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Boundary Conditions for Electrochemical Interfaces

Manuel Landstorfer”

Weierstrass Institute for Applied Analysis and Stochastics (WIAS), 10117 Berlin, Germany

Consistent boundary conditions for electrochemical interfaces, which cover double layer charging, pseudo-capacitive effects and
transfer reactions, are of high demand in electrochemistry and adjacent disciplines. Mathematical modeling and optimization of
electrochemical systems is a strongly emerging approach to reduce cost and increase efficiency of super-capacitors, batteries, fuel
cells, and electro-catalysis. However, many mathematical models which are used to describe such systems lack a real predictive
value. Origin of this shortcoming is the usage of oversimplified boundary conditions. In this work we derive the boundary conditions
for some general electrode-electrolyte interface based on non-equilibrium thermodynamics for volumes and surfaces. The resulting
equations are widely applicable and cover also tangential transport. The general framework is then applied to a specific material
model which allows the deduction of a current-voltage relation and thus a comparison to experimental data. Some simplified 1D
examples show the range of applicability of the new approach.
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Mathematical modeling of electrochemical systems is a strongly
growing subject with many applications in science and industry.!
Applications range from fundamental single crystal systems? to plat-
ing and metal deposition,® lithium ion batteries,*® fuel cells,’ su-
per caps,'® and many further. Continuum models are the very ba-
sis of interpreting experimental results and widely used in chemical
engineering to estimate cell dimensioning and heat generation, uti-
lized in computed aided optimization of charging profiles or material
compositions, and applied to many more issues of electrochemical
systems.

But the development of new electrochemically active materials and
subsequent reaction mechanisms proceeds rapidly, e.g. with lithium
air'! or sulfur batteries,'> solid electrolytes'® or ionic liquids'* and
new electro-catalytic materials.'> The adaption of existing mathemat-
ical models to new materials or material combinations is quite often
not straight forward, if at all possible, and could even lead to a misin-
terpretation of experimental results. A systematic modeling approach
which is applicable to various new electrochemical systems is hence
of great importance, including reaction intermediates which can form
at the electrode-electrolyte interface.

The continuum mechanical modeling procedure generally spreads
in two parts, (i) the derivation or prescription of volumetric balance
equations, and (ii) stating the corresponding boundary conditions. The
volumetric balance equations account for ion diffusion in the elec-
trolyte phase, solid state diffusion in intercalation materials, mechani-
cal deformation and stress, viscosity effects, heat transport, and others.
Their derivation is mainly based on the modern framework of non-
equilibrium thermodynamics, which provides some guidance through
the actual modeling procedure. A core advantage of this framework is
the stringent separation between general, material independent rela-
tions (expressed in chemical potentials |, of some species A) and the
actual material modeling (expressing chemical potentials as function

of state variables, e.g. by X kg7 In(yy)or by o kg7 In (1i°$a> where
Yo 1 the mole fraction of A). This allows for a systematic derivation
of the balance equations for a specific material and was applied to
various electrochemical systems.*16-24

However, the corresponding boundary conditions are quite often
not derived with such a care. Especially for cyclic voltammetry, one of
the main characterization methods in electrochemistry,>>’ this is an

important and outstanding issue. Even though many models exits to

“E-mail: Manuel.Landstorfer @ wias-berlin.de

simulate cyclic voltammetry,**2 they lack some general fundament

and are not able to predict complex cyclic voltammograms (CVs)
such as Figs. 1a or 1b. Origin of this shortcoming is that many effects
occurring at the metal-electrolyte interface are not resolved by the
established boundary conditions.

In order to obtain a predictive mathematical model, the bound-
ary conditions have to be thermodynamically consistent with the re-
spective volume balance equations. For example, the specific material
function of the chemical potential for an ionic species enters the trans-
fer reaction rate (i.e. a Butler-Volmer type expression), the ionic flux
in the electrolyte (i.e. a Nernst-Planck type flux), and the dissociation
reaction (i.e. the mass action law). This work provides a system-
atic guidance through the derivation of thermodynamically consistent
boundary conditions for general electrochemical interfaces, account-
ing for a vast amount of possible reaction mechanisms. In II the
general thermodynamic modeling procedure is explained, including
the considered species and domains, a description of the double layer,
the general balance equations and the considered reactions. Some
equilibrium assumptions in III lead to the general flux boundary con-
ditions, including tangential terms. Based on this, the current-voltage
relation of a half cell is derived in the Current/Voltage relation sec-
tion, which is the basis for any comparison to experimental data. The
Material functions section provides explicit material functions for a
simple metal, a liquid electrolyte considering solvation effects, and
an electrode surface accounting for adsorption processes. In the sec-
tion for a Flat metal/electrolyte interface we derive explicitly the final
equations and provide computations of representative examples. This
shows the general validity of the approach, which is finally summa-
rized in the Conclusions section. The resulting framework is general
enough to be applied to various electrochemical systems, e.g. nano
electrodes, liquid-liquid interfaces, intercalation electrodes, and it can
be easily adopted to various other materials or embedded in porous
media theory.

Thermodynamic Modeling

Domain and species.—We consider an electrolytic mixture QF
with species A, a € T, an electrode Q" with species A, o € Zy, and
the electrode surface ¥ with species/adsorbates A,, a € Zs (see Fig.

s

2). The volume phases QF" are modeled with volumetric species den-
sities n, /molL~!, where m, denotes the molar mass and eyz, the
charge of the constituent A. The free charge density of each phase is de-
noted by g; = €9 )7, Zafto and the mass density p; = } .7 Malta,
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Figure 1. Representative CVs for which no satisfactory theoretical model is available. (a) Cyclic voltammetry of UHV-prepared Ag(111) (dotted line), Ag(110)
(solid line), and Ag(100) (dashed line) in 5 mM NaF + 1 mM NaOH. (Reprinted with permission from Ref. 53, Fig. 4. Copyright 2004 American Chemical
Society.) (b) CVs of Pt(110) electrodes in contact with various aqueous electrolytes at a sweep rate of 50 mV/s (Adapted by permission from Macmillan Publishers

Ltd: Nature Communications (Ref. 54, Fig. 3a), copyright 2015)

i = E, M. We denote with

Tan = (T U Ty). (1]

the set of all electrolyte and electrode constituents.

The surface ¥ is described in terms of surface densities
ne /molcm™2 with charge number z, of each adsorbate A,, a € Zg,
s K s

and the surface charge density is ¢ = }_, ;. €0z, Note that there
s

5
can be far more constituent present on the surface than in the volume
phases. We denote thus with

the species which are exclusively present on the surface.

The modeling procedure is based on the general framework of cou-
pled non-equilibrium thermo-electrodynamics for volume and surface
phases. 333

Chemical potentials.—The chemical potentials of the constituent
Ay, 0 € gy and Ay, o € Zg are derived based on some explicit
s

free energy functions which describe the specific material. Within the
theory of coupled volume and surface thermodynamics, independent
free energy densities of the volume, i.e. pYs, and the surface, \, arise.

s
The derivation of these free energy functions is not scope of this work,
and the detailed derivation is given in Ref. 2. The chemical potentials
of some constituent A, in the volume and on the surface are given by

electrolyte Q27
surface X

Figure 2. Sketch of the double layer forming at an interface between two
charged domains Qy and Q.

d
Mo = Sov and p, = LII . [3]
ong s ongy

Since we want to derive first rather general, material independent
results in order to ensure applicability of the model for various elec-
trochemical interfaces, e.g.

metal/electrolyte,

liquid/liquid

metal/solid electrolyte,
intercalation electrode/electrolyte,
liquid metal/solid electrolyte,

we do not yet specify the explicit material functions of the phases
Qg, Qy and X. Explicit examples are given in the Material functions
section.

Double layer—Adjacent to the surface X, two boundary or space
charge layers QB and QE* form,” which build together with = the so
called double layer’’ (see Fig. 2). This can be used to decompose the
overall electrochemical interface in a handsome way.

We discuss briefly some aspects about coordinate transformations
in the double layer regions which are necessary to proceed with the
derivation. For x € QP and x € ¥ we have the representations

s
X = xe, +ye, +ze. and x=vb,+wb, =x(v,w) [4]
s s
where e; are the cartesian coordinates and b; curvilinear covariant
basis vectors of X. Consider now

Xx=x+u-b, =xu, v, w) [5]
with
E

" (E.E)
This is actually the construction of a curvilinear coordinate system
which follows the electric field lines. We have thus a parametrization
of QB in terms of (u, v, w) with covariant basis vectors (b,, b,, by,).
Next, consider the curve

(6]

u' e [0, u] [7]

y') =x@';v, w)
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for fixed values of (v, w). Obviously this curve follows the electric
field lines and we have

o E

'~ (E.E)
The electrostatic potential ¢ at some point x € QP can be traced back
to x(v, w) on the surface along the curve y, i.e.

. (8]

u u

E ;_ ’_
cp(x)—?(v,m:fE.ds:/E- o —/ldu o
0 0

Y
(9]

This shows that the third coordinate u of the curvilinear coordinate
system (u, v, w) is actually the potential distance along y to the surface
potential. Note that electric field obeys with respect to the covariant
basis the representations E = E, - b, and E = V¢ = (9,¢)b,,
whereby ||E|| = | E,|. The arc-length of y can be computed from

[l
len(y)z/‘lds =/ E ldu’, [10]
Y 0 !

which shows that this approach only makes sense as long as the electric
field does not vanish. Since within the space charge layer we have per
definition ¢; # 0, the Poisson equation div gy(1 + x)E = ¢; states a
non-vanishing electric field whereby this approach is valid.
Note that for a fixed value u = UP* Equation 5 defines a hyper-
surface T parallel to =, i.e. x(U™; v, w) =: x?4(v, w). Per definition
s

Y and EfL never intersect and are in some sense parallel, however,
with respect to the potential distance and not necessary with respect
to the distance along the normal vector of X.
If the surface potential is constant with respect to (v, w), (X)) = ¢
s

N
is actually a parametrization of ¥ and thus

\Y
Ve —n [11]
IVell |,

a normal vector of X. In this case P is indeed a family of parallel
surfaces. It is to emphasize that a special type of microscope actually
uses this strategy to map a metal surface without touching it, i.e. the
electrochemical force microscope.™®

This allows us to decompose the metal-electrolyte interface domain
Q:QMUEUQEITHO

Q=QUIUQ=Q U UTUQEUQ;, [12]
— ——
=30

where QF are electro-neutral domains (i.e. g; = 0). x; denote bulk
points in each phase 7, i = E, M, i.e. far away from the metal surface.
An evaluation of n, at the parallel-surface =™ is frequently used and
denoted by
™ i =EM, [13]

BL
l’lul. :nu’ =na|i (U,w),

xexPr
where an evaluation at some bulk point x; far away from the the
interface =" is denoted by n,| =n',i =E,M.

X;
Balance equations.—Consider a species density n,(X, ), a €
7;,i = E, M which satisfies a balance equation
ongy
ot

where J, is the diffusional flux, v the barycentric velocity and r, the
volumetric reaction rate of constituent A. This balance equation is

= —div(nev+J) +re X€EQ [14]

subject to the boundary boundary condition (or surface balance)*
ong
BXt = - div (’;luw + -!a)

+2kan’;lai(Ja+nq(V_W))'n}z+£as [15]
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where n,(x, t) denotes the surface density, J, the tangential surface
s s s

flux, div the surface divergence, r, the surface reaction rate, kj, the
S s

mean curvature and w, the normal velocity of the surface velocity w.
By convention, the + sign in 15 holds for Qg and the — sign for .

The barycentric velocity v and the surface velocity w are deter-
mined from the respective momentum balances and we refer to Ref.
40 for detailed discussions. However, for the scope of this work we
assume mechanical equilibrium®!

div(e) =0 and [oln = —2kyyn — Vy [16]
K S

and a surface atrest, i.e. w = 0. However, several aspects of the further

derivation still hold for mechanical non-equilibrium by some careful

re-derivation. o denotes the total stress tensor and y is the surface

tension of the surface X. The double bracket denotes the jump at the
interface. The total stress is given by

o= —(pld+m) + (1 + x)s()(E ®F - L(E E)- Id), [17]

where the contribution of the electric field is called Maxwell stress*?
and m the viscous stress tensor. Viscous effects or more complex
surface stress tensors can of course be included.

Note, however, that even in mechanical equilibrium v is not nec-
essarily zero. But is not determined anymore from the momentum
balance, as we shall see later. It is thus convenient for the further
derivation to consider the balance equations in terms of the net flux

Jo=nav+J, with Y mijo=pv  i=EM, [18]

aeT;

since we obtain the boundary conditions for these fluxes.
The decomposition of Q; = QF U QB allows us to integrate 14
along the curve y from x(v, w) to x*“(v, w), i.e. to derive a surface
s A

balance equation from the thin boundary layer part of the balance

Equation 14. This strategy was in detailed explained and derived by

Grauel 1988 ,*3** however, for parallel surfaces. But it applies straight

forward to the constructed family of potential-parallel surfaces X"
Following the derivation of Grauel we obtain

BL
ong

at

= —div JB 4 2 [19]

£jo-nf Fjo-n|, [20]

for a thin boundary layer, with

ngL =/nqu, JEL = /Jngs and rfL = /rads. [21]
14 14 Y

Combing 15 and 19 gives the double layer balance equation

ondr

ot

Fio-n| = - — div JPE 2 [22]

with

ngL = ngL + ng , JzL =Ja —I—JiL and rEL = rfL +ry  [23]

s 5 K
Note that 22 are actually the (flux) boundary condition at %" for the
balance Equation 14 in electro-neutral domains 7, i = E, M. This is
a crucial aspect, since we shifted the double layer contribution in the
balance Equations 14 into the new boundary condition 22. Equation 22
represent the most general type of boundary condition for an electro-
neutral domain and covers all double layer charging effect as well as
charge transfer reactions (i.e. Butler—Volmer-like expressions), as we
see in the following sections.

Even though the definitions of n2" and JB" seem to be inconvenient,
it actually turns out that one is able to determine analytical expressions
of the resulting integrals when the double layer is in equilibrium along
the curve y.
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Note that the exclusive surface species o € Zg are subject to the
surface balance equations

ongy

at

Summarizing, we consider thus volume balance equations in the
two electro-neutral domains €25 and €2;; and surface balance equations
on the thin interface ™, which covers the electrolyte and metal
boundary layers as well as the actual metal surface.

In order to proceed with the derivation, we have to specify the
surface reactions occurring on the metal surface X.

= —divJ,+7, [24]

Reactions.—Goal of this section is to derive explicit representa-
tions of the surface reaction rates ru in the balance Equations 22 and

24. We consider four general types of reactions:

® Dissociation, which occurs only within a single phase, i.e.

Z \)a,ﬁA = A

aeZe\{p}

BeIl i=EM [25]
The reactions 25 define implicitly the species set Z¢ of dissociative
reaction products, e.g. H" + OH™ = H,0 with H,O € Ig.

® Adsorption, which is considered as the diffusion or jump pro-
cess from a point X — X onto the the metal surface X, i.e.
s

Au = Aa, o e IE 0] IM. [26]
® Surface reactions, which are of general kind

D VipAa D VipAl = Ay

aelg a€ly

VB e I¢ [27]

Note that 27 serves actually to define implicitly the index set Zg of
the exclusive surface constituent. Consider, for example, the species
H" in the electrolyte phase Qg and e™ in the electrode 2. If atomic
hydrogen H is not present in either of the bulk phases, but only on the
surface as adsorbed H, we have the surface reaction H¥ +e~ = H

s
with H € Z¢.
s
® Transfer reactions, which can be considered as surface reac-

tions where the reaction product is present in either of the adjacent
phases Q2 or Q. We can therefore write

> \)aBA +Z\)NA&&§B VB eI [28]
o€\ (B 0Ty )

Z\)NA + > \)usAaﬁsﬁ VB e 7, [29]
aelg aeZy\(p

Note that 28 and 29 actually serve to determine implicitly the subsets

Z; and Zy of the reactive species, with Zp, = Z; UZ] . For example, if

we consider H; to be also a species present in the electrolyte phase as

dissolved gas species, we have 2H' + 2e™ = H, as transfer reaction
s s s

with H, € Z.

Equilibrium Assumptions and Consequences

For the further derivation it is quite useful to simplify the model
based on some plausible thermodynamic equilibrium assumptions.

Double layer in equilibrium.—Throughout this work we assume
that the space charge layers QE- and QB adjacent to the metal surface
¥ are in thermodynamic equilibrium along the arc y. This assump-
tion is justified by matched asymptotic methods* when the boundary
layer is thin compared to the electro-neutral domains Q25 and ;. The
equilibrium conditions read

0y (Mo + €0Za @) - b, =0 aecZ,i=EM [30]

Journal of The Electrochemical Society, 164 (11) E3671-E3685 (2017)

Integration along the family of curves y gives

BL .
Lo|, +ezaU =po| s @€ i=EM [31]

with

U =¢—9|la (v, w) € S. [32]
Note that this condition holds for every (v, w) € S.

The equilibrium conditions 31 lead also to explicit representations
of the boundary layer variables n2". Reconsider the definition of n=",

Le.
nSL = / ngds. [33]
Y
Inserting the parametrization of y gives
Ut
ni = / naidu. [34]
* |E.|

0

It is to emphasize that the units of the integration in 34 is actually V.
But due to the substitution of y, the term — T E I arises with units mV~!,
which thus gives indeed units of mol m~? for n®. Hence, in order to

perform actually the integration of 34, we seek expressions
ne = i) and E, = E,(), [35]

where u is the coordinate of the curvilinear base vector b,,. This the real
importance of the substitution in 34 and the introduction of the curvi-
linear coordinate system in the space charge layer. Surprisingly, it is
indeed possible to find such representations for some explicit material
functions of .. We provide representations of representative mate-
rials (incompressible liquid electrolyte, metal electrode, intercalation
electrode) in Chemical potentials section and proceed meanwhile with
the general representation n* = AB(UF"), a € Z;,i = E, M.

Reactions.—Dissociation.—The dissociation reactions 25 are as-
sumed to be in equilibrium throughout this work. This entails the
equilibrium condition

D7 Vagha =g, 36]

aeZe\ (B}

for the index set Z¢ of the dissociation reaction products in €;, i =
E, M. Note that this does not necessarily entail complete dissociation
but rather computes the concentration of some constituent, e.g. the
H* and OH™ concentration (or pH-value) due to the auto-protolytic
reaction H™ + OH~ — H,O.

Adsorption.—Throughout this work we assume that the adsorption
process is always in equilibrium, which entails the condition

uu|x€): = Wa, a€ZgUly. [37]
s s
However, since we assume that the boundary layers are also in equi-
librium, we can trace back the chemical potential ., at ¥ along the
curve y to the the point x> and obtain
5

o)tz =p,  (wow)eSs. [38]

This describes actually the superposition of adsorption and diffusion
through the boundary layer. In order to emphasize this we employ the
typeface

Al = A,

s

aeZ;,i=ENM, [39]

for this process.
Quite similar to the boundary layer it is possible to obtain explicit
representations of M in terms of UP" based on material functions of

ua Explicit representatlons are given in Chemical potentials section
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and we proceed the discussion with the general representation n, =
5

A (URY), a € T;,i =E,M.
N

Surface reactions.—Since we assume that the diffusion of the con-
stituents A, o € Z;, i = E, Mthrough the corresponding boundary lay-
ers and the subsequent adsorption are in equilibrium, we can rewrite

27 as
Z \)a,ﬁA}E + Z ‘)Oﬂ‘ﬂA|M = ‘?‘ﬂ

aelg a€ly

VB e I¢, [40]

where the typeface A| and A| emphasizes this aspect. The reaction
rate of this net reaction is denoted by RS Possible reactions are, for

example, adsorption with subsequent de solvation or partial charge
transfer.246

We assume that all net surface reactions which can be written as
40 are in thermodynamic equilibrium, which provides the condition

Z Vg, ﬁ(ua + eOZaU )
aelg
+2)wmu—wmw>—us BeZs  [41]
a€ly

Note that the charge number of Ay is

Z Vo, pla + Z Vo pla = ?5 [42]

aelg o€y

in order to ensure the electroneutrality condition of the reaction 27.
For the adsorbates Ag we provide explicit material functions pdﬂ

in the Chemical potentials section which lead to representation ng =
I;lﬁ(USL, U, B € Z¢.

Transfer reactions.—The equilibrium condition of diffusion
through the double layer, adsorption and subsequent surface reac-
tions allows us to rewrite the general transfer reactions 28 and 29 as
net reactions

D Al = Al BeTy [43]

a€Zew\{B}

with reaction rate R and index set Zp,, 7y U Z; of all reactive species.
Possible examples of transfer reactions are

2H"|g + 2~ |y = Hy|g (hydrogen evolution)

Cutly — e |y = CuJ |z (metal deposition/dissolution)
Na*|g = Na*|y (dissolution in Hg)

Fel | + e~ |y = FeJ |z (Redox shuttle)

Lit|g + e~ |y = Li|y (intercalation).

The metal and electrolyte species which are not a reaction product of

a transfer reaction are denoted by
T, =Z\Z; and I, =7Iy\Z,, with Zp,, =Z,UZ,. [44]

For the charge numbers of the involved constituents we have the
condition

Z Vo,pZa = 2p B eIy [45]
aeZen\B

Transfer reactions are not assumed to be in equilibrium throughout
this work. The equilibrium condition of 43 (for p € Z/',i = E, M)

Z Va, ﬁ(pvot + eOZaU )
oe€lg
+ Z \Jq,ﬁ(uamL + ez, Ut) = MﬁL + ez U, [46]

aely
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would imply constant values of UE" and UP". Since we seek to vary
the potential U™ (i.e. potentiometry), as we show in the next sections,
this is untenable.

However, surface thermodynamics dictates that the reaction rates
R} of the transfer reactions 43 are related to 46*” via (for p € Z7, i =
E, M)

T _
RB_

. kgir( XI: Vo8 B +e0za USH)+ XI: \Ja,g(ua\ﬁLJrc'omUr?L)*uﬁ\?LfeomUiBL)
LT . |e aelg aely
p

(1—q
- “BTﬂ (UZvu ﬁ(lkm|gL+104aU}.§L)+Z Va,p(lalB+e0za US)— ualBL—EMUBL>
aely

[47]
with L{ > 0 for B € Zp,. This is the most general form of a thermo-
dynamically consistent expression for a transfer reaction rate.

Boundary conditions.—Base on the reaction rates of 40 and 43,
the surface production rates r, obey a specific structure, i.e.
S

— D pezs VpaRE — Dperr, Vo Ry, ifo € I,
— T . -

Fa =1~ Zﬁezg \’BvaRrs + Rl — ZﬁeIgM\(a} VeuRg, ifaely [48]
RS, ifo e T

Reinsertion of of the production rates in 22 and some calculations
lead to the boundary conditions (a € Z;,i = E, M)

3 Eff
i n|] = =t div BB - [49]
with
nEt = Pl 4 Z Vp.altp [50]
peZg

JEE =T 4> vgad [51]

peZg !
eee _ re" = Ypem, Voo R ifo eIy, 521

a rol?l- + RZ — ZﬁEI{:M\(Ot} \JﬁYQR‘{, ifa e IEM

The abbreviation ®f emphasizes that only the effective linear com-
binations 50-52 arise in the boundary conditions 49.

Note that the (equilibrium) representations of ABX(UPY),
Ao (UPY), o € Ty and Ag(UE", UY), B € Z¢ lead to the represen-

;
tations (a € Z;,i, j = E,M, i # j)

dUP" . dUt
ol = e O e e div T [53)
with
C(;:ff — CSL + (S:a + C{l;seu.i o€ I,-,i — E, M [54]
dnBt d”a
=2 ¢, = aeZ,i=EM  [55]

dUB’ s dUBL

and CPsev/ = aeT,i,j=EM [56]

d
AU Z Vp.allp

J peT

This are the most general boundary conditions for an electrochemical
interface, including double layer charging, pseudo-capacity effect,
transfer reactions, tangential surface diffusion, curvature effects.
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The Equations 53 are then the actual boundary conditions for the
balance Equations 14 in the electro-neutral domains 2} (i.e. with
gi = 0in Q;,i = E,M). These boundary conditions hold for each
charged interface, however, are not solvable yet since the number of
unknowns is not equal to the number actual balance equations. In order
to obtain a closed equation system, we require explicit representations
of CEEf| CPseu and rEff, which requires specified material functions
Mo and .

s

Current/Voltage Relation

Measured current.—The electrode Q) with boundary 9Qy =
Ty U miret U ©B i connected via the surface T to an ampere-
meter. Hence, the measured current / / A corresponds to the flux of
charge through Xy, i.e.

I=-— / Jou - dA. [57]
=

We assume that no current flows through the inert part of the electrode
boundary, i.e. j,, = 0 on X,/"". The global balance of gy reads

d
EqudV=I+/qu~dA. (58]
@ TBL

Since gy = 0 in £2;;, we obtain with Eq. 49

9
1= / o (g™ + qi>") —restdA, [59]
ZpL »
where

a =eo Y zani, [60]

a€ly
G =0 ) 2 ) Vs, [61]

a€ly peZ

=0 Y et (621

aely

The electroneutrality condition of the whole double layer states

gs=e0) na  [63]

e
aeZg

w T a5 +as=0  with

and leads to

9
[ = f (a8 + g — ) — 7t [64]

pL
Note that with Eq. 42 we have

q q}IZseu = € Z - Z 28 Va,p };loc

aeT§ ’ peZu

= €
0D | 2o wvap | na [65]
aeZy \Pele

in order to ensure the electroneutrality of the surface reactions. The
quantity

> v =<5 for aeZf, [66]
BeZe
can be considered as the pseudo-charge of the adsorbates A,, o € Zg,
s
since the constituents incorporated in

Pseu =¢ ZZ Ny [67]

aeZg
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are not necessarily charged. The quantity
Eff

g =qp + g [68]

is then the effective electrolytic charge in the double layer and the
measurable current writes as

a
I = Eff
/BZqE

ZpL

rEELdA. [69]

Due to the equilibrium representations AY(UE), @« € Zg and
Ag(USE, UR), B € Z¢ (c.f. Equilibrium assumptions and consequences
!

section), the effective double layer charge gE** has a representation
Eff(UEl?L’ UBL) — C] (UBL) + qgseu(UE}?L’ U;L). [70]

Hence we obtain

dUBL
I = / <c§ff(U§L;v, w)'Tf

ZpL
dUBL
i Cgseu M(UE?L’ U}l{sL’ v, W) - o r5;f> dA. [71]
with
. dqgff quPseu

and Cp**™" =

= . 72
oAUt dUg 72
CE* is then the effective differential capacity of the interface and
Cg Pse“ the metallic pseudo-capacity. Note that due to the decomposition

qEEff = g~ + g& + g£=* the differential capacity CE™* decomposes

into

CEE‘.ff — C]]SL + CE 4 C;seu,E [73]

with boundary layer capacity CZ' = 5UBL7

dqe P
", and electrolytic pseud ty Cpeen = e
o> and electrolytic pseudo- capacity = o -
However, C§%* and Cp5™ are inherently different since Cp5™
vanishes when UP" = const., which is for example the case for an
ideal metal.

Next we discuss the reaction rate r:fff. Note that the term

Zudm zorD" vanishes due to the electroneutrality condition of the
dissociation reactions. Reinsertion of the definition 52 and using
Eq. 45 gives, with

zy = Z V.20 Bel; and z{:= Z Vo6 Zas

aely aelg

surface capacity CE =

B eI,

[74]
after some calculation (see appendix B)

Eff—eOZz RT—eOZz R!. [75]

aely aely

The transfer reaction rates R! are given in Eq. 47 with R =
DT BL BL
Ry Uz Uy). . . :

Since in most experimental setups the current is normalized to the
surface area Ay of the electrode, we obtain the final expression of the
measurable current density

i = L (CEff . dUBL +CPseu dUb"?L

As Tdr T
XpL
—ep Y ERI+ep ) o R§>dA. [76]
aely aely

Note that this relation is the actual measuring instruction for any
comparison of a continuum model to experimental data. It is the most
general expression for a single surface phase and covers adsorption
effects, surface reactions and pseudo-capacitance, as well as transfer
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reactions. In general it is the a posteriori relation to compute the
current for given (numerical) solutions of the state variables of the
interface.

Measured potential.—Yet we have introduced the boundary layer
potential drops UZ: and U™ of a single electrochemical interface.
However, there can arise additional potential drops in the electro-
neutral domains 2; and 25, namely

s, —0lgm = U and ¢y =@l =Uz.  [77]

The whole potential drop between the bulk metal and the bulk elec-
trolyte is thus

Olge = sy = Up + US4+ U + U =: Uyg. [78]

In a three electrode setup, this is related to the measurable voltage E
via?
E = Uy + Uy~ + Ug" 4 Ug + Ugp, [79]

where Ugg covers the whole electrolyte-reference potential drop.
However, it is a quite common and valid assumption that Ugy is
constant, which can be achieved experimentally very precisely.*’

Experimentally it is only possible to vary E and not each indi-
vidual potential drop of Eq. 79. However, experimentally as well as
theoretically there are some strategies to overcome this problem. For
example, if the conductivity of the bulk phases ; and €} is very
high, the potential drops Uy and Uy vanish.

Material Functions

We restrict the further modeling procedure to an electrode/
electrolyte interface with specified material functions.

Chemical potentials.—Electrolyte.—For the electrolyte phase, we
rely on the free energy density pU® given in Ref. 2 which covers the
entropy of mixing, solvation effects as well as the incompressibil-
ity of the liquid mixture. The chemical potentials of the respective
constituents are

Mo = &8 + kT In(yo) + v (p — p®)

where g® denotes the reference partial molar Gibbs energy, y, =
"2 the mole fraction, n = Z(va=0 ny the number density of mixing

particles,”® v¥ the partial molar volume, and p is the pressure. Note
that the incompressibility of the liquid mixture implies the constraint

a=0,1,..., Ng, [80]

1
-
Zu:O U§ Ya
For the following derivation we assume that upon the equilibrium

assumption of the dissociation reactions the reaction rates r, (and thus
also r2) vanish.

n= (81]

Electrode.—The electrode is considered as a mixture of electrons
e, metal ions M, and additional constituents Zy which can be dis-
solved in the metallic lattice (e.g. intercalated, solution solution, etc.).
For the electrons and the metal ions we rely on a Thomas—Fermi
electron gas with free energy density py™ of Ref. 2, leading to repre-

sentations
K3\
and =—\|=—] n
Me = om, (811)

(82]

o

Wy = Uy + v pu +ksT In(ay)

s

where v,ﬁ denotes the partial molar volume of the metal ions, py
the metal ion partial pressure, {% the reference molar free energy,
and ay, the activity of the metal ions. The incompressibility implies
U,ﬁ[ =1 / ny.

For the additional species we write simply

Mo = UK+ kT In(@) ey, [83]
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where a, is the activity. If Z{ = ¥ we have ay = 1. Various models
for the activity and thus the state of an ion or an intercalated species
in a solid exits?"*>#*-! and can be directly applied. However, for the
further derivation we do not want to specify the material model further.

Surface.—For the electrode surface ¥ we consider a surface free
energy density {y which covers surface solvation effects, surface in-
5

compressibility, entropy of mixing, and reference contributions.? With
the explicit representation of s given in> we obtain the surface chem-

s
ical potentials

YR+ kpTIn(y.) — @okpTIn(yy) fora € Is\fe™, M}

o = YR +@yksTIn(yy) — afyv® fora =M
v YR = const. fora =e".
[84]
The respective quantities are
® the number of surface vacancies
Ng
ny = oyny — Zaanaa [85]
s s =0 5
where ®, denotes the number of adsorption sites of A,,
® the number of mixing particles
Ng
n=ny -+ n. [86]
5 s =0 s
® the surface fractions
2
yo="— ,a=0,1,...,Ng V, (87]
s n

s

® the adsorbate surface tension V&,
® the partial molar area of the metal surface ay,

® and the constant electron surface chemical potential PX.
§

The surface incompressibility implies quite similar to 81 the con-
straint

Ng

1
ny = —¢ ¢>a5nv+2a§nu:1 [88]
K aM Ky o K}
with the partial molar areas
R _ R R _ W g _ — R
ay = —ay and a, = —ay = W.ay. [89]
wp Wp

Equilibrium representations and consequences.—Electrolyte
boundary layer.—The equilibrium conditions 30 of the electrolytic
boundary layer QE" lead to the representations

e, o
Yo = Yalg e TR = 50) [90]
where p(u) is obtained from the implicit equation system
gu, p)=7 yu—1=0. [91]
o€lg
Together with 81 we have thus a representation
i i 2 pa
R Vo . 67W’47W u
Ao (u) = £ ra—

N R BL —ﬂu—lp(u)
YopooVf - Yplg e BT RT

a € Ig. [92]
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The coupled Poisson-momentum equation system
godiv(l+ x)E=¢; and Vp-b,=gE-b,=q E, [93]

leads to the representation’

A / 2
E,(u) = sgn(u) mf?(u) [94]
E

Hence we have the necessary representations 7, (u) and E,(u) stated
in the Double layer section to compute

BL
UE

1

= [ du =02, 5]
0 u

However, since actually only derivatives of n2"

arise in the boundary conditions 53, we obtain

dnB $o(UE") ( 2

1
-2
cP = - p(UE ) .
dUZ" ez, v§ - p(UE") \eo(l + Xz) (")
[96]

with respect to UE"

The boundary layer capacity 73 has then the representation

1
LX) ge(UR B(U)). 197)

2(p(UE"))

Cet = —sgn(p — ¢°)

Electrode potential drop.—The equilibrium adsorption condition
BL BL .
for the electrons, namely p, = W!M —eoU, ", actually entails

Uyt = const. [98]

since |, = const. This condition thus describes the metallic behavior

s

of an electrode, where U™ = const. implies that any excess charge on
the electrode is excessively stored on the surface in terms of surface
electrons. We refer to Ref. 2 for a detail discussion on this aspect. Itis to
emphasize, however, that for non-metallic/electrolyte interfaces UZ"
is not necessarily a constant. The electro-neutrality condition along
the arc y gives then some implicit equation F(UE", UE) = 0 with
which one could proceed. However, this requires a careful derivation
based on the equations stated above.

For our purpose here we proceed with the condition U™ = const.

does not contribute.

Adsorbates.—The adsorption equilibrium conditions 38 for o €
ey and surface reaction equilibrium conditions 41 for the constituents
Ay, o € Z¢ lead to representations?

S

_Ya = yon(U]?Lv YE) ae IS [99]
Ya
ny = : o€ g [100]
$ agyy +ZﬁeIs affyﬁ
together with the constraint
g(Us" ve) =yv + ) yu—1=0 [101]
aeZg §
which satisfies
dve
— =g 102
dUEBL CS] s [102]
This determines (for a € Zg)
dng Ing ang
Cy =+ ! [103]

A il 5%
R 7 17 +€S ve
R K
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S e NN AR Lo (i C) WP
e 7 + e :ga(UE ) [104]
with the (dimensionless) abbreviations

fl :—youf2 —yv+2®u)’a,

aeZg

f3 = ZaYa [105]

fr=e0) 20aVe f5=yv+ D @)y [106]

aels aels

and consequently

CPeenE = ngL ( > v, ang) = CPeenE(URL). [107]
E

peZg

Note that this leads to explicit expressions of the surface capacity

qu
Ce= Jpm = dUBL Dz [108]
aelg
and the electrolytic pseudo-capacity
quseu
Pseu, E _
G = L = dUEBL ZIZ g [109]

Reaction rates of transfer reactions.—Based on the chemical
potentials specified in the Chemical potentials section we can now
also deduce explicit representations of the reaction rates Rg (eq. 47)
for the transfer reactions 43.

However, some preliminary abbreviations are useful for the further
derivation:

L0 R

=
=
=

aeZg\{a} aely\e™
[110]
BL BLY Vo.p BLY Vo.p -
mihe = o ()™ T (@l) ™ pez
tl5|M aelg aely\{o,e"}
[111]
Some auxiliary calculations then lead to the representations
5
BL
T _ 4T BL\®B 9 <kBT J“ekBT Ug )
Ry =Ly '((“6|E> e
(1—ag) N
— <n5| ) ag K aﬁ)(ZB—ThMB—TU}SL) > :RﬁT (UEBL) Bell
[112]

T
= cf- () e o)

T
€0 UBL

R )> Ri(U) pet

[113]
with

g — X vapgl —eozgUy, forp eI
Aol — acTen\(B) 114
8p g — X Vapgl +eozgUys forp e Iy [114]
acTem\(B)

Note, however, that the incorporation of the boundary layer potential

drop Uy in the definition of Ag is only useful when Ug* = const.

For a semiconductor-electrolyte or an electrolyte-electrolyte interface
this is not necessarily the case.



Journal of The Electrochemical Society, 164 (11) E3671-E3685 (2017)

Balance equations and boundary conditions.—At this stage it is
quite illustrative to briefly summarize the derivation and the general
results. We shifted the boundary layer contributions of the balance
Equations 14 into the new boundary conditions 22 at X which gives
the balance equations

ong
at

in the electro-neutral domains £27. We have thus ¢; = 0 in Q7 which
reduces the charge balance to

divl, =0 xeQ. [116]

The boundary conditions at the interface " are, based on the
specific material functions of this section,

= —div (o) + 74 xeQ,aeZ;,i =ENMN, [115]

® for the Electrolyte species,

. BL
Jao - n|E
Eft | dUg- T iy JEEE
CEtf. T 4 Zﬁe% vpa Ry + d:v Je ael;
- dUg* T T .
CoFfo . 7‘1;5 —R, + ZBGZ{:M\M \)g_uRﬁ + dév Jgff we:
[117]
® and for the Metal species,
. BL
_Ja -n M
CPsenE . dUE + Dpers, VbaRg + div JEtt ael,

Cgseu,E dUE _ RT + ZﬁEI’ \(a) \)ﬁotR + le JEff [OAS Ir.

[118]

The incompressibility constraint
vanazl and vfny =1 [119]
aelg
can be used to obtain an equation for the barycentric velocity, namely
R on M

vyt = —divv=0

ony .
Zv(f T _divv=0 and
ot

aelg

[120]

Note that the boundary condition for the normal component of the
barycentric velocity is determined from

=Y jo-nf"  i=EM [121]

a€Z;

BL
nv: n|,.

At the respective bulk surfaces X} and X} we fix the concentration
of all species, i.e.

Nol|g. = nj, aeZ,i=EM [122]

Initial conditions.—At the beginning of any experiment we want
to prescribe a homogenous concentration throughout the domains
QF, i = E, M. We have thus the initial conditions

n(x,0)=n' xeQf,aeT,i=EN, [123]

in order to be compatible to the boundary condition 122. Further we
consider that no tangential diffusional fluxes occur.

But what about the initial reaction conditions at the interface
DI

Let US(t = 0) = UF"" be the applied potential difference at r =
0. We can evaluation the w-functions 110 with the bulk concentrations
n', namely

I 65 I (@)™ Bpezy, [124]

. 1
T[E = x
B aeZg\ (o) aey\e™
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mg =g I OB T1 ()™ peZy  [125]

aelg aeZy\fa,e”}

Consider now the transfer reactions at time t = 0, i.e. for € 77,
i,j=EMi#j

R |0 = L] - <(n;;)°‘ﬁ —

(n) (1-0p)g (1- ag)(kBT+ék;°TU

)> =: Ry, [126]

For given values of the AgﬁT in eq. 112 these are in general not equal
to zero and could entail a huge flux at time r = 0 through the interface.
This is actually the exchange current density jo of the constituent
A, due to the transfer reactions, with

o1 _ Yopery, Ve.aRs s ifa e Iy, .
/s —RIV+ Yoz o Ve Ry s if o€ T,
We may thus re-define the total flux as

i i=jo—j%n [128]
which satisfies the balance equation

ong
ot

and is subject to the boundary conditions

= —diviy + rq

XeQ ael, i =EM, [129]

® Electrolyte species,

BL

iy |
Co G S o (R — B ) iy B ey
= 1o d”a + Lpergia Voo (R = Ry )
— (R} = R}") +div Ji** aely
[130]

® Metal species,

BL
M

—iy -n
. dUBL T.0 .

Co™™® - = + Y perr, Vb (R — Ry") + div BH aely

_ pseu,E dUE- T T.0

= { CPeenE. 751? + Zﬂel,’.g”\(u) VB (Rﬁ — Rﬁ )

— (R = RI) + div J** aelp

[131]

This new total flux satisfies then the initial reaction conditions

dUBL
i, |} = CEEE Tf o€ s [132]
and
dUBL
i, =CPEL R g e [133]

Note that this gives also rise to an transfer current density 170 as

"=y Y ZERIC—eq Y MRIC [134]

aely aeZy

which can be computed from the above representations.
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Flux relation.—The most simple relation between the diffusional
flux j, and the chemical potentials ., in order to ensure a non-negative

entropy production is?*%
My
Zio)¢
mio

a € Zi\{Aio}, i =EN, [135]

where A, is some reference species of the respective phase, e.g. the
solvent in a liquid mixture or the lattice constituents in some solid.
A similar relation can be implied on the surface to relate the tan-
gential surface flux J, to the surface chemical potentials p,,. However,
s

s

My

1
o = Dyng—>+V a i o T
J n kT (u Wio + €o (z

m;o

we in the following the

Flat Metal/Electrolyte Interface

In order to validate the general modeling procedure, we employ
some meaningful assumptions to simplify the overall equation sys-
tem. We seek then to compute the current density/voltage relation
(i(t), E(t)) based on the preceding model.

Electrode.—The metal Qy is considered to consists only of two
species, Zy = {e~, M}, where the metal M does not participate in
any surface reaction. This corresponds to an inert electrode without
intercalation. Further, we assumed the surface to be flat, which allows
for a 1D approximation. The metal surface is positioned at x and the

s

double layer is thus " is (xf*, xg"). The bulk metal is pbsitioned
at x,; and the bulk electrolyte at x;. The conductivity of the metal is
assumed to be sufficiently large to ensure Uy = 0.

Electrolyte.—Reconsider the index set of electrolyte species, 7y =
7, U I;. We can, however, introduce an additional decomposition

T = T3 U TH [136]

where Z3"" denotes the supporting electrolyte species (in addition
to the solvent) and Z2 the electro-active constituents, i.e. reaction
educts and products of the transfer reactions.

A supporting electrolyte (anions, cations, solvent, etc. with index
set Z3"™), in electrochemistry, according to the IUPAC definition, is
an electrolyte containing chemical species that are not electro-active
and have an ionic strength i:”pp and conductivity Ki“pp

.Su 2 2 Su E 2
g PP € 2o and Kg PP — € (eOZOL) Dotnotv

Supp Supp
aeZy aeZy

,1.e.

[137]

much larger than that of the electro-active species (dissolved gas,
anions, cations, etc. with index set Z2%). Supporting electrolyte is
also sometimes referred to as inert electrolyte or inactive electrolyte
and do not participate in transfer reactions.

For our general transfer reactions

Z vo‘vﬁA’E = A|E
aeZew\{B}

VB € T4, [138]

we can conclude (B € Zy,)

Vap =0 for aeZy™, and vep#0 for oeZi [139]

The supporting electrolyte species are thus not taking part in the
boundary conditions 130, whereby the balance equations decouple. It
is thus sufficient to solve the PDE system
ong
ot

In addition, the decomposition 7z = Isux)p U Z2 propagates also
to the current

=—0,j, for aeIi [140]

J, = e Z Zafa = I3 + DT [141]

aelg
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Note that in 23 we have gz = 0 and thus
J, = const. [142]

The electric current J, decomposes as

= (7 k) dug 7 FU S EY, 1143
with
Kfz =e€ Z (EOZ(})ZDana i= Supp’ Act [144]
aelg

Fcihem =é€o Z Za}(gﬁnav (Mu - %“«0) i = Supp, Act [145]

aely
We assume now k5™ — oo, which implies
Uz 0. [146]

Supporting electrolytes are widely used in electrochemical measure-
ments when control of electrode potentials is required, which is the
sake of this study. The huge conductivity of the solution to practically
eliminates the so-called IR drop Uy in the bulk electrolyte €27 and thus
simplifies the equation system (as well as the experimental access).
The flux of the electro-active species (o € Z2) reduces further to

a alta X a
J kT 3 OHO

Assuming further that the chemical diffusion is just a simple diffusion
process, i.e.

d,¢ — 0 and thus

1 .
jot = Danaiax ((Mu - EMO)) ~ _Daaxnu a € IEA“7
mo

ks T
[148]
leads to the (simple) PDE system (for all « € Iﬁ“‘)
ongy
= —3,i, 149
ot : [149]
iy, = —Dy0.n,. [150]

Hence, the transfer reactions actually determine which balance equa-
tions require to be solved.

Current/Voltage relation.—Based on our assumptions the mea-
sured current 69 is

7,0 eee dUg- M (pT 7.0
i—i™0=CE .T—FeOZzu(Ra—Ru‘) [151]
aely
which has capacitive contribution and a faradaic contribution. Note,
however, that an evaluation of this equation actually requires the
(numerical) solutions 7,(x, t) of the equation system 149-149 with
boundary conditions 130. The representation 112 shows that R, is

actually a function of UE"(¢) and m ‘EL, with

1 o, a,
wlf= e T GE)™ TT ()™

Yp |E aeTe\{o} aeTy\e™

pel;.
[152]

The expressions yg |§L are actually evaluations of the time dependent
solutions y, at the boundary xE. While all species Zg of the elec-
trolyte phase contribute to the double layer capacity CE™, only the
electro-active species Z2 contribute to the faradaic current ZoceIE z

o
(R ~ RIY).
For the applied voltage reconsider that we have a relation
E=UE+U* with U® = const.. [153]

We consider a time-dependent triangular function according to Fig. 3
for E.
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one cycle
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Figure 3. Time dependent Voltage E(t) with scan rate v*“", initial potential

EY, potential maximum E™** and minimum E™" for one cycle with time
length ¢Cyele,

Non-dimensionalization of the equation system.—In order to
solve the equation system numerically, some preliminary non-
dimensionalizations and variable transformations are required.

Consider first the non-dimensionalization

X t ~r  Agl
-5 = = 154
3 ™ = o 8 kT [154]
14 n
o= kBOT UP u, = n—E we = In(uy), [155]

which does hold true since nt # 0 Vo € Z2. Note that this implies

also
Yo B o [156]

E E
Yo n

since n = n® = n* and entails

BL BL\ Va.p BL\ Va.p
Wt M) T () 5
= BL v v
TIZE 8 |E HaEIE\(a)(yg) P nueZM\e’ (ag) b

1 o, o, ~
— TT ()™ TT (wly)™ =5l

Up |E aeZe\{a} aeTy\e~
[158]

Note, however, that it is numerically problematic to consider u, as
variable since these values might become negative due to the accumu-

—apy =25 af

100 - ——an =20 a
apr =15-af}
80 apx = 10 - aff
apy =5-afl
60 ——apr =3-af
T 40l —apx :2-(1(1);
IS —axx =1-ay
Y 20f
<
8 0 __
= —
=
& —20+
S 40}
S 40
—60L
—80L
—100 . . . . . )
—-15 -1 1.5

—0.5 0 0.5
Potential E' vs. SCE/V

Figure 4. Numerical simulation of the capacitive current with adsorption and
partial charge transfer reaction 172. The partial molar area of a f‘fk on the surface

is varied in multiples of a§.
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lation of numerical errors. However, using w, as variable solves this
problem and we have thus the following transformations:

d a a
Rt g T e 2 [159]
at ot at
Oty = € Wy [160]
'ﬁ6|§L = Xuctan\(wem) Vo WelE —UpIE" [161]
We obtain finally the following mathematical problem:
® PDE System:
ow ~
vo 2 — 3, for o€ [162]
0T
Ty = Dye™ dow, [163]
with
~ 19 . > ~ XL
y = Y e » Ig=—dyiy, and d, = nitcyc. [164]
® bulk boundary condition at x:
Walx =0 for aeZ5, [165]

e transfer reaction conditions at the double layer interface x2%:

dE D ’ c
CEft . -+ > vaR{ | a e LNT2 [166]

peZpy

dE  ~ ~
CHf == —RI+ ) R | aeZynZ}

[167]
with Ry = (RT — R"")
® initial conditions

we(0,x) =0 o elg [168]

After solving the PDE system, the solutions for u, are obtained
from

Uy = e, [169]

Parameters.—Before discussing the actual examples, it is illustra-
tive to discuss briefly the parameters of the overall model framework.

Cyclic voltammetry.—The parameters for the cyclic voltammetry
are the initial potential E°, the potential maximum E™* and the the
minimum E™", with E™* — E™n ¢ [ — 4] V. The scan rate v*® is
normally in the range of 10-100 [V s’l]. Hence, the cycle time ¢
is normally in the order of 100s, and the number of cycles is denoted
by N©¥.

Transport equations.—The Diffusion coefficients D, of the
electro-active species Z2% dissolved in water are in the order of
107° [em? s7']. For the computational domain (x£*, x3) with x, =
xi — xE* we employ a scaling with the Nernstian diffusion layer,*
which leads to

x, = Nxp - vmax Dy - t&¢le . 10 [lum] [170]

and Nyp = 5 (conservative).
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Capacity.—Several parameter have an impact on the effective ca-
pacity CEf*, and we refer to? for a detailed discussion on the respective
values. Briefly summarized, the parameters are

BL
particle density at the boundary layer n, |,
charge numbers z,,

solvation numbers k, and K, adsorption energy AgZ,
s

partial molar volumes v5, partial molar areas aX.

In the examples section we provide explicit values without any further
discussion.

Transfer reactions.—For each transfer reaction 43 with reaction
rate RﬁT we have essentially two parameters, Lg [molcm*2 s] and

Agg [eV]with Agy € (=2,2)/ eV.
The exchange current density for each reaction is then

.0 MT i\ 70*‘( é o UBLO)
iy = ez Ly - | ()" -e

é €y UBLO)
), (1711

which is in the order of / LAcm~2. Note that parametric dependency
of the transfer reaction and the resulting current on Lg and AgBT is
highly non-linear.

— () Lo (&

Examples.—The scan rate is fixed for all examples as v5**" =

100 / mV s~ . If not mentioned otherwise, E, = 0V, E™ = 1.5V
and E™" = —1.5V.

AC solution without transfer reaction.—This first example servers
to investigate the capacitive current. We consider now an aque-
ous solution of AC, which is completely dissociated into C* and
A~ ions. We employ the standard parameters of> and xg = 45 for
water and vX_ = v& = 45 vf, where vf = 0.0180 /L mol ™" is
the partial molar volume of water. The partial molar area of water is
a®f =10.33 - 10® / cm? mol ™" 2#°. The metal surface is considered as
Ag(110) .

The anion A~ may adsorb on the surface and thereby lose a part
of the solvation shell as well as some partial charge, i.e.

AT — (1 =Ne |, — (ka- — K )H20 <= /Sx*. [172]

This adsorption process entails that the partial molar area a /f) of is
related to \..*® We can thus perform a parameter variation of a , foran
aqueous AC solution and study the impact on the capacmve current
density

dE

i = CEf. — [173]

The adsorption energy for A* is Ag//:x = —0.2/ eV . Figure 4 shows
s

a computation of the corresponding current-voltage relation for vari-
ations of \.

Note, however, that adsorption and discharge process could also
be a 2-step mechanism, for example

AT - =Ne|, — (ka- — 5A~A)H20 = /y, [174]

AT[p —e |, = (ka- —ka)H0 = A, [175]

E

where the uncharged reaction product A has solvation number k, = 0
5 s

and thus approximately af = af. Figure 5 shows a computation of
the corresponding CV with af, = 5-af, Agy, = —0.2¢V and a
variation of Ag4.

dielectric susceptibility X g,
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Figure 5. Numerical simulation of the capacitive current with two-step dis-
charge of the anion A™.

AC solution with transfer reaction.—Next we consider an addi-
tional transfer reaction
At -

E

el = Al [176]

for the example preceding example. The bulk concentration of n¢. is set
to 1078 /mol L~! . The parameters for the transfer reactions are exem-
plarily chosenas Agl. = 0/ eV and LB” = 1.0364-10~'* / molm~2.
For the adsorption energy of A we use Agi = OeV.

Fig. 6 shows that the faradalc current (peak at 1.2V) and the current
due to the adsorption and discharge process A~ | —e” | — (ka- —
ka)H,O = A (peak at 0.4 V) can be in the same order
s s

2-Step electron transfer—The final example is to consider a two
step electron transfer reaction,

R : CY| +e |, =C, [177]

R]: Cfl +e |, =C| [178]

for which we consider a solution of A,C with concentration 0.01M.
Further, we consider bulk concentrations of for C* and C of 0.01M.

2
t
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L
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|
©
=1
S
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2 N —
2, v -
5 000 -
&1200 | Faradic current
—1400 — Faradic current + double layer current
—1600 . . . ) ‘ ‘ ‘
~15 —1 —05 1 15 2

0 0.5
Potential E/V

Figure 6. Numerical simulation of the cyclic voltamogramm with dou-
ble layer current and faradaic current. Potential profile according to the
subfigure.
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Figure 7. CV simulation of a 2-step electron transfer reaction.

The reaction parameters are

Agl =0eV i;={0.1,1} [179]

Agl =—-02eV i, ={0.1,1}. [180]
We thus vary the exchange current density in this example.

Fig. 7 displays a numerical simulation of this example and the
impact of the parameter variation of #; and .

Mixture of KPFg and KCI vs. Ag(110).—The electrochemical
interface of a silver crystal electrode in contact to mixtures of
xMXKCI1 + (0.02 — x)MKPFg was investigated by G. Valette’?. He
performed precise measurments of the differential capacity which
allows for a validation of the theory. An intensive validation of the ca-
pacity for solutions of a single salt at various concentrations is given in
Ref. 2 and Fig. 8 shows a comparison of the computed and measured
the differential capacity. The central parameters for the simulation are

— Cl” : OM
140 — C17 : 0.000625M
Cl™ : 0.00125M
1 Cl™ : 0.0025M
Of CI™ : 0.005M
: 0.01M
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Figure 9. Computed current-voltage for a cyclic voltammetry experiment of
the Ag(110)—x MKCl + (0.02 — x) MKPF interface.

the adsorption energies

Agc- = —0.3eV and Agg = —-0.1eV [181]
of the surface reactions
Cl™ |, = (k- — ka-)H,0 = CI” [182]
Cl’|E — (k- — keDH,0 = (1 [183]
and the corresponding surface solvation numbers
ka- =6-af and ko =0, [184]

The partial molar area of Cl is assumed to be af = 3af. Fig. 8 shows
a comparison of the computation based on the model framework and
the measurement of G. Valette for a mixture of electrolytes.

The corresponding CV for v5* = 100/mV s~! is given in
Fig. 9. It shows remarkable features and allows for future model
based investigations of cyclic voltammetry.

| C/ 2 (Cl7): —— 002 M
VF.cm- —. 001
150 rereees 0.005 m
I e 00025 4
—.— 000125 4

—o— 0000625 ~

50

(b)

Figure 8. Comparison of the computed differential capacity and measured data. (a) Computed capacity of Ag(110)—xMKCI + (0.02 — x)MKPFg. (b) Measured
capacity of Ag(110)—xMKCl + (0.02 — x)MKPFg (Fig. 1 of Ref. 52, reprinted with permission from Elsevier).
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Comparison to classical Butler-Volmer reaction rates.—For a
single-step transfer reaction

ATl —e |, =A|.i=EMN [185]

M i

e.g. Fe’* + e~ = Fe?* or Lit + e~ = Li, the common approach
for the corresponding reaction rate R” is the Butler—Volmer equa-
tion. Throughout the literature various explicit representations can be
found, most prominently:

® Bard/Faulkner, p. 99,%° Nicholson,* (in my notiation):

n ‘BL n |BL
. At €0 Al (1) 0
R" = jy- (E-e“ksf" - L ‘”kaf”) [186]

* *
Wy ny

e Newman, p. 205 f£.! (in my notiation):

BL\ (I-®) |BL a
nA+’ na|. ) (1o €0
RT = jy- - E DALY (ea;vaTn _e a);—BTn)
n n'
At At

[187]

The reaction rate 47 derived from non-equilibrium thermody-
namics with chemical potential functions p, = gf + kg T In(yy) +
vR(p — p®) states

BL % a
RT = j,- YA*LE DAY e
yaly YA+

BL " (-
_ ( Valy . yA+> Kyl [188]

BL *
ya+ |E Ya

where y» are the equilibrium concentrations according to the Nernst
equation

* A T
Ya B B
and
n= U - U;. [190]

is the over-potential. A comparison of the reaction rates 186 and 187 to
the expression 188 derived within this work reveals some remarkable

contradictions. In 186 the forward reaction rate is proportion to n+ ‘EL
BL o
(and the backward rate to n A|i ), while in 187 the overall rate (or
. . . BL
exchange current density) is proportion to the product of 7+ | ; and

na |?L. However, the reaction rate 188, derived from non-equilibrium
thermodynamics, states that the forward and the backward term are
proportional to some quotient of the mole the fractions. This is a strict
consequence of the general reaction rate 47.

The difference becomes even more evident when de-solvation dur-
ing the transfer reaction and an intercalation lattice for the reaction
product is considered, i.e.

At —e|, + k-S| = Al [191]

where k denotes the solvation number of A* and S the solvent. The
electrode M is now considered as an intercalation material wherein the
reaction product M may diffuse. For such an intercalation lattice, the
most simple chemical potential function for A is?!

qugfj—l—kBTln( YA ) [192]
L —ya

The general reaction rate rate 47 then states

R =jo- (k“ eI k—“—“)e(""‘)kéfof“) [193]

Journal of The Electrochemical Society, 164 (11) E3671-E3685 (2017)

with

BL A
_ (ar YO, =54

k= . .
A |BL YZJr - (y5)~

1—ya IM

[194]

This reaction rate accounts for the de-solvation process within the
charge transfer reaction, the (finite) lattice of the intercalation material
and the concentration of A™ in the electrolyte phase. Comparing again
this relation to 186 and 187 clearly shows shortcomings of the classical
Butler-Volmer approach, i.e. that the reaction rate R” vanishes for a
fully charged electrode (RT — Ofor y, — 1). Newman et al.’ resolve
this issue by substituting n with n, - (ny™* — n,), but yet obtaining
a different functional dependency.

Exploring all differences between the classical Butler-Volmer ap-
proach and the general reaction rates 47 is not the scope of this work,
but may be explored in some subsequent paper. Most importantly the
derivation procedure explained in the Equilibrium assumptions and
consequences section ensures thermodynamically consistent bound-
ary conditions which can be applied to interpret experimental data.

Conclusions

In this work the boundary conditions for a general electrochemical
interface were derived based on the framework of non-equilibrium
thermodynamics. The formulation is general enough to be applied
to various electrochemical systems and the work provides guidance
through the derivation of a specific system. It ensures that the bound-
ary conditions are thermodynamically consistent with the respective
volume balance equations and general enough to couple various reac-
tion mechanisms. The electrode, the electrolyte, and the surface are
inherently coupled through adsorption conditions of the electrons and
the electrolyte species. It is to emphasize that the expression 53 of the
boundary conditions also accounts for tangential transport through
the double layer. Based on this general framework an expression of
the measurable current of a half cell was derived. This shows vari-
ous contributions of the electrode and the electrolyte phase, including
pseudo-capacitive effects. Material functions for the electrode, the
electrolyte, and the surface, i.e. representations of the chemical po-
tentials in terms of the thermodynamic state variables, lead to explicit
expressions of the boundary conditions. These where then applied to a
flat metal/electrolyte interface, which greatly simplifies the equation
system. The model was then applied to some representative exam-
ples showing the applicability of the model. Numerical simulations
of current-voltage relations give an impression of the remarkable pre-
dictability of the model framework.

Appendix A: Surface Capacity

Here we provide a semi-explicit representation of the surface capacity C. First of all
s

note that the surface charge g has the representation
s

N N 2
Yok zae0ya + oy TH | zae0vap

N N 2 :
afyv + Y Eyalva + 3.5 ZLE—I agVap
s s s

q=- [Al]

5

With the representation yu, yup and yy of? we obtain an expression of ¢ in terms of
s s s s

(¢ — ¢®)and (y — y®),i.e. ¢ = §(¢ — &, y — yX). The surface charge is thus a function

s s s s
of ¢ and the surface tension y. The surface fractions y, g obey the constraint
o

s

Ng NE  |zal
wa =YY valo—F v =y +Y D yuplo—¢F v —vH—1=0, [A2)
. L3y e

which is an implicit relationship between U and y — y*. Hence, we may use the implicit
function theorem to deduce a solution y = $(Ug) from Equation A2, which satisfies
dy/d(Ug) = q. The surface capacity C is thus

s s

dg dg dgq
C=— =2 4qg —* |. A3
s Tavs  \ame T ay=vR) (A3
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With the (dimensionless) abbreviations

NE  za]
th-&-eoZ 2 Zadap
x a=1p=—1 s
Mg |zal
fa = yv +ooyo + Zwuya+ PO Ve p Y
a=1 s o=1p=—1
NE |20l
fr= Zzuywr > X Zyap
s a=lp=—1 s
NE  lzal

f4 =e Z ZaaYa + €0 Z Z Zu®apYap

a=I =

NE |za]

fs = +w0V0+ Zwa}a"r > %ayctﬁ
a=1 s a=1p=—1

we obtain for the surface capacity the expression

> fi-fa=Fs-fo frfa-fo=Ffi- s

€

-_— + i
kgTal (f2)? f2 (f2)?

-y

E

2
Note that the term —2 % indeed has units — and that all functions f;,k =1,...
kBTnV m s

are dependent on Ug and y — yX.

Appendix B: Calculation of the Faradaic Current

Reconsider that

Eff _ Eff/ Eff,r
au T lam +Clm

with

Eff.) _ Eff _ T
Ty =€ X Zafyt=—e0 ) Zu| X VpaRg + 3 vpaRg
uezl[i meZl/,[ pely BeZy

r(iff' =e Z zar 8 = —ep Z 2y Z UngB + Z \)ﬂuRﬁ

aely aely BeTg BeZy\lo}

‘We can thus rewrite

ey Z zaRg —ey Z Za Z \)MRST —ep Z 2o Z vMRBT

el aelly  BeTh\la} aely  Bely

:eOZ Z 2 Va,p Z

aeT Bely\(a)

Due to the electro-neutrality of each transfer reaction we have

Z BVa,p = Z ZBVa,p

pely\la) peTg

and obtain thus

Eff T T
Ty = €0 ZZﬂR —eOszRa.

aely aely
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