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1 Introduction

Redox flow batteries are a promising emerging technology for the storage of intermittent energy
sources. The energy conversion between electrical energy and chemical energy via heteroge-
neous electrochemical redox reactions at the electrode interface is a critical process affecting
both the efficiency and lifetime of the battery. Generally, the charge transfer at the electrode
surface depends on various geometrical, physical and chemical properties, such as the elec-
trode surface morphology, chemical surface composition and operating conditions, such as
temperature, pressure and species concentrations.

The interactions of the electrolyte species with the electrode surface and the resulting pres-
ence of a strong electric field leads to the formation of a characteristic electrochemical dou-
ble layer structure. It is well-known that theories based on the Poisson-Boltzmann equation,
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such as the Gouy-Chapman model, only allow for realistic double layer predictions within a
very limited voltage range, as the assumption of point charges leads to unrealistic predictions
of species concentrations within the double layer [1]. Several modifications of the Poisson-
Boltzmann equation have been considered, where, among other properties, the steric effect of
the finite sized ions is taken into consideration [1, 2, 13, 14, 17, 20].

In contrast to this simplified mean field theory, atomistic simulations of the electrochemical
interface, such as DFT [8, 19] and KMC simulations [18], allow for very detailed investigations
of interface properties and processes. However, due to the high computational demands of
such atomistic simulations, comprehensive parameter studies would require tremendous com-
putational resources.

In a series of papers, Dreyer, Guhlke, Landstorfer, and Muller published a treatment of the
electrochemical double layer based on non-equilibrium thermodynamics [4, 5, 6, 12], which
we refer to as the DGLM-theory in the following. This model allows for the prediction of reac-
tion rates, adsorption processes and the electrochemical double layer structure. The reduced
nature of the model allows very fast evaluations, enabling large parameter or sensitivity studies.

A full parameterization of the DGLM-model requires in-depth knowledge about the involved
electrolyte species and properties of the double layer. While some model parameters, such
as the adsorption rates, can be parameterized directly by DFT calculations provided by WP3,
other parameters can be inferred indirectly by updating the model parameters to decrease the
error between model predictions and atomistic simulations or measurements of some target
variable.

Here we propose a work flow based on a statistical approach, where the model input pa-
rameters are modelled as statistical distribution functions, allowing for the incorporation of un-
certainties in the parameters. We use Bayesian inference methods to update the initial model
parameters based on measurement data or atomistic simulations, such as KMC and DFT, which
allows establishing a natural interface to the results of WP2 and WP3 in the SONAR project.

We implemented the DGLM-theory as a Julia package that allows performing Bayesian
inference to update the model parameters. In this report we present various verification and
validation studies of the model, together with applications to two relevant all-organic electrolyte
systems used for RFB applications.

2 Reduced Electrochemical Double Layer Model

In this section we discuss the main modelling assumptions of the reduced electrochemical
double layer model, present some key results of the DGLM-thoery, and describe the Bayesian
inference methods used to update the model parameters.
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2.1 Thin Double Layer Approximation

A characteristic length scale /% of the double layer thickness is provided by the Debye length,
which for electrolyte solutions is given by

&&-RT 12 1
=Gy )+ 1= L )

where g, &, denote the permittivity of free space and the dielectric constant of the electrolyte,
respectively. Furthermore, I denotes the ionic strength of the electrolyte.

In RFB applications, the electrode is typically a porous material through which the liquid
electrolyte is forced by an applied pressure difference. For transport simulations at the pore-
scale, a characteristic length scale L is given by the mean pore diameter, which is in the range
of 10-100 um for typical electrode materials, see [9]. In contrast, evaluating the Debye length
in Eg. (1) for a symmetric 1:1 electrolyte at a concentration of 1M yields a Debye length on
the order of only 1nm. Thus, the thickness of the double layer can be considered negligible
compared to the relevant length scale in pore-scale simulations. Formally, we can define the
dimensionless Debye length 1 = I°/L°, which we consider to be much smaller than one. This
scale separation allows for a significant simplification of the mathematical description of the
interface properties by means of an asymptotic expansion in terms of the dimensionless scale
parameter Ap, see e.g. [6, 7].

Furthermore, for electrode felt materials consisting of cylindrical carbon fibers with a charac-
teristic diameter given by L) = 10um, the electrode surface is locally well-approximated by a flat
surface when considering surface areas on the order of 13. As such, mean surface curvature ef-
fects on the double layer structure can be neglected in this case. Thus, the electrode-electrolyte
interface region can be reduced to a one-dimensional domain in the direction orthogonal to the
electrode surface.

In addition to the spatial scale separation, we assume the characteristic timescale of the
interfacial relaxation processes within the double layer structure to be much shorter than the
timescale of variations in the boundary conditions. This simplifying assumption allows to de-
scribe the double layer structure to be in a quasi-equilibrium state. Clearly, this restricts the
applicability of the model to temporal processes that vary slowly (e.g. on the order of seconds),
compared to the processes within the double layer, such as adsorption processes.

Figure 1 shows a visualization of the electrostatic potential, which varies smoothly through
the fully resolved double layer structure at the nanometer scale. In the limiting case of Ap — 0,
the double layer structure can be described as an interface with jump conditions for the field
variables.
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Figure 1: Visualization of the double layer structure (left) and the simplified description in the limit of A5 — 0 (right).
The electrochemical interface domain consists of a solid electrode domain Q,; and an electrolyte domain Q.

2.2 Extended Butler-Voimer Model

In the publications [4, 6] an asymptotic expansion of the transport equations in terms of a small
interface thickness A, was carried out. As a result two models for the thin double layer approx-
imation were derived: A reduced interface model based on the leading order approximation of
the bulk transport equations and a boundary layer model based on the inner asymptotic expan-
sion, which describes the resolved double layer structure in detail. It was found that these two
models are only weakly coupled through the interface electroneutrality condition.

We denote the species present in either the electrode, electrolyte or electrode surface as
o ={Ay,...,An}, Where Ay refers to the solvent. For simplicity we consider in the following
reactions, where no surface-exclusive species exist, i.e. all species present on the electrode
surface also exist either in the electrolyte or the electrode domain. The more general case with
exclusive surface species is presented in [4].

Let us first consider the general surface reactions

abAg+ ... dyAy = bhAg+ .. . ByAy, i=1,..., M, (2)
N N N N

where the coefficients ai,,bi, denote non-negative integers, so that y, = b, — al, is the stoi-

N N N N N
chiometric coefficient of species « in reaction i. The corresponding Faradaic current density
reads

My
jovli=~FY R, 3)
i=1 s

where R is the reaction rate of the i-th reaction, 7 denotes the electrochemical interface and v
is the usnit normal vector pointing from the electrolyte domain Qg into the electrode domain Q.

Let A9 = ¢r — ¢ denote the electrostatic potential difference between the electrolyte bulk
and the metal bulk regions. Analogously, A¢ = ¢r — ¢y, is the electrostatic potential difference
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under equilibrium conditions. For a general (electro-)chemical surface reaction of the form (2},
the reaction rate satisfies the extended Butler-Volmer type equation [4]

R =R exp (—ajfn,) — R, (e)/n;) (4)
with the transfer coefficients

a}:ﬁ’éim and o =(1— ﬁi)fy'rg with T =Y ¥zq, (5)
N N %E N

where o7; represents all species present in the electrolyte domain. Furthermore, 1, = A¢ — A¢
denotes the applied overpotential and

R}’ =Riexp (—B"ffy'h> . R)'=Rjexp ((1 - ﬁ")f@"h) with 7=} ¥ (ke — fla)l;  (6)
N N N N o S
are the forward and backward reaction rates, respectively, where

Ca

Ypcp

denotes the chemical potential of species . Analogously, fi, is the chemical potential at the
equilibrium state. The coefficients Ri, B, A’ denote phenomenological coefficients satisfying
N

s N

Ry>0, 0<B' <1, A'>0, (8)

N

for the resulting entropy production of the system to be non-negative.
Specializing this generalized form of the Butler-Volmer equation to a redox reaction

%x +ne = %‘ed (9)

N

yields the simplified equation [4]
Vred Yox ﬁé Vox Yred (17[3)1;\
R=Ry (_ >S exp (—ﬁAnfns> —(_ B > ©exp ((I—B)Anfns> . (10)
$ s Yox Yred s S Yred Yox s ¢

For a single n-electron redox reaction, the resulting Faradaic current density at the electrode
interface is then given by

jfv|i=nFR. (11)

SONAR Deliverable Report



S@NAR

Generally, the total electric current density at an electrode-electrolyte interface can be decom-
posed into a Faradaic current ;7 and a non-Faradaic current j7, so that

2.3 Total Current Density

Je=1Ji +Ji- (12)
In case of a single redox reaction the Faradaic contribution can be written as
j¥ =nFR, (13)
N

where R denotes the reaction rate. Additionally, charging and adsorption processes in the
N

double layer give rise to a non-Faradaic current. Let ¢ denote the surface charge density on

the electrode, then

P doc do dA¢  _dA¢

e =0 T Tane dr dr

(14)

where C denotes the differential capacitance of the double layer structure defined as

49

©= dng’

where ¢ denotes the total charge stored in the double layer structure.

2.4 Double Layer Structure

To evaluate the non-Faradaic current density, we need to model the total charge ¢ stored in the
double layer structure in terms of the potential difference A¢ across the double layer. In the
following we present a short summary of the double layer model presented in [12].

The spatial extent of each species is considered by its partial molar volume v, in the elec-
trolyte at a fixed reference state. The solvation shells of the charged species are taken explicitly
into account by considering their impact on the effective size of the ions as

Vo = Vo + Ko Vo, (16)

where V,, is the partial molar volume of the central charged ion, x,, is the solvation shell number
of species a and vy denotes the partial molar volume of the solvent.

Let ¢ =}, co denote the total species concentration in the electrolyte. As the electrolyte is
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modelled as an incompressible fluid, the volumetric constrained
o

must be satisfied.
As shown in [12], the molar fraction of species o satisfies

Va

22 (p— ). (18)

Ya = YE,a €Xp (‘Zaf((]) —0r)

in the double layer structure, where yg o, ¢r, pr denote the molar fraction, potential and pressure
evaluated in the electrolyte bulk domain.

The pressure p in Eq. (18) can be evaluated for a given electrostatic potential ¢ by solving
the constraint equation

Let gL denote the total charge stored in the electrolyte within the double layer structur (exclud-
ing the surface charge). Landstorfer shows in [12] the important relation

gL = —0 = sgn(A@)\/2(1+ x)eAp, (20)

so that the charge stored in the boundary layer can be evaluated directly from the potential and
pressure differences through the double layer.
The differential capacitance of the boundary layer can be evaluated explicitly from given
potential and pressure differences as
V(1 + x)sgn(A¢pL) dp Ip _ pLaZada 1)

CBL(A(PDL? APDL) — \/m %(A(PDLa APDL) Wlth % = Za vaya .

2.5 Surface Coverage by Adsorption Processes

In addition to the charge stored within the boundary layer, adsorbed species on the electrode
surface can contribute to the total double layer capacitance.

Analogously to the electrolyte, the steric size of adsorbed species is modelled as a surface
partial molar area a,, where the effective molar area is modelled as

dg = dg + Kgdp, (22)
S
where d,, is the molar area of the central ion, ky, is the surface solvation shell of species a and
S
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ag is the surface molar area of the solvent molecule.

An important characteristic of the electrode surface is the surface density of adsorption
sites for the electrolyte species. The density of the metal ions is described by a molar area ay,.
Furthermore, each metal ion site is assumed to provide w,; adsorption sites for the species.

As derived in [12], the resulting equilibrium molar fractions of adsorbed species is given by
_ _ Agads o a_OC
v = ye.aexp (08" f —2afA0 + 22 AY). (23)

where Ag®® denotes the adsorption energy and Ay is the difference of the surface tension
with respect to a reference state corresponding to a surface containing no adsorbed species.
Analogously, the molar fraction of free sites containing no adsorbed species is given by

ay
y=exp | —2_Ay). 24
% exP(a)MRT y) 24)

For a given potential difference A¢, the surface tension difference Ay is then determined implic-
itly by the constraint

yv‘i'zyoc:l- (25)
s a S
The surface coverage of species a can then be evaluated as
0o = yaaaga (26)
where
-1
c= (Z daya + avyv> (27)
o K K

is the total {(molar) surface concentration.

As shown in [12], the capacitance due to adsorbed species is related to the surface tension
by

PNy
d¢?

C= (28)

A ‘
Finally, the total double layer capacitance is determined by the sum of the capacitance of the
boundary layer and the surface capacitance as

C=CgL+C. (29)
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2.6 Bayesian Inference of Model Parameters

A full parameterization of the reduced interface model requires knowledge of processes and
properties at the atomistic scale, such as adsorption energies or solvation shell numbers. While
these parameters cannot be inferred by the reduced model considered here, it is often possi-
ble to define meaningful a-priori ranges based on physical insight for these parameters. As
such, a statistical approach is adopted, where most model parameters are described by a sta-
tistical distribution, allowing for the incorporation of the inherent uncertainties in the modelling
parameters. Here we consider these parameters to be normally and independently distributed.

We use Bayesian inference methods to update the probability distributions of the prior pa-
rameter estimates by incorporating additional atomistic KMC results or experimental measure-
ments. The Bayesian framework naturally incorporates the uncertainties of both the prior dis-
tributions and the data used to update the model parameters.

Let 6 denote a vector of model parameters and p(6), the corresponding a-priori probabil-
ity density based on the initial parameter estimates. In Bayesian inference, the a-posteriori
distribution of the model parameters is determined by Bayes’ theorem

_ p(X]0)p(60)

plopx) = 7=

o< p(X]0)p(6), (30)
where p(6|X) is the posterior probability of the parameters 6 for a given vector of data samples
X, which could e.g. contain KMC simulations results. Furthermore, p(X|8) is the likelihood of
observing the data X for the given parameter values 6. Finally, the probability density p(X) is
called the marginal likelihood and plays the role of a normalizing factor.

Additionally, the MAP (maximum a-posteriori probability) estimate can be evaluated by solv-
ing the optimization problem

Orap zarggnaxp(elx) Zarggnaxp(XIO)p(O), (31)

such that the MAP estimate corresponds to the mode of the posterior distribution in Eq. (30).

In Figure 2 we show the proposed work flow of the parameter estimation, and the interrela-
tions with the data provided by WP2 and WP3.

We implemented the reduced interface model in Julia, which is an emerging dynamic high-
level and efficient programming language specifically targeting the demands of scientific soft-
ware. We use the open-source Julia library Turing.jl, which provides a system for efficiently
building MCMC algorithms using probabilistic programming, see [10].
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on DFT simulation results (WP2)
and published data

:

Load prior distributions of model
parameters from a JSON file

:

Evaluate total molar surface areas
and molar volumes based on linear
error propagation

N

N

- l J
™ Load kMC data (WP3)
Perform Bayesian inference (e.g. capacitance values, surface
(MAP / MCMC sampling) charge densities, or current densities)
J from a JSON file

'

Evaluate reduced interface model
with the updated parameters

(Save posterior estimates of model\

parameters and model predictions
Y to output files )

Figure 2: Parameter estimation and model prediction work flow.

2.7 Model Extensions

In the DGLM-theory, the susceptibility throughout the double layer is assumed to be constant.
However, in reality the susceptibility of the electrolyte can depend both on the strength of the
electrical field and the ion concentrations. A possible extension to concentration-dependent
susceptibility values has been discussed in [3, 12], where the authors remark that a gen-
eralization to a concentration-dependent susceptibility leads to a significantly more complex
Poisson-momentum system.

Here we considered quasi-static processes, where the double layer structure is determined
by its equilibrium state. For fast varying electrode processes, such as high-frequency mod-
ulations of the electrostatic potential or rapidly changing bulk concentrations, a time-resolved
solution to the coupled modified PNP and momentum system would be required in the general
case.
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In this section we present verification studies of the implemented models and parameter esti-
mation methods, as well as applications to the organic electrolytes methyl-viologen (MV) and
4-OH-TEMPO (T) that are used in all-organic redox flow battery applications [11, 15].

3 Resulis

3.1 Application to an Electroplating Process

To study the validity of the parameter estimation method when applied to electrochemical reac-
tions, we consider the application of the generalized Butler-Volmer equation to an electroplating
process that has been investigated in [4]. In this example the electrolyte consists of water as
the solvent, the anions SO;  and cations Cu*". Here we consider the electrochemical reduction
reaction of the cupric cations at the cathode according to

Cu’t +e =Cu, (32)

where the reduced species are integrated on the electrode surface. Specializing the general
extended Butler-Volmer type equation to this process yields the Faradaic current density [4]

B = 1-p
s 7ﬁA Dxfns s (17ﬁ>A Dxfns
Je=zoxFRo <<C°X> e s (Cﬁ> e 5 ) ; (33)
Cox Cox

where Ry, 3, A denote the unknown phenomenological coefficients of the extended Butler-Volmer
s 5 f

equation and {cqx, crea} denote the molar bulk concentrations of the oxidized and reduced cop-
per ions evaluated just outside the double layer siructure. The corresponding equilibrium molar
concentrations are given by oy, Creq-

Based on the results of a fully spatially resolved solution of the bulk ion concentrations
shown in [4] we set in this example the concentration of c,x and ¢, at the cathode to

Cox = Cox —0.005j, molL™!,  éox =0.5molL 1. (34)

Based on measured properties of the chemical system [12], the exact values are estimated
asA =1.0, B 0.25, Ro =1.75-1073. Using these parameters, a set of reference values, relating

the Faradalc current ]e to the overpotential n,, are evaluated as shown in Fig. 3. The prior
distributions of these parameters are assumed to be normally distributed according to

A~ A (11), B~A(1/2,1/2), RON/V(loisvlois)v (39)

$ s

where ./ (u,0) denotes a normal distribution with mean p and standard deviation ¢. The large
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uncertainty in these parameters is reflected in choosing the standard deviations to be the same
value as the corresponding mean value.

We assume the measured current density of the reference values displayed in Fig. 3 to be
normally distributed with a standard deviation of 10% of its mean value. The resulting maximum
a-posteriori probability (MAP) of the model parameters then matches the mean values of the
reference values over 2 significant digits and the resulting model evaluation based on the MAP
estimate is in excellent agreement with the reference values as shown in Fig. 3.

Nonlinear Tafel Plot

07000006....
°
-50f .
%‘ _100F b = 1 e Reference values
‘—m' Q Prior
< »
-150¢} ] MAP
w
-200¢ by
05 1 5 10 50 100
Je [AINP]

Figure 3: Tafel plot of the exact reference values, together with the model predictions based on the prior parameter
modes and the MAP estimate.

In addition to the mode of the a-posteriori distribution, we estimate the full a-posteriori dis-
tributions of the model parameters using the MCMC No-U-Turn-sampler (NUTS) provided by
the Turing.jl package with a target acceptance ratio of p, = 0.65 and N = 20000 samples. Ap-
proximating the a-posteriori distributions in terms of Normal distributions yields

A~ A(1.00,0.083), B~ .4(0250018), Ry~ .4 (1.76-1075,0.12-1075), (36)

s s

which shows that the reference values allow for a significant reduction of the uncertainty in the
model parameters. In this case, the remaining uncertainty in the estimated parameters reflects
the assumed uncertainty in the reference values.

3.2 Verification Studies of the Double Layer Properties

In this section we perform several studies of the implemented model to verify the correctness
with published results in [12]. Furthermore, we show another application of the MAP estimator
to improve the model prediction with respect to experimentally measured capacitance values.
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3.2.1 A Symmetric Electrolyte Example

A simple symmetric electrolyte consisting of water molecules H,O, a cationic species C*, and
an anionic species A~ was considered in [6]. Due to charge neutrality in the electrolyte bulk,
the molar species concentrations must satisfy 2, = ¢_. For simplicity, the molar volume of
all species is assumed to be equal vi,0 = v+ = va- &~ 1.805 x 1075, Furthermore, species
adsorption is neglected in this case and the electrolyte susceptibility is set to yz = 80.

To verify the agreement of the current study with the published results, we show in Fig. 4 the
charge stored in the double layer structure as a function of the potential difference for different
molar concentrations of the ionic species in the electrolyte bulk.

Charge Stored in Boundary Layer

200F
Current Study
— c,=c_=0.05 M
S 100t ]
£ c,=c =0.5M
o
%) c,=c_.=b M
g 0 -
2 Dreyer 2015
S -100} 1 e c,=c=005M
c,=c_.=05M
-200~ c,=c_.=5M

-04 -02 00 02 04
Ag V]

Figure 4: Verification of the charge stored in the boundary layer.

3.2.2 Applications to Different Electrolytes on a Silver Surface

In this section we apply the reduced electrochemical interface model to a silver surface Ag110,
which is characterized by a molar area per metal ion of ay = 7.1233 x 10* and the number of
adsorption sites per metal ion is assumed as @y = 1. Here the electrolyte susceptibility value
is set to yr = 25. The adsorption energies of protons and hydroxide ions are modelled as

i i 1
AZHE = AZgy- =5 (Ag"‘H‘iSo +AgH,0 —Agﬁzo) , (37)

where %gﬁzO,Aggzo are the dissociation energies of water on the electrode surface and the
electrolyte, respectively. Their values are assumed to be %8520 =0.05eV and Agy} , = 1.034eV.
The bulk molar concentrations of the hydrogen and hydroxide ions in a neutral solution with
pH =7 are given by cy+ =cog- = 1x 10" molL 1.
In Table 1 we summarize the most significant model parameters concerning the properties
of electrolyte species, such as their adsorption energy, solvation shell or size in terms of molar
volumes and molar areas on the electrode surface.

SONAR Deliverable Report



S@NAR

Species k[-] x[-] V[m’mol™!] a[mZmol”l] AgY [eV]
H,0 0 0 1.7973 x 107 7.0052 x 10  —0.08
Ht 45 25 1.7973 x 107> 7.0052 x 10 —0.53
OH™ 45 25 1.7973 x 107> 7.0052 x 10 —0.53
Na™ 45 25 1.7973 x 1075 7.0052 x 10* o
F- 45 8 1.7973 x 1073 7.0052 x 10 —0.16
PF6~ 45 25 1.7973 x 1075 7.0052 x 10* o
K+ 45 25 1.7973 x 1075 7.0052 x 10* o
Table 1: Model species parameters as specified in [12].
Surface Coverage
0.8F
% 0.6} { — H20
g OH-
% 04 [ H*
o 0.2+ Vacancies
0.0F ‘ : , ‘ :
-0.4 -0.2 0.0 0.2 04
Ag [V]

Figure 5: Predicted surface coverage, where the symbols correspond to report values in [12] and full lines to the
current study.

In Figure 5, the predicted surface coverage with H" and OH ™ species is shown as a function
of the electrostatic potential difference across the double layer, where the symbols denote the
reported values in [12]. This simple illustration shows that even species with very small bulk
concentrations can cover the electrode surface area to a significant degree.

The surface tension is intimately linked to the adsorption of species and the resulting sur-
face capacitance. In Fig. 6 we verify the prediction of the surface tension difference Ay for an
electrolyte system consisting of water and the four ionic species H",OH ,PF, , and K™.

In Figure 7 the predicted total capacitance is displayed for two different concentrations of the
KPF; salt. The capacitance curve follows a characteristic camel shape, where the capacitance
attains two maxima.

As a last verification example, we considered an electrolyte containing water as the solvent
and the four ionic species H", OH , F~ and Na'. Compared to the KPFg electrolyte, the surface
solvation shells of F~ and Nat are assumed to be different. Furthermore, F~ can adsorb to
the electrode surface, see Table 1. As a result, the capacitance curve, as shown in Fig. 8,
is strongly asymmetric. In the same figure we show a comparison with experimental results
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Surface tension

Ay [10°3Nm™]

-04 -0.2 0.0 0.2 0.4
A V]
—— Current Study e Landstorfer 2017

Figure 6: Verification of the predicted surface tension as a function of the potential difference.

Total Capacitance
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&
g Current Study
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Figure 7: Predicted total capacitance as a function of the half-cell potential.

reprinted in [12], which show a remarkable agreement, considering the simplicity of the model
proposed in [12].

Since most model parameters used in the prediction of the total capacitance are affected by
uncertainties, we can try to improve the estimation based on the available measurement data.
In this example we consider the electrolyte susceptibility, as well as the molar areas, molar
volumes, and adsorption energies of the {Na™,F~} species to be unknown by specifying large
standard deviations. In Figure 9 we show the model prediction based on the prior model pa-
rameters and the MAP estimates, together with the measurements. Clearly, the MAP estimate
provides in this case a significantly improved agreement with the measurements.

3.3 Application to Organic Electrolytes at a Graphene Electrode

In this section we show the application of the model to two organic electrolytes at a graphene
electrode. In Table 2 we summarize the used model parameters, which are based on literature
values, as well as DFT calculations provided by WP2. If not stated otherwise, the susceptibility
of the electrolyte is x5 = 25, the solvation number of the ionic species is k = 15 and the surface

SONAR Deliverable Report



S@NAR

Total Capacitance

, . Total Capacitance
— L ] 100 T T T T T
c\llE 80 o Current Study
5 Current Study IE 8ol 1 — cnar=0.006 M
L 60f ] — onr=0005M O Onar=0.04 M
= = [
9 onr=01M 2 60 Cnar=0.1 M
c 401 ] ] R
% Landstorfer 2016 § 40 /S.‘ Measurements
! 1 @ onar=0.005M g sof s @0 Cgr=0.005 M
8 Cnar=0.1 M 8 Cnar=0.04 M
Ot 1 L . . £ olb— . . . : . . Onar=0.1M
-1.2 -1.0 -0.8 -0.6 -0.4 -12 -11-10 -09 -08 -0.7 -06 -05
E vs SCE [V] E vs SCE [V]

Figure 8: Verification of the total capacitance (left} and validation against experimental measurements (right).
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Figure 9: Model evaluation based on the mode of the prior parameters and the MAP estimate, together with the
experimental measurements for ey, = 0.1M.

solvation number is k¥ = 5.
S

3.3.1 Methyl-Viologen

In RFB systems using methyl-viologen, often no supporting electrolyte is being used, see
e.g. [16]. In this case, the electrolyte consists of H,O as the solvent, the reduced and oxidized
states {MV*,MV?*1 of MV, as well as chloride ions C1™. In Fig. 10 we show the capacitance for
various ion concentrations and concentration ratios of the oxidized and reduced forms, corre-
sponding to different state of charge values of the battery. Similar to the NaF electrolyte shown
above, the capacitance curve is strongly asymmetric with a camel shape at low concentration
that converges to a single bell-shaped curve at high concentrations of the electroactive species.

In Fig. 11 we show the influence of the chosen electrolyte susceptibility and solvation shell
numbers on the total capacitance. While the susceptibility shifts the capacitance by a constant,
varying solvation shell numbers affect both the overall capacitance, the capacitance peak and
the peak location.

As shown in Fig. 12, the surface covereage is dominated either by H* ions or C1—, depend-
ing on the potential difference.
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Species «[-] K -] ¢ [mmol™] a[m?mol™'] Ag [eV]
H,0 0 0 1.8 %107 7.0 x 10* —0.08
gt K K 1.8 %1073 7.0 x 10* —-0.53
OH K K 5.9x10°° 3.3 x 10% —0.53
Na™ K K 4.0x107%  2.6x10* —0.67
Ccl- K K 1.1x1075  5.1x10* —0.16
MV* K K 1.6 x107* 3.0 x 10° —1.26
Mv+ K K 1.6x107%  3.0x10° —1.14
T 0 0 1.3x107%  2.6x10° —0.74
TF K K 1.3x107 2.6 x10° —1.37

Table 2: Model parameters of the electrolyte species.
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Figure 12: Surface coverage vs the electrostatic potential difference.
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Figure 13: Total capacitance for varying total ion concentrations (left) and different compositions (right), where the
sodium concentration is fixed to cy,+ = 0.4M.

3.3.2 4-OH-TEMPO

Finally, we consider the application to an electrolyte containing 4-OH-TEMPO (T) as the elec-
troactive material. In this case, the electrolyte contains H,O, T, Tt, and Na*,Cl™ as the sup-
porting electrolyte species. In Fig. 12 we show the predicted surface coverage as a function of
the potential difference. In Fig. 13 we report the predicted capacitance as function of the elec-
trolyte concentrations and varying ratios of the reduced and oxidized forms of the electroactive
species. Similar the MV electrolyte shown before, a large capacitance peak is predicted, which
is only marginally affected by differences in the electrolyte composition, whereas a smaller
capacitance peak forms at A¢ = 0V, which strongly depends on the electrolyte concentration.

3.4 Discussion

The applications to the MV and 4-OH-TEMPO electrolytes show first model predictions with
model parameters determined by DFT calculations (WP2), literature values, and educated
guesses [12]. As such, the predicted surface coverage and capacitance values can be ex-
pected to be strongly affected by the uncertainties in the model parameters, as the parameter
studies with varying susceptibility values and solvation shell numbers have illustrated.

The parameter identification methods based on Bayesian inference allow for a very natural
work flow, where the initial model parameterization is improved upon the incorporation of addi-
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tional measurements or atomistic simulation results. Furthermore, as the Bayesian inference
also allows estimating the uncertainties of the updated model parameters, sensitivity studies
can be performed not only on the initial parameterization, but also on the updated parameteri-
zation.

4 Conclusions

We presented the application of a reduced model for the electrochemical interface to different
electrolyte systems, including the organic methyl-viologen and 4-OH-TEMPO chemistries. The
reduced model allows for a thermodynamically consistent description of important interface
processes, such as adsorption of electrolyte species to the electrode surface, charging of the
double layer, and (electro-) chemical reactions.

The applicability of the reduced electrochemical interface model requires a scale separation
between the Debye length and the characteristic length scale of the electrolyte flow (e.g. in a
porous electrode), which is fulfilled in RFB applications under typical operating conditions. The
assumption of a quasi-equilibrium state of the electrochemical double layer limits the application
of the model to slowly changing boundary conditions, see [4, 6]. However, the quasi-equilibrium
assumption can be expected to hold in typical charge-discharge cycling experiments, where
both the bulk concentrations and the cell voltage change slowly in time.

In contrast to atomistic models, such as KMC and DFT, the reduced electrochemical inter-
face model only captures a small subset of the physico-chemical effects within the double layer.
Therefore, some model parameters, such as the electrolyte susceptiblity, which is known to vary
spatially throughout the double layer structure, can be regarded as effective parameters, which
have be tuned to improve the model accuracy with respect to experimental measurements and
atomistic simulations.

We demonstrated the applicability of the parameter estimation method for two example
problems. As a next step we want to apply the proposed work flow on KMC data produced
by WP3 for the estimation of the model parameters for different organic electrolyte systems.
The resulting improved parameterization of the reduced electrochemical interface model can
then be used to investigate the interface properties under different operating conditions and
carry out sensitivity analyses. Furthermore, the reduced interface will serve as an efficient,
thermodynamics-based boundary condition in pore-scale models that we develop as part of
Task 4.3.
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Table of Symbols

Symbol Description Unit
ag Surface molar area of adsorbed species o m2 mol !
A Phenomenological coefficient in the extended Butler-Volmer equation —
s
Total molar concentration molL~!
Car Molar concentration of species o mol L~!
Je Electric current density Am~—2
f Inverse thermal voltage (f = F/(RT)) vl
F Faraday constant Cmol™!
gBL Charge stored in the boundary layer C
R Ideal (molar) gas constant Jmol 'K™!
R.Ry Reaction rate mols—1m—2
S5
T Temperature K
Vo Molar fraction of species o —
Yy Molar fraction of vacant sites on the electrode surface —
s
Greek symbols Description Unit
B Phenomenological coefficient (corresponding to the symmetry coefficient) —
s
Ns Overpotential V;
Y Surface tension Jm—2
Ko Solvation number of species a =
Lo Chemical potential of species o Jkg!
Vo Partial molar volume of species o m? mol~!
Subscripts Description Unit
o Refers to species o =
s Refers to species located on the electrode surface —
E Refers to the electrolyte bulk domain —
M Refers to the metal bulk domain —

Table 3: List of symbols used in the report.
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