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Computational heterogeneous electrocatalysis:
How does it work and which questions can be
answered at which cost?
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Esparza et al., Revista Matéria, 2008, 13, 579.

Steinmann, Seh, Nature Reviews Materials, 2021, 6, 289.

How do noble metal electrocatalysts look like?

Solution

Electrified Interface

- P_aﬂicles size (ntp)'

Figure 1: A typical TEM image of the Pt nanoparticles with size distribution histogram.
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Abidi, Lim, Seh, Steinmann WIREs Comput Mol Sci 2020, e1499.

Atomistic models for electrocatalysis?

Solvent
lons
Restructuring
Adsorbates .
Reactivity

Electrochemical potential
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Models in practice

Solvent

None
Implicit

QM/MM
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Large nanoparticles
— Periodic surface model

Electrochemical potential
Implicit: CHE

Explicit: GC-DFT



GC DFT Mathew, Kolluru, Mula, Steinmann, Hennig, J. Chem. Phys. 2019, 151, 234101.

Abidi, Lim, Seh, Steinmann WIREs Comput Mol Sci 2020, e1499.
Grand-Canonical DFT

Grand-Potential €2 :
The energy of GC-DFT

U: potential
Q(U) = E(q) -UXx 9 q:pc%::]glea

E(q): Electronic energy at charge g

Poisson-Boltzmann Equation neuralizes q
Implicit solvent + Electrolyte
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GC DFT Mathew, Kolluru, Mula, Steinmann, Hennig, J. Chem. Phys. 2019, 151, 234101.

Abidi, Lim, Seh, Steinmann WIREs Comput Mol Sci 2020, e1499.
Grand-Canonical DFT

Grand-Potential € Semi-condutor: A piece-wise parabola

The energy of GC-DFT -
_ U: potential §:§§
Q(U) - E(q) -UX g g: charge :E:o:z; - -
E(q): Electronic energy at charge q e T R S

Potential vs SHE/V

Poisson-Boltzmann Equation neuralizes g o
Implicit solvent + Electrolyte Condutor: A Single parabola
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Abidi, Lim, Seh, Steinmann WIREs Comput Mol Sci 2021, 11, e1499.
O E R Over COOO H Curutchet, Colinet, Michel, Steinmann, Le Bahers. Phys Chem Chem Phys 2020, 22, 7031.

Grand-Canonical DFT in practice

The impact of electrode polarization is system dependent
0,1

-0,25 " , , [CHE 1,25

-0, St R lGC-DFTx\
-1,1 y ‘\’? (" !

1,3 g

1 U=3.5eV OER at pH 14

Potential/V vs SHE
|I- womone 1HE POtential modifies the qualitative behavior of "chemical” steps
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H,0@Pt(111)
How to model the water/metal interface?

Diffusion at interfaces is slow: Interfaces are amorphous:
~500 ps for equilibration Large cells required

DFT for metals is costly
~140 kCPUh for 10 ps, est. 8 years for 500 ps

Interaction is neither weak nor strong
Problem for force fields
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Clabaut, Schweitzer, Goetz, Michel, Steinmann J Chem Theory Comput 2020, 16, 6539.

Solvation Effects
Aromatics at Pt(111)/water interface

Exp VASP(sol)  VASPIGAL17

Eads/(kcal/mol)

mGas WA(Q

— Semi-quantitative agreement between theory and experiment

B Laoratorre _ .
g Dt CHIMIE Données expérimentales de Singh, Campbell ACS Catal. 2019, 9. 8116.



Abidi, Steinmann Curr. Opin. Electrochem. 2022, 33, 100940.

Transition states in electrocatalysis
What about kinetics?

Transition states determine the kinetics of reactions

The number of atoms needs to be conserved from the reactant to the product

Chemical steps: H* + CO," — HCOO* — “standard”
Electrochemical steps: H*+e + CO,* — HCOO* — non-standard




Abidi, Steinmann Curr. Opin. Electrochem. 2022, 33, 100940.

Transition states in electrocatalysis
(Electro-)chemical transition states

Transition states determine the kinetics of reactions
“electrochemical”’ TS

“‘chemical” TS os

ergy

Initial State :

Final State Final State

. | Most computational work in electrocatalysis ignore transition states
II LABORATOIRE
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Abidi, Steinmann Curr. Opin. Electrochem. 2022, 33, 100940.

Transition states in electrocatalysis
Chemical steps

ol Standard techniques in heterogeneous
catalysis

Energy

2 weeks to 1 month of real time*

Initial State

Final State

Reaction Coordinate

| .
. ||I *not 100% of human time



Abidi, Steinmann Curr. Opin. Electrochem. 2022, 33, 100940.

Transition states in electrocatalysis
Electrochemical steps

solution-like TS

Difficult to identify %o

ergy

1-3 month of real time*

Initial State :

Final State

Reaction Coordinate

[ | .
. ||I ﬁ}}j&ﬁ?'“ *not 100% of human time



Abidi, Steinmann Curr. Opin. Electrochem. 2022, 33, 100940.

Transition states in electrocatalysis
Electrochemical steps

solution-like TS

% e Product ?‘
: " Reorganisation of: %o
g 2 - Solvent
g o - Adsorbate@surface 5
o % “ooe
5 early — \Marcus theory?
g | Reactant— — Active research Sgo
Final State

Nuclear Reaction Coordinate
Reaction Coordinate
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Goodpaster, Bell, Head-Gordon J. Phys. Chem. Lett. 2016, 7, 1471.

Transition states in electrocatalysis
Oddly behaving transition states can be found

potential:
o destabilizes TS
' Transition State

7 R Re = Final
. [N \ ina
E >l 0.8V \ 0.0V
& %2 osv \ — _
S 04 a ‘ x potential:
LICJ -0.2V . e
U o3l oov . stabilizes product
th) 0ol VsRHE VA0V

- Initial | ‘&L

|
]
I
i
(@)
=9
=3
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X
m
o o
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HER over MoS,

HER mechanism on Vg defect

Chemical (Tafel) step

B

Potential (V)

-0.40 -030 -0.20

0.50

|
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-0.10 0.00

o
o

Eact (eV)
o o
3

Slope:
Symmetry factor from GC-DFT

Abidi, Bonduelle, Steinmann, Int. J. Hydrog. Energy 2023, 48, 8478.

Electrochemical (Volmer) step
e

Potential (V)

-0.50 -040 -030 -0.20 -0.10 0.00
1.10 T

Eact (eV)
o
8

o
N
o

-

o
0
o




EPOC CH4 aCtlvatlon over Pt Panaritis, Hajar, Treps, Michel, Baranova Steinmann J. Phys. Chem. Lett. 2020, 11, 6976.

Importance of the surface state
Accelerating CH, oxidation over Pt via an electrochemical potential

(a)

2 . ‘ ‘ 800 . .
A: Pt(111) Side View  Top View
600 B: 0.25 ML on Pt(111) T
éJ C: a-PtO, on Pt(111)
151 ~ 400 1 A: Pt (111)
(-
200 1
>
)
- 1 } t } } t t t
W o & ' B:0.25 ML
® (b) on Pt(111)
(14
05+ Sos5f
‘g C: a-PtO,
——— Experimental ‘3 on Pt(111)
——— Theoretical
0 L L L 0 e 1 1 1 e
05 1 15 2 -1 -0.75 -05 -0.25 0 025 05 0.75 1
U/Vvs SHE U/V vs SHE

LABORATOIRE

. Effective activation energy Surface state as a function of T and U
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Partial take home message

Periodic surface models are most convenient

The effect of the electrochemical potential can be modeled with GC-DFT
Implicit solvents are very practical but have limitations

TS: rarely considered and painful to identify for electrochemical steps

. The surface state changes dramatically as a function of the potential
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1. Sulfate on Au(111)




SO AU 1 1 1 Fang, Ding, Zhang, Steinmann, Hu, Mao, Feliu, Tian J. Am. Chem. Soc. 2020, 142, 9439.
4@Au(111)

The gold sulfuric acid interface is prototypical

(A) CV
10
« OF
£
(&)
< 0
5t
—10 L 1 A L A | A L A 1
0.2 0.4 0.6 0.8 1.0
E IV (vs. SHE)

Indication of a phase transition
. | = What is the structure?
I . LABORATOIRE
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SO AU 1 1 1 Fang, Ding, Zhang, Steinmann, Hu, Mao, Feliu, Tian J. Am. Chem. Soc. 2020, 142, 9439.
s@Au(111)

Experimental characterization of ordered phase

EC-IR EC-Raman (SHINER)
1643
Buk T Bul A% 9801051
1183 243
955 1650 1185
1.06V ~r’\ A 1,06 V A
900 1200 1500 1800 2100 400 | 800 | 1200
Wavenumber (cm™') Raman shift (cm™)

Characterization can barely be better
. | — But still, what is the atomic structure of this phase??
I l LABORATOIRE
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SO AU 1 1 1 Fang, Ding, Zhang, Steinmann, Hu, Mao, Feliu, Tian J. Am. Chem. Soc. 2020, 142, 9439.
1@Au(111)

Computational identification of ordered phase

— Ref.
— SO, "W,
— SO, --w* (W13)
=== SO, W* (W12)
SO,*
— HSO, --w* (w13)
-- HSO,--w* (Ww13)
=57 H SO, - w* (w11)
— HSO,*
“"" HSO,*

V=112V

| : | |
1.02 1.08 "1.14 1.20
Potential (V vs SHE)

. water/SO, addlayer becomes most stable

LABORATOIRE

At positive potentials a very ordered
1
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SO AU 1 1 1 Fang, Ding, Zhang, Steinmann, Hu, Mao, Feliu, Tian J. Am. Chem. Soc. 2020, 142, 9439.
s@Au(111)

Experiment and computations agree!

- EC-Raman (SHINERS)
pui 207 A Bulk 473 980 1051
1183 o
106V S\ = o6V "> x614 956 1185
1196 217
SO, wyr 999 A 1669 SO, ~wysr N\ 633816959 %

900 1200 1500 1800 2100
Wavenumber (cm™')

EC-IR

400 800 1200
Raman shift (cm™)
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Partial take home message

Microscopy and spectroscopy for electrified interfaces are challenging
When available: Interpretation not always obvious

Computations can “convert” signals into atomic structures

u LABORATOIRE
DE CHIMIE
B csorovon

= More insights for (electro-)chemists



2. HER on MoS,: Screening of dopants




Hinnemann, et al. J. Am. Chem. Soc. 2005, 127, 5308

Hydrogen evolution reaction on MoS, kool A Coral 2014 4 3957
MoS, as an Hydrogen Evolution Reaction Catalyst

= Hydrogen evolution U=0 V 10" ——r————————————————
3 10»2!r a @ i 3
0.4t 10%k R.; Pdoo rt(:rn) ;
% 02} E 10.4 ] §‘ i?ﬂos ]
é 0.0 é 10.5[ c:'»ie : ~ 2°cu Au© ]
§ | = 10%} " :: : Au(111) ]
& 02| Ni 107p w° % : Ag :
10°) : e
5008, 08 06 04 02 00 02 04 06 08
o Reaction coordinate AG [eV]
MoS, is one of the best low-cost HER catalysts in acidic conditions
"one of the best”, but not a good one
u LABORATOIRE




Hydrogen EVO|U’[IOH ReaCtlon On MOSZ Abidi, Bonduelle, Steinmann, Electrochim. Acta 2023, 439, 141653.
Can We Activate the Basal Plane?

N Y Sugztliftltjjrtion

P S Fe | Co | Ni Zn | Ga
Se Sn | Sb
[ Bi

N~ = 4
Molybdenum Substitution Mo : Element to substitute

Element: Better stabilized on Mo-edge
Element: Better stabilized on S-edge
|:| Edge substitution strongly preferred
- Basal plane substitution possible

|I. Doping stability is one of the key issues
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Abidi, Bonduelle, Steinmann, Electrochim. Acta 2023, 439, 141653.

Hydrogen Evolution Reaction on MoS,
Can We Activate the Basal Plane?

) Mixed )
S Doping Doping Mo Doping

At-0.2 V vs SHE:
few dopants create active sites:

Te"de"cy of dopants to cluster of not

Deformation induced by adsorbates Mo/P via OH/ HZO CycIing

Tin/S, Hf,/S and Zr,/S via Volmer-Heyrovsky
‘ H¥+e”
. |II LABORATOIRE o "
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Partial take home message

Material screening
Computers are patient and non-intelligent
Strong and necessary assumptions limit the scope
Do not forget about stability

= Computationally expensive and not always that useful
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3. Structural complexity




CQHQ@AQ Pd1 (1 1 1 ) Vignola, Steinmann, Le Mapihan, Vandegehuchte, Curulla, Sautet, J. Phys. Chem. C 2018, 122, 15456.
X -X

Alloy Re-Organization under Reactive Conditions

In-plane Vertical
Island formation Segregation

Random

Ordered
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CZHZ@AQ Pd1 (1 1 1 ) Vignola, Steinmann, Le Mapihan, Vandegehuchte, Curulla, Sautet, J. Phys. Chem. C 2018, 122, 15456.
X -X

Cluster expansion of alloy arrangement

\ \
51 1 1; surface; Sé)arameters; ,‘?é = 0.756
111) surface; 12 parameters; R? =0.861
z1 15 m
3 1 F aa -
= A
o . *
[0) i a
Lﬁ 0. * a ,“A.. Y (]
L o9 ‘st
KR ek
© 05 L ;. i:.o A’ x ;.: _|
: L] A
W AthLayer T Y
N o "
= 3rd Layer o 6\*.,‘ ‘;’ N
==2nd Layer '. “.: %
= 1st Layer o L ’ﬁ‘ ot |
> e
X 4% oo
| | | |
0 0.5 1 1.5
DFT Energy/eV

Refined model: quantitative 226 DFT configurations bare alloy
. | ~ Improvement, but same trends 150 configurations with 1 C,H,
|, e 52 configurations with 2 C,H,
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Csz@Ag Pd1 (1 1 1 ) Vignola, Steinmann, Le Mapihan, Vandegehuchte, Curulla, Sautet, J. Phys. Chem. C 2018, 122, 15456.
X -X

Typical Configuration of Ag, ,.Pd, ,, @ 1 bar of C,H,
Dense packing:
Lateral Interaction are key

Pd: Covered with C,H, Ag: Acts as spacer

» -y 7 \
\ ») ® ol

ks I ® 1 100K —
! AT 200K —
¢ 9 00K —
C — —

A 508 500 K
3 600 K —
& 700K —
= 06 800 K —

S 900 K

E ik
[@)] —
<04 <4 1200K —
8 1300 K —
£ a0k

=)

@ 0.2 1600 K

1700 K
\ =y

0

\
0 0.2 0.4 0.6 0.8 1
Total Ag molar fraction

||';éBC°Hw.?'RE | ~ Monte Carlo simulations are required
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@Ag Pd (1 1 1 ) Vignola, Steinmann, Le Mapihan, Vandegehuchte, Curulla, Sautet, J. Phys. Chem. C 2018, 122, 15456.
x' M1-x

Typical Configuration of Ag, ,.Pd, ,, @ 1 bar of C,H,
Dense packing:
Lateral Interaction are key

Pd: Covered with C,H, Ag: Acts as spacer

'...A..‘\ .‘ "“.‘V~
N Pt e\® ...

OONOMICIOY o &

SO ":3"'

f.'.r.’ "\ O.; > 506
£
%’0.47 ]
g
@ 02 - |

2, X=y e
0 | |

0 0.2 0.4 0.6 0.8 1
Total Ag molar fraction
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Abidi, Sahu, Raybaud, Steinmann, ACS Catalysis 2023, 13, 15290.

Hydrogen Evolution Reaction on MoS;
Increasing the Number of Edge Sites?

Highly dispersed, amorphous MoS, — or — MoS, has many edge-sites

Q.
~—

-0.25- . :
s Amorphous, building block look like:
2.0.30 -
e —— 2H-Mos, (@) ¢ (b)
2.035] ——1T-Mos, \
ug —— Am-MoS, :
2-0.40 - 1%
045 T ———"

0 4 8 12 16 20 24
Time (h)

Hensen, Hofmann, ChemSusChem 2019, 12, 4383.
[

LABORATOIRE

. | Wu, Longo, Dzade, Sharma, Hendrix, Bol, De Leeuw, Sahu, Steinmann, Raybaud, Cryst. Growth Des. 2020, 20, 7750.
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Hydrogen Evolutlon ReaCtIOI’] on M083 Abidi, Sahu, Raybaud, Steinmann, ACS Catalysis 2023, 13, 15290.

How Stable is MoS; under HER Conditions?

-0.
-0.
( )

> \
Q -o. \ i -
c ==y
- Se_2H,0_H
(D -1. . 2 \\
< \

- (H* +e)

. | Desorption of at least 1 H,S is easy, even at 0 V vs SHE, pH 0
II LABORATOIRE
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Adhikari, Steinmann, Arunachalam, Kang, Kim Small 2024, 20, 2311548.

OER on hybrid material
Hybrid material for oxidation of water and urea

- 2 300
Hydrothermal Calcination =
©
stop 1 step2 £ 200
3
%100
P>
o 4.
NF nS3 Mcc‘)a 00“53
Electrocatalyst

Ni foam is not very active
NisS, (NS3) overlayer — Small improvement
manganese cobalt oxide (MCO) overlayer — improvement

|| Covering MCO with Ni;S, — even better, but why?
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OER On hybrld materlal Adhikari, Steinmann, Arunachalam, Kang, Kim Small 2024, 20, 2311548.

Reaction energy profile of OER

== highin energy
0.0 | M{’——:%“““‘ , \ 02(9)
> o0 | “‘\\ \ 0,* ’,/ 00
\_\‘\\\\ ! F 01 F — 'l‘l I
& TN f TN 0xNizS,@MCO
g 0al \\\‘\ - ’,,I”T ”I,ll -0.3 \\\\‘:_,1 l:'l
SSY co ‘\“f\‘,\ ‘,t .“_T",,
os| NigS, N 7 Ni5S, is not stable under OER conditions
MCO@Ni,S, ?’ Surface oxidation .
1oL oxMCO@NiLS, ' Surface oxidation NIOOH would be a better model
Reaction coordinate >
[ | .. . . . .
||I o Conductivity and active surface area explain high experimental performance




OER On hybrld materlal Adhikari, Steinmann, Arunachalam, Kang, Kim Small 2024, 20, 2311548.

Reaction energy profile of OER

== highin energy
00l M{’:’:: %“‘“\ 02(9)
0.0 T e X
3 o = ommed Ni,S,@MCO
3 & = N oxNi;S,@
q 0al ‘\‘\\ - ’,,I”T "I’II -0.3 \\\\‘:_,1 l:'l
I Mco == o
0| NigS, N = Ni5S, is not stable under OER conditions
MCO@Ni,S, T’ Surface oxidation :
1oL oxMCO@NiLS, ' Surface oxidation NIOOH would be a better model
Reaction coordinate >
[ . . . . .
||I o Conductivity and active surface area explain high experimental performance




Partial take home message

Structural complexity
Each system is different
Models, scope and confidence vary a lot
Amorphous structures are the worst for computational (electro-)chemists

Computations do not always lead to the expected insight
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4. Reaction pathways




Curutchet, Colinet, Michel, Steinmann, Le Bahers. Phys Chem Chem Phys 2020, 22, 7031.
OER over CoOOH

Revisited mechanism for alkaline OER with GC-DFT

OH" e
OH .
HO / Mechanism I
/g(g 8 \\ > )

_O_F o) .
> [co>Co Co| " or > H. 89 Mechanism II
B \gﬂz‘? Co” °Co Co Mechanism III
T HO o QH O ¥
Co Co Co e’
HoO
8o M 1 OH 1%
Co Co Co
| ]
B Co” “Co
A
H20 :
H HO HHO +e e
O L.0Y e
Co Co Co /
OH" OH"
.
/
8]
Co Co Co 7’60/ »
4 0s
[ 59w o] <
CO/ \Cé \CO / \
A d
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|Il Considering barriers and overpotentials, mechanism lll is likely




Curutchet, Colinet, Michel, Steinmann, Le Bahers. Phys Chem Chem Phys 2020, 22, 7031.
OER over CoOOH

Revisited mechanism for alkaline OER with GC-DFT

OH" e
H O HHO \ / O’OH Mechanism I
Bl s s » A A0k Mechanism II
o~ "CoCo Mechanism IIT

Ho0O
B +e
T 88 oM 9
Co Co Co e
H Ho0
,\/o\(‘)H/o\(')H 1 pH +2e'
Co” “Co

Bl
A
H20
H HO HHO pr .
/O\' 'O\'
Co Co
B OH™
o
/
H ' OH
- /O\Co O\(')O 7.:” N
4 0s
L] BQHH H| <
Co” T Co Co / \
A d
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|II Considering barriers and overpotentials, mechanism lll is likely




Abidi, Bonduelle, Steinmann, Int. J. Hydrog. Energy 2023, 48, 8478.

HER over MoS,
HER mechanism on Vg defect

FS1
+ H,
+(H"‘+e
Hey
IM2 FS2
+H
vII
) . + H,
T
IS: Initial state +(Ht+e) |Hey™!
IM: Intermediate
FS: Final state
V: Volmer
_ + H,
Hey: Heyrovsky
T: Tafel
FS3
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Abidi, Bonduelle, Steinmann, Int. J. Hydrog. Energy 2023, 48, 8478.
HER over MoS,

Activation energies from Grand-Canonical DFT

Potential (V)

Potential (V)
" -0.50 -0.40 -0.30 -0.20 -0.10 0.00 -0.50 -0.40 -0.30 -0.20 -0.10 0.00
1.10 @ 1.10
< 0.90 < 0.90
d z
I g II g
vi:Ts1 g o0 / Vi:TS3 & o //
0.50 ] ) ) ) é 0.50 - - ) )
Potential (V) Potential (V) \I,
-0.50 -0.40 -0.30 -0.20 -0.10 0.00 -0.50 -0.40 -0.30 -0.20 -0.10 0.00
110 1.10
S 090 S 090 //
L 2
.d ///- ‘d . L
Bor | om Limiting |
H I. H II.
ey :Ts2 ey':Ts4
050 . . . . .

0.50 L L L
~0.8 eV barrier
Potential (V)
V: Volmer 1.10—0.50 -0.40 -0.30 -0.20 -0.10 0.00
Hey: Heyrovsky
T: Tafel $ 0%
1
. agm S 0.70
I [ | LABORATOIRE TS: Transition state T:TS5 8
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Abidi, Bonduelle, Steinmann, Int. J. Hydrog. Energy 2023, 48, 8478.
HER over MoS,

Activation energies from Grand-Canonical DFT

Potential (V) Potential (V)

Q' -0.50 -0.40 -0.30 -0.20 -0.10 0.00 -0.50 -0.40 -0.30 -0.20 -0.10 0.00
1.10 @ 1.10
< 0.90 < 0.90
3 3
8 g
Vvi:TS1 & 070 / VII:TS3 8 070 //
0.50 - . L L a 0.50 L L L L

Potential (V)

Potential (V)
-0.50 -0.40 -0.30 -0.20 -0.10 0.00

-0.50 -0.40 -0.30 -0.20 -0.10 0.00
1.10 1.10
S 090 //— S 090 //
[ 2
8 8
8 070 1 8 0.70
Hey': Ts2 Hey'': Ts4
0.50 L L L L 0.50
Potential (V)
-0.50 -0.40 -0.30 -0.20 -0.10 0.00
V: Volmer 1.10
Hey: Heyrovsky
T: Tafel S 090
Q
8
. HH ® 0.70
[ | LABORATOIRE TS: Transition state T:TS5 8
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Partial take home message

Reaction pathways
Time consuming

Detailed insight, sometimes hard to (in-)validate by experiments
Activation energies are necessary for detailed mechanisms

Symmetry factors can be computed - but with which precision?
1




Conclusions

Delicate competition between “chemical” vs “electrochemical” reactions ©
= Can be addressed by GC-DFT

Amorphous or ill-characterized materials
= Structural complexity = major bottleneck

In many cases computational studies are neither cheap nor fast

. | — Developments are necessary for modelling solid/liquid interfaces@
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Cluster Expansion of Adsorption Energy
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Refined model: 150 DFT configurations
. |I. _Spreads between ensembles is important for Pd,Ag and Pd;
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@Ag Pd (1 1 1 ) Vignola, Steinmann, Le Mapihan, Vandegehuchte, Curulla, Sautet, J. Phys. Chem. C 2018, 122, 15456.
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Cluster Expansion of Lateral Interaction Energy
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Lateral Interactions; 9 parameters; R2 = 0.943
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. |II 52 DFT configurations
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