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Background: Catalysis and the simplistic model
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Dynamic restructuring in different conditions & scales
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Chem. Comm., 2019, 55, 4753-4756
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Different catalyst states, pathways, and energetics
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Ensemble of catalyst states

Canonical Ensemble

(NVT)

States: same composition
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Grand Canonical Ensemble

(μVT)

States: different composition

Pt7/FTO Pt7Hx/FTO
Angew. Chem. Int. Ed., 2023 , 135, e202218575
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Exploring the off-stoichiometric chemical space
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https://github.com/zishengz/gocia

Grand Canonical Genetic Algorithm

JACS, 2022 , 144, 19284–19293
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X-dependent Grand Canonical Ensemble
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Application of the GC ensemble representation
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h-BN for oxidative dehydrogenation
Dynamic phase diagram:
 JPCL, 2018 , 10, 20–25
Rxn mechanism:
 ACIE, 2020, 59, 16527-16535
NMR simulation:
 JACS, 2023, 145, 17265-17273
R-ray Raman simulation:
 JACS, 2023, 145, 25686–25694 (Cover)

Electrochemistry on supported clusters
B cluster for HER:

ACS Catal., 2020 , 10, 13867–13877
Fluxionality breaks activity volcano:
 ChemCatChem, 2022 , 14, e202200345
Potential dependent active site:

ACS Catal., 2022 , 12, 14517–14526
Ensemble-based kinetics model:
 ACIE, 2023 , 135, e202218575



Intro: Electrochemical restructuring of Cu
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JPCL, 2015, 6, 4073-4082

CONo activity Formate

Beyond CO

Nat. Catal., 2020, 3, 797–803

Langmuir, 2014, 30, 15053–15056

Nat. Commun., 2018, 9, 3117



Cu(100) in acidic media at reducing potential
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J. Am. Chem. Soc., 2009, 131, 10362–10363

Electrochemical STM



GC ensemble of H and electrons
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JACS, 2022 , 144, 19284–19293



STM simulations of the structures from ensemble
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JACS, 2022 , 144, 19284–19293-0.396 V -0.406 V

-0.436 V

“Shifted row”



Boltzmann-based models & discrepancy
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JACS, 2022 , 144, 19284–19293

Too early onset (exp: ~-0.4V)

pristine

Adjacent shifted rows

Exp. onset

Direct jump to 5/6 ML



Dissection of the grand canonical free energy surface
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“critical potential”
Old GM New GM

JACS, 2022 , 144, 19284–19293



CO2RR conditions, bright spots on Cu
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• Bright spots formed in-situ

• universal activation mechanism of Cu?

Nat. Catal., 2023, 6, 837–846
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GC ensemble of H, CO, and e-
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Replacement of ALL *CO by *H???
Boltzmann statistics

JACS, 2024, accepted, preprint: 10.26434/chemrxiv-2024-j819s



Potential-dependent free energy landscape
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JACS, 2024, accepted, preprint: 10.26434/chemrxiv-2024-j819s



“Electrolyte”
reservoir of      &       .

Quasi-kinetic Monte Carlo – One step at a time
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Slow potential scan
change after quasi-equilibrium
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ONE at a time

JACS, 2024, accepted, preprint: 10.26434/chemrxiv-2024-j819s



Quasi-kinetic Monte Carlo: tracing the path
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Flat

Rough

JACS, 2024, accepted, preprint: 10.26434/chemrxiv-2024-j819s



Metastable states that the system MUST visit – Cu*CO
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𝜃H = 0.50

𝜃CO = 0.31

𝜃H = 0.67

𝜃CO = 0.14

JACS, 2024, accepted, preprint: 10.26434/chemrxiv-2024-j819s



Summary: GC Ensemble Approach in Comp Catalysis
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VISTA Seminar – Zisheng Zhang

THANK YOU!
Q & A
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