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Electrode-Electrolyte Interfaces

©

Goal — Develop a rigorous, thermodynamically consistent modeling
" framework for liquid electrolytes and charged interfaces.
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What we can do ... predict CVs
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The metal/electrolyte interface - general modeling

E
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General field theory of the coupled non-equilibrium thermo-
electrodynamics for volumes and surfaces
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The metal/electrolyte interface - general modeling
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Volume and Surface species densities

Volume §2y/ considered as mixture of species densities ne(x,1t), a € Iy [mol/m?’}

Surface S considered as mixture of surface species densities nq(X,t), o € Ig [mol/mQ}
S S



Volume 2y considered as mixture of species na(X,t), a € Iy [mol/mg}

Surface S considered as mixture of surface species ne(x,t), a € Is [ mol/m?]
S S

Free energy densities and chemical potentials

Free energy density of the volume Qv p(ng, ... NNy ) [J/m?’}

0
Chemical potential of constituent A, Mo = aZw [J]
...................... 2
Free energy density of the surface S ¢("goa e 77;LNS) [J/m ]
oY
Surface chemical potential of éa Ha = 5 = [J]
s Na




The metal/electrolyte interface - General modeling
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Material Modeling - Electrolyte

Task: Chemical potentials o of all species

derived from a free energy density
pw _ pwl\/lix_l_pref_I_prech 4

— Entropy of mixing
— Mechanical contributions
— Reference contributions

— Debye Hiickel

— .. (e.g. Polarization)

1111111
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Material Modeling - Electrolyte - Entropy of mixing _ Opy

ideal ng nA nc
2 = ks (nghn (72) +naln (32 + el (5

e
o

5 e @

Basic idea: Count the number of permutations in the mixture

.. common basis for ideal mixtures etc.
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Material Modeling - Electrolyte - Entropy of mixing o = 900
“ On,
s= ko (nstn (") 4 nain (%) 4 noin (29))
+

+

o
-
prohibited permutation

Basic idea: Count the number of permutations in the mixture

Each ion bounds k. solvent molecules

Note: solvation impacts (implicitly) the mole fraction in solution!

Y, = Do " n=ns+ng+nc

« n wit 5 dependent on the
nszns@-nA@-nc .

solvation number
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Material Modeling - Electrolyte - Mechanical contribution

Volume occupied by the mixture at the reference pressure pR

n
_ R
Vor = E v, N
a=0

solvated ion

solvent e/ \' ,
Y v A, “ &»_)

Tait equation of state w“"“‘

p=pt+ K ((%) — 1) with m=7 and K = 0.32 GPa

leads to the mechanical free energy contribution

n 1 n m n
o™ = (K —p") (1 — ( ’Ugna>> — Kl— (( vfna> — ’Ugna>
—m
a=0 a=0 a=0

R ——
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Material Modeling - Electrolyte

Chemical potentials

Incompressible limit K — oo : (entails pressure p as variable)

ua:¢f+kBTln@,)—|—@p a=0,1,...,n

and

solvated ion

1 Incompressibility

a:Ov Jo) = 5 constraint solvent e’\,ﬂ ’
P v #u Q Scj
R

Impact of solvation

> Entropically: (implicitly) via the mole fraction

> Mechanically: via the pressure and the partial molar volume

N n =mng+nNg+ N¢

Yo — with
R ECDECL:

W. Dreyer, C. Guhlke and M. Landstorfer, Electrochemistry Communications, 2014, 43, 75 — 78.




The metal/electrolyte interface - Modeling

E
(no,ma,nc)
Pg(?ea?M)
fie,w) (no,ma,nc) Balance equations for p,, a =1,...,N
B Diffusional equilibrium in QF M w z5 p
) Pa .
= —div v+Jd,)+r
Vit + €02V =0 a=1,...,N ot (Pa o) *
which can be integrated as with
+ + z2e% 4N
fa(X) + €02ap(X) = g + €0Zalp Jo X V(pta — pin) +e0(— — —)Vp
Ma My

B Electrical equilibrium in Q*F
N

—eodiv (V) = ¢ with q = Z Za€0MNq
a=0

B Mechanical equilibrium in QF

opv _
—— +D = nA
Vp = —qVy 5 + Div(pv®@v) =nAv+ Vp+qVp
Ma:¢§+kBT|n(ya)—|—v§p a=20,1,...,n
thermodynamic
- n
closure relations R _ 1 Incompressibility
VaYa = — :
n constraint
a=0



The metal/electrolyte interface - Modeling

E
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(Nesmar) (?077}4,?0) .
B Diffusional equilibrium in QF Mz " General mOdellng

S

framework for various
Vite + €02V =0 a=1,....N

salts, solvents,
which can be integrated as surfaces

Ha(X) + e0zap(X) = pi + eozap™
B Electrical equilibrium in Q*F
N
—eodiv (V) = ¢ with q = Z Za€0MNq
a=0

B Mechanical equilibrium in QF

Vp=—qVyp
R R __

to = Yo + kT In (yo) + v p a=20,1,...,n

thermodynamic
; n
closure relations R _ 1 Incompressibility
VaYa = — .
n constraint
a=0



Electrolyte - Charge density in equilibrium

E
(no,na,nc)
Vit —€pzaVeo =0 a=1,...,n

S (ne,NM)
s ' s

(n07 na, nC’)
s s s

solvent

:> 9

R R
UO #Ua

Charge density is pressure and potential dependent
. _ solvated ion
Pressure term covers the actual size of the species

Consequence: Poisson equation and momentum balance do not decouple

W. Dreyer, C. Guhlke, R. Miiller, PCCP, 2013, 15, 7075-7086
W. Dreyer, C. Guhlke and M. Landstorfer, Electrochem. Comm., 2014, 43, 75 — 78.
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Validation: Charge and Capacity of the double layer

dQ

Measured current: [ = —

dt

Interface charge: () = Qg +¢e

Interface capacity: (¢ — dQ
dU
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Based on our constitutive chemical potentials and the

equilibrium conditions we derived expressions for the capacity



Charge density representation in equilibrium
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Validation: Ag(abc)|KPFe — non-adsorbing salt - Capacity

Fig. 3 of G. Valette, J. of Electroanal. Chem., 1981, 122, 285 — 297.

Experimental data C/pF.cm -2 —a— 0. M
1 0.04 »
- Capacity of single crystal Ag(111)|KPFg(H20) K PEe ——oor s
- Variation of the salt concentration T 000Ee
. . 50 N 4 a -\
- Cape}mty depends non-linear on the o Q\\\\//,/
applied voltage N -
S . :
SCE.
—1.l5 E—l:()) —OiS 7/
Mathematical model
— Qualitative agreement v
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Self ConSiStent predICtlon Of CapaCIty data M. Landstorfer, C. Guhlke and W. Dreyer, Electrochim. Acta., 2016, 201, 187 — 219.
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Remarks: Charge and Capacity of the double layer

de) _ de)
Interface capacity: _ Y h _ =M
C = KT wit Cu Kl

Note: No single equation, but an algebraic equation system

eo(1+ x)

V2(p — pF)

Cy = qe(U™,p—p°) and g(U™,p— p) 0

originates from the Poisson-momentum

coup//ng due to solvation effect

Note: Relation between metal-surface/bulk-electrolyte potential drop UM.E to the
applied /measured voltage U
UME = U — U* with U® = const. and dependent on .

(100) (110) 5

N

(111)
surface chemical potential D
electrons

a

b |




Validation: Ag(abc)|KPFe — non-adsorbing salt - work function

Ag(110) Ag(100)

Ag(111)

KPF,

Data of G. Valette

Capacity minimum (Potential of zero charge for a non-adsorbing salt E%) dependent

on the
- metal surface orientation

A. Frumkin, A. Gorodetzkaya,

-workfunction ;o chem., 136 (1928) 215.

Our model predicts: | E” oc —u

S

self consistent incorporation of the PZC in the model a

(110)
e
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i
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Structure of the double layer
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Stern layer potential » ~60mV
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Definition of the Stern layer

|UPAC Definition

Stern layer

Counter and co-ions in immediate contact with a surface are
said to be located in the Stern layer, and form with the fixed
charge a molecular capacitor.

L Stern layer
Our new definition the domain [0, 2°], where x° is the inflection point of
the free charge density ¢", i.e. (9qu‘$:xS = 0. If no
inflection point is present, no Stern layer is formed. |




Definition of the Stern layer

IUPAC Definition Stern layer

Counter and co-ions in immediate contact with a surface are
said to be located in the Stern layer, and form with the fixed
charge a molecular capacitor.

Our new definition Stern layer

the domain [0, 2°], where x° is the inflection point of
the free charge density ¢", i.e. (9qu‘$:$S = 0. If no
inflection point is present, no Stern layer is formed.
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High potential regime (>60mV)
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Some consequences ca = £1,0E — 00LM , x = 25

120 +

100+

—2

Capacity maximum is proportional

[ee}
o
T

to ionic partial molar volume

Capacity C'/uF cm

max R
C™ x vy o

0 I

# 05 04 03 0
C/pF.cm-2 - 04 M Does this apply to different
100 — 0.04 » K BF solvents as well?
—— 0.02 »
K PE U§+ ~ U§F_ —e— 0.01 » R R
6 6 e 0.005 » UK+ ~ UBF—
—_—— O(IJZS » *

o0




Various solvents, equal ions (KPFs)

sketch of solvent partial molar volumes

Solvent €743y,
H20 PC DMSO ACN DG [L~" mol]
! DMSO 467  0.071
PC 69 0.085
@ DG 7.23 0.143
ACN 374 0.052
size ratios in H,0" 802 0.018
real scale

AN
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A. S. Shatla, M. Landstorfer, and H. Baltruschat. ChemElectroChem, 8 (2021) J %



Various solvents, equal ions (KPFs)

14 (=)} ~ Qo
o o o o
T 1

Capacity C [uF/cm?]
g 3

N
o

experimental: Au(111) - negative branch - KPFg

— PC : c = 10mM
— DMSO : ¢ = 10mM
DG : ¢ = 5mM

e ACN : ¢ = 10mM
— H20 : ¢ = 10.87mM

Model based
interpretation/
reproduction

Capacity C [uF/cm?
F-Y

sketch of solvent partial molar volumes

DMSO

size ratios in . :

‘
real scale

theoretical: Au(111) - KPFg

80 -
— PC:c=10mM
—— DMS0 : ¢ = 10mM
70 L DG:c=5mM
v ACN : ¢ = 10mM
— H20 : ¢ = 10.87TmM
60 -

(4]
o

w
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. I | U [ Il
107 —_— Ria | . I L1l
L1 L1 11 1]
0 1 | | AN 1 L0l | L |:|| Il:l
-1 -08 -06 -04 —-02 0 02 04 06 0l I , I -l b BN . . .
Voltage E [V] -1 -08 -06 —-04 —02 0 02 04 06 08 1
Voltage F [V]
Estimated properties for some organic solvents at 25 °C (KPFy).
PC DMSO DG ACN H,0
e 20 25 10 10 70
solvated ions — Vae 1.7/Lmol™ 1.8/Lmol™" 1.4/Lmol™" 0.52/Lmol™" 1.3/mol L™
Ty 876A 8.93 A 822 A 591A 8 A
Vs 0.51/V 041/ 0.64/V 0.37NV 0.28/V
Ns 1.02 0.68 1.56 0.15 0.03
4n ~ 3
Vaje = _f ’A/c
' ' 4 .
A. S. Shatla, M. Landstorfer, and H. Baltruschat. ChemElectroChem, 8 (2021) AQ zﬁ@»}
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Various solvents, equal ions (KPFs)

'

sketch of solvent partial molar volumes

DMSO

) ()

size ratios in
real scale

sketch of solvated anions for various solvents
H20 solvated anion PC solvated anion

solvation o e DG
number Ka® > KA~ > KA
anion molar  y.0 H,O . H20 PC( .. .PC ,PC DG DG , DG
volume ’UAz (~ 3 "US ) ~ ’l)A (NKA ‘vs ) -~ UA (NKA S )

volumes in the various solvents

A. S. Shatla, M. Landstorfer, and H. Baltruschat. ChemElectroChem, 8 (2021)

DG solvated anion

bound solvent
molecules which
do not particpate
in the entropy of
mixing

Solvated ions have similar partial molar

Solvent €"*71 v, VAIC  Vajc
[L""mol] Vs [L" moll
DMSO 467  0.071 25 1.7
PC 69 0.085 20 1.8
DG 723  0.143 10 1.4
ACN 374 0.052 10 0.52
H,0"¥ 802 0.018 50-70 1.3

Well, Au(111) ...

@Helmut: What about Ag(111) and
complete the dataset of Valette for
various solvents?
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Ag(111) - KPF6

Ag(111) in DMSO + KPF6
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work in progress ° \ ~
pIE————
A. S. Shatla, M. Landstorfer, H. Baltruschat. 0 | | ‘ ‘ ‘ ‘
ChemElectroChem, 8 (2021) —18 -7 l;ééntial El/f/ . Ag*’k‘; L8 —12
M. Landstorfer, H. Baltruschat, in preparation oy i
M. Landstorfer, C. Guhlke and W. Dreyer, Electrochim. Acta., 2016, 201, 187 —219. W1 S| Leibniz é
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Ag(111) in PC + KPF6




Ag(111) - KPF6 - Higher concentrations Ag(111)|  Ca(ClOsz  in Water

90 -
Ag(111)
Ag(111) in DMSO + KPF6 807
70
70 | c = 0.005 o~ pzc= 069V
= 0.01 ' . = WM.
Exp' zi 0.02 g 60
. oo L 50
~ = 0.25 - ‘
e 50 | =05 O 40+
L;:L 30+
40 + ]
5 20 | | | | -
230, 14 12 -10 -08 06 -04 -02 00
o EN
© 20| _
Ag(111) | NaClO4+ 0.1 mM NaBr in DG
10 S ——— 60 ] N I ' 1 T I — B I ' 1 N I
55 -
0 I I I I I I I I I | 50—- -
-18 -17 -16 -15 —-14 -13 -12 -11 -1 -09 —0.8 45 - i
Potential E /V vs Ag|Ag™ 40 1
E 35- i
H : L 30_. _
Beyond a certain concentration c>cmax the 3307 _
. . O 25+ -
capacity becomes independent of ¢ 2. ]
7 10-: i
e 5 i
2.0 118 116 1I4 -1l.2 110 018 016
EN

Incomplete dissocation due to solvation effects A s. shatla, M. Landstorfer, and H.
Baltruschat. ChemElectroChem, 8 (2021)

M.Landstorfer, On the dissociation degree of ionic solutions considering
solvation effects. Electrochemistry Communications, 2018 U\ m



Discussion - Dissociation degree

Consider 1 mol/L AC solution
: : . . justified ?
common assumption: complete dissociation

R
Consequence: re-question dissociation reaction AC‘ = A" +C*

1. Step: dissolution of the ion pair

R
AC‘:ﬁAC

2. Step: dissociation of the ion pair with solvation effect

AC+ (ka +ke)S = A~ +C7

TD equilibrium condition: pac + (k4 + kKo)pts = g + o -

same chemical potential functions as previously!
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Discussion - Dissociation degree

same chemical potential function
as for the double layer capacity

computation

TD equilibrium condition: (tac + (ka4 + ko)its = pta + o -

Dissociation degree: ny=nc=90-¢ and nac=(1—-90)c

TD equilibrium condition:

0 C <n2+2(1—/ﬁz)5-c—|—(1—5) -c)%_eAgD

(1—06) nk4+2(1—k)6-c+(1=06)-c neg —2K0 - c o =0

Ostwald’s dilution law: (commonly used to compute diss. degree)

52 C AgP
. — ekBT — O
1—9 n%

1111111
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Discussion - Dissociation degree

Solvation mixture: (kK = 30) OGapalkdty étultidh law:
! 1
0.9} ) 0ol
0.8l — — Ag” =0.2eV
Lo . — 0.8} —— AgP =0.1eV
o 0.7} _ o AgP = 0eV
< _ g 0.7 AgP = —0.1eV
©06 _ g 0.6 —— AgP = —0.2eV
< 05 o — AgP = —0.3eV
o VY-Y7
._g 5 0.5
.2 0.4} =
O (g}
8 g 0.4
0.3}
a o3|
0.2} Q
& 0.2
0.1
0.1
0 T - . n I ; \
0 0.5 1 1.5 2 2.5 3 3.5 4 0 x 1 - - = = = >
Salt concentration ¢ / mol L1 0 05 -5 -5 5

Salt concentration ¢ / mol L™!

complete dissociation is impossible when solvation effects are considered!

M. Landstorfer, Electrochem. Comm., 2018, 59, 56 — 59.

Beyond a certain concentration ¢ > cmax the capacity becomes independent of ¢

* cmax can be estimated from capacity measurements and implicitly be used to

determine solvation numbers i




Ag(110)|NaClO4 — adsorbing solvated ions

- Capacity of single crystal Ag(111)|NaClO4(H20) )

- Variation of the salt concentration ‘iﬁ%

d)

EAA

- Capacity depends non-linear on the
applied voltage

- Unsymmetric capactiy hump

Experimental data Mathematical model
A 100
—_— 0.10 M CNaClO, =01
C/pF. CIT]_2 . 00(1 » cNaclo, =0.04
% 90 b 4
. 0.02 K4 ¢Naclo, =0.02
‘lw. —_——— 0.0} L 80 L CNaC!104=0.01
o |— 0-005 » CN;.(H())"'0.00S
70|
q
5 oo}
L
B
S sof
Py
o 40t
S
DY)
20/}
10}
0 . . . . . . . .
0 3 : - 12 -11 -1 -09 -08 -07 -06 —05
-10 -05
Fig. 5 of G. Valette, J. of Electroanal. Chem., 1981, 122, 285 — 297. M. Landstorfer, C. Guhlke and W. Dreyer, Electrochim. Acta., 2016, 201, 187 — 219.
I\ é ? .
AN V!
- Le1bn1_z )



Ag(110)|NaClO4 — adsorbing solvated ions

E
(nO na, nC)
M
s (ge, QM)
M
(ne’nM) nO?ZI’A ’n‘C)
s T x®

W Diffusional equilibrium in QF

Vit + €02V =0 a=1,...,N

Mathematical model

B Electrical equilibrium in QF 255

¢Naclo, =0.1
. ¢Naclo, =0.04
—eodiv (Vgp) =(q or cnacio, =0.02
80 - ¢Nacio, =0.01
cNacio, =0.005
B Mechanical equilibrium in Q* L Tof
|
S
N oo adsorbed,
Vp = —qVy with 9= Z “a€oNa § 50 |- — partially
a=0 z solvated
. _ s | ClO4™
B Adsorption equilibrium at § S 4
Moo = ,ua|:1: — ,uoz|xE + 6020»’(%0 - SO‘JJE) 20
° i 10}
Mo = 105 + kBT ln(ya) - a)akBTln(yV)' T2 i1 1 o9 —os —o7 o5 —os
1 s s s s
thermOdynamIC Ne_2 M. Landstorfer, C. Guhlke and W. Dreyer, Electrochim.
—

] Acta., 2016, 201, 187 — 219.
closure relations —dlyy+ Y akya Constant number of cta
S S

1
n . - I\ N .
s P adsorption sites ' %

- Leibniz
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Ag(111) | NaClO4

Ag(111) in ACN + NaClO4

Capacity C/pF cm™2

70 |- c=0.01
c = 0.02
c=0.04
60 c=0.1
CTE 50
(@]
L
40
@)
2
£30
a
ool
10 L
0 | | | | | | |
-18 -17 -16 -15 -14 -13 -12 -11 -1
Potential E /V vs Ag|Ag™
Simulation/Validation
work in progress
Ag(111) in DMSO + NaClO4
70 L c=0.01

c=0.02
c = 0.04
c=0.1

—
o
T

Capacity C /uF cm—2
] g & 3 3

0 I I I I

-18 -17 -16 -15 -14 -13 -12 -11 -1 -09 -0.8

Potential E /V vs Ag|Ag™

100 -

Model S
%ol cNacio, =0.04
H2 O eNacio, =0.02
80 - CNaCIO, =0.01 70
CNaClO, =0.005
70+ 60
q
= 50
O
s
40
O
g
G 30
I}
a
(g}
Y20
10
0 L L L s L L s L
-1.2 -11 -1 -09 -08 -07 -06 —05
Potential E vs. SCE/V 0

sl
— - 004 »

Ag(111) in PC 4+ NaClO4

c = 0.005
c=10.01

c = 0.02

c = 0.04

c=0.1

-8 -1.7 -16 -15 -14 -13 -12 -11 -1 -09 -038

Potential E /V vs Ag|Ag™

g g

weee 002 0
NoClQ, -—- 00U » . . . .
4 .7 0.005 » Simulation/Validation
work in progress
Ag(111) in DG + NaClO4
SCE
AT o
! 4 A c=0.02
-1.0 0 60 |- c =004
G. Valette, J. Electroanal. Chem., 269 (1989), 191 — 203. x
£ 50
N
a0t
)]
>
45 30 L
§ ™\
Yool LN
10 | g \/
0 ! ! ! ! ! |
~18 ~16 ~14 ~12 ~1 ~0.8 ~0.6

M. Landstorfer, H. Baltruschat, in preparation

Potential E /V vs Ag|Ag™
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Discussion - multivalent ions

Consider solutions 0.1M AC, 0.5M A2C, 0.33M AsC

what is the relationship between partial molar volume and charge number 7

2
M1: k., = M3 : ko = |24]° - K

 AC measured data (Grahame)
A,C M1 o, —— GsCl .
120 A,C M2 ~ —— NaCl :
” AQC M3 90 - MgC12 E
o0l R A,C M1 BaCl, :
N S — AC M2 80  —— AICI !
| ;' ---AC M3 o — LaCly :
£ ;o = 70} .
G 80t ;o 5 !
g / b ———p 60 - .
= S ) = Kve2+ € (60 — 100) :
! ‘_ A ~ g !
O 60} ! o 90 .
> ’ 1

s |- " 2 40 —
— 00 -~ O 1
(QU. 40 - CE . - (QU_ 3 1
qV) - B 1
) — 8 ) !

T >
‘ L

05 -04 -03 —02 -01 0 01 02 . . 7 —06 —05 —04 —03 —02
Potential £ vs. E°/V Potential F




Multivalent ions

Ag(111) in ACN + NaClO4

Ag(111) in DMSO + NaClO4

70 L c =001 70 L c=0.01 A C 0.0
c = 0.02 c=0.02
c = 0.04 c = 0.04 /‘,F_g;m--2 - 88;
60 I c=0.1 60 L c=01 ¢
q —1— 0.00¢%
E 50 | P~
O
L
a0}
(@]
> 50
30+
a
= \\/\ -
E (scE)
o] /vy
] ! 1 >
0 I I I I I I I ] 0 I I I I I I I I I - 1.0 0
—1.8 -1.7 —-1.6 —-1.5 —1.4 —-1.3 —1.2 —-1.1 -1 -18 -17 -16 -15 -14 -13 -12 -1.1 -1 —-0.9 —-0.o
. Val . El |. Chem., 2 1 191 — 203.
Potential E /V vs Ag|Ag™ Potential E /V vs Ag|Ag™ G. Valette, J. Electroanal. Chem., 269 (1989), 19 03
Ag(111) in ACN + Ca(ClO4)2 Ag(111) in DMSO + Ca(ClO4)2 Ag(111) in Ca(ClO4)2 aq.
70 L c = 0.005 70 L c = 0.005 100 - c = 0.005
c=0.02 c=0.02 c=0.02
c=0.05 c=0.05 90 L c = 0.05
60 |- 60 |- c=01
80
‘E 50 | ‘E 50 - ‘E 70 L \
(@] (&) (@]
L L L 60l \
a0} a0 =
@) @) O 50l ‘
oy 2 2 ,
il M— & 8 g
74 AN 5 . 2
(@) 0L B @) 20 L ‘\\ >
B N 20
10 L g
10
0 I I I I I I I | 0 I I I I I I I I I | 0 I I I I I
—1.8 —1.7 —1.6 —1.5 —1.4 —1.3 —1.2 —1.1 —1 -18 -17 -16 -15 -14 -13 -12 -11 -1 —-0.9 -0.8 —1.2 -1 —0.8 —0.6 —0.4 —0.2
Potential E /V vs Ag|Ag™ Potential E /V vs Ag|Ag™ Potential E /V vs Ag|Ag™
M2 - o Solvation numbers and partial molar volumes of
LRy = |24t K

solvated ions scale linear with charge number
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Adsorption of solvent molecules

. . E
Yet: Adsorption of surface species do not (noy masne)
contribute to the overall potential drop .
y s (Nesnar)
(ne,nar) (?O’?A’QC)
Main consequence: Capacity maxima width Jg M 2*
is equal for all solvents (fixed concentration, o |
g ags Xs+Ap ®(z) 26
susceptibility, molar volumes) | —rhoth o '
: n;(w):@; 3 ?
| v ~
Solvent: H,0, Salt: AC with ¢ = 10 mM, v4 = v¢ = 50 - vg, dffuse"ayi __________ - 7 é
80 - bgs :10 12,25 = 1.42 S
1 . ‘ ®p = 0.04,zp = 2.39 g
o Us e e Te———
Y ‘: Space coordmatea: [nm] 8
— T ' 0{’" {:J/e '0 e @@ @ >
ILE, 50 | o ’ QJ—Q H‘lmh ll“p uHP) u
= /87 ¢ W = c9~ oltz 1 @he ()
3 ‘ 9 | \
o 40 'f;j'“ % K(,“o/@lrf,,e s&anc 02) gzz!g%;’ o buk ©
.§ % | ‘ N L < %HPC xs+/\D electrolyte
S 20 | M. Landstorfer et. al, Electrochim. Acta., 2016, 201, 187 — 2109.
10
0 L L 1 )
-1 -0.5 0 0.5 1

Voltage U [V]

work in progress



Adsorption of solvent molecules

Experimental: Capacity width ¥s dependent on .

the solvent adsorption

(=)}
o
T

70
Requirement: Adsorption of (solvent) species T
contributes to the overall potential drop D
O 40
U_Upzc:US‘FUM’E%(1‘|‘77,S)'UM’E .§30
S
Linear potential drop across the

0

Consequences:

- Capacity maxima width dependent on the
solvent coefficient ns

- Capacity scales with 7s

_dQ 1 dQ

o= % _
dU 1+ ng dUM:FE

Estimated properties for some organic solvents at 25 °C (KPFy).
PC
ns 102

DMSO
0.68

DG
1.56

ACN
0.15

H,O
0.03

4]
o
T

N
(=]
T

[y
o
T

experimental: Au(111) - negative branch - KPFg

— PC : c = 10mM

— DMSO : ¢ = 10mM
DG :c = 5m

- ACN : ¢ = 10mM

— H20 : ¢ = 10.87mM

1 1 lll‘l

[
J
|
|
|
\
\
[
|
{
I \
-1 -08 -06 -04 -0.2 0 0.2

; 04 06 038 1
Voltage E [V]

A. S. Shatla, M. Landstorfer, and H. Baltruschat. ChemElectroChem, 8(10), 2021.

Solvent: H,0, Salt: AC with ¢ = 10 mM, v4 = v¢ = 50 - vg,
80 -

ns =0

70 L ns = 0.2
ns = 0.4
ns = 0.6
ns = 0.8

ns =1

Capactiy C [uF cm—2]

-1 —0.5 0 0.5 1

Voltage U [V]



Polycrystalline Electrode - Electrolyte Interface

: : . 1
Charge stored in the interface: ¢ (k)= 3 QEq(g;) dx
Double la i : _ ol L
yer capacity (measurable): Croly = 5 /
thermodynamic equilibrium J Y 0" \

— Single-crystal functions:  (QB-(U), CB-(U))

Two scaling parameters

» double layer width [ Debye
455
. ' facet
faced diameter (Jface ovated anion VR
saturation | _if;?,{ggt -1.2 :o'
0.5 ! anion £
some results - | | o
~ 04l | £
( N N . | computed structure 198 5
Qpoy = E 5 Q™ (E + Ll — E“ff) L0 s W\ of the double layer o 5
. S —_ S : [
(facet =1 | 'g 02F St 10.4 §
PZC  __ - 2 -
(M1) LDebye — 0 < Epoly,oo =LK s.t. only,oo(E) o O a? 0.1 LDebye 40.2
N N e
ABL 1 ; re ‘ ‘—0.0025
Cpolyzg si-C (E‘i‘%/ﬁe_Ef) % 1 2 3 4
\ i1 s Space coordinate z / nm

R. Mdller, J. Fuhrmann and M. Landstorfer, Journal of The Electrochemical Society, 2020, 167, 106512.
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Polycrystalline Electrode - Electrolyte Interface

some results .
( N
Cpoly = Si QBL (E + %Né - Emf) 2 QF
facet =1 ’
(M1) oo 2 0 AP = B st QB (B) =0
N . . D4
oy =350 (B4 2t - ) A Y
\ =1 : § = E
2]

simple example: symmetric bi-crystal

65

60 -

)]
]

n
o

capacitance cBL [ F/cm2]
w B
(6} o

06 -04 -02 0 02 04 06
applied voltage E-E™' [V]

R. Mdller, J. Fuhrmann and M. Landstorfer, Journal of The Electrochemical Society, 2020, 167, 106512.
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Polycrystalline Electrode - Electrolyte Interface

1|
some results 'Li
( N
only — Z S; ¢ QBL E+ %Mé — Eref El QE
facet =1 ’
(M1) LDebye — 00 9 Epljozlycl,oo =FE st E(I)_ly,oo(E) ; 0
N R | s
Cpolyzzsi°CBL E—I_%llsj’é_Eref o — ’22‘
\ =1 i = Z
2]

I I I ‘ ' '
_ |_ ______________ |_ _ _05 mOI/L
d9rain _ 1228 nm I I N'_' 70 ——0.2 mol/L |
3 ¢ V] | | = 0.1 mol/L
T2 . , S 0 ——0.05 mollL
£ 01 = ——0.02mol/L | |
N :E 3; if 2: 0.08 : : L
% 10 20 30 40 008 ' hM Y ! 550
1 2
x [nm] 0.04 | | °
0.02 I I o 40
0 I I =
) 002 _ _ Lo %’ 30
s d9@i" = 3,07 nm -0.04 I I 8
-0.06 l | &
E2 -0.08 ' 23 Z4 ' © 20
= -0.1 I I
N ‘ . .
REQQQEQQQQQEQEQQG L ______lb_-___ L _
% 10 20 30 40 : I : 05 l 0| V 0.5
X [nm] | : | applied voltage [V]

R. Muller, J. Fuhrmann and M. Landstorfer, Journal of The Electrochemical Society, 2020, 167, 106512.
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Polycrystalline Electrode - Electrolyte Interface

some results

dfacet

(M1)

Debye
[ Deby

(

N
Qpoly = Z si- Q™ (E + %Mé - ETGf)
i=1 S

E —F st Q¥ (B)=0

poly,00 poly,co

N
Cpoly — Z Si - OBL <E + %ébé - Eref)

transition to a labeling regarding work-function values w

E
>Z1 0OF
2
: 8; = 2]
: %]
YN »={ul .,

N oo
— Introduction of a distribution function f(w) of the surface fraction Z Si = /_ Jw)de =1
— Sstochastic description of polycrystalline surfaces =

dfacet

(M2)

Debye
| Deby

— 00

[ Quoy = (f +Q*)(E)
CEFC  —F st Q% . (E)=0

p01y7oo7f o p01y7oo7f

| Gy = (f * C®)(E)

R. Muller, J. Fuhrmann and M. Landstorfer, Journal of The Electrochemical Society, 2020, 167, 106512.



Concentration and Field dependent Susceptibility

How to model
this ?

Association



Concentration and Field dependent Susceptibility

We seek a transition X — X((1a)a, \E|2)

Can’t we just insert our new x((n.)o, |EI*) jn the Poisson equation ?

—div (80(1 + X)VSO) = q(¢,p)

No, you can’t

The whole equation system has to be re-derived in order to ensure overall thermodynamic
consistently — contributions also to the chemical potential!

Electrochimica Acta 428 (2022) 140368

Contents lists available at ScienceDirect

Electrochimica Acta

R

journal homepage: www.journals.elsevier.com/electrochimica-acta

Thermodynamic models for a concentration and electric field dependent it
susceptibility in liquid electrolytes

M. Landstorfer?, R. Miiller®"

Weierstrass Institute, Mohrenstr. 39, 10117 Berlin, Germany
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Concentration and Field dependent Susceptibility

Concentration and field
dependent susceptibility

Vp=qE + ¥ ((na)a, | E*|)(VE)E

2o div((1 + X ((na)acz, | E*)E) = q.

q=q (e, p™, | E|)

M. Landstorfer, R. Muller, Thermodynamic
models for a concentration and electric field
dependent susceptibility in liquid electrolytes,
Electrochimica Acta, 2022, 428

Constant susceptibility

eo(1+ x)div Ve = —q" (p, p)
Vp = —q (,p)Vy

M.

Landstorfer, C. Guhlke and W. Dreyer,

Electrochimica Acta, 2016, 201.

diffusional equilibrium V(o + €02ap) =0

foralla € 7

o' = —FvaXa(|E[)

bulk E

Yalz) = Yo' - exp ( — 2% (p(x) — ™) — 22 (p™ (2)

bulk

P+ e (B()))) = daler™, |E))




Modeling - Electrolyte - Transport

E E E
o = gp + ksT'In + v, (p—p°)
D g 1B
lon flux _ Na - - Ma R
= D, LT (V,LLa + 602av90) with Mo — ——Ho = Ha
B mo
i Na  dilg
Thermodynamic factor T = :
ks dng,
measurement P .. 5 — =0
ﬂ\ ’ various, this work : — k=1
C/pF.cm-2 5.0F —— EC/EMC 3/7. Nyman(7] 4 45 . — o
———EC/DEC 1/1, Lundgren (8] ] = 4
100+ 45t PC/EC/DMC 10/27/63, Valoen [6] 4 S 4 e
| ——EC, 308 K, Stewart [5] - —
;4.0' S 35
\'E&s- e |
=5 9
=] } £
501 o= i g 251
w29 S
20 % 2
1.5F / S 15/

1.0 a 1 - 1 a 1 a 4 a s a b a ' ™ L . I -
00 02 04 06 08 1.0 1.2 14 16 18 20
c[M]

J. Landesfeind, A. Ehrl, M. Graf, W. A. Wall, H. A.

Gasteiger. J. Electrochem. Soc., 163(7):A1254—
A1264, 2016.

)4 0.5

0 0l 02 03 04 05 06 07 08 09 1
cation mole fraction no [Mol/L]

M. Landstorfer, WIAS Preprint, in prep.

Incompressible
‘ solvation mixture

VA o
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Modeling - Electrolyte - Transport - Nernst-Planck

binary electrolyte without cross-diffusion coefficients qg=0

J; =e0zada +epzadc

validation: molar conductivity A =

simple Nernst-Planck-flux leads to a constant molar conductivity (and transference number)

Experimentally it was found by Kohlrausch around 1900 that

A=A — K-/

Nernst-Planck type
fluxes violate
Kohlrausch’ Iaw

contradicto
ry M. Landstorfer, WIAS Preprint, in preparation



Modeling - Electrolyte - Transport - Cross-diffusion

binary electrolyte with cross-diffusion coefficients

Ja=MaaViia+egzaMaaVp
Jo = MccViic + epzeMce oV

nc
M = - F
A,C / (C) A,C kT

B molar conductivity A = A
2

0 €o E E .
A= (DA + Dc) cross-coefficients
B . .
can simply explain
m Kohlrausch Kohlrausch’ law!
A~ A —K-\/c f(c) =+/c
M. Landstorfer, WIAS Preprint, in preparation
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Intercalation electrode - electrolyte interface

Lit| -Li\A + g S|,

Active phase ‘ Electrolyte transport
transport equations equations
P 9 Surface reaction rate for 9

and chemical intercalation reacti and chemical potential
potential functions intercalation reaction functions

Jrica) O<<§ Mum)

W. Dreyer, C. Guhlke, R. Miiller. A new perspective on the ond |aw of surface thermOdyna mics:

electron transfer: recovering the butler-volmer equation in non-

equilibrium thermodynamics. Phys. Chem. Chem. Phys., 18 1 A _(1_ ) 1 Y

(2016), 24966-24983. T . ea kT ’, B & kT *, . )\ > O
M. Landstorfer, Boundary conditions for electrochemical S S -
interfaces, J. Electrochem. Soc. 164(2017), 3671-3685




Intercalation electrode - electrolyte interface

Lit| -Li\A + g S|,

Active phase ‘ Electrolyte transport

transport equations _ equations
and chemical Syr:ace :'ef_ctlon ra:_e for and chemical potential
potential functions intercalation reaction functions

Jrica) O<<§ NLi(A)

This coupling ensures overall thermodynamic consistency (and thus predictablility)

M. Landstorfer, M. Ohlberger, S. Rave, M. Tacke, European Journal of Applied Mathematics, 2022, 1-38.
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