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ABSTRACT

Blending of different active materials for lithium-ion electrodes offers great opportunities to combine advanta-
geous properties in order to achieve an overall improved cell performance. While electrochemical models for
blend electrodes are readily available, the parametrization remains challenging since the contributions of the two
or more blend components are difficult to distinguish and material specific and area specific parameters from
literature are not always applicable. Here we present a way to directly extract the charge transfer resistance from
a blend electrode using impedance spectroscopy, microstructural analysis and transmission line modeling. To
differentiate between the contributions of each active material we make use of the concentration dependence of
the exchange current density in intercalation electrodes. We apply and compare two theoretical derivations of
concentration-dependent charge transfer kinetics to model the behavior of the two active materials. The first is
the common Newman formulation and the second is a thermodynamically more consistent, non-ideal approach.
When comparing the two approaches to experimental data, we find a better agreement for the non-ideal
approach than for the ideal one. These findings encourage further investigations of non-ideal charge transfer
formulations which could improve not only blend electrode- but also single material electrode models.
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1. Introduction

The blending of active materials allows the combination of advan-
tageous properties in order to improve the overall performance of
lithium-ion battery electrodes [1]. Synergy effects and internal dy-
namics in blend electrodes have been studied extensively [2-7]. Lieb-
mann et al. [6] investigated kinetic and thermodynamic properties of
blended cathode materials and found that blending does not alter the
intrinsic kinetic properties of the active materials. Therefore, the
blended electrode behavior can be described as the weighted sum of its
individual components. In blend electrodes that are made of active
materials showing very different open-circuit potential (OCP) profiles,
each active material phase is lithiated or delithiated almost successively,
while the material with the higher slope in OCP delithiates slower. This
results in significant differences in their respective lithiation degree [4]
and consequently different charge transfer resistances, leading to a
complex dependency between the overall blend electrode
state-of-charge and its apparent exchange current density. Electro-
chemical models for blend electrodes have been proposed and shown
effective [8-10] by using multi particle approaches. However, the ac-
curate parametrization of these models remains challenging. A major
hurdle, which equally applies for single active material electrodes, is the
availability and comparability of charge transfer parameters in litera-
ture. For the parametrization of an electrochemical model the area
specific rate constant, commonly expressed in the form of an exchange
current density ip is needed. Since there is no standardized method
established on how to determine the active surface area of a battery
electrode, values from literature are hardly comparable [11-13].
Addressing this issue, Costard et al. [14] presented a method to obtain
the surface specific exchange current density of different cathode ma-
terials combining impedance spectroscopy and focused ion beam -
scanning electron microscopy (FIB-SEM) tomography. The extraction of
the charge transfer resistance was done with the help of transmission
line modeling (TLM) [15-17] which has been applied successfully in
previous publications for porous graphite anodes [18] and NMC cath-
odes [14]. While for single materials this method is solid, it has not been
applied to blend electrodes yet and requires further refinement. Firstly,
the FIB-SEM segmentation needs to be capable of distinguishing be-
tween the two or more active materials present in the blended electrode.
Secondly, the impedance response must be modeled correctly and
attributed to the respective active materials. The attribution of charge
transfer resistance to both active materials is however not directly
possible. Therefore, we rely on theory describing the concentration
dependent charge transfer resistance for each material as an additional
constraint in order to extract the exchange current density of each
material.

For this approach, the relation between the lithiation degree (or state
of charge (SoC)) and the exchange current density is crucial. In most
common lithium-ion battery models it is described by the expression
introduced by Newman and coworkers [19,20] in 1993 (later described
in Eq. (18)). It assumes ideal kinetics on the one hand, meaning that the
activity coefficients in the Nernst equation are assumed to be constant
and followingly the activities are proportional to the concentrations.
Additionally, it assumes the transfer coefficients to sum up to unity and
to be symmetrical (#; = @, = 0.5). This formulation results in a con-
centration dependency in the form of a semicircle, where the exchange
current density tends towards zero for either fully lithiated or
completely empty electrodes and has its maximum at a lithiation degree
of 0.5. While this might be an adequate approach for some intercalation
materials, there is a lack of experimental evidence proving the solely
concentration-based expression to hold true for all types of lithium
intercalation electrode materials [11,12,21]. For example, Morasch
etal. [21] observed a general U-shape dependency of the charge transfer
resistance for NMC111 obtained by impedance spectroscopy. However,
they could only reproduce the experimental data by applying a transfer
coefficient of @ =2 which is not backed by common theoretical
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derivations of charge transfer coefficients [20,22]. The impedance re-
sults of Moskon and coworkers [23] showed a parabola shaped de-
pendency between the exchange current density and the lithium
concentration in NMC622 which also deviates significantly from the
Newman expression. In addition to the lack of experimental proof, there
are theoretical considerations concerning the general validity of the
Newman formulation. One being the inconsistency of using empirical
(non-ideal) OCP data on the one hand, and ideal formulations for the
exchange current density on the other hand, as first described by Zhang
et al. [24]. Based on these inconsistencies, several publications proposed
alternative expressions for iy using thermodynamically more consistent
approaches [25-27]. They however still lack experimental prove.

In this work we make use of two approaches, the ideal (Newman)
formulation and a thermodynamically more consistent approach, in
order to thoroughly parametrize a commercially available NMC111-
LMO blend cathode. We extend the approach presented by Costard
et al. [14] by including the identification and separation of the two
active material phases using FIB-SEM microstructure reconstruction.
The obtained microstructural parameters allow the extraction of surface
specific values from impedance measurements and transmission line
modeling to accurately quantify the exchange current density. From the
measured overall exchange current density, we then obtain the single
exchange current densities of each material using reverse analysis based
on the lithiation degree and the underlying theory for
concentration-dependent charge transfer kinetics.

2. Methods
2.1. Experimental

2.1.1. Preparation of experimental cells

In this work the cathode of a commercial 20Ah pouch cell (ENER-
TECH SPB58253172) was examined. To extract the electrode sheets the
pouch cell was first discharged to 3.0 V and then opened in a glovebox
with argon atmosphere. The electrode sheets were washed in dimethyl
carbonate (DMC) directly after opening and a second time after
punching 18 mm diameter coins for the build of the experimental cell.
For the measurements the outer sheets of the cell were used, which are
coated single-sided only. The NMC111-LMO cathode was used as the
working electrode (d = 18 mm) against lithium foil (MSE PRO™, d =
17.5 mm) as the counter electrode. A 280 pm thick glass fiber separator
(VWR® Type 696) was used with 150 pl of 1M LiPFg in EC:DMC (1:1 v:v)
(Sigma-Aldrich) as electrolyte. The experimental cells were assembled
within an EL-Cell® PAT-Cell setup. Before the impedance measurements
the cells were cycled three times between 3.6 V and 4.3 V with a CCCV
profile and a current of 0.5 C using the BaSyTec CTS-LAB Battery Test
System. To ensure reproducibility three identical cells were built for the
impedance measurement. An additional symmetrical cell was built to
assist peak identification. For the symmetrical cell two cathodes were
cycled to 3.9 V against lithium metal [28] using a CCCV charging
scheme and an additional 3 h hold at 3.9 V. Afterwards the two elec-
trodes were extracted, washed in DMC, and then mounted against each
other in a new cell case using the same separator and electrolyte
configuration as mentioned above.

2.1.2. Impedance spectroscopy

The impedance spectra were measured using a Solartron analytics
1470E Cell Test System with Scribner Multistat Software. We used poten-
tiostatic excitation with an amplitude of 5-10 mV in the frequency range
from 1 mHz to 1 MHz. The voltage range for the investigation (3.6 V-4.3
V) was chosen according to the operating voltage window of the cathode
within the commercial pouch cell from which the cathode was extracted.
The voltage levels for impedance spectroscopy were set in 0.1 V steps
from 3.6 V to 4.3 V using a CCCV scheme with a current stop condition of
I = C/100 for the CV step. An additional CV step of 3 h at the desired
voltage level and an additional waiting time of 1 h was added to ensure
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full equilibration. All measurements were performed at a temperature of
25 °Cin a Votsch VT 4002 climate chamber. The given voltage values in
the results section are the equilibrated open circuit voltages of the cell
directly before the impedance measurement. The impedance spectra
were analyzed by their distribution of relaxation times (DRT) [29,30].
The validity of the spectra, meaning the linearity, time invariance and
causality of the system, was verified by the Kramers-Kronig relation
[31].

2.1.3. Electronic conductivity

The effective electrical resistance of the composite electrode was
measured using a HIOKI RM2610 Electrode Resistance Measurement Sys-
tem [32]. The working principle of this measurement is as follows: a
constant current is applied to the surface of the electrode and the po-
tential distribution is obtained using a multipoint potential measure-
ment. A finite volume model is then fitted to the measurement using the
composite volume resistivity and the interface resistance as fitting pa-
rameters. The thickness of the porous electrode as well as the thickness
of the current collector and its conductivity are considered as fixed input
parameters in the model fit. Due to the negligible ionic conductivity of
the (dry) electrode, the measured conductivity is considered as the
effective electronic conductivity of the porous electrode layer (cef).

2.1.4. FIB-SEM tomography of blend electrode

To assess the microstructure of the investigated blend electrode we
performed two high-resolution FIB-SEM tomographies. This is necessary
to fully capture both the carbon-binder-domain (CBD) as well as both
active materials while maintaining high image quality.

For the first FIB-SEM tomography, which was intended for the
investigation of the CBD, the cathode was prepared by cuttinga 5 x 5
mm? sample and subsequent vacuum infiltration with contrast rich
silicon-based resin (Elastosil R604B, Wacker Chemie). A thin protective
multilayer consisting of two layers of sputtered platinum (EM ACE200,
Leica, Germany) separated by drip coated carbon adhesive (M-Bond,
Micro Measurements, Germany) was applied to the surface to ensure
high milling quality. The so-prepared sample was transferred into Zeiss
1540 XB (Zeiss Microscopy, Germany) equipped with a Ga*-focused-ion-
beam (FIB). The slice & view process was performed using a beam
current of 2 nA with a slice thickness of 100 nm. Imaging was performed
at 1.3 kV acceleration voltage. Roughly 600 images were taken,
providing insight into a volume of 45 x 40 x 40 pm> with a pixel size of
45 nm.

For the second FIB-SEM tomography, which was intended for the
investigation of the active material blend, an epoxy resin (EpoFix,
Struers) was used in place of the Elastosil. This prevents the CBD from
being visible but vastly increases the contrast between pore space and
both active materials in InLens detection mode. The preparation of the
protective layer as well as the FIB settings remain unchanged. Exem-
plary images taken during the tomography are shown in Fig. 1.

2.1.4.1. Image processing and evaluation. Detailed description of the
image processing of CBD structures (tomography 1) in cathode material
is outlined elsewhere [33]. To assess the active material distribution of
the blend electrode (tomography 2), images of the second tomography
were aligned using an algorithm based on
Scale-Invariant-Feature-Transform (SIFT) implemented in ImageJ. After
cropping a suitable Region-of-Interest (ROI), noise and any remaining
milling artifacts were removed by three filter steps: Anisotropic Diffu-
sion Filter, Curtaining Filter and Non-Local Denoising. The curtaining
filter is implemented in GeoDict 2024 [34] while the others are part of
the Fiji distribution of ImageJ. Finally, segmentation of the two active
materials, as well as the homogenized pore/CBD phase was performed
by region growing, sometimes referred to as watershed segmentation or
Multi-Phase Segmentation. Results of the segmentation and exemplary
data are shown in Fig. 1.
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Fig. 1. FIB-SEM Tomography of the NMC111-LMO blend electrode. Tomogra-
phy 1 (a, b, ¢) is used to characterize the CBD and calculate pore space tortu-
osity. Tomography 2 (d, e, f) quantifies active material distribution, volume
fractions and surface areas for each active material (NMC111, LMO)
individually.

Specific surface areas of the two active materials were calculated
using the MatDict module in GeoDict on tomography 2 containing a
homogenized pore/CBD phase as well as both active materials
segmented individually. The approach is based on the work of Ohser
et al. [35] and more detailed information is provided in Ref. [36].

Pore space tortuosity 7 was calculated using the DiffuDict module
[37] in GeoDict using tomography 1 containing the pore space, CBD as
well as an active material phase where NMC111 and LMO are not
segmented individually. CBD was considered blocking for the ionic
transport. We mention here that the definition of the tortuosity 7 used in
this work is equivalent to the tortuosity factor in GeoDict and other
sources and thus directly representing the impact of the microstructure
on the conductivity of the considered phase. The entire approach to
image processing and evaluation is in line with previous work [14,33,
38].

2.1.5. Energy-dispersive X-ray spectroscopy

Active material stoichiometries were obtained with energy-
dispersive X-ray spectroscopy (EDX) on electrode cross-sections after
the tomography was performed. Measurements were conducted inside
the Zeiss XB 1540 equipped with a Bruker EDX system at accelerations
voltages of 20 kV. Spectral data of several measurements was evaluated
using Bruker Esprit and aggregated to obtain the stoichiometries of both
active materials. Only transition metal signals (manganese, cobalt and
nickel) were evaluated quantitatively.

2.1.6. Open circuit potentials (OCP)

For the concentration dependent parametrization of the exchange
current density, the open circuit potential (OCP) of each single material
along the lithiation degree is a key. The experimental OCPs of the single
materials that are used in this work have been taken from literature. In
Fig. 4 the experimental OCPs of NMC111 [11] (Fig. 4a, solid line) and
LMO [39] (Fig. 4c, solid line) are shown. They are expressed as a
function of the lithiation degree. While the measurement of the OCP
curve is done by cycling at very small C-rates or by applying small
current pulses, relating the voltage to the precise lithium content is
challenging. After cycling at a rate of C/100 Schmalstieg et al. [11] held
the NMC111 electrode at two voltage levels (3.0 V and 4.2 V) for several
hours and then performed ICP-OES measurements on the extracted
electrodes to determine the ratio between lithium and the NMC111 host
material. With these two points the lithiation degree over the whole OCP
range could be determined. For LMO, the OCP and its respective
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lithiation degree available in literature show large variations [10,40,
41]. In this work we used the OCP-curve of a pure LMO electrode [39]
cycled at a low rate (C/40). We assumed the lithiation degree to be close
to zero at the steep increase towards 4.5 V and related the drop-off at 3.8
V with a lithiation degree of around 1.

2.2. Modeling

2.2.1. Transmission line model for blend electrode

To accurately model and extract the exchange current density from
the impedance measurements, a transmission line model [15,16] was
used. The transmission line model is an equivalent circuit model that
describes the impedance Zyy of a porous electrode including the elec-
tronic path y,; through the active material and conductive binder phase
and an ionic path y;,, through the electrolyte filled pores of the electrode
(see also Fig. 2).

2 2
ZTLM [.Q] _ NionX el L+ 2k + K)(ion“”lel coth (E) (1)
Xion . el sinh <L> Xion vt el K
K lm =, |—* @
Nion -H( el

When L is the thickness of the electrode then the ionic y;,, and electronic
Za length specific resistances are given as

Q] Ry 1 17

Hion {E] T L o Ae 3
Q] Ry 1 1

A {5} L ougA @

The effective ionic conductivity can be calculated by the tortuosity ¢
and porosity ¢ obtained by microstructure characterization and the bulk
conductivity o;, of the electrolyte. Theoretically, the electronic

a g,

Rec

sep

b)
A NMC111
w CT LMO
approx. Conductive Binder

Fig. 2. Transmission Line Model of the NMC111-LMO blend cathode (a). R,; is
the effective electrical conductivity of the porous electrode which is composed
of the electrical conductivity of each active material and the conductive binder
domain. Each interface process &; is represented by a charge transfer process
Zcr; and a diffusion process Zpw ;. Since they are connected in parallel, they
appear in the impedance spectrum as one charge transfer process Zcr ;o and one
diffusion process Zpw or (D).
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conductivity ¢,y could also be calculated from the microstructure pa-
rameters and the bulk conductivities of each of the different material
phases, however as an accurate separation of binder and carbon black is
challenging, the calculation is more error prone. Therefore, in this work
the effective electrical conductivity of the porous composite layer has
been measured directly (see 2.1.3). The interface process & (5) includes
the charge transfer Z;r modeled by an RQ element (6) and the solid-state
diffusion Zp modeled by a finite length Warburg element (7).

§[Qm] = (Zer +Zpw)-L 5)

RCT

"1+ (jo)"QerRer ©

Zcr

tanh ((jor)"
Zaw = RFLW'#

@)

In Fig. 2 the adapted transmission line model for a blend electrode is
shown. In contrast to a single material transmission line model [14], the
interface process ¢ is represented by two processes ¢&; for each active
material in parallel. Each is representing the charge transfer character-
istics of one of the two blend materials. However, due to the parallel
connection, the two interface processes appear as one single charge
transfer process Zcr,, in the impedance spectrum. To explain this, the
parallel connection of a charge transfer process represented by an RC
element is given in eq. (8). After reformulation, the total impedance can
be written in the form of a single RC element by replacing the individual
resistance and capacitance by a total value, as shown in eq. (9). This
means that even if the time constants 7; = Rer;-Cer; of the different
active materials differ, the impedance of the blend electrode will exhibit
a single time constant 7, = Reror-Ceror- Thus, it is not directly possible
to distinguish the contributions of the different blend components in an
impedance spectrum or a DRT (see also Fig. 5).

1 1

= +iwCernmc + iwCer imo (8)
Zergor  Reranme  Rerimo
RernmcRerimo
7 _ Rernmct+Rerimo _ Rer o 9)
CT.tot = : ReramcRerimo ™ 1 4
RernmcRerimo iwCer otR
1 +iw (CCT.NMC + CCT_LMO) FC—p—— CTtot\CT tot

If the charge transfer resistance Rcr; of each material is known, the
total charge transfer resistance can be calculated by eq. (8). In contrast,
to determine each single charge transfer resistance from the impedance
spectrum of the blend electrode, further constraints are necessary.
Therefore, we apply a reverse analysis approach adding an additional
constraint by relying on the theory for concentration-dependent charge
transfer kinetics of insertion electrodes, which will be explained in more
detail in the next chapter. Since our focus is the charge transfer resis-
tance, we don’t attempt to extract the two different diffusion processes
involved. As the time constants of the diffusion processes are usually
much higher than those of the charge transfer processes, we can
approximate the parallel connection of the two materials as one series
connection of one total charge transfer and one total diffusion resis-
tance, as shown in Fig. 2.

In Fig. 3 the full equivalent circuit model (ECM) for the cathode and
the lithium foil counter electrode, as applied for fitting of impedance
spectra is shown. In addition to the transmission line model representing
the porous cathode, one RQ-element represents the charge transfer
process at the surface of the lithium foil counter electrode and another
RQ-element represents the contact resistance between active material
and current collector of the cathode. Finally, the losses in the electrolyte
along the separator and other ohmic losses in the setup are represented
by an ohmic resistor.

2.2.2. Exchange current density
The Butler-Volmer equation (10) describes the reaction rate
expressed as a current density, which depends on the surface
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Qcc, cat Qer,ui

™ Relectrolyte

Recco

T 4 | ——
Cathode Lithium Counter Electrode

Fig. 3. Equivalent circuit model (ECM) of the cell under test. The charge
transfer of the lithium counter electrode as well as the contact resistance is
modeled by an RQ element. The porous cathode is modeled by a transmission
line model (see Fig. 2). The Electrolyte resistance is represented by an
ohmic resistance.

overpotential between electrode and bulk electrolyte.

icr=1o {exp((l —a)-%) —exp((—a)-%ﬂ (10)

Where icr is the charge transfer current depending on the overpotential
ner- lo is the exchange current density, a the charge transfer coefficient, F
the Faraday constant, R the universal gas constant and T the tempera-
ture. The exchange current density iy can be obtained from impedance
spectroscopy. For small overpotentials and currents, as it is the case in
EIS, the equation can be linearized as follows:

. . Fner
icr=lo—~ 11
CT 0 RT ( )
From this the area specific charge transfer resistance rcr[£2m?] can be
calculated. It should be noted that r¢r and iy are expressed with respect
to the active (accessible) surface area of the active material particles in
the electrode layer.
1RT
rCT:’?ﬂ:f-f 12)
ler I F
If the active surface area A, of the sample is known and the charge
transfer resistance Rcr is obtained from impedance spectroscopy, iy can
be calculated as follows:

NMC111
04 05 06 07 08 09 1.0
a)l I T
S 42
= 39
D
v 3.64 .
>
wl’ 3.3+ OCP Experiment (non-ideal) T
OCP Nernst (ideal) 1
0.6 T T T T
b) :
E 0.4
% 0.2 1 -
£ iy (non-ideal)
-~ iy (ideal
0.04 o (ideal) | | |

0.4 0.5 0.6 0.7 0.8 0.9 1.0
3ogh -
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1 RT

== (13)
RCTAact F
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For an intercalation electrode the exchange current density i, is
dependent on the lithiation degree which is defined by the actual lithium
concentration in the active material phase divided by the maximum
concentration: X;z = ¢;/Csmer. Any impact of Li-concentration changes
in the electrolyte can be neglected as electrolyte diffusion processes,
which might create a change of the lithium concentration at the active
material surface in the electrode, are negligible at small amplitudes and
exhibit much larger time constants [42] and thus do not affect the
evaluation of the charge transfer resistance by impedance spectroscopy.
By taking into account the parallel connection of the two charge transfer
processes introduced in Fig. 2 we can write the total exchange current
density as follows:

Aact.NMC Aact.LMO

io.toc (Eeq) = 1o nmc (Xua e (Eeq) ) + -io 1o (Xza 1o (Eeq) )

14)

Aact,tot Aact,tot

Here the total exchange current density ip o (Eeq) is a function of the
equilibrium potential of the blend electrode. The exchange current
densities of the two active materials iy nmc and i rmo are a function of
their respective lithiation degree which itself is a function of the equi-
librium potential of the blend electrode Eeq as shown in Fig. 6. Ay is
the active material surface of each active material separately (NMC,
LMO) and the total active material surface (tot). The individual contri-
butions of ip nyc and iy mo can be obtained iteratively so that eq. (14)
describes the experimental iy as good as possible.

2.2.2.1. Concentration dependence of charge transfer in intercalation
electrodes. The Lithium intercalation reaction can be described by the
following chemical reaction:

Li* +Li' +e —Li' @15)
Here, Li* is the lithium-ion in the electrolyte phase, LiV is a vacancy in

the host material, and Li’ is intercalated lithium in the host material. The
expression for the concentration-dependent exchange current density is

LMO
00 02 04 06 08 10
46 :
c)
> 4.4-
; 42
5
g 40 .
W’ 3.8 OCP Experiment (non-ideal) =
OCP Nernst (ideal) 1
0.6 T
d)
E 0.4
£
5 0.2 : : -
c iy (non-ideal)
004 iy (ideal) i

T 1
0.0 0.2 0.4 0.6 0.8 1.0
g -

Fig. 4. Open circuit potential of (a) NMC111 [11] and (c) LMO [39] from experiments (solid lines) and ideal OCP (dashed lines) calculated by the ideal Nernst (eq.
(20)) with constant activity coefficients. Normalized exchange current densities of (b) NMC111 and (d) LMO over lithiation degree using the non-ideal approach (eq.

(19)-(21)) (solid lines) and the ideal approach (eq. (18)) (dashed lines).
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Fig. 5. Impedance spectra of NMC111-LMO blend electrode at three repre-
sentative OCPs vs. Li*/Li. (a) Nyquist representation: The first semicircle is a
combination of the contact resistance of the cathode and the charge transfer
resistance of the lithium foil counter electrode. The second semicircle is the
charge transfer resistance of the blend cathode. (b) Distribution of relaxation
times for detailed peak identification: Rcr being the combined charge transfer
resistance of the blend cathode, R¢ry; the charge transfer resistance of the
lithium foil counter electrode and Rcone: the contact resistance of the cathode.
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Fig. 6. Combined plot of (a) Lithiation degree of NMC111 [11] and LMO [39]
and (b) the measured charge transfer resistance from impedance spectroscopy
and ECM-fit plotted over the overall blend-cathode open circuit potential. The
error bars in (b) represent the mean value and standard deviation of three in-
dividual experimental cells.

obtained by deriving the Butler-Volmer equation from transition state
theory as presented in Ref. [43]. By assuming electron activity to be
negligible (a.=1) and applying it to equation (15) we obtain the
following expression:

. _K‘kBT

io= hy' (agvay: Yaga 7 (16)
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where kg is the Boltzmann constant, h the Planck constant, T the tem-
perature, k a proportionality constant and y* the activity coefficient of
the transition state. The activities a; can be written in terms of the
species concentration ¢; and the activity coefficient y; as follows:

Ci

a; = (17)

= Ciref Vi

If we take the maximum lithium concentration in the active material
as the reference concentration, the activities in the solid phase can be
expressed with respect to the lithiation degree Xz = cpir/cpimex and
X;v = 1— X;a. For the ideal (Newman) case it is assumed, that the ac-
tivity coefficients of the intercalated Lithium and the vacancies in the
active material as well as the activity coefficient of the transition state
are constant, which makes the activity solely a function of the concen-
tration. During EIS the electrolyte activity is constant as well and is not
expected to change with SoC. Followingly, it can be combined with the
pre-factors to a standard exchange current density iy, which leads to the
formulation proposed by Newman and coworkers [19,20] (see eq. (18)).

iy =1igo - (1 — Xpa)' - X},” 18)

For the transfer coefficient # = 0.5 is assumed. The expression results
in a semicircle for the exchange current density over its lithiation degree
(see Fig. 4(b—d), dashed lines). However, as shown in recent publications
[26,27], for electrochemical reactions the concentration dependence of
the exchange current density might be better described using non-ideal
activities. Therefore, we also apply a non-ideal approach in which we
consider only the activity coefficient of the transition state to be con-
stant. This leads to the following formulation of the exchange current
density:

i = loo (1 — Xpa )y )ﬂ (X yLi’)liﬁ (19)

In order to calculate the activity coefficients in a thermodynamically
consistent way we take the OCPs of each material into account. We
adopt the formulation of the Nernst equation proposed by Colclasure
et al. [26] for lithium intercalation electrodes (see eq. (20)), where AG®
is the Gibbs-Free Energy under standard conditions (X, = 0.5). Xy is
the mole fraction of intercalated lithium X;iz = ¢y /Lt max and yp is the
activity coefficient for intercalated lithium and y; the activity coeffi-
cient of a lithium vacancy.

AG° RT (1 — Xpar )y
E = S (LA 2
o F * F n< Xpayra 20)

The relation between the activity coefficients of vacancies and
intercalated lithium is given by the Gibbs-Duhem equation for binary
mixtures [27]:

dln YLit

Xt - d X, =(1—Xu)-

dln YLiv

d Xy @h

The experimental OCP curves are then used to calculate the activity
coefficients with respect to the intercalation fraction. To do so, we
introduce the condition that the Potential Efgf in eq. (20) must equal the
measured OCP. Values between the measured points are interpolated
linearly. This algebraic condition is solved alongside the differential
equation in (21) using an implicit DAE (Differential-Algebraic Equation)
solver in MATLAB® (odel5i).

3. Results & discussion

The results of the FIB/SEM reconstruction as well as all further pa-
rameters used in the model are listed in the appendix (Table 1).

3.1. Ideal vs. non-ideal exchange current density

In Fig. 4 (a, c) (solid lines), the experimental open circuit potentials
(OCPs) of NMC111 [11] and LMO [39] are shown. Additionally, the
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ideal OCP calculated by the Nernst equation with (y; = const) is shown in
Fig. 4 (a, c) (dashed lines). In Fig. 4 (b, d) the normalized ideal exchange
current density calculated by eq. (18) (dashed lines) and the non-ideal
exchange current density calculated by eq. (19) to (21) (solid lines)
are shown for NMC111 (b) and LMO (d). All parameters used for the
calculations can be found in the appendix (Table 1).

Fig. 4 illustrates the difference between the ideal and non-ideal
approach for the calculation of the exchange current density. While
for NMC111 the resulting exchange current density differs strongly be-
tween the one calculated by the ideal approach and the one calculated
by the non-ideal approach, for LMO both approaches lead to an ex-
change current density that is similar to each other. The main reason for
this is the difference in the experimental open circuit potential from
which iy is calculated. As mentioned before, in most Li-ion battery
models the ideal approach is used to calculated the exchange current
density over the lithiation degree, which is questionable for some ma-
terials as shown above and has been already addressed in Refs. [26,27].
Therefore, we apply and compare both approaches to calculate the ex-
change current density of the NMC111 and LMO fraction in our blend
electrode (see also Fig. 7).

Impedance spectra and related fitting results are shown in Fig. 5 as
Nyquist plots (a) and corresponding DRTs (b). Three representative
spectra for three open circuit potentials (3.7 V, 3.9 V and 4.1 V) are
shown. All spectra ranging from 3.6 V to 4.3 V can be found in the
supporting information (Fig. S2 and S3). The solid-colored lines are the
measured spectra, and the dashed black lines are the respective ECM-fit
results. For all voltage levels the DRT shows two peaks in the higher
frequency range (800 Hz-10 kHz) and one in the lower frequency range
around 10 Hz, shifting towards lower values (<0.1 Hz) for lower voltage
levels. Since the spectra were obtained using an experimental cell with a
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lithium foil counter electrode the processes had to be carefully sepa-
rated. For the correct peak identification, an additional symmetric cell
(see Fig. S1 in the supporting information) was built for comparison.
This allowed us to identify the peak at around 500 Hz as the lithium
charge transfer which is only present in the spectra of the cell with the
lithium counter electrode. The peak at around 10 kHz was identified as
the contact resistance of the cathode, since it is present in both the
symmetrical and the half cell. The peak at 10 Hz (at 4.1 V) could then be
identified as the main peak of the TLM dominated by the charge transfer
in the cathode. This attribution agrees with the strong dependence of the
cathode charge transfer on the OCP. We also see a change of the lithium
charge transfer and contact resistance which is not straight forward
since the charge transfer resistance of the lithium metal is not dependent
on the SoC. The explanation for the decrease of lithium charge transfer
resistance is the increase of active surface area during the deposition of
lithium on the lithium foil during cycling of the cell, resulting in a
change of charge transfer resistance. This interpretation is supported by
the observation that the characteristic frequency of the Lithium peak is
not changing significantly with the change in SoC. It indicates a simul-
taneous decrease in the charge transfer resistance and an increase in
double layer capacitance due to the change of the active surface area
(see also eq. (22)).

1 1
with R

= d CoxA 22
27R.Cor A an ctXAqct (22)

fr

For a better interpretation of the results, the lithiation degrees of
both materials are plotted along the voltage of the blend electrode vs.
Lit/Li (Fig. 6 (a)). The equilibrated OCP in both materials is the same at
any point due to the electrical connection between the particles. This
allows us to determine the relation between the potential of the blend

b)

T
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i, LMO
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3.0 {|—— Non-ideal activities
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Fig. 7. (a) Total exchange current density from experiment (asterisk) and fitted total exchange current density using the ideal formulation (according to eq. (18),
purple) and non-ideal formulation (according to eq. (19)) for the lithiation degree dependent exchange current density. The total exchange current density is the sum
of the individual exchange current densities shown in (b). They are obtained by fitting the sum of the individual current densities to the total measured value of iy
while following the two approaches of concentration dependent charge transfer mentioned above. (c) Deviation of the final values of the total exchange current
density from experimental data, for the ideal formulation (purple) and the non-ideal formulation (blue). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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cathode and the lithiation degree in each active material. Together with
the lithiation degree of the two materials, the results of the extracted
charge transfer resistances from the ECM-fit are plotted in Fig. 6 (b). We
can see a minimum of the charge transfer resistance at around 4.1 V
where both materials have a lithiation degree of close to 0.5. This agrees
with most theories predicting the highest exchange current densities at a
lithiation degree of 0.5 and therefore smallest charge transfer resistance.
Below 3.8 V we see a steep increase in the charge transfer resistance. At
this point the LMO part of the electrode is nearly fully lithiated while the
NMC111 part of the electrode is only at a lithiation degree of around 0.7.
The steep increase of charge transfer resistance below 3.8 V can be
related to the practically fully lithiated and therefore nearly inactive
LMO part of the electrode on the one hand and on the other hand to an
accelerated increase in charge transfer resistance of the NMC111 part in
this OCP range.

To determine the contribution of each single material we apply the
expressions for concentration dependent exchange current density pre-
sented before (see eq. (18) and (19)). By applying eq. (14) we iteratively
determine the values of ig ; for the two active materials so that the mean
average error between the calculated ipsr and the i obtained from
experiment gets minimal. This is done once for the ideal approach (see
Fig. 7, dashed lines) and once for the non-ideal approach (see Fig. 7,
solid lines). We can see that both approaches can well reproduce the
experimental results in the medium to high voltage range
(3.8 V< E,q< 4.3V). In the lower voltage range (E,; < 3.8 V), how-
ever, the values of the non-ideal approach are noticeably closer to the
experiment. In general, the result of the non-ideal approach agrees
better with the experiment (see Fig. 7 (c)) with a mean absolute error of
0.05A m2 for the non-ideal approach and a mean absolute error of
0.13 A m~2 for the ideal approach. This higher correlation with experi-
mental data for the non-ideal approach allows the statement, that the
non-ideal approach is better suited to describe the concentration
dependent exchange current density over the lithiation degree for both
materials.

In Fig. 7 (b) the resulting values of iy vs. X; for each active material
are shown. The corresponding data for the non-ideal approach can be
found in Table S1 in the supporting information. We can see the char-
acteristic semicircle shape for both materials when using ideal activities
(dashed lines). The exchange current densities obtained via the non-
ideal activities approach (solid lines) show significant differences in
their shapes and absolute values. While for the non-ideal approach the
values of the exchange current density for NMC111 are mostly larger
than for LMO, it is the opposite for the ideal approach. This shows how
dependent the presented method is on the underlying theory for the
concentration dependent exchange current density. It also shows how
big of an effect the choice of the theory for the exchange current density
has, when parametrizing an electrochemical model. While for the total
exchange current density at open-circuit potential the difference might
not seem that large, in an electrochemical model the two approaches
will have a significant effect on the distribution of current densities
between the two materials while cycling, especially at higher C-rates.
Local and temporal concentration differences at higher C-rates can be
quite large in blend electrodes and with that the local overpotentials for
each material. The concentration dependency as well as the absolute
values for the exchange current density for each material can therefore
influence the shape of the charge or discharge curve in a more profound
way than it is the case for single material electrodes. Another point we
should address is the lower exchange current density for LMO when
using the non-ideal approach. This outcome stands in contrast with the
generally good rate capability of LMO reported in literature. However,
when looking at the rate capability in general, also the diffusion process
must be considered. Here, LMO is prone to show significantly lower
diffusion resistance than NMC due to its olivine structure. The olivine
structure allows three-dimensional diffusion pathways and therefore
very good diffusion properties and therefore increased rate capability.
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While this work does not attempt to make a final statement about the
general validity of the presented ideal and non-ideal approach for con-
centration dependent charge transfer kinetics, the increased accuracy of
the non-ideal approach, especially in the lower voltage region is
noticeable. We therefore suggest the non-ideal approach to better
describe the charge transfer kinetics of insertion electrodes which also
applies for single material electrodes. As mentioned before, this is also
backed by experimental results presented in previous works on single
material NMC111 electrodes [21,23], which could not be reproduced by
using the ideal (Newman) approach. We encourage further studies that
directly compare experimental data of single material electrodes with
the non-ideal charge transfer theory presented here, in order to proof its
general validity.

4. Conclusion

A new approach of determining the concentration-dependent ex-
change current densities for a lithium-Ion NMC111-LMO blend electrode
was presented. Our results rely on the use of several experimental
methods including FIB-SEM tomography and EDX measurements to
determine the material composition within the blend electrode and its
microstructural parameters including the porosity, tortuosity, and the
specific active surface area for each of the two materials. Electro-
chemical impedance spectra of the blend electrode were measured and
interpreted. The correct identification and separation of the processes
within the experimental cells were assisted by the distribution of
relaxation times. The combined charge transfer resistance was extracted
from the impedance spectra via transmission line modeling. From the
combined charge transfer resistance, the exchange current density of
each of the two materials was calculated using reverse analysis. This
method relies on the different OCP characteristics of the two blend
components in combination with the underlying theory for the charge
transfer kinetics. Two approaches for the description of concentration-
dependent charge transfer kinetics were compared, one being the
ideal concentration dependence, originally developed by Newman and
coworkers and a non-ideal approach relying on non-ideal activities. In
this context we are the first to directly compare experimental data with a
non-ideal charge transfer formulation. We found that ideal kinetics only
poorly model the exchange current density in the lower voltage range of
the blend-electrode. The results in general favor the use of non-ideal
concentration-dependent charge transfer kinetics. Therefore, we high-
ly encourage further investigations of non-ideal formulations of the
exchange current density in order to describe the charge transfer in
lithium-ion battery electrodes with higher accuracy over the whole
operating range.
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Appendix

Table 1
List of model parameters

Parameter Symbol Value Unit Source
Electrodes thickness L 62 um measured
Porosity € 0.38 - FIB/SEM
Tortuosity T 2.42 - FIB/SEM
Specific surface area NMC Agpec NMC 0.50 umt FIB/SEM
Specific surface area LMO Aspec LMO 0.26 um=t FIB/SEM
Effective electronic conductivity el eff 4 Sm! measured”
Tonic conductivity electrolyte Gion 1.18 Sm! [44]
Gibbs free energy of lithium intercalation into NMC AGH, nme 393.5 kJ mol ™! assumed”
Gibbs free energy of lithium intercalation into LMO AGHy 1m0 392.4 kJ mol ! assumed”

# HIOKI RM2610 Electrode Resistance Measurement System [32].

® Assumed based on measured open-circuit potential at lithiation degree of X;z = 0.5.

Data availability

Data will be made available on request.
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