyst design
3 Because the physics is simple, the population can be predicted and engineered from local descriptors — a practical route to catalyst
discovery (=30 meV error).

KEY MEsSAGE HEA site heterogeneity is, at heart, a subsurface problem — and a solvable one. 25730

slide 25/ 30

%258
HEN=HF

MRSAE=—HBEE— SBEENELEE —EEH
BE—E2XRANED T AZRE—NR - F_ETH
733558 d-band IR, 4+ —(EE & E R E
Pt > Cu > Ni= Co > Fe - =, [FRAYIBHE Ko
AT B BB R 4 ORI ~ AR AT BT S BRI E(E



THANK YOU - QUESTIONS WELCOME

Design the buried atoms — not
only the active sites

Buried composition — electronic structure — adsorption — the active-

site population: the design framework for Pt-skin HEA catalysts.

Chen-Cheng Liao (B#RF) - Department of Chemistry, Fu Jen Catholic University
165804@mail fju.edu.tw - Supported by NSTC 114-2113-M-030-015-MY2
With students Peggy P. M. J. and Yu-Huan Huang (& 548)

AT A GLANCE
System

Data

Centre

Driver

Predictable

Fe-Co-Ni-Cu-Pt Pt-skin (111)

96 DFT sites - 3 SQS slabs

AGy. = +0.013 eV - 92% optimal
subsurface Pt — d-band (r = -0.86)

%30 meV from local descriptors
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$£278
BACKUP - FOR Q&A Backup . SQS {E@E

> = B %/EI\ ° =] N ,/E DI
Backup — how the SQS is BUR 2 backup, 8% Q&A - MMIRAB AR SQS 2E/KE
constructed W LR, FH AT BN RS & BEREES - DURBSEH

Supporting detail for Q&A: choosing the arrangement, and the —E%‘EEXE@}% ?IJ '_E;' °

Monte-Carlo annealing that finds it.
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28 Choosing an SQS: match the neighbours

Same composition, different arrangement — pick the one closest to random

clustered

mismatch: high

partly ordered

medium

random-like

low v SQS

KEY MESSAGE The SQS is chosen by neighbour statistics, not by eye.

Count each atom's neighbours: the fractions should
match the bulk composition.

Minimise the mismatch — the Warren-Cowley
parameter @ — 0 — over the nearest shells.

Next the following two slides show how that
arrangement is actually found.

28/30
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29 Finding an SQS is an optimization

Swap two atoms, re-score the neighbour statistics, keep what gets closer to random

e Better Structure

e After Swap

o Initial Structure

( i
=
|
Swap two atoms
Error Error Error
(e = () = L)
0.?2 0.31 0.12

Swap atoms to improve statistical similarity.

Each swap proposes a candidate structure; the correlation mismatch (error) falls as the arrangement approaches a random alloy.

KEY MESSAGE An SQS is found by minimising the mismatch between its neighbour statistics and a true random alloy. 29730
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30 Monte Carlo annealing finds the global best

Always accept improving swaps; accept worsening ones with probability exp(-AE/T), cooling slowly

Monte Carlo Simulated Annealing

Sometimes accept a worse move - to escape local minima.

1. Metropolis Acceptance Rule (after a swap)

999 090 T‘

2. Temperature Cooling Schedule

Hot: explore freely

w

QP9 — 9090

Cok:setn
00 A oo [ - @ o
| Swap two atoms Iteration
Hot: explore freely Cold: settle
Energy 2 into minimum

Temperature decreases

Simulated annealing accepts occasional uphill moves and lowers the “temperature” gradually, so the search escapes local minima and converges to the smallest
statistical error.

KEY MESSAGE Annealing reaches the SQS with the lowest correlation mismatch — not just a nearby local minimum. 30/30
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