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How can we build atomically defined model systems
to understand electrochemical reactions? v
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Decarbonize, electrify, and store

energy source |/
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2. Electrochemical
conversion

1. Renewable a(::)
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Why?
limited resources - geopolitical constraints - emissions

Electrochemistry enables the conversion of renewable electricity into chemical energy.

Catalysts lower activation barriers
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A catalyst accelerate reactions by changing the pathway
(not the thermodynamic equilibrium)
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The materials and pressure gap

Surface science model systems Real electrochemical catalysts

Structural heterogeneity

Multiple active-site candidates
Electrolyte / solvent environment
Operando dynamics

Atomically defined surface
Selected active sites
Controlled environment
Clean reference state

Single crystals
C0,0,@C/GPO electrocatalyst

‘ . Nat. Comm. 13, 4341 (2022)
R

4 mm

To retain atomic precision while approaching reaction-relevant conditions.

From atomic structure to catalytic trends

Atomic-scale properties Catalytic performance
(structure & electronics) M (activity, selectivity & stability)

Descriptors Optimal
(quantitative bridge) A performance
A,
«Adsortion energy
«Electronic structure 2
«Coordination environment %
< Strong Weak
binding binding
>

Descriptor value

Descriptors condense local atomic and electronic properties
into variables that rationalize catalytic performance.
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Electrocatalysis is governed by the active interface

gas-phase reactants/products

solvent —ions —
solvated species —
electric field

adsorption — redox —
reconstruction - dissolution

During reaction, the relevant descriptor may be a property of the operating surface,
not of the pristine material.

Our approach: Same sample, complementary scales

(from atomic-scale structure to electrochemical response)

Test/react

Prepare
Electrochemical or Atomically defined model system
near-ambient pressure
evironment
Track Characterize
Structural and Structure and electronic

chemical evolution

[ Identify, prepare and test the right model active site as it evolves into the active interface. ]
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Our approach: Same sample, complementary scales

:'/ Hydrodynamic transfer \
! 35 mbar H,0O

| =
—
= — S=—>"/"UNISOKU - USM1800
4K STM/nc-AFM )
SPECS / .
ProvenX-NAP backfillng ' Atomic-scale
b electronic and structural

--------------------------- Synthesis exploration

Quasi-in situ
electrochemical exploration

Our approach: Same sample, complementary scales

i Hydrodynamic transfer
35 mbar H,0O

Atomic-scale
electronic and structural
Synthesis exploration

Quasi-in situ
electrochemical exploration
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Two levels of the same problem

1- Atomic-scale descriptors 2- (Quasi)in situ dynamics
What is the local structure and electronic How does this site evolve into the active
fingerprint of an active site? interface under reaction conditions?
Single defects as atomic-scale active centers Following chemical state and reaction
dynamics under realistic environments

B 8

UHV - STM/STS NAP-XPS / electrochemistry

1- Atomic-scale descriptors: Point defects in MoSe, and WS,

Guillermo Tajuelo

Tarushi Agarwal

Il BERKELEY LAB

How does the local atomic and electronic structure of an soiscuso [
individual defect define its potential role as an active site? EOUNDRY

Sruthibhai P V
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Example 1 - Atomic-scale descriptors at single defects

How does a single atomic defect control local reactivity?

He u,

.
A

atomic defect electronic fingerprint reaction pathway

Can the atomic and electronic structure of one defect define its role as an active site?

Example 1 - Atomic-scale descriptors at single defects

Point defects in monolayer TMDs as model active-site for H, production

S vacancy in 2D-MoS,

—

*+ MoS,, WS,, MoSe,, WSe,: semiconductors

» No chemical reactivity on basal plane

T M K TC
Qiu. Nat. Commun. 4, 2642 (2013)
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Example 1 - Atomic-scale descriptors at single defects

Point defects in monolayer TMDs as model active-site for H, production

S vacancy in 2D-MoS,

—

+ S, Se vacancy: in gap state at Fermi level

* Lowest energy formation point defect o5 — =

* Local active-site candidates for H* adsorption Qiu. Nat. Commun. 4, 2642 (2013)

Example 1 - Atomic-scale descriptors at single defects
[ Method |

STM/STS resolves structure and electronic states locally
FeSe/BLG - MBE growth by Ugeda’s group @ DIPC

..... R e
-...00...-.-..-“’.-.
e e -

2,21V, 100 pA

Scanning Tunneling Microscope (STM)

eV
I / px(ff‘,E)p,(r‘},E - eV)T(Ev eV1dr ¢)dE
0

‘;ﬂv . p,((ev, eV,d, §) T — -

Wang, Phys. Rev. Research 7, 023288 (2025)
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Example 1 - Atomic-scale descriptors at single defects
o Method

STM/STS resolves structure and electronic states locally

) 4 -4-’71- = dlynne/dV (a LDOS)
=-3=-= Conduction
o .a id’s band

A

Positive bias

Fermi level

Energy (eV)

‘ Scanning Tunneling Microscope (STM) ‘
Valence

I / Y P B E — V)T(E, eV, d, G)dE --F- Jo.
: o €@
band
dI \ 1
av X p,((eV, ev,d,$) Negative bias

Ultra high vacuum (<1 10-1 mbar) — low temperature (<4K)

Bias Voltage (\Q = Energy (eV)

Example 1 - Atomic-scale descriptors at single defects

Defect chemistry controls the electronic descriptor

STM spectroscopyon Ogtopin WS,

Defect
resonance
|+ = 0 top
2 = Pristine WS, o] 0 S O (o]
3 o« X xS X
% o [ o 0 ]
VBM Er  CBM
¥ i 4
2 a5 4 05 0 05 1 15
Sample voltage (V)
Bare WS,:
- Semiconductor gap
Defect:

- Shallow state at the valence band
- No deep in-gap states

Barja, Nature Comm. 10, 3382 (2019), Schuler, PRL 123, 076801 (2019)
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Example 1 - Atomic-scale descriptors at single defects

Defect chemistry controls the electronic descriptor

STMspectroscopy on Vs bottom in WS,

P

= V¥ bottom
= Pristine WSy/BLG

X KX

dl/dV (a.u)

E¢

o

-2 A5 -l -0.5 0 0.5 1
Sample voltage (V)

Bare WS,:
- Semiconductor gap

Defect:
- Shallow state at the valence band

- Deep in-gap states

Barja, Nature Comm. 10, 3382 (2019), Schuler, PRL 123, 076801 (2019)

Example 1 - Atomic-scale descriptors at single defects

Defect chemistry controls the electronic descriptor

" 000 & « X R K

STM spectroscopy on Vg bottomin WS,

STMspectroscopy on Ogtopin WS,
Defect f
resonance l J
o+ = 05 10p _ = V5 bottom
3 - Pristine WS, 3 l ~ Pristine WSyBLG )
> = [
3 3 1'
VBM Er  CBM {Exl f
+ i 4 0- . v
2 a5 1 05 0 05 1 1S 2 18 a0 05 0 0.5 1
Sample voltage (V)

Sample voltage (V)

Similar-looking defects can have different electronic fingerprints depending on their chemical termination.

10
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Example 1 - Atomic-scale descriptors at single defects

Electronic structure defines the H* adsorption mechanism

H+

v
o« (o X

STM spectroscopy on Oy top in WS,
["Detar 1

1 05 e os
Sample voltage (V)

O-passivated vacancy
Occupied M-0 hybrid states
H* adsorption via bond polarization

H+

e

o X oA X

STMspecireacapyon Vy bottomin WS,

/l
. 1
z ", = Pristine WS,ILG ’ i

Bare chalcogen vacancy
Unoccupied M—d in-gap states
H* adsorption via electron transfer

Example 1 - Atomic-scale descriptors at single defects

Local descriptors determine reaction pathways

Atomic defect structure
Electronic fingerprint
H* adsorption mechanism

Electrochemical function

The same type of atomic defect can lead to different mechanisms
depending on its chemical termination and in-gap electronic states.

Barja, Nature Comm. 10, 3382 (2019); Schuler, PRL. 123, 076801 (2019)

11
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2- (Quasi)in situ surface dynamics: Au(111) electrooxidation

3

Ane Etxebarria

NAP-XPS /

. Jesus Redondo
electrochemistry

How does the catalyst surface evolve o 3 :
. . Y- Josef Myslivecek’s group
under electrochemical reaction conditions? (Charles University) Pankaj K. Samal

Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation

Which chemical states form under anodic potential?

Water electrolysis: 2H,0 — O, + 2H,

Anode (oxidation)
2H,0 — O, + 4H* + 4e

Cathode (reduction)
4H* +2e— H,

-/

H,0 + H,S0,

12
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Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation

Which chemical states form under anodic potential?

linear sweep A . o
voltammetry (LSV) Anodic Oxidation
t :
E1 -
<
Time =
5 > 3
c S
[0} (@)
3 ===drate
a
Cathodic Reduction
= ) b —
cyclic voltammetry (CV) E, Potential (V) E,

Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation

Au(111) electro-oxidation acidic media

Au metallic Au-(hidro)oxide
0 +3 - - .
(Au?) (Au) Oxigen Evolution Reaction

2H,0 — O, + 4H* + 4e’

Current (mA)

Anion desorption

» Reaction mechanism

10 11 12 13 14 15 16 1, )
E,.. VS AG/AGCI (V) ® - Actual OER active phase

Anodic Oxidation

13
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Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation
e Method |

Why quasi-in situ?

Ex situ Emersed electrode In situ _

After reaction « Atfter electrochemical polarization = During reaction

« Air exposure + Controlled transfer + Most realistic

« Possible loss of * Preserves reaction-induced « Instrumental challenge (surf. sensitive) XPS
transient states surface chemistry

E. Pastor et al., Complementary probes for the electrochemical interface, Nature Reviews Chemistry 8,159—-178 (2024)

Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation
o Method

Why quasi-in situ?

Ex situ Emersed electrode In situ-

After reaction + After electrochemical polarization « During reaction
« Air exposure + Controlled transfer « Most realistic
» Possible loss of + Preserves reaction-induced = Instrumental challenge (surf. sensitive) XPS
transient states surface chemistry
| 1
Dry/Innert gas Humid/Vapor H,0O
(UHV) (NAP)

E. Pastor et al., Complementary probes for the electrochemical interface, Nature Reviews Chemistry 8,159—178 (2024)

14



PECAS group @ UPV/EHU

Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation

Why quasi-in situ?

Transfer
stage

o—]

EC cell (1 bar)

Redondo, J Am Chem Soc . 148, 12587 (2026)

Other ex-situ cells: Nat. Comm. 4 , 2904 (2013); 17, 592 (2018); Rev.Sci.Instrum. 91, 125101 (2020); Rev Sci Instrum 92, 094101 (2021)

J Characterize

Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation

.:" ]
2, %
4 il

F >,
2 7Ny,
7y

Transfer
stage

o——]

UHV-XPS
(<10 -1 mbar)

EC cell (1 bar)

Cell design by
Redondo, J Am Chem Soc . 148, 12587 (2026)

Josef Myslive€ek’s group (Charles University)

%%m

15
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Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation

Why quasi-in situ?
L g

Transfer
stage

o—]

UHV-XPS
(<10 -19 mbar)

EC cell (1 bar)

N

Redondo, J Am Chem Soc . 148, 12587 (2026 Cell design by == %@z@“&c
edondo, m soc . 148, (2026) Josef Myslive€ek’s group (Charles University)

Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation
e Method

XPS follows the surface chemical state

Photon in — electron out — binding energy — oxidation state

« Core-level shifts identify chemical states.
« Surface sensitivity probes the top few nm.
* NAP-XPS adds controlled gas/vapor environments.

Analyzer

K.E.=hv-B.E.-®

K.E. kinetic energy of the photoelectron
hvphoton energy

B.E. binding energy of the electron

® work function of the spectrometer

16
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Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation
e Method

XPS follows the surface chemical state

Photon in — electron out — binding energy — oxidation state

» Core-level shifts identify chemical states.

L
o
]

Universal curve
» Surface sensitivity probes the top few nm. 30-
) T 204
* NAP-XPS adds controlled gas/vapor environments. E_
§ o
&
5
K.E=hv—B.E.- ® 3
@
Al = 1486.6 eV 5
X-Ray penetration depth ~ 1 mm — * . ; —_— > .
KE.- 51500 eV 0 20 30 w00 200 300 500 1000 2000
£ 0- e

Electron Energy (eV)

Electrons scape length ~ 10 nm

Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation
e Method

Experimental workflow on the same sample

Au metallic Au-(hidro)oxide OXIQen Evolution Reaction

A A 2H,0 — O, + 4H* + de’

Chronoamperometry:
1.4V <E, <20V
At=30 s, 300 s, 30 min, 90 min

Current (mA)

Anion desorption

UHV-prepared Au(111)
Anodic polarization
Controlled time and potential
XPS after emersion

1,0 11 12 13 14 1,5 1,6 1,
E..e VS AG/AGCI (V)

17
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Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation

A transient Au®* state appears before Au3* oxide formation

Audt | Audy ]
» Clean (metallic) Au(111): surface reference Au 4f,, i
» Spin—orbit doublet (same chemical information) o i
What do we learn? 2 fT Lt
[0) :
» Peak position — oxidation state/charge transfer = ]
« Intensity — coverage/attenuation by overlayers
........................... Auo c..."

94.92.90.88.86 84.82
Binding Energy (eV)

Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation

A transient Au®* state appears before Au3* oxide formation

Au 4f T
Au3*
= =
: .
S =
1,0 1:1 1:2 1:3 1:4 1,5 1:6 1,7 18 P TP TR SRR SR S |
E“VSAQ/AQC|(V) 94 92 90 88 86 84 8

Binding Energy (eV)

18
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Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation

Chemical oxidation is accompanied by surface restructuring

Transfer
stage

, UHV-4K- STM/nc-AFM
(<10 -19 mbar)

EC cell (1 bar)

« Au®": thin Au-O surface layer
» Au?*: oxide/hydroxide-like phase
« Surface becomes amorphous / cluster-like

Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation
o Mechanism |

Oxidation proceeds through a transient Au®* surface state

Applied anodic potential

memees — B — -
Au(111) clean 2D Aud*-O surface layer 3D Au3* oxide/hydroxide
metallic surface metastable/transient Au,0; — Au(OH); -like phase

Transient states, not only stable end states, can govern electrocatalytic behavior.

19
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Example 2 — Quasi/in situ dynamics during Au(111) electro-oxidation

Reaction conditions create the active surface

Applied potential
!

lon/water rearrangement
Transient Aud* surface state
Oxide / hydroxide formation

!

Modified electrocatalytic response

The relevant surface is not the pristine Au(111), but the reaction-
induced chemical state formed under electrochemical polarization.

Redondo et al. JAm Chem Soc . 148, 12587 (2026)

Two examples, one approach

Atomic-scale descriptor Reaction-induced dynamics
Single defect Anodic electro-oxidation
STM/STS EC-XPS / NAP-XPS

Local electronic structure Transient chemical state

N\ '

[ Structure—function understandingJ

Controlled model systems allow us to connect: « local atomic/electronic descriptors,
» surface-averaged electrochemical response,
» and reaction-induced evolution of the active interface.

20
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Complex model case CoPc/Au(111)
(combining both approaches to make ORR descriptors measurable)

Oxygen reduction descriptors

S N\b@

%\_r _ .
¥ N\CO/N - 1. Number of d-electrons in the metal center
\ 2N V.

&Nib 2. Donor-Acceptor Intermolecular Hardness

(HOMO-LUMO gap)
3. Redox potential

Pc ring 1r-system CoN, center
4. M-O, binding energy (E,, E,q)
+ HOMO/LUMO <:> + Co 3d states
«  frontier orbitals « Axial O, binding
+ Electronic delocalization « Redox sensitivity Many ORR descriptors remain indirect, lacking a

direct local measurement at the active interface.

Angew Chem Int Ed, 55, 47, 14510-14521 (2016), Journal of Electroanalytical Chemistry 922, 116799 (2022), ACS Electrochem. 1, 5, 617 (2025)

CoPc/Au(111) before O, electro-reduction
(defining the electronic reference state)

3 E A,\/\
© K
N = -
3 5 A
o w f\
/
i
45 1 05 0 0.5 1 15

Samle voltage (V)

;=50 pA, V, = 2V, 3.4 K
I =20 pA, V, = 1.7V, 3.4 K

21
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CoPc/Au(111): O, electro-reduction

1. What is the initial electronic structure?

2. Which electronic features respond to oxygen or reaction?

3. Is the electronic response accompanied by chemical change?
4. Does the local descriptor correlate with catalytic response?

5. Which observable tracks activity?

[ Turning CoPc ORR descriptors into measurable local observables ]

From atomic-scale structure to electrochemical response

Atomically defined model system

Test/react !
Prepare Local descriptors
Physical observable
Model
Experimental fingerprint
Mechanistic insight
Track g

Characterize
Structure—function understanding

Atomically defined model systems help us identify which local properties control catalytic function,
and how they evolve under reaction conditions.

22
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Model systems

\ Pressure & Materials gap)

23



