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Part 1: The basics
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Computational electrochemistry
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Electrochemistry

» Chemical reactions involving electrons that move via an electronically conducting phase between two
electrodes that are separated by an electronically insulating (but ionically conducting) electrolyte.
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Figure reference:CC-BY 3.0: Asim18;
https://commons.wikimedia.org/wiki/File:02_-_Single_Energizer_Battery.jpg
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Galvanic cell
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Galvanic cell
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Galvanic cell

Build-up of surface V_taV,
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charge - potential \cg
change AV,

nt!

So,\”

@vres:

Ehz+
( 3§ S0,

2n1'*"i 2@- &> 2“{5)

@V™e + AV;:

In** 4 2e” - Ing,
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AG)* = G(Zng) — G(Zn?*) — 2ul
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Galvanic cell

Build-up of surface V_taV,
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Galvanic cell
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Galvanic cell
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Galvanic cell
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Galvanic cell
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ftv, >V, >
electrons will flow
from left to right.
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small change in 1/,
(there are now more
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compensated by
Cu®* + 2e”™ - Cu,




Galvanic cell
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This would lead to a
build-up of positive
charge on the left
and of negative
charge on the right

L]

Need salt bridge




nN,Ap, = AG,

Galvanic cell

V‘=\/+AV4 | \/L: \/"'_bv,_

Wl - gy | aC"F

Overall reaction:
R, — Ry = Cu®* + Zn(g) — Cug) + Zn??
AG = AG, — AG,

ref
Eo= Vr Vo = (o-V™) - v, -v¥) = - g (66" 261%) = - 2 86

ne Na
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Galvanic cell

nFAV = —AG

 Standard reduction potentials E°:

- Measured against the standard hydrogen electrode:
2H* + 2e - H,

at p(H,) = 1 bar and pH = 0

- Tabulated:
Cu** + 2 e— Cu E°= 0.337 Vvs. SHE
Zn** + 2 e — Zn E° = —0.762 Vvs. SHE
- Cell voltage:

AV = 0.337 — (—0.762) = 1.099 V
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A

Use AV = ni to understand use of e-chem.

+ Example CO, — CO +50,

) ) 1 ) o ndO""]GfM'C ’
AG® = AGf(CO) + EAGf(OZ) — AGf(COZ) = 2.67 eV 7 €

« Changing CO, pressure to make this exothermic

AG = AG® — kT In <pC°2>

‘ Po

AG =0 iprOZ =~ 1046 atm
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A

Use AV = ni to understand use of e-chem.

+ Example CO, — CO +50,

) ) 1 ) o ndO""]GfM'C ’
AG® = AGf(CO) + EAGf(OZ) — AGf(COZ) = 2.67 eV 7 €

« Changing CO, pressure to make this exothermic

AG = AG® — kT In <pC°2>

‘ Po

AG =0 iprOZ =~ 1046 atm

 Using an electrochemical cell:

- CO, + 2H* +2e~ - CO + H,0

> AV = —1.34V

- Hy0 >0, + 2H* + 2e”

Figure reference:CC-BY 3.0: Asim18;
https://commons.wikimedia.org/wiki/File:02_-_Single_Energizer_Battery.jpg
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Understanding AV

nFAV = —AG

 Standard reduction potentials E°:

- Measured against the standard hydrogen electrode:
2H* + 2e - H,

at p(H,) = 1 bar and pH = 0

- Tabulated:
Cu** + 2 e— Cug E°= 0337V
Zn*t + 2 e —7Zny E° = —-0.762V
- Cell voltage:

AV = 0.337 — (—0.762) = 1.099 V
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Galvanic cell
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Take-home messages

Half-cell:

» AG requires reference potential!

A prototypical reference potential is the standard hydrogen electrode (SHE)
- SHE potential = equilibrium potential for

1
H++e‘—>EH2 @ pH = 0 and 1 bar

Full cell:
 Overall AG depends on

- Reactants
- Products

- But not electrons!

* ... and determines cell potential AV
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Reference electrodes
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Electrolysis cell

Turning the working principle around to drive a reaction

e Galvanic cell:
Cu?t + Zne) — Cucg) + Zn?*

AV =1.099V
* Electrolysis cell:

Apply AV = 1.099V

2

CU(S) + 7Zn%t > Cu?t + Zn(s)

Discover the world at Leiden University
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Electrolysis cell - ]

Vs Ve olh — — V,=V+aV,
Turning the working principle around to drive a reaction ifv, >V,
» Galvanic cell: » > ’
Cut + 71 = Cures + Zn+ sa* " electrons
(S) (S) sar Will ﬂOW c:-” 2 “ﬂ‘.
W from left = =
AV = 1.099 V Wede & o toright. | ateae - o
* Electrolysis cell:
- V.,
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Water electrolysis

* Why?

- Green hydrogen as fuel

- Green hydrogen as reducing agent (e.g, steel production)
« What is green/gray/pink hydrogen?

- Gray: from natural gas through steam reforming

- Pink hydrogen: water electrolysis + nuclear power

- Green hydrogen: water electrolysis + renewable energy source
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Water electrolysis — test yourself

I membrane
) f
l
|
)
|
Wikipedia:
O O,(g) + 4H™ + 4¢” = 2H,0 1.229 4 [7]
H 2H* + 2¢ = H,y(g) 0 2
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Water electrolysis — test yourself
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O O,(g) + 4H™ + 4¢” = 2H,0 1.229 4 [7]
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Water electrolysis — test yourself

» Acidic:

- Hy0 -0, + 2H* + 2~
Overall: H,0 - H, + O,
- 2H* 4+ 2¢™ -> H,

« Alkaline

- 20H™ > H,0 +20, + 2e~
2 Overall: H,0 - H, + 0,
- 2H,0 + 2e~ — H, + 20H"
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Water electrolysis — test yourself

» Acidic:

- Hy0 -0, + 2H* + 2~
Overall: H,0 - H, + O,
- 2H* 4+ 2¢™ -> H,

« Alkaline

- 20H™ > H,0 +20, + 2e~
2 Overall: H,0 - H, + 0,

- 2H,0 + 2¢~ - H, + 20H"

Same cell potential, but differing half-cell potentials!
The half-cell potentials (vs. SHE) DO depend on pH!

In practice: Effective cell potentials will differ, but see
later...
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Water electrolysis — test yourself

PE
! H ,oo'gmer e lec4ra/5~le memb;m

L/
-
M4

» Acidic:

- Hy0 -0, + 2H* + 2~

Overall: H,0 - H, + O,
- 2H* 4+ 2¢™ -> H,

pY
Hembnng
FSTAN

Pic Tro,
« Alkaline AE L
1
- 20HT > H,0+-0, + 2¢e~ i
2 Overall: H,0 - H, + O, _ l |
- 2H,0 + 2¢~ - H, + 20H" 3|k 23
w | S0 “
@ - L |
i AN
2 [T6 e

Same cell potential, but differing half-cell potentials!
The half-cell potentials DO depend on pH!

In practice: Effective cell potentials will differ, but see
later...
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Water electrolysis — computational exercise

« Compute cell potential using  Igmol instructions
DFT: ) .
- Draw your molecule using the hammer and atom selection: | H
» water electrolysis (press for a molecule, drag for a bond) .

- Functionals: PBE, M06-2X - Preoptimize at FF level: | &

- Basis set: def2-TZVPPD - Set up the calculation: Ccattion el

Q-Chem Setup ~ Ctrl+U |
Job Monitor Ctrl+)
| Edit Servers
- Specify calculation(s)
Add jobs
Setup Advanced
=
Job Section Job 1 v Edit e
Specify job type — —
S ify £ " 1h mergy ~  Charge 0 = Multinlici
€Cl unctional nere—
P Method T v Multiplicity 1“3/ wHpiCy
Basis set |-Basis——31G ECP None
Exchange HF Correlation None

- Submit and download results into a directory
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Gas phase corrections for DFT errors in molecules

 Similar in spirit to using the cell potential instead of

Table 1 DFT errors of molecules and functional groups containing C, N,

0, and H, see also Fig. 1c computing O, (see later)
Molecule or functional group PBE PW91 RPBE  BEEF-vdW
0" —0.46 —0.33 —0.74 —0.81 ¢ Assumptlon:
N, 0.34 0.38 —0.05 —0.32
CO, —019 015 —0.46  —0.56 - Gas phase molecule more affected than adsorbed
co 0.24 025 —0.07 —0.18 lecul
H,0,° —-0.26  —0.23 —0.29 —0.34 molecules
NO? —0.07 0.05 —0.41 —0.58
NO,? —-0.80 —0.66 —1.12 —1.27
NO,? —1.41 -126 —1.72 —1.92 Eo)
N, O —0.50 —0.41 —0.86 —1.10
HNO? ~0.05 —0.01 —0.30 —0.43 _ 4
HNOQj —0.54 —0.48 —0.78 —0.95 @ 4
HNO, —0.96 —0.87 -114 —1.35 .
NOsaq) % —~0.54 —0.48 —0.78 —0.95 [ @ @@
NOs3@q) % -0.96 —0.87 —1.14 -1.35 + (0 )
: d
cis-N,O, —0.71 -0.55 —1.25 —1.59 £

onset = —0.7Vvs. RHE

N,O,% 119 -1.06 —1.66 —2.04 +4 /
FPRVETPTY o AGEOTT = 0.7 eV \ |
yeorr — (O> faclle
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Water electrolysis — test yourself

I membrane
) f
l
|
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Wikipedia:
O O,(g) + 4H™ + 4¢” = 2H,0 1.229 4 [7]
H 2H* + 2¢ = H,y(g) 0 2
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Water electrolysis at higher temperature

p—
G - H ! -5 » Thermodynamic corrections in standard DFT codes
are based on ideal gas
1

)

1 Total energy demand (AH)
= 250 ! - 1.30 5
E’ ' = - AHprgns = ERT
P ! Elecfr 3
- ] Ical -
S 200\N1.043 3 . .
= ui 24 (4a) T - AHyor = ZRT (nonlinear) or RT (linear molecules)
c =! o m
© 450 - g.: ] - 0.78 £ . .
5 58 © s - AH,,;, from harmonic oscillator

]
3 100 - 0.52 ?
Q ] c
c I TASK w
w 5o/i/Hea‘dem‘m‘y~o.26 RN S

' _ TTMKBT \2 KB

- AStrans_kB In ( h2 ) po +E
0 +—F+—+—r+—r——r————— 0.00
0 100 200 300 400 500 600 700 800 900 1000 0 if monoatomic
8m21 kgT
Temperature (°C) - AS,,; = {kp ll (n—B) + 1] if linear

Mueller et al., Chemie Ingenieur Technik, 96: 143-166 (2024). https://doi.org/10.1002/cite.202300137 Compllcated expressmn otherwise

- AS,;, from harmonic oscillator
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Water electrolysis at higher temperature

1
T H,0 — H, + %0,
i Total energy demand (AH)
£ {
TEa 1
- 1 E’ 1
< 200 \W)
] o! ‘
c S! o
g 150 1 i 3
o =33
-] '
3 100
g : R
w 50 - — Heat demand !
"
0 '

0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Mueller et al., Chemie Ingenieur Technik, 96: 143-166 (2024). https://doi.org/10.1002/cite.202300137

 Exploited in solid oxide electrolyzer cells

- 027 -0, + 2e”

- 1.55
| - H,0 + 2e~ - H, + 0%~
- 1.30
104 S de
= J f lonthanum steontium mangard
L 0.78 £ fFusion leyer
Rl g dffse e |
> - (A -
- 0.52 g [ {_)[&” " (ol L. -
w S
- 0.26 oY G' i~ | I >
° /121l = N
0.00 - sl £ L
J 3
C Wl £ >
o V( J -——_07'- )‘ =
e, T S
trium -stabilived
2r0, (YSt)
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Take home messages

DFT can be used to compute AG, but
* Don’t forget thermodynamic corrections
« May be erroneous for (certain) (gas phase) species

* Is not particularly suitable to compute energies of (ionic) solution phase species
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Part 2: Computational catalysis
and electrocatalysis

B8 Universiteit
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Computational electrochemistry

1. Electrochemistry: The basics
2. Computational catalysis and computational electrocatalysis

3. Beyond the computational hydrogen electrode method
4. When the electrolyte is key
5. Mass transport
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Nominal potential vs. onset potential

HY+ 2¢ ZH,
‘® 4ber H, , pH=0

nl

\ >\/V5, SHE
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Marcus theory
G N

>,

solven] reorgoas 3atson
e.ner% 9\

[&—

WV

Solvent moraani%eél'on coordinate
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Marcus theory
G N

§ W
:.'« ¢ B 2\_
§=5" AC (\/ear) - 4
w 9°
82
Y
3
E +
- ) IAG (@ Veg
Sof.ven{' reoraaniiet'l'on caora{inaf'c
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Marcus theory

N
G Reduction reaction

! -

N S

I

Sol Ven{' Yeor 3a.m' 3 \(.'l'on
coordu' na\lc
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Nominal potential vs. onset potential

HY+ 2¢ ZH,
‘® 4ber H, , pH=0

\ >\/V5, SHE
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Nominal potential vs. onset potential

24,0 — O, +4H + be~
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Nominal potential vs. onset potential

24,0 — O, +4H + be~

Nl

RuO,
1 O T — Irox
PtO,
AuO,

0.5+

Data/Figure curtesy: CC-BY Rik Mom

0.0- E' / 'I ? |
1. Km 1.6 1. \/2-0\6. SHE

Qurrent density (A/C__..)

' Potential (V vs. RHE)
V. =4.2%
’  {
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Nominal potential vs. onset potential

24,0 — O, +4H + be~

Nl

RuO,
1 O T — Irox
PtO,
AuO,

0.5+

Data/Figure curtesy: CC-BY Rik Mom

0.0- E' / 'I ? |
1. Km 1.6 1. \/2-0\6. SHE

Qurrent density (A/C__..)

' Potential (V vs. RHE)
V. =4.2%
’  {
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Multistep reactions

QOQ&

Figure curtesy: adapted with permission from CC-BY Rik Mom
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Multistep reactions
therm OJBHQMI ca ”LtLG

Mh a VOfQ

>

Gibbs free energy

Reaction coordinate

Figure curtesy: adapted with permission from CC-BY Rik Mom

@“@fg‘j o? gefserlged

SQG C\8S O

2

00‘2\

Figure curtesy: adapted with permission from CC-BY Rik Mom
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Multistep reactions

'ﬁnef‘mod‘j”&m' ca ”LtLG

'l'Cn’I'I&Q Jefermmm
P H

>

Mh a VOfQ

Gibbs free energy

@“@fg‘j o? gefserbed
$pec,ies
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Reaction coordinate

Figure curtesy: adapted with permission from CC-BY Rik Mom

O

2

00‘2\

Figure curtesy: adapted with permission from CC-BY Rik Mom




Multistep reactions
p 91""‘st wi“\ Po-}en#d

H'LO"'D OH+ H++Q— /2
AG = GOOH) + G(H*)+ _G(H,0)

Gibbs free energy

L=Eeqtm
Reaction coordinate Figure curtesy: adapted with permission from CC-BY Rik Mom
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Multistep reactions
All reaction ste e

ene r%efic Q ”5 downwe ds!

o

Q

5

)

% eS(Pe c'}eJ

2 :

:c-% overpovéen'hﬂo
/

E=E,+n
>

Reaction coordinate

Figure curtesy: adapted with permission from CC-BY Rik Mom
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H_,;, on Pt— computer exercise

 Instead of
2H,0+* - OH*+H"+e +H,0 - 0*+2H*+2e” +H,0 —» OOHY+3H"+3e~ - O0,+4H" +4e”

- Discuss 1 step only

- Use chemical reaction rather than electrochemical one

n
EHz‘l‘*_)nH*

- Will later extend thisto H* + e~ +*x - H*

Discover the world at Leiden University



Why study H adsorption on Pt?

 Based on:
Unraveling the origin of the repulsive interaction between hydrogen adsorbates on platinum single-crystal electrodes
J. Liu, A. Hagopian, I. McCrum, K. Doblhoff-Dier, M.T.M. Koper
DOI: 10.1021/acs.jpcc.4¢05193

« From cyclic voltammetry

OH edsorplion region
H edsorption / F
r‘egion

Pt(. 11) in. 0.1 M HCIO4
0.2 I 0.4 I 0.6 I 0.8 I
E/V(RHE)

Garcia G, Koper M T M. Phys. Chem. Chem. Phys. 2008, 10(25): 3802-3811.
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Adsorption and CVs

* Cyclic voltammogram:
- Sweep potential (often 50 meV/s) and measure current
 Current measured
- Capacitive charging
) ¢ | ) o
S Yyyy T s-

- Adsorption events

- @)
+n O = ¢
2288 hlaaas
- Faradaic currents
e N
\.) \O\CY YOO

Discover the world at Leiden University
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o

50

JoLblc-lcgu:
d'ld»rgins :

l

I
ad.slpr‘rl ion even:-l s

I I
- I I

0.2 0.4 0.6 0.8
E/V(RHE

Garcia G, Koper M T M. Phys). Chem. Chem. Phys. 2008, 10(25): 3802-3811.



Adsorption and CVs

* Cyclic voltammogram:

- Sweep potential (often 50 meV/s) and measure current

* Current measured 100 k- 011 M HCIO,
- Capacitive charging - ! ;
6+ N E'D B
o ) |
- £
© 0
\a KW 5_ b EI |
- Adsorption events % g
- @) -50 |
+n O =) e\ _
YY) Y Y 100 L
- Faradaic currents ! |
e~ Will relate%H2 + x > H* _D'E' 0.8
. \\_';7 toH* + e~ » H* later! =
D YY) ~_. Chem. Chem. Phys. 2008, 10(25): 3802-3811.
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Why study H adsorption on Pt?

* Based on:

Unraveling the origin of the repulsive interaction between hydrogen adsorbates on platinum single-crystal electrodes
J. Liu, A. Hagopian, I. Mccrum, K. Doblhoff-Dier, M.T.M. Koper
DOI: 10.1021/acs.jpcc.4¢05193

« From cyclic voltammetry

Expected without repulsion

100
‘T’E -

5[ What causes the
< of repulsion?
~
~

50

= Pt(1 1 1)in 0.1 M HCIO4

. 0.2 | 0.4 l 0.6 I 0.8 l
E/V(RHE)

Garcia G, Koper M T M. Phys. Chem. Chem. Phys. 2008, 10(25): 3802-3811.
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Why study H adsorption on Pt?

e From CVs:

- Weak repulsion between H-atoms

Cyclic voltammetry of Pt(1 1 1) in 0.1 M HCIO4 Langmuir isotherm

Garcia G, Koper M T M. Phys. Chem. Chem. Phys. 2008, 10(25): 3802-3811. .
« Constant adsorption energy AG,

100 | - ! =0 . 6 _ _ AGy—eUggE
: g n <9max_9> B kpT
|
D | : Frumkin isoth
—_— 1 rumekin 1sotnerm
5 I I |
) ok ( — « Adsorption energy dependent on coverage
3 ) — e AGy(8) = AGy + kgT - g - 6
= Lr = /i
-50 !
|
|
-100 | |
|
| ')
0.2 0.4

E/V(RHE

Discover the world at Leiden University



H_,;, on Pt— computer exercise

 Instead of
2H,0+* - OH*+H"+e +H,0 - 0*+2H*+2e” +H,0 —» OOHY+3H"+3e~ - O0,+4H" +4e”

- Discuss 1 step only

- Use chemical reaction rather than electrochemical one

n
EHz‘l‘*_)nH*

- Will later extend thisto H* + e~ +*x - H*

* Use gpaw!

e Lab instructions in folder: Ex1_Hads _chem
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The origin of H, 4 repulsion: surface distortion
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The origin of H, 4 repulsion: surface coordination
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The origin of H, 4 repulsion: surface coordination
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The origin of H,, 4 repulsion: electrostatic interaction
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The origin of H, 4 repulsion: surface coordination
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Reaction thermodynamics in EC

* So far:

1

_H2 + x> H*

2 (~
 But in electrochemistry, we want: . W,

Hf +e 4+ %x—> H*

! S

Need energy of a proton! L

Adapted from: CC-BY Greg Voth; https://commons.wikimedia.org/wiki/File:ProtonPairs1.jpg
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Computational hydrogen electrode method

* Norskov, Rossmeisl, Jonsson et al, 2024:

1
%Hz <—>H++e_ » AG@OVRHE = G(H+)+G(e_@0VRHE)—G<§H2>

Discover the world at Leiden University



Computational hydrogen electrode method

* Norskov, Rossmeisl, Jonsson et al, 2024:

1
%HzHH++e" » G(H) + G(e™ @ 0Vgyp) G<§H2>

Discover the world at Leiden University



Computational hydrogen electrode method

* Norskov, Rossmeisl, Jonsson et al, 2024:

1
%H2<—>H++e_ » G(H+)+G(e_@OVRHE) G<§H2>

- free energy of
electron changes!

@¢ryr V/RHE: » GH™) +G(e” @ pryp) = GHT) + G(e™ @ O0Vryg) — ePrur
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Computational hydrogen electrode method

* Norskov, Rossmeisl, Jonsson et al, 2024:

1
%H2<—>H++e_ » AG:G(H+)+G(e_@OVRHE)_G<EH2>

- free energy of
electron changes!

@¢ryr V/RHE: » GH™) +G(e” @ pryp) = GHT) + G(e™ @ O0Vryg) — ePrur

1
GH™)+G(e” @ pVryg) = G (EHz) — ePrug

Discover the world at Leiden University



Computational hydrogen electrode method

As applied to a hydrogenation reaction:
X*+H*+e” - XH"

o Q
N

> YN
Q"'/

AG = G(XH*) — G(X*) — G(HY) — G(e™)

A YY YY)
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Computational hydrogen electrode method

As applied to a hydrogenation reaction:
X*+H*+e” - XH"

(D Q

AG = G(XH*) — G(X*) — G(HY) — G(e™)

/!

cean Oﬂ’qﬁ be COM‘JMJCO! #r a siven ,oofenﬁ-oe
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Computational hydrogen electrode method

As applied to a hydrogenation reaction:
X*+H*+e” - XH"

(D Q

AG(Ugyg) = G(XH"; Ugyg) — G(X*; Uryg) — G(H™) — G(e™; UryE)

Discover the world at Leiden University



Applying a potential

double (syer o _douloLQ leyer
- —/

h |
cations

Positive electrode
9p0J1039|2 aA1leSaN

ocl Sor b&c‘
speces

I
Solvent molecales resct ants / P roducts

Figure curtesy: adapted with permission from CC-BY Georg Kastlunger
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Computational hydrogen electrode method

As applied to a hydrogenation reaction:
X*+H*+e” - XH"

) Q
N

o-

AG(Ugryg) = G(XH*; Ugyg) — G(X*; Ugpgg) — G(HT) — G(e™; Urpg)
N A
QSSump)l‘ion + inole pen/cn'/ o-f Lo 'éerr/faﬂ

2

AG(Ugyg) = G(XH*) = G(X*) — G(H") — G(e™; Uryg)

Discover the world at Leiden University



Computational hydrogen electrode method

As applied to a hydrogenation reaction:
X*+H*+e” - XH"

) Q
N

o-

AG (Ugpg) = GXH) = G(X") = G(HY) — G(e™; Urn),

— Y

use SH¢E

A YY YY)

74

1
AG(Upyg) = G(XH") — G(X*) — EHz + eUgppyg
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Computational hydrogen electrode method

As applied to a hydrogenation reaction:
X*+H*+e” - XH"

) Q
N

o-

A YY YY)

1
AG(Ugpg) = G(XH") — G(X*) — EHZ + eUrur

No potential needed

\U during calculation! Only
. features in a posteriori
com ‘mJe encrstj of -XH correction!

Discover the world at Leiden University



Computational hydrogen electrode method

As applied to a hydrogenation reaction:
X*+H*+e” - XH"

) Q
N

o-

A YY YY)

1
AG(Ugpg) = G(XH") — G(X*) — EHZ + eUrur

\U Why do we need to
compute this? Isn’t
> that known?!

com f""‘e energy Of -XH

Discover the world at Leiden University



Computational hydrogen electrode method

1
AG(Ugpg) = G(X™) + EHZ — eUpyp — G(XH")

A

>

£

)

o

)

)

&

4=

8 ~SUnue ~4Upne
—

O -LUng

-8 uﬂﬂ}".‘ ‘} .
o “‘l—l ) = “’_—@E—zbEeq
2H,0 OH™ +H,0 O™ +H,0 OOH™ 0,
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EC Adsorption energies — computer exercise

* nH" + ne™ + * - nH_ 4

» Use gpaw!

e Lab instructions in folder: Ex2 Hads e-chem

Discover the world at Leiden University



Computational hydrogen electrode [

N %
Barriers vs. reaction energies?! f Ve
&
i
i aC ) 2
i?

i‘ laG*fb Vess

>
Solvent mrsdli\l‘l'h coordivale

versus
OOH
& | HO 0. .
5 OH 0 E=F,,
it . AG =-3Fn
8 ] AG=-Fn  |AG=-2Fn
8=
’E /\
= AG = -4Fn
S ’\_
E=E 4+ n
Figure curtesy: adapted from CC-BY Rik Mom Reaction coordinate
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Bronsted-Evans-Polanyi (BEP) relations

 Assumes that barrier scales with reaction enthalpy 4,/
i
66 ’
N o ’
L 4
e 0
g
B less favorable than A ’
,J
vy}
A
/")

E, ~ E, + aAH
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Bronsted-Evans-Polanyi (BEP) relations

« Example: Heterogeneous catalysis
CO + 3H, —» CH, + H,0

CO dissoc ation

T \\/ A Peke
CO+3H,+* | B o
2 —_— CH4 + Hzo 3 ?t.
olr
< Co_ o Rh
3’-, 3\ Ea CH, f
b CO* + 6H* Ioé'a;s +0" + 2H e
5 AR
C*+ 0"+ 6H"
D e ~ ':L)
NE dvse

reaction cooroing le
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Sabatier principle

« Example: Heterogeneous catalysis
CO + 3H, —» CH, + H,0

Example taken from- Narskov, . of al (2000}, Naf Chem. 1(1). 37-46
i ation _
CO dissoc Lompl{ca'l'cJ rea.c-l-:on
\ + CHy desocption
\Y)

T /
CO + 3H,+ * |
— CH4 + Hzo
g"_) CH,
<
V)
C*+ 0" + 6H"
D

reaction cooroing le

Discover the world at Leiden University



Sabatier principle

® CO+3H2 — CH4+H20

Ni binds C* and O* too weakly - large barrier for adsorption

N
CO 4 3H,+ * [
— CH4 + Hzo
g’_) CH,
&
C'+0"+60 ~____ Rebinds C* and 0* too weakly - large barrier desorption
D

reaction cooroing le
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Sabatier principle and volcano plots

® CO+3H2 — CH4+H20

n N
CO + 3H,+ * |
—— CH4 + H20 Co’z
Fe
) Rht
—a-p "
- - 3 o Tr
s CO* + 6H* +0* + 2H* 3
$ <
C*+ 0"+ 6H" l
—
D CO dissoct Qtion
enerﬂ VN

reaction cooroingte
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Ideal catalyst and scaling relations

Gibbs free energy
far
@)

[ ]
F

OH*

>
Reaction coordinate

Figure curtesy: adapted with permission from CC-BY Rik Mom
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Ideal catalyst and scaling relations

’ProbLerrl; |
binding eneryies td\ +o be related

T D oou¥ / \
A \ \_
H,O \ 0,
— —

Reaction coordinate

Gibbs free energy

Figure curtesy: adapted with permission from CC-BY Rik Mom
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Scaling relations

s ¢ *
s %55 o
-1r “ =1 s 9=l
) > 7] o
-2 o
-2f 2} , % %= 2
o x=2 &
-5 ° -3 o o
~ - - ~ o
< »x=q £ T -3
-t & * 2 -4} o0 S
a ° 5 ¥,
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| Data from: Abid-Pedersen et al., Phys. Rev. Lett. 99, 016105 |
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Scaling relations and volcano plots
dJiffecent materials

4 /]
5 7 -
™ —
> \ .‘0
> & J @
o0 P &
E-j ".u\ 4-5 '. &
o
o = obe
v @ .."
8 ﬂ\ ‘;‘ .. e
= > 4 w”
B ? "’ ' —-"‘Low
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B35 # =top of volceno!
7 o < o’
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a “ °: “O_: OOH* . O @ E = Eeq 3
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>
H,0 OH

o) 0.5 1 15 2
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| Data from: Chem. Rev. 2018, 118, 5, 2302—2312 |
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Scaling relations and volcano plots
dJiffecent materials
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| Data from: Chem. Rev. 2018, 118, 5, 2302—2312 |
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Take home messages

Computational hydrogen electrode method

» allows electrochemical reaction energies

Gibbs free energy

« No good for dipolar species/partial charge transfer/transition states

Simple reaction energetics are relevant for  “~"
» Determining potential limiting step -
* Volcano relations 5

The success of this approach is based on

» The Bronsted-Evans-Polanyi (BEP) relations

~3Unue ~4gue
-LUmug ..,
-eUgug--. ) ; ) )
g . - @E = f\'.;
2H,0 OH”™ +H,0 0™ +H,0 00H™ 0,
H" +e H*+e Ht +e” tre
‘ N
—— CH, +H,0 Co,
fe
= =
i i
CH, _; ¢
x . +0° + 2H"
CO" + 6H J
<
C'+0" +6H°
> co dissecintion
rcaction coordinate energuy
B less favorable than A
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Part 3: Beyond the computational
hydrogen electrode method

B8 Universiteit

@ i@ Leiden
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Computational electrochemistry

1. Electrochemistry: The basics
2. Computational catalysis and computational electrocatalysis
3. Beyond the computational hydrogen electrode method

4. When the electrolyte is key
5. Mass transport

Discover the world at Leiden University



Computational hydrogen electrode —
limitations (1)

—/
« Assumes adsorbate energy is independent of potential )
&/ ©)
- No electric field effects @
- Incorrect description of partial charge transfer / / | \ / J \ @
0
d ché:f@u v v (

AG(Ugryg) = G(XH*; Ugyg) — G(X*; Ugpgg) — G(HT) — G(e™; Urpg) 2 I
N A L.
QSSump)l‘ion ' ino’epenlen‘, o-f Lo 'éerr/faﬂ L
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Computational hydrogen electrode —
limitations (1)

gh oH
2 ~ 6 com CO, (CO) reduction to C, products:

COR

""""""""""" + —

(A) OD-Cu-pHI3.0 2C02 + 12HT 4+ 127 - C2H4 -+ 4‘H20

(B) pc-Cu-pH13.0

(C) Cu-100-pH6.8

(C) Cu-111-pH6.8

(C) Cu-110-pH6.8

(D) OD-Cu-I-pH7.2

(E) OD-Cu-I-pH13.0

(E) OD-Cu-1-2.4COatm-pH13.0

(E) OD-Cu-II-pH13.0

(E) Cu-NP-pH13.0

(F) PC-Cu-foil-pH6.8

(G) PC-Cu-foil-pH13.0 (A) Bertheussen et al, Angew.Chem. Int.Ed. 55 (2016)

Eﬁ)CCl';‘FxW:;';HOB‘O B) Betheussen et al, ACS Energy Lett. 3, 3 (2018)
u-NW-pH13.

(J) OD-Cu-pH14.0 ©) Huang, et al, ACS Catal. 7 (2017)

(J) Cu-NP-mu-1mg-pH14.0 .

(T) OD-Cu-pH13.0 (D) Li and Kanan, J. Am. Chem. Soc. 134, 17 (2012)

(7) OD-Cu-pH13.699 (E) Li et al, Nature 508 (2014)

(J) OD-Cu-pH14.301

(K) Cu-NS-pH13.699 (F) Kuhl et al., Energy Environ. Sci. 5 (2012)

Eg g“zzpﬁi:;’m (G)  Wangetal., ACS Catal. 8, 8 (2018)
u-NS-p! .

(L) Cu-sph-pH14.0 (H) Wang et al., Nature Catalysis 2 (2019)

(L) Cu-cub-pH14.0 .

(M) Cu-NW 1-pHS. 13 )} Raciti et al., ACS Catal. 7, 7 (2017)

(M) Cu-NW2-pH3.13 ) Jouny et al, Nature Catalysis 1 (2018)
(M) Cu-NW1-pH14.00
(M) Cu-NW2-pH14.00 (K) Luc et al, Nature Catalysis 2 (2019)

g; g“giipg;“ (L)  De Gregorio ACS Catal. 10, 9 (2020)
u-NP-1-p.
(N) Cu-NP-2-pH14 ™) Zhang et al., J. Mater. Chem. A, 7 (2019)

(N) Cu-NP-2-1.Oscem-pH14 (N)  Ripattiet al., Joule 3 (2019)

ol indepeno(enf: on RHEG scale & comp. nydrogen |

1 Lo ‘0”

12 -1.0

Q00 0SS0 0000000C000<c000000ee0 0

0.8 0.6
Urne / V

Figure curtesy: CC-BY Georg Kastlunger
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Computational hydrogen electrode —
limitations (1)

16 -14 -12 -10 -08

Ushe /' V

Figure curtesy: CC-BY Georg Kastlunger

o<

(R & X X X N ]

0000000000 0O0OD0ODOOC00O

CO2R
COR
(A) OD-Cu-pH13.0
(B) pc-Cu-pH13.0
(C) Cu-100-pH6.8
(C) Cu-111-pH6.8
(C) Cu-110-pH6.8
(D) OD-Cu-I-pH7.2
(E) OD-Cu-I-pH13.0
(E) OD-Cu-I-2.4COatm-pH13.0
E) OD-Cu-1I-pH13.0

(H) Cu-Flower-pH13.0

(I) Cu-NW-pH13.0

(J) OD-Cu-pH14.0

(J) Cu-NP-mu-1mg-pH14.0
(J) OD-Cu-pH13.0

(J) OD-Cu-pH13.699

(J) OD-Cu-pH14.301

(K) Cu-NS-pH13.699

(K) Cu-NS-pH14.0

(K) Cu-NS-pH14.301

(L) Cu-sph-pH14.0

(L) Cu-cub-pH14.0

(M) Cu-NW1-pH8.13

(M) Cu-NW2-pH8.13

(M) Cu-NW1-pH14.00
(M) Cu-NW2-pH14.00

(N) Cu-NP-1-pH14

(N) Cu-NP-1-pH7

(N) Cu-NP-2-pH14

(N) Cu-NP-2-1.0sccm-pH14

CO, (CO) reduction to C, products:
2C02 + 12H+ + 12e™ — C2H4 + 4‘H20

(@ et P“ in Aef)endc;qlf on SHE scs ‘9.
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Computational hydrogen electrode —
limitations (1)

o<

cosx CO, (CO) reduction to C, products:

(A) OD-Cu-pH13.0 —_
(B) pc-Cu-pH13.0 2C02 + 12H+ + 126 - C2H4 + 4H20
(C) Cu-100-pH6.8

(C) Cu-111-pH6.8

(C) Cu-110-pH6.8

(D) OD-Cu-1-pH7.2

(E) OD-Cu-I-pH13.0

(E) OD-Cu-I-2.4COatm-pH13.0

(E) OD-Cu-II-pH13.0

(E) Cu-NP-pH13.0

(F) PC-Cu-foil-pH6.8

(G) PC-Cu-foil-pH13.0

(H) Cu-Flower-pH13.0

(I) Cu-NW-pH13.0

(J) OD-Cu-pH14.0 —_') j
(J) Cu-NP-mu-1mg-pH14.0 7//_7/_/-—/-

(J) OD-Cu-pH13.0

(J) OD-Cu-pH13.699 /////// ///////
(J) OD-Cu-pH14.301

(K) Cu-NS-pH13.699

(K) Cu-NS-pH14.0

(K) Cu-NS-pH14.301

(L) Cu-sph-pH14.0

(L) Cu-cub-pH14.0

(M) Cu-NW1-pH8.13

(M) Cu-NW2-pH8.13

(M) Cu-NW1-pH14.00

(M) Cu-NW2-pH14.00

(N) Cu-NP-1-pH14

(N) Cu-NP-1-pH7

(N) Cu-NP-2-pH14

(N) Cu-NP-2-1.0sccm-pH14
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Figure curtesy: CC-BY Georg Kastlunger
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Computational hydrogen electrode —
limitations (1)

o<

cosx CO, (CO) reduction to C, products:

(A) OD-Cu-pH13.0 —_
(B) pc-Cu-pH13.0 2C02 + 12H+ + 126 - C2H4 + 4H20
(C) Cu-100-pH6.8

(C) Cu-111-pH6.8

(C) Cu-110-pH6.8

(D) OD-Cu-1-pH7.2

(E) OD-Cu-I-pH13.0

(E) OD-Cu-I-2.4COatm-pH13.0

(E) OD-Cu-II-pH13.0

(E) Cu-NP-pH13.0

(F) PC-Cu-foil-pH6.8

(G) PC-Cu-foil-pH13.0

(H) Cu-Flower-pH13.0

(I) Cu-NW-pH13.0

(J) OD-Cu-pH14.0 —_') j
(J) Cu-NP-mu-1mg-pH14.0 7//_7/_/-—/-
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Figure curtesy: CC-BY Georg Kastlunger
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Computational hydrogen electrode —
limitations (1)
_/
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Figure curtesy: CC-BY Georg Kastlunger
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Computational hydrogen electrode — [
limitations (2) fm !

e Barriers!

act ) - 2

-rgu;odi-

)

solvand

i‘ laG*fb Vesr

>
solwat reorguuvebion coordireke versus
ﬂ/\_
: H,O o 0 0: E=E,
G =-Fr AG = Y

gy
=
&

Gibbs free en

Discover the world at Leiden University



Barriers — When BEP fails

Bronsted-Evans-Polanyi Computing Barriers
« Assumes perfect scaling between E, and AE

« Assumes perfect scaling between E, and AE

— High computational cost!

e No transition state search needed!
« No EC barriers = can often use CHE — CHE fails!
method
— Approximation!
/ N
| \
I \
I 1
I 1
| t 1 -°
| I
I I
-~ I B less favorable than A -~ I A less favorable than B
Reaction path B

Reaction path B
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Barriers — when BEP fails

n Hydrogenation

7L ., °  reactions

G [~ /7 9,

5 .
N Al
v - ' ®
.L_J L' , ‘: 'IO’ \/ l
Lud 3_ . '.‘0 9 Spread >A@ Py

5 ‘..3 »
2 - , i 0"3.. 2
[ 0:
41-. ,
)

| Data from: Wang et al. PCCP 2011, 13, 20760-20765
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Computing barriers in EC

 E.g., Volmer reaction:
H;0" + e~ + x> H* + H,0
- Final state from DFT
- Initial state from CHE

- How about transition state

—Z 1
®

CHE a!!!
O Dt 4/)_—“ - Electron not transported through entire U

m , - TS is typically dipolar!
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Applying a potential

double luser (overall dmrse ﬂW*N() coton 4o be #ensferrd
Va e N P

Electrolyt.e
o ©

Positive electrode
9p04123|9 9AIe3aN

~— J

sol.ve.n'l molecules double ltger (overall charge newlral.)

Figure curtesy: adapted with permission from CC-BY Georg Kastlunger
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Applying a potential

- ‘ Pral.on 4o be #ensfen-d

H,, 1 atm——)
SN 7
E pa
= D
= (0)e]
=L, = =
— ¢ Bulk . _s
e * o
Electrolyte o
o
o
Q.
()

refecence clectrode

— )

double h.ser (overall charge newlral.)

Figure curtesy: adapted with permission from CC-BY Georg Kastlunger
Figure reference: reference electrode: CC-By-SA lulu61; https://commons.wikimedia.org/wiki/File:Electrode_ ENH.svg
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Applying a potential

~y44 v

) | |
_.:"l"\. ' — ]
M | ‘ \ vacuum ,

H,, 1 atm——)

| /e

L

—ts

refecence clectrode

. Bulk
Electrolyte

Pral.on 40 be #ensfen-d

[
|
9p04123|9 9AIe3aN

~— J

double h.ser (overall charge newlral.)

Figure curtesy: adapted with permission from CC-BY Georg Kastlunger

Figure reference: reference electrode: CC-By-SA lulu61; https://commons.wikimedia.org/wiki/File:Electrode_ ENH.svg
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Applying a potential

~442V
¢ o
.e.f'"l"?. 'l u
R ‘ proton 4o be rensferred
2 —
] 7
o ©
= Inner ®
— potential of 4 =
= water ° o
= WG =
Tk | S . ® 0 Buk _»* - %
e & )
Electrolyte o
2
3
Q.
()

refecence clectrode

~— J

double h.ser (overall charge newlral.)

Figure curtesy: adapted with permission from CC-BY Georg Kastlunger
Figure reference: reference electrode: CC-By-SA lulu61; https://commons.wikimedia.org/wiki/File:Electrode_ ENH.svg
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Applying a potential

Pral.on 40 be #ensfen-d

- -
Inner
potential of
water
® _ O
® o Buk v, .

EIectront.e
o ©

9p04123|9 9AIe3aN

~— J

double h.ser (overall charge newlral.)

Figure curtesy: adapted with permission from CC-BY Georg Kastlunger
Figure reference: reference electrode: CC-By-SA lulu61; https://commons.wikimedia.org/wiki/File:Electrode_ ENH.svg
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Applying a potential

Pral.on 40 be #ensfen-d

o ©

potential of -
water i
o o° © =
* o Bk [ -5
Electrolyte o
solvent o
moleales o ¢ S
()

an ion$

~— J

double h.ser (overall charge newlral.)

Figure curtesy: adapted with permission from CC-BY Georg Kastlunger
Figure reference: reference electrode: CC-By-SA lulu61; https://commons.wikimedia.org/wiki/File:Electrode_ ENH.svg

Discover the world at Leiden University



Fol:en{'.icl. vS. inner olentiel

Applying a potential |

 Constant potential DFT
p \__/
Prdl.on 4o be *‘“-‘fer"d

- Implicit electrolyte
- Mean-field charges micro
solvation
Inner
potential of
water
adsorbedes

mean - field
r.kcrses

9P04123|9 9Ale3aN

imr(.-'c.if solvent

~—

double h.ser (overall charge newlral.)

Figure curtesy: adapted with permission from CC-BY Georg Kastlunger

Figure reference: reference electrode: CC-By-SA lulu61; https://commons.wikimedia.org/wiki/File:Electrode_ ENH.svg
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Constant potential DFT: changed ensemble

« DFT
- Microcanonical in # of electrons
 Contant potential DFT erbentiol. . iper r:.w-l
- Grand-canonical in # of electrons (# of electrons changes!) A
Y
\L micro
Solvation
- Usually returns a potential that is grand canonical in the electrons e
QU) =G —n,u, potential
of water .

\lJ/ mean - Pield
charges

Q) =G +nel

~—

~
double lager (overall charge nevirel)

Figure curtesy: adapted with permission from CC-BY Georg Kastlunger
Figure reference: reference electrode: CC-By-SA lulu61; https://commons.wikimedia.org/wiki/File:Electrode ENH.svg
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Constant potential DFT: change in ensemble

« AQ is compatible with the AG computed in the CHE, if
- CHE is valid

- Constant potential DFT can correctly describe the H*

CHE: constant Po{;enéia‘. DFT
| — ne%-5 nez-4
’ —
|+ Htte — " "6 — |-
24/ s \7/// L —7 bne= 1 — 7 3
- vie CHE

0, =G, +nelU,, N,=G,+ (n+8elU,,.

AC = G(Hx) - G(“‘) - G H*) + Cuvac ) .
’ % G(x)* Eq + G(H*) +ne Une x G(H") “Eet(n+d)e u.,‘

a0z GH*) - G(¥)-G(H') +e Ui,

Discover the world at Leiden University



Wishlist for electrochemical simulations

Interaction between electrode and molecules

Electrons: feel the correct potential

* Electron transfer should not lead to a change in surface charge/potential potential vs. o r:v*“‘
« Molecules: feel the correct electric field A
v
 Solvation
 Explicit interaction with electrolyte species e
Inner
potential
of water .
mean - field
charges

~—

~
double lager (overall charge nevirel)

Figure curtesy: adapted with permission from CC-BY Georg Kastlunger
Figure reference: reference electrode: CC-By-SA lulu61; https://commons.wikimedia.org/wiki/File:Electrode ENH.svg
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Constant potential DFT

niner
. potenti
al of
° water
o

~
dooble lager (overal cherge neviral)

L. . . . Figure curtesy: adapted with permission from CC-BY Georg Kastlunger
Explicit interaction with electrolyte species Figure reference: reference electrode: CC-By-SA Iulu6 1;

https://commons.wikimedia.org/wiki/File:Electrode ENH.svg

/"\
//1

\ / \\//(l/ ) ©
M”\ AL EARA

Discover the world at Leiden University



Volmer reaction in constant potential DFT

* H" + e™ 4+ * = Hygs

e Include transition state!

 Use constant potential DFT in gpaw!

e Lab instructions in folder: Ex3_Volmer-barrier

Discover the world at Leiden University




Take-home messages: Constant potential
DEFT 1

* Electronically grand canonical
- Changes number of electrons in the system depending on potential and surface structure

« Makes use of mean field solvation and simplified, mean-field charge distributions distributions

» References potential to inner potential of water m
\Po{'.enkml. vS. aner Po{en'h-l
0 of water
Inner - N
poter tial z
f wat g
mean - field ot water -
charges -
g

— i J
~

double lager (overall charge neutrel)
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Take-home messages: Constant potential
DFT 2 .

 Allows computing O @
. .
VY Y

e Does not resolve all issues! Errors remain due to

Discover the world at Leiden University



Part 4: Modeling electrochem.
double layers

B8 Universiteit

‘ i(v Leiden

‘pg;’ 7 The Netherlands
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Computational electrochemistry

Electrochemistry: The basics
Computational catalysis and computational electrocatalysis

Beyond the computational hydrogen electrode method

B ow o poE

. Modeling electrochemical double layers

« Example: pzc of stepped Pt

« Example: ion crowding

5. Mass transport

Discover the world at Leiden University



Simulating double layers using (analytic)

models

* Gouy-Chapman-Stern model

Discover the world at Leiden University

Entropic push

lElectrostatic pull




Simulating double layers using (analytic)
models

* Gouy-Chapman-Stern model

o 3 %
- 0 Entropic push
- v N

Electrostatic pull
v ww ~1.0 —05 0 05 1.0

ﬁ"\ﬁ’\@ Potential vs. potential of zero
charge [V]

Capacitance

Discover the world at Leiden University



Simulating double layers using (analytic)

models

* Gouy-Chapman-Stern model

e ... and beyond

Add ion size/“bound” solvent molecules

Add field dependent polarizability

Add solvent/metal interaction

Treat metal as actual metal

Discover the world at Leiden University

H20 solvated anion PC solvated anion DG solvated anion

Ty

| CC-BY: Shatla et al., 10.1002/celc.202100316

Ca {iF cm %)

35 3 39 4.1 43 45
40 1
20 ¢

| (b) Model
0 | S— E— — ———— J
35 37 39 4 1 43 45
—H, (eV)

[ cC-BY: Huang. 10.1021/acs.jctc.2c00799 |




Beyond mean field models

A
T T T T T T T T T T >
2| 01 00 01 02 03 04 05 06 07 08 U[V/SHE]
2 -
(]
©
)
c
]
—_
—
=)
o

Ch— ; > U [V/SHE
02 03 04 RS

U [V/SHE] 05 01 03 07

U [VISHE]

K. Doblhoff-Dier, M.T.M Koper, Cur. Op. in Electrochem., 39, 101258 (2023);
doi: 10.1016/j.coelec.2023.101258

Discover the world at Leiden University
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Molecular dynamics simulations

» Machine-learned molecular dynamics

/

LATEEIN,

 Force-field molecular dynamics

f'* , wyggag:W“ S
oA

e ¥ $1 7 R K Bt 80D L kWP €4

 Ab-initio molecular dynamics

Discover the world at Leiden University



Molecular dynamics simulations

Ab-initio molecular dynamics

e Simulation sizes

- ~6x6 supercells
For metals
- ~100 pS

Discover the world at Leiden University



Molecular dynamics simulations

Ab-initio molecular dynamics

e Simulation sizes

- ~6x6 supercells
For metals
- ~100 pS

 Charging via ion imbalance

LuMo

Eg — - - -~ - of ion

HOMJ

Discover the world at Leiden University



Example: Potential of zero
charge of stepped Pt

4EA:x Universiteit

_@ Leiden
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Potential of zero charge

ﬁxcess of positive ions zh /
N

the surface

\ /Excess of negative iona

o excess of ionic charges at the surface

-

U < pzc Potential of zero charge (pzc) US> pzc

\ o negative / \ c=0 / \ o positive /

Discover the world at Leiden University



Potential of zero charge with adsorbates

ﬂ Potential of zero free charge (pzfc)

- Pzfc may differ for surface with and without
adsorbates

- Pzfc may not be observable

D

No excess of
ionic charges

Current flow <—€

Surface carries no excess
charges

o

~

J

~

ﬂ Potential of zero total charge (pztc)

Charge excess at the

@ surface

Surface carries excess charges

J

Discover the world at Leiden University



Work function vs. potential of zero charge

* Work function - Potential of zero charge

Electron transfer

Water dipole orientation

—

rC

Hartree
potential

Hartree
potential
|/
>
>

Discover the world at Leiden University



Stepped Pt: pzfc

 pzfc from CO displacement measurements

e Gouy-Chapman minimum

I Y I L I » I % I X I

0.0
—

> 024
~~
o©
——
C
[0}
°

-0.4 4 CO disp.
o ® Epzfc

| Emin_cap

pron A workfunction

Do not extract data this plot. Data was manually manipulated to
allow good representation on the slides

I T I T 1 ! I f I T T

0.0 0.2 0.4 0.6 0.8 1.0

-1
Xgtep / MM

CO displacement: Gomez et al., J. Phys. Chem. B 2000, 104, 3, 597-605
Emin_cap: Nicci Frohlich; Koper group; Leiden University
wf: Ross, PN & Jr. J. Chim. Phys. 88, 1353—1380 (1991); Besocke et al, Surf Sci 68, 39—-46 (1977).

Frohlich, Liu, Ojha, Hagopian, Doblhoff-Dier, Koper, under submission
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Computational pzfc for Pt

T T T T T T T T T T T T T v T T T g T
0.0 Do not extract data this plot. Data was manually manipulated to 0.0 1
allow good representation on the slides
> -0.2 .. > -0.2
— g -
° "% Increase ©
< ' I=
C N
& .
2 e OHstep % .
o -0.4 4 7 S o -0.4 4 ECO disp.
o . i o & " pzfc
AR 2T 0.4 OH
o~ K
B, % o, AR E $ (computed
LT prc - (computed Increase | Emincap
3. ~a
W LY O E o.szco Hs (computed) .
69 o0 P OH t A workfunction
-0.6 1 0 40", 00 OHy ted step -0.6 -
o o o [« N pzfc (Compu e )
(s M o . )
A workfunction (computed) B P ey e
T T T T T T T T T T T T T T T T T T T T ! ' L ’ J
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 0.0 0.2 0.4
-1
Xstep / nm Xstep /n

CO displacement: Gomez et al., J. Phys. Chem. B 2000, 104, 3, 597-605
Emin_cap: Nicci Frohlich; Koper group; Leiden University
wf: Ross, PN & Jr. J. Chim. Phys. 88, 1353—1380 (1991); Besocke et al, Surf Sci 68, 39—46 (1977).

Frohlich, Liu, Ojha, Hagopian, Doblhoff-Dier, Koper, under submission
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Computing the potential of zero charge

Work function method

LALICIC0)

-

1

SOCD

CAOCICD

QX

|

3 @ 4.k
= a
£ o 4.5 -
b —
g, 4.4 -
4.3 - . .
=41 =— wfo = w/dipole c 30 40 S
i
:Ij 1|0 20 3IU 40 SU

Z-axis (&)

Discover the world at Leiden University

Computational standard hydrogen electrode
method

Reference to SHE potential

v T T T T T T T T T T ' T T T T T T T 1
o 2 4 6 &8 10 12 14 16 18 20 22 24 26
Distance from electrode surface (A)

Figures: Hagopian, Koper, and Doblhoff-Dier, in

preparation




Computational pzfc for Pt

T T T T T T T T T T T T T v T T T g T
0.0 Do not extract data this plot. Data was manually manipulated to 0.0 1
allow good representation on the slides
> -0.2 .. > -0.2
— g -
° "% Increase ©
< ' I=
C N
& .
2 e OHstep % .
o -0.4 4 7 S o -0.4 4 ECO disp.
o . i o & " pzfc
AR 2T 0.4 OH
o~ K
B, % o, AR E $ (computed
LT prc - (computed Increase | Emincap
3. ~a
W LY O E o.szco Hs (computed) .
69 o0 P OH t A workfunction
-0.6 1 0 40", 00 OHy ted step -0.6 -
o o o [« N pzfc (Compu e )
(s M o . )
A workfunction (computed) B P ey e
T T T T T T T T T T T T T T T T T T T T ! ' L ’ J
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 0.0 0.2 0.4
-1
Xstep / nm Xstep /n

CO displacement: Gomez et al., J. Phys. Chem. B 2000, 104, 3, 597-605
Emin_cap: Nicci Frohlich; Koper group; Leiden University
wf: Ross, PN & Jr. J. Chim. Phys. 88, 1353—1380 (1991); Besocke et al, Surf Sci 68, 39—46 (1977).

Frohlich, Liu, Ojha, Hagopian, Doblhoff-Dier, Koper, under submission
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Example:
Ion where are you?
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"‘»,‘"?%K* The Netherlands

Discover the world at Leiden University 138



Cs on Au(100)-hex: ion — surface distance

» Experiments Mariana C.O. Monteiro

- Specular crystal truncation rod measurements

0
o

46+ -epH13
-&-pH3

Structural model:

40 -

C
C
O
=P
distance Cs*-Aup,, / A
NN
N
T

>
=
g
w
o)
T

1 1 1 1

-1.2 -08 -04 0.0
E /V vs. Ag/AgCI

Discover the world at Leiden University

Ions reside close to
the surface.

M.C.O Monteiro, K. Doblhoff-Dier and co-workers; under submission




Where do the 10ons reside?

Collaboration with
Mariana Monteiro

Publication in preparation

« Experiments

Discover the world at Leiden University

10

®

®

Ion — surface

v/

distance
<
solvated ion radius

4 6 8 10 12
Zion

M.C.O Monteiro, K. Doblhoff-Dier and co-workers; under submission




How solvated are 1ons at the interface?

 Ab-initio molecular dynamics simulations

’h‘i 1 z.' jj‘-.} L R < 4.6
RS
e, ° 4 ’ % L

distance C

Discover the world at Leiden University

E/Vvs.
-1.2 -0.8

Ag/AgCl
-04 0.0

- -@-pH 1
-0-pH 3

3

No water below the Cs*
for experimental Cs* —
surface distances!

M.C.O Monteiro, K. Doblhoff-Dier and co-workers; under submission




How solvated are 1ons at the interface?

z>6.2A

lllll
........
. 1]
. ]
. L]
L]
L 2
L
) L 4
.
* L 2
* L 4
* L4
* Lo
. 24

0 50 100 150
6 [deqg]

Data redrawn by hand for better visibility on slides. May contain
inaccuracies. Do not use as raw datal

Discover the world at Leiden University

z>62A f
al , hgx bl -
3 3. ! Random orientation
. ) N _R¢ R 9 gmin =0
I

M.C.O Monteiro, K. Doblhoff-Dier and co-workers; under submission




How solvated are 1ons at the interface?

z>62A f
g, hax agle -
3 3 ! Random orientation
. ; L _R& R 9 Hmin =0
Z>6.2A 5A< z<6.2A

— <7< ; " P s Solvation shell
5A<z<62A & 4 ngs \’g‘:‘ Solvatio
4 v 09" t‘," ¥ X0 > Hmin — 55°

X
e
.
.
.
.
.
.
‘e
N

0 50 100 150
6 [deqg]

Data redrawn by hand for better visibility on slides. May contain
inaccuracies. Do not use as raw datal

M.C.O Monteiro, K. Doblhoff-Dier and co-workers; under submission
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How solvated are 1ons at the interface?

Ah,;‘;:'ﬁ?%ﬂ :
»} -”" r &

|
z>6.2A
- 5A<z<6.2A
-4 A<z<5A

0 50 100 150
6 [deqg]

Data redrawn by hand for better visibility on slides. May contain
inaccuracies. Do not use as raw datal

Discover the world at Leiden University

z>62A

BV o
3 3 ! Random orientation
. ; L _R& R 9 Hmin =0

5A< z<6.2A

. ¢ f ; Solvation shell
‘ oriented
< i ) ‘,‘7 ¥ Ry - Hmin — 55°

+ Distortion of

4A< z<5A solvation shell

M.C.O Monteiro, K. Doblhoff-Dier and co-workers; under submission




How solvated are 1ons at the interface?

z>62A f
. aux agle .
: 3. ! Random orientation
. ; % d o 9 Hmin =0
Z>6.2A 5A< z<6.2A
— 5 A<z<6.2A T WY TR ‘ /b/‘ Solvation shell
— 4 A<z<5A . oriented
i et "/ ! Ra & - emin — 55°
4h< z<54 =
T T T T f:j
0 50 100 150 e
€
6 [deqg] E Lo | | .
Data redrawn by hand for better visibility on slides. May contain v 3.0 3.5 4.0 4.5

inaccuracies. Do not use as raw datal

Cs - O distance [A]

M.C.O Monteiro, K. Doblhoff-Dier and co-workers; under submission
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How solvated are 1ons at the interface?

hh;t:.'f?%‘ :
»} -’*" ? ‘5

I
z>6.2 A
- 5A<z<6.2A
-4 A<z<5A
- 0A<z<4A

0 50 100 150
6 [deqg]

Do not extract data this plot. Data was manually manipulated to
allow good representation on the slides

Discover the world at Leiden University

z>62A

o agr gl o
A 3 ! Random orientation
. ; L _R& R 9 Hmin =0
5A< z<62A
. ¢ f ; Solvation shell
’ oriented
< i ) ‘I‘V ¥ Ry - Hmin — 55°

+ Distortion of
solvation shell

4A< z<5A

z<4A

.-é‘ n/é" V(’*q 10% desolvation

M.C.O Monteiro, K. Doblhoff-Dier and co-workers; under submission




How solvated are 1ons at the interface?

R z>62A
Ah;t:'ﬁ? 3 e

o ) & fs

X 3 N N & . .

: &} o ? | 4 A}\ \ Random orientation
PR o DAL ‘. >0, =0

7>62A 5A< z<62A
- 5A<z<6.2A j e e 5 Solvation shell
-4 A<z<5A /b Ré/: 3{1" oriented
—0A<Z<4A “¥ W “ 9 B 2 Omin — 55°

+ Distortion of
solvation shell

J) [arb. u.]

4A< z<5A

- Solvation shell # “sphere”!

| 1
0 100 150 z<4A
6 [deqg]

CS partlally deso]vates ® by hand _for better visibility on slides. May contain . - ¢ \1 .
naccuracies. Do not use as raw data! ’_ | @ L v&q 10% deSOlvatlon

- Depending on potential:

M.C.O Monteiro, K. Doblhoff-Dier and co-workers; under submission
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How solvated are 1ons at the interface?

z>62A

W s ag o
i 4 {G\ ! Random orientation
. ) L _R& R 9 Hmin =0
5A< z<62A
. ¢ } ; Solvation shell
‘ oriented
\ i «‘/\ ¥ he D - Hmin — 55°

+ Distortion of
solvation shell

4A< z<5A

z<4A

?Il
_",.*\ : L "/é\"'! V&q 10% desolvation

M.C.O Monteiro, K. Doblhoff-Dier and co-workers; under submission
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Example:
When AIMD is no good:
Ion clustering

B8 Universiteit

@ i@ Leiden
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Molecular dynamics simulations

Force-field molecular dynamics
 Simulation sizes

- ~15x15 supercells

- ~ns

 Charging via Siepmann-Sprik method

- Interface force-fields poorly parameterized

- No electronic dielectric response

Discover the world at Leiden University



Ions @ charged interface share solvation shell

101

3D ion hydrat
Metal structure

Ion packing defined by

X

4 1

F IR D
e e
..‘. 3> _
.a -
A

7T

. »Y,
> § RS
b b, \
d
&y

»HA\/aJ\J\A) Y A y T \J
,.QA. el MWA "Aqu\ kMA)M \N\u

8

6

a
Cs*-Cs* distance

8

6

a
Na*-Na* distance

6

a

12

10

12

10

12

10

Li*-Li* distance

2

Moss and Doblhoff-Dier, DOI: 10.26434/chemrxiv-2025-cw68k

e
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O
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https://doi.org/10.26434/chemrxiv-2025-cw68k
https://doi.org/10.26434/chemrxiv-2025-cw68k
https://doi.org/10.26434/chemrxiv-2025-cw68k
https://doi.org/10.26434/chemrxiv-2025-cw68k
https://doi.org/10.26434/chemrxiv-2025-cw68k

Example:
When AIMD is no good2:
Ion positions

B8 Universiteit

@ i@ Leiden
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Ions @ Pt(111): ion size influence

o . Na < Li ~ K ~ Cs
 Ab-initio molecular dynamics simulations

- Position of the closest ions
— Li(-029 Vvs. PZC)  — Na (-021 V vs. PZC) Ion — surface distance
— K (-0.24 Vvs.PZC) — Cs(-0.26 V vs. PZC) follows neither

- Ion size nor

- Solvated ion size

;; Lower potentials (4 ions) Hydrated ion radii [A]
== Li+ Na+ K+ Cs+
: 38 36 83 33
| S
2 3 4 5 &
Distance to Surface (A) =% X
| | | o
2 3 4

Distance to Surface (A)

Master thesis Rick Kort; Supervisor: K. Doblhoff-Dier
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How solvated are 1ons at the interface?

« DFT-MD simulations:

e L
- all alkali cations can/will partially 10- == Na
desolvate . K
- Some will only desolvate at high 8- Cs
enough potential
Z
@
® ®
- All ions can partially 4-
shed their solvation -
shell. . . . . . . .
g 20 25 30 35 40 45 50
olvation enthalpy -
AHL~2 Ao Distance to Surface (A)

Master thesis Rick Kort; Supervisor: K. Doblhoff-Dier
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Ions @ Pt(111): extending the timescales

e Using machine learned potentials

1 Na ion 2 Na ions
-5 30
> —— GRACE-1L
£ 20- —— DP . Different models give different
%‘ results.
©
g 0 I m I I I I I I AF(ZO meV)

z (R) z (R) >

3 Na ions 4 Na ions RMSE; ¢t ot (1 meV/atom)
- 30
>
£ 204 ]
z
€ 10 - 1
©
[{*]
Z 0 I T I I__=-— I T I

Lucas de Kam, Nitish Govindarajan, K. Doblhoff-Dier and co-workers; in preparation
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The difficulty of ML potentials for
electrochemistry

locel energies » No long-range electrostatic interactions
D) * Can lead to charged regions in an electrolyte
D,
"0,
©
\" . ‘.O , . '.r

Discover the world at Leiden University



The difficulty of ML potentials for

®
electrochemistry
(ocal energies choraes  Long-range charge transfer
3 through insulator allowed
P O
) D,
O y

Discover the world at Leiden University



The difficulty of ML potentials for

[ )
electrochemistry
: * No long-range charge
LOC‘L €n erg € e(_ec( rone % e 'LI. Vi'él-e.‘ transfe% g g
7
P O » How to get the metal
D) D charged?
Y O
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Ions @ Pt(111): extending the timescales

e Using machine learned potentials

1 Na ion 2 Na ions
-5 30
> —— GRACE-1L
£ 20- —— DP . Different models give different
%‘ results.
©
g 0 I m I I I I I I AF(ZO meV)

z (R) z (R) >

3 Na ions 4 Na ions RMSE; ¢t ot (1 meV/atom)
- 30
>
£ 204 ]
z
€ 10 - 1
©
[{*]
Z 0 I T I I__=-— I T I

Lucas de Kam, Nitish Govindarajan, K. Doblhoff-Dier and co-workers; in preparation
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Take-home messages: Double layer
modeling

 Simplified (mean-field) models

 Ab-initio molecular dynamics

 Force-field molecular dynamics

« Machine learned molecular dynamics
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Part 4: Modeling electrochem.
double layers

B8 Universiteit

‘ i(v Leiden

‘pg;’ 7 The Netherlands
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Computational electrochemistry

Electrochemistry: The basics

Computational catalysis and computational electrocatalysis
Beyond the computational hydrogen electrode method
Modeling electrochemical double layers

I

Mass transport
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Reaction kinetics

¢

0 oeR /10RR

i \ 2H, 0
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Reaction kinetics and mass transport

C

0 oeR /10RR

i \ 2H, 0

| y = 0, + 4H" e
]

| y

y 1.3V 7
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Reaction kinetics and mass transport

¢
1 oeR 70RR
T w y 2H. 0
: l Jirfus"on Cﬁ*:;:::‘ \ >0, QH*-# be
i
|
'
| l i
N
I 183V _
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Diffusion layer

double Leyer 0.3 -30nm C (a()

,"'N—A’-\ p—

®
Q
@ e

@
2 ®
4

O@

®

QAN
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Mass transport — Fickian diffusion

 Flux of particles: proportional to concentration gradient

d i
dx |/
v
A
/1
Y N |
5 H*:93x107° m?/s i
5 Li*:1.0x 107 m*/s i =
_£ Na*: 1.3 x107° m2/s -
g2 K* :1.9x 107 m2/s . Pt e
S2 AlB*: 0.6 x 1072 m2/s 5 o
"3 F :14x107° m?/s . HOR
g Cl :2.0x 1072 m2/s e T e ]
£ HCO,:1.2x107°m?/s ¢ ] —
¢ Due to mass conservation = L
9 92
ot 0x?

Adapted from: StarLight(CC-BY-SA)
commons.wikimedia.org/wiki/File:Fick_law_01.png
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Mass transport — Fickian diffusion

« How to solve?

- Analytical
time 1 _x?
x,t =0) =6(x ‘ x,t) = e 4Dt
dc 02
! ot~ ax?
t=0 X t>0 X
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Mass transport — Fickian diffusion

« How to solve?

- Numerical

_n__= c —C c...—2c."+c
0:x? ' At B (Ax)?
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Simulated diffusion

e Lab instructions in folder: Ex4 Diffusion

_pn_ - C —C Ci_qa —2C;" + ¢
dx? - At (Ax)?
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Mass transport

 Diffusion is not all 2 Nernst-Planck .
Velocity

\ Electric field
dc /

= —D—
Ji dx+ +

\_Y_/

I

Diffusion

Mass transport at a three-phase

Forced convection using a
boundary during HER.

The influence of the EDL
rotating disk electrode

PET )
'y :
4 '¢PET Electros?tic
@3
N e <
Eg; E E .'_::::. ,,,,,
> .: :
H H @ Diffusion
2
<+ + ! - ol e Y
i i & H Voo g E/V
Glass Pt Glass

Y. Liu, M.A. Edwards, S.R. German, Q. Chen, F. M. Zanotto, M. Lopez Teijelo, S. A. Dassie, K.J. Levey, M.A. Edwards, H.S. White, J.V. Macpherson,
H.S. White Langmuir 2017 33 (8), 1845-1853 Electrochimica Acta 327 (2019) 135032

Phys. Chem. Chem. Phys., 2023, 25, 7832
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Mass transport

 Diffusion is not all 2 Nernst-Planck Velocity

\ Electric field

* ...But electric field generated by charges, that diffuse...

- Poisson-Nernst-Planck equations

-V (EVCD) = 47Tp = 47T2qi i

"\

—Vb =
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Dr Katherine

Example: Ultramicroelectrode Array < §&:

G. Mao, M. Kilani, M. Ahmed, Journal of The Electrochemical
Society, 2022 169 022505

r<25um
Macroelectrode  Ultramicroelectrode Theoretical limiting current

* electrochemical sensing @ low analyte concentration (rapid radial diffusion!)

» Individual electrode: low current blocking ' Single UME
~ Use arrays electrode f/ meter "?
e - - S — O - (<D}
l -_— - - q?l/ "S - UME array
A.O. Simm, R.G. Compton et.al. , qg)
UME array  Analyst, 2005,130, 1303-1311 =
5 .
@)
« Open question: Why do arrays manufactured according to standard
analytical rules give non-steady state response?! : . :
Potential / V

L.C.R. Alfred, K.B. Oldham J. Electroanal. Chem., 396 (1995), p. 257
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Dr Katherine

Example: Ultramicroelectrode Array == S

Create a Geometry Define the Physics Create a Mesh
Utilise symmetry to reduces ‘ Introduce boundary ‘ Split geometry into small
the model size e.g. only % conditions to represent the discrete elements to solve
the full system system e.g. the partial differential eq.
o —=12.5pum Mass transport is only by '
f ° diffusion
[ ]l — _DLVCL
No flux on the insulating
DlOCI ° material
b o X n ']i == 0

L.,

Figure reference: Katherine Levey
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Dr Katherine

Example: Ultramicroelectrode Array - &

1) E < E© 30S

Figure reference: Katherine Levey

[Product] / mM

1
Iﬂ.g
0.8

4 0.7
L 1 0.6
0.4
0.3
0.2
0.1
0

The individual UME are not

diffusionally isolated leading to a non-

steady state voltammetric response.

Therefore, the
electrodes should be

spaced further apart.
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