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Model-Based Overpotential Deconvolution, Partial
Impedance Spectroscopy, and Sensitivity Analysis of a

Lithium-lon Cell with Blend Cathode

Michael Quarti* and Wolfgang G. Bessler

Lithium-ion battery cells are multiscale and multiphysics systems. Design and
material parameters influence the macroscopically observable cell performance in
a complex and nonlinear way. Herein, the development and application of three
methodologies for model-based interpretation and visualization of these influ-
ences are presented: 1) deconvolution of overpotential contributions, including
ohmic, concentration, and activation overpotentials of the various cell compo-

(such as internal resistance, affecting
power capability, or cell capacity, affecting
energy content).

Modeling and simulation are very useful
tools in this regard: first because they allow
the assessment of a large variety of virtual
cell designs in short simulation times,

nents; 2) partial electrochemical impedance spectroscopy, allowing a direct
visualization of the origin of different impedance features; and 3) sensitivity
analyses, allowing a systematic assessment of the influence of cell parameters on
capacity, internal resistance, and impedance. The methods are applied to a
previously developed and validated pseudo-3D model of a high-power lithium-ion
pouch cell. The cell features a blend cathode. The two blend components show
strong coupling, which can be observed and interpreted using the results of
overpotential deconvolution, partial impedance spectroscopy, and sensitivity
analysis. The presented methods are useful tools for model-supported lithium-ion

cell research and development.

1. Introduction

The key characteristics of electrical energy storage devices such
as lithium-ion batteries are energy, power, lifetime, safety, and
cost. These characteristics are often represented in a spider-
web type plot,'! and the improvement of any single of these
properties is, in practice, often detrimental to the others. The
properties are closely related to the electrochemistry, the materi-
als, and the design of the battery cells, leading to a classical
optimization problem where a number of adjustable design
parameters (such as electrode thickness or particle sizes) should
be selected in order to achieve optimum macroscopic behavior
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and second because they enable the under-
standing of the underlying design-
performance relationships. Therefore,
simulations were used, for example, to
improve lithium-ion cells** or to investi-
gate the design of lithium-air cells.! To
perform reliable computational design
studies, the underlying models need to
be predictive and validated. This requires
physiochemical modeling approaches
based on conservation equations on multi-
ple scales, as widely used today for lithium-
ion batteries.” %

In the current study, we use a previously
developed and validated model of a lithium-
ion pouch cell** to develop and apply three
methods for cell performance analysis: 1) deconvolution of over-
potential into individual contributions, 2) partial electrochemical
impedance spectroscopy, and 3) sensitivity analysis. The overpo-
tential 5 is defined™*>! as the difference between operation volt-
age V and equilibrium voltage V°9

n=V-v 1)

The overpotential is (per this definition) negative for battery
discharge (where V < V®9) and positive for battery charge (where
V > V®). It nonlinearly depends on state of charge (SOC), tem-
perature T, and current I. The concept of the overpotential is use-
ful because it is directly related to the internal resistance R; of the
cell according to Ohm’s law

dv dn
== @

Overpotentials also lead to irreversible heat losses Q

Q=—n-I (3)

which, in turn, is a measure for the electrical efficiency of the
cell. Note that we define the current I positive for a discharge
of the cell; therefore, the signs introduced to Equation (2) and (3)
result in positive R; and Q for both discharge and charge.

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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Overpotentials are also at the origin of the capacity-rate effect,
that is, the apparent decrease in cell capacity with increasing cur-
rent. As high temperatures and high (charging) overpotentials
accelerate unwanted side reactions such as the formation of
the solid electrolyte interface (SEI),[*>'”) overpotentials are also
indirectly related to cell lifetime. Therefore, overpotentials
strongly influence many important macroscopic cell properties
(energy, power, lifetime) and it is worthwhile quantifying, ana-
lyzing, and understanding their origin and properties. In the
current study, we deconvolute the overall overpotential # into
individual contributions #; of electrochemistry of both electro-
des, various transport processes, and ohmic losses. This enables
a physicochemical interpretation of overpotential as function of,
for example, current or temperature.

Electrochemical impedance spectroscopy (EIS) measures the
frequency-dependent behavior of the alternating current (AC)
resistance of the cell.*® The complex frequency-domain imped-
ance Z*(w) is given by complex division of the Fourier trans-
forms of V(t) and I(t) according to

ZH (o) = - % )

Using dynamic models, the impedance of lithium-ion batter-
ies and other electrochemical cells can be simulated.l'>'*~>" The
simulations allow the assignment of physicochemical processes
to the impedance features. In the current study, we introduce the
concept of partial impedance spectroscopy. We define the partial
impedance as

Z (w) — _ f{rlk(t)} (5)

F{I®)}

This means that we use individual overpotential contributions
. for simulating the individual impedance responses. This
allows a direct visualization and interpretation of the magnitude
and shape of the impedance of the underlying physicochemical
processes.

Complex and nonlinear chemical systems such as lithium-ion
battery cells are governed by many different parameters. A sen-
sitivity analysis allows to quantify the influence of individual
physicochemical parameters (e.g., rate constants, transport coef-
ficients) on macroscopic observables (e.g., internal resistance).
The method originates from the field of combustion, where
it allows to quantify the influence of the kinetics of hundreds
of chemical reactions on observables such as the flame speed
or pollutant formation.”**! The method was later applied
to heterogeneous catalytic reactions!®” and to solid oxide fuel
cells.**%) In the current study, we show a systematic application
to a lithium-ion battery cell.

This article is structured as follows. In Section 2, we present
the physicochemical cell model and develop the framework
for overpotential deconvolution. In Section 3, we introduce the
simulation methodologies for partial impedance spectroscopy
and sensitivity analyses. Results are presented and discussed
in Section 4. Finally, the key findings are summarized in
Section 5.
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2. Model
2.1. Pseudo-3D Model

The study presented here is based on a physicochemical model
previously developed and validated for a commercial 350 mAh
high-power lithium-ion pouch cell with graphite anode and
nickel cobalt aluminum oxide (NCA)/lithium cobalt oxide
(LCO) blend cathode. A description of the development and
parametrization of the model is available in Carelli et al.l'’!
The transport equations were derived by Kupper et al.*”! A sum-
mary of all model equations as well as symbol definitions are
given in the Appendix.

In summary, the modeling framework is based on a
1D + 1D + 1D (pseudo-3D or P3D) multiscale modeling domain.
A schematic of the modeling domain is also illustrated in the
Appendix. The transport scales combine heat transport through
the cell thickness (in this article referred to as macroscale or x
scale), mass and charge transport inside the liquid electrolyte
(mesoscale, y scale), and diffusive mass transport in the active
material (AM) particles (microscale, z scale). Main assumptions
of the transport model are the following: 1) heat transport on the
macroscale is assumed conductive, and heat losses at the bound-
aries are modeled as combined convective and radiative. 2) On
the mesoscale, the electrodes are described in a continuum set-
ting, that is, microstructure is not resolved. Multispecies mass
and charge transport in the electrolyte is described with com-
bined diffusion and migration. 3) On the microscale, lithium
transport in the AM is modeled by Fickian diffusion with
stoichiometry-dependent diffusion coefficients. 4) The three
scales are coupled through boundary conditions as well as chem-
istry and heat source terms. Electrochemistry is modeled in a
consistent thermodynamic and kinetic setting as implemented
in the open-source software Cantera.*®%’!

In Carelli et al.,™*! the model was validated against experimen-
tal data, in particular the voltage and temperature behavior dur-
ing constant current constant voltage (CCCV) charge and
discharge curves at three different temperatures (5, 20, 35°C)
and different C-rates (0.05, 1, 2, 5, 10 C), as well as electrochem-
ical impedance spectra at three different temperatures (5, 20,
35°C) and different SOC. The model showed good agreement
over this complete experimental data set, with an exception of
the low-frequency (< 0.1 Hz) impedance behavior which is
underpredicted by the model. In the current study, we show
available experimental data of cell voltage and total overpotential
from Carelli et al."* The validation of individual overpotential
contributions and partial electrochemical impedance spectra
would require elaborate analysis of experimental impedance
spectra, and the validation of the sensitivity analysis would
require systematic variational experimental studies, both of
which are out of scope of the present contribution.

2.2. Quantification of Overpotential Contributions

The total overpotential of an electrochemical cell, defined by
Equation (1), is caused by slow transport processes and slow reac-
tions within the different components of cell. In the following,
we show how the contribution of each individual transport or
reaction process can be quantified using the physicochemical

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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model described in the previous section. In particular, we distin-
guish between the following overpotential contributions: on the
macroscale, 1) the ohmic overpotential due to electron transport
in the current collection system, 7.; on the mesoscale, 2) the
ohmic overpotential due to ion transport in the electrolyte,
Nohm,elyte: and 3) the concentration overpotential caused by lith-
ium ion concentration changes, #conc,eiyte; and on the microscale,
4) the activation overpotentials of the charge-transfer reactions,
Nact,am (One contribution for each individual AM), and 5) the con-
centration overpotentials due to solid-state lithium transport in
the intercalation compounds, #concam (again one contribution
for each individual AM). As the investigated cell has a total of
three AMs (one at the negative electrode and two at the positive
blend electrode), there is a total of nine individual contributions
to the total overpotential to be considered.

2.2.1. Ohmic Overpotential of the Current Collection System

The resistance of the current collectors is described in the model
as simple Ohmic process given by a single model parameter, the
current collection resistance R... This resistance leads to an over-
potential with a strict ohmic behavior given by

Nee = —i- Ree (6)

where i is the current density of the cell (current with respect to
the active electrode area). The minus sign arises from the com-
bination of our (chosen) convention that positive i is assigned to
cell discharge, and the (common) convention that overpotentials
are negative for cell discharge, as defined in Equation (1).

2.2.2. Ohmic Overpotential of the Electrolyte

During charging and discharging, ion transport in the electrolyte
causes a gradient in the ionic potential along the mesoscale
which is influenced by the transport parameters of the electrolyte
and the pore-space properties. This situation is shown in
Figure 1. Panel (a) shows the ionic potential as function of meso-
scale coordinate at the end of a 5 C CC discharge. The potential
monotonically increases along the mesoscale distance. The
electrode-averaged values as well as the cell-averaged value are
also shown in this panel. Note that the value of the latter depends
on the SOC of the cell.

The ionic potential and, therefore, overpotentials depend on
the y position within the cell (note that y defines the mesoscale,
cf., Figure Al in the Appendix). Figure 1b schematically illus-
trates the situation for a cathode half-cell (corresponding to
the left part of panel (a)) that is assumed to be governed only
by ohmic overpotentials in the electrolyte and activation overpo-
tentials of the electrochemical reaction. Scheme i represents
equilibrium (no current flowing). Scheme ii represents an ideal,
infinitely conductive electrolyte. Here, the total overpotential
N = Naet = A — A¢®? has only one contribution, that is, the acti-
vation overpotential 77,.;, which is therefore independent of the y
position. Scheme iii represents a real electrolyte with finite con-
ductivity for the same total overpotential 5 as in Scheme ii. Here,
the potential has a gradient. Although the total overpotential # is
spatially constant, it is now composed of two contributions, the
activation overpotential 7,.(y) and the electrolyte ohmic
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overpotential 7, (y), both of which are spatially varying.
Scheme iv shows a case for an electrolyte with low conductivity
(or for a very thick electrode). Here, 5, (y) dominates over a
large part of the electrode.

In all these cases, we can deconvolute the macroscopic 7 into
its contributions by using simple arithmetic averaging

n= nact(Y) + Nohm (Y) = <nact(Y)>ca + <’70hm(Y)>ca (7)

Here and in the following, we use angle brackets to denote
a spatial average, and the spatial domain the average is taken
over is denoted as subscript (ca=cathode, se = separator,
an =anode). Using only the electrolyte potential, the average
ohmic overpotential can be expressed as

<’70hm (Y))ca = <¢elyte>ca - ¢elyte,se (8)

where ey e is the electrolyte potential at the cathode/separator
interface (indicated as green dot in Figure 1b). It should be noted
that, during averaging, no weighting by the local current density
is required. In scheme iv, for example, the largest part of the elec-
trode is electrochemically inactive (A¢p = Agq, therefore no local
current flowing). This is because the ohmic overpotential takes
effect over the whole electrode thickness. Therefore, it should not
be weighted with the local current density during averaging.
The same argument applies to other overpotential contributions,
for example, the concentration overpotential (cf., further later).

In the full cell (Figure 1a), there are electrolyte ohmic losses in
both electrodes and in the separator. Using the same approach
for averaging, we combine them to a total ohmic overpotential as

= (Peiye (V) = (Pelyre (V) ()

Mohmelyte

This is the final expression for the #ohmeye used in the
further analyses.

2.2.3. Concentration Overpotential due to Electrolyte Transport

Charging and discharging also leads to a concentration gradient
of lithium ions in the electrolyte. Figure 2a shows the lithium ion
concentration as function of mesoscale coordinate at the end of a
5 C CC discharge. The concentration variation affects the local
reaction thermodynamics, which can be quantified as a local
overpotential given by

R-T cri+ (y)
=— 1 10
ﬂconctelyteAlocal(Y) F n <CLi+ (Y)>ca,se,an ( )

where R is the ideal gas constant, T is the temperature, F is
Faraday’s constant, and ¢ is the molar concentration. Using
the nomenclature for averaging as defined in the previous sec-
tion, the term (cpi+(y))anseca Tefers to the average lithium-ion
concentration over cathode, separator, and anode. As lithium-
ion transport is confined to these domains, this value corre-
sponds to equilibrium and therefore the reference for the over-
potential definition. The local concentration overpotential is
plotted as function of position in Figure 2b. It is negative in
the cathode and positive in the anode.

Although the local values affect the local reaction properties,
further spatial averaging is required to derive the global

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 1. a) lonic potential in the electrolyte as function of distance along
the mesoscale. These data were taken at the end of 5 C constant-current
discharge at 20 °C ambient temperature. b) Schematic representation of
potentials and overpotentials in the cathode for different scenarios. The
spatial scale shown in the schemes corresponds to the left part (cathode)
of panel (a).

overpotential. We first average over the respective electrodes,
<’7conc,elyte,1ocal(Y)>an and <’]conc,ely‘te,]ocal(y)>ca~ These electrode-
averaged values are also shown in Figure 2b, together with
the cell average which is zero per definition of Equation (10).
Finally, the macroscopically observable concentration overpoten-
tial results from a combination of the overpotential of both elec-
trodes according to

Nconc elyte = <'7 conc,elyte,local (Y) > an <’7conc,elyte,local (Y) > ca (1 1)

This expression is consistent with the sign convention that
overpotential is negative upon discharge.

2.2.4. Activation Overpotential of an Individual Charge-Transfer
Reaction

The charge-transfer reaction at the AMs particle surface leads to
an activation overpotential, which is generally given as

”act,local(Y) = A¢(Y) - Ad’eq(})’Z = O) (12)

where A¢ = eige — ey is the local potential difference between
electrode and electrolyte®” and A¢* is the equilibrium potential
of the charge-transfer reaction. The latter is a local property, that
is, it depends on the local (on the y scale) ion concentration in the
electrolyte and the particle surface (z = 0) lithium concentration.
We calculate the macroscopic activation overpotential as elec-
trode average according to
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Figure 2. Behavior on the mesoscale (y scale): a) lithium-ion concentra-
tion gradient, b) resulting local and averaged concentration overpotentials.
These data were taken at the end of 5C constant-current discharge at
20°C ambient temperature.

Nact,ca, AM; — <’7act$10ca17AMi (Y) > an (l 3)

Nactan, AM; — _<7]actAlocal,AMi (Y)>Ca (14)
for individual AMs i at anode and cathode, respectively.

2.2.5. Concentration Overpotential of the AMs

The finite solid-state diffusion rate of lithium within the AM
causes a lithium concentration profile along the radius of the par-
ticle, giving rise to a concentration overpotential. It is a local value
on the mesoscale, given by the difference between the surface
equilibrium potential of the nonequilibrated particle and the equi-
librium potential of a transport-equilibrated particle according to

nconc,local(Y) = A¢eq(XLi(Y’z = 0)) - A¢eq(XEL:;1(Y)) (15)

The equilibrium half-cell potentials A¢®? are obtained from
Cantera. Again, we take electrode averages
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85U807 SUOWILWIOD A1) 3|cedldde ay) Ag peusenof se Sajpie VO ‘8sn Jo sajn. Joj Aelqi8UljuQ AS|IA UO (SUONIPUOI-PUe-SWLB)W0 A8 | 1M AleIq Ul uoy/:SAny) SUONIPUOD pue sWwis | aU1 88S *[£202/50/s2] Uo Ariqiauljuo A1 ‘Banque O 9INYIsYooH Aq Z2TT00202 91U8/Z00T 0T/I0p/L0d A8 | ARelq 1 jeuljuo//sdny Wwouy pspeojumod ‘9 ‘TZ0Z ‘9621612


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

rsion, Storage, Di

www.advancedsciencenews.com

Nconc,an,AM; — <’7conc,local‘AM,v (Y) > an (16)
Nconc,ca, AM; = — <’7concAloca].AMi (Y) > ca (1 7)

For an electrode consisting of a single AM (graphite anode in
the present case), the equilibrium lithium stoichiometry is sim-
ply the particle average (intraparticle equilibration)

Xii = (Xy;(2)) (18)

particle

For averaging we consider the spherical particle shape (outer
portions of the particle represent a larger fraction of the total vol-
ume). Figure 3 compares lithium stoichiometry profiles along
the microscale at the end of a 5 C discharge and after equilibra-
tion. A representative graphite particle is shown in panel (a). Note
that, for the particle average, the spherical geometry results in
higher weights of the particle outer volumes.

For an electrode with more than one AM (LCO/NCA cathode
in the present case), the situation is more complex. As the par-
ticles are in electronic and (via the electrolyte) in ionic contact,
they will exchange lithium until equilibrium is reached (interpar-
ticle equilibration). This is the case when all materials are at the
same potential, for two AMs given as

8053, (X5, ) = 203, (X5, 19

The equilibrium stoichiometries X7, and Xy,
generally differ from each other. The concentration overpontial
Neonclocal (¥), as defined in Equation (16), includes contributions
from interparticle transport—even if the intraparticle transport is
fast (e.g., for very small particles), #conclocal(¥) # 0. This is illus-
trated in panels (b,c) of Figure 3 for LCO and NCA, respectively.
Here, interparticle equilibration leads to an overall increase in
LCO stoichiometry and decrease in NCA stoichiometry, com-
pared with the dynamic profile. In all panels of Figure 3, black
arrows indicate the difference of the particle surface stoichiome-
tries between dynamic case and equilibrium. It is this stoichiom-
etry difference that gives rise to the concentration overpotential.
In case of the LCO/NCA system, the concentration overpoten-
tials have opposite signs for the two AMs. The equilibrium con-
centration is not the intraparticle average, but the weighted (by
the individual potential curves) interparticle average.

It should be noted that, because in the blend electrode both
AMs are subjected to the same local half-cell potential, their total
overpotential (consisting of activation and concentration parts)
must be the same. This is mathematically described as

’/lact+conc,ca = nact,ca,LCO + nconc,ca,LCO = ”act,ca,NCA + ']conc,ca,NCA
(20)

For this reason, it is not possible to express the total cathode
overpotential as sum of the four individual contributions—only
as the sum 7, and #7¢onc for an individual AM, which has the
same value for both AM. Therefore, in Section 4, only the total
cathode overpotential is given. Figure 4 shows the separation of
the four cathode overpotentials during a 5 C CCCV charge/dis-
charge cycle as function of charge throughput, the upper panel
for LCO and the lower panel for NCA. The solid black lines rep-
resent the total overpotential 7, concca- They are identical for
both materials. The dashed lines represent the individual
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Figure 3. Lithium stoichiometry along the AM radius (z dimension) at the
end of the CC phase of a 5C CCCV discharge, and after equilibration.
a) Graphite, b) LCO, and c) NCA. The arrows indicate the difference
between dynamic and equilibrated particle surface stoichiometries, being
the origin of the (intraparticle and interparticle) concentration
overpotential.

activation overpotentials. The difference between total and acti-
vation overpotential, which is the area between the two lines, is
the concentration overpotential. For better illustration, we have

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH

85U807 SUOWILWIOD A1) 3|cedldde ay) Ag peusenof se Sajpie VO ‘8sn Jo sajn. Joj Aelqi8UljuQ AS|IA UO (SUONIPUOI-PUe-SWLB)W0 A8 | 1M AleIq Ul uoy/:SAny) SUONIPUOD pue sWwis | aU1 88S *[£202/50/s2] Uo Ariqiauljuo A1 ‘Banque O 9INYIsYooH Aq Z2TT00202 91U8/Z00T 0T/I0p/L0d A8 | ARelq 1 jeuljuo//sdny Wwouy pspeojumod ‘9 ‘TZ0Z ‘9621612


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

Conversion, Storage, Distribution

www.advancedsciencenews.com

charge LCO

0.2 *
e discharge

—act+conc *+~act [lllineg. conc Ilpos. conc
0.2 charge NCA

0.2 discharge =+

0 0.1 0.2 0.3
Charge throughput / Ah

Overpotential / V Overpotential / V

Figure 4. Concentration and activation overpotential contributions of the
two AMs in the blend cathode during a CCCV cycle with 5 C at 20°C. The
asterisks mark the point where the profiles shown in Figure 3 were taken.

colored this area in red and blue depending on the sign of the
concentration overpotential. For NCA, the overpotentials remain
“sorted” throughout the cycle (at discharge: negative activation,
concentration, and total overpotentials). For LCO, however, there
are points where the concentration overpotential changes sign,
leading to a crossing of activation and total overpotentials. The
asterisks shown in Figure 4 mark the moment during discharge
where the profiles shown in Figure 3 were taken. At this point,
for LCO, concentration and activation overpotentials have oppo-
site signs (Figure 4), and during equilibration the lithium stoi-
chiometry continues increasing (Figure 3). These observations
illustrate the complex behavior of blend electrodes.

2.2.6. Overall Contribution

The total overpotential of the cell is given as sum of the individual
contributions derived earlier

N = Nec + nconc,elyte + nohm,elyte + Nact,an + Neonc,an + Nact+conc,ca
(21)

As discussed earlier, the individual contributions of the blend
electrode overpotentials can be separated out only for an individ-
ual AM.

The total overpotential calculated from Equation (22) as func-
tion of charge throughput can be compared with a global over-
potential obtained from comparison to a quasi-equilibrium curve

nglobal(Q) - V(Q) - VC/IOO(Q) (22)

where Q is the charge throughput, Vis the simulated cell voltage
during discharge (e.g., with a 5 C rate), and V</1% is the simu-
lated cell voltage during very slow discharge with C/100 rate
(quasi-equilibrium). The simulations show a small deviation
between 1 and #7g10ba; for a 5 C cycle at 20 °C, the maximum devi-
ation is 1.6%. These deviations vanish when the model is
reduced to a single-particle model (no gradients within the elec-
trode in y direction). We therefore assign the deviations to the
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averaging over the electrode dimension, which is reasonable
given the nonlinear dependence of overpotentials on local states
(concentrations, potentials). In the following overpotential anal-
ysis (Section 4.1), the individual overpotentials were proportion-
ally corrected for the deviation in a postprocessing step by
applying a correction factor

B Vchg _ Vdis _ (nﬁ?g _ nrclés)
n chg di
Zk M~ —m°

where k = {concey;, ohmepye, CONC,p, aCt,y,, act + conce, }. Only

Nee 18 excluded from this correction because it does not involve
averaging (cf., Equation (6)).

(23)

3. Simulation

3.1. Charge/Discharge Protocol and Overpotential Calculation

The charge/discharge behavior of cell is simulated by a com-
monly used CCCV protocols. In particular, we simulate charge
(CCto 4.2V, CV until current drops below C/50), rest (30 min),
and discharge (CC to 3.0V, CV until current drops below C/50).
Different CC-phase currents were applied and compared in the
following studies. CV phases are used both during charge and
during discharge, allowing for clear “full” and “empty” battery
states, respectively.l'>*"! Throughout this article, we define the
C-rate as

C-rate = (24)

N
with Cy = 0.35 Ah for the investigated cell (cf., Section 2.1).

The overpotentials were calculated by inserting the simulated
state variables (current, potentials, concentrations) into the equa-
tions given in Section 2.2. For the concentration overpotentials in
the cathode, neonccarco and feonccanca, @ simple iterative algo-
rithm was used to equilibrate the potential of the AMs.

3.2. Partial EIS Simulation

For simulating the partial EIS presented within this study, a volt-
age step method®? is used. Starting from a rested cell att = 0, we
apply a fast linear voltage step with a step length of 7 = 1077 s
and step height AV = —0.005V described by

t

V(i) =V +-AV t<z (25)
T

V()= Vo +AV t>1 (26)

The step excitation results in a dynamic current response I(t).
The simulated current peaks at values around 290 mA, corre-
sponding to a 0.83 C rate. Total simulation time was 10° s.
The complex frequency-domain impedance Z*(w) is given by
the complex division of the Fourier transforms of V(t) and
I(t) according to Equation (4).

In analogy, we apply Equation (4) to the different overpotential
contributions quantified in Section 2.2
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F{m(t)}

Zy (w) = — (27)
F{1()}

where k= {cc, concey;, ohmeyye, aCtyn, actico, actyca, CONCyy,

concyco, concyca b We refer to the resulting Z; as partial imped-
ance, and its frequency dependency as partial impedance spec-
trum. Just as the sum of all overpotential contributions gives rise
to the total overpotential, the sum of all partial impedance
responses results in the total impedance

z ((1)) = ch(a)) + Z:onc,elyte(w) + Zzhm,elyte ((1))

. (28)
+ Z:ct,an(w) + Z)ckonc,an(w) + Z;ctJrconc,ca(w)

The simulations are conducted as follows. First, the virtual cell
is driven to a given SOC. To this goal, starting with a fully charged
cell, a discharge (1 C CC to 3.0V, CV with C/20 cutoff), rest (1h),
charge (1C CC to 4.2V, CV with C/20 cutoff), rest (1h), dis-
charge (C/10, CC) to given SOC and rest (12h) is simulated.
Afterward we simulate the step excitation as described earlier.

3.3. Sensitivity Analysis

To identify the most significant parameters of the cell, a sensi-
tivity analysis was performed.*®) We chose three target observ-
ables O; for the analysis: the cell capacity C, the internal
resistance R; at 50% SOC, and the absolute value of the imped-
ance at 1kHz |Z(1kHz)|. These represent the most important
macroscopic cell characteristics, also typically given in data
sheets. Furthermore, we performed sensitivity analyses using
the overpotential contributions #; as target observables.

The sensitivity of a total of 20 model parameters P; on these
observables was calculated, including macroscale (cell thickness
dcen, heat conductivity 4, heat capacity c,, current collector resis-
tance R..), mesoscale (anode, cathode, and separator thicknesses
Ao, Gey, dee, 1on diffusion coefficients Dy, Dpr_), microscale
(particle radii rc,ico, "'nca, solid-state diffusion coefficients
Dyic,» Diircos Drinca), and electrochemistry (exchange current
density factor i, 1%, s, double-layer  capacitances
CYLan» CBLca)- We refer the reader to the Appendix for a full defi-
nition of symbols and model equations.

Each model parameter P; was individually changed by + 5%
from its original value P) to P = 1.05P) and P; = 0.95P?. Then
simulations were conducted and the observables O; were quan-
tified. Dividing the change in the observable 00 =
(Of —00)/O) and 00; = (O; — Of)/O) by the change in
the parameter 0P/ = (P —P%)/P9=0.05 and 0P; =
(P; — P?)/P? = —0.05 results in the relative sensitivity

1 E)Oj+ 00; 2
fi"_i(apj+apg) )

A sensitivity of f =1 means that the observable is directly
proportional to the parameter. A sensitivity of f = —1 means that
the observable is inversely proportional to the parameter.
Sensitivities close to zero mean that the parameter does not affect
the observable. Sensitivities |[f| > 1 mean that the parameter
strongly and nonlinearly affects the observable. The magnitude
of parameter variation (+ 5%) was chosen sufficiently large to be
above the threshold of numerical noise (which was observed to
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be important for parameters with low sensitivity), but sufficiently
small to stay within linear response. All sensitivities therefore
need to be interpreted with respect to the base cell parameters,
while a significant change in the base parameters is likely to
result in different sensitivities.

For each individual parameter set, the aforementioned observ-
ables were obtained as follows. For the capacity and the overpo-
tentials, the protocol from Section 3.1 was used with 5 C rate. The
capacity was determined at the end of the CCCV discharge and
for the overpotentials the mean value between 40% and 60%
SOC was used. The internal resistance was obtained by discharg-
ing the cell to an SOC of 50% using the protocol mentioned in
Section 3.2.

A following 1 C step at t, results in the internal resistance

Vtg+3s - Vt

R — : (30)

1
It0+3s - Ito

For the impedance at 1 kHz the protocol from Section 3.2 was
used. The SOC values given here are taken with respect to the
base model.

4, Results and Discussion

4.1. Overpotential Analysis

Simulated discharge and charge curves at 5 C rate and 20 °C are
shown in Figure 5, along with experimental data taken from
Carelli et al.™*! Both charge and discharge were conducted with
CCCV protocols to reach defined “full” and “empty” cell states
after charge and discharge, respectively. The figure shows the
overpotential contributions, quantified as described in
Section 2.2, as colored areas. Thus, at each given charge through-
put, the overpotential contributions sum up and add to the equi-
librium voltage to yield the observed discharge (7 < 0) and
charge (7 > 0) curves. The curves show how the different contri-
butions depend individually on charge throughput. There is no
single contribution dominating the overall behavior; however,
ohmic overpotentials of the current collection system and elec-
trolyte as well as concentration overpotential in the electrolyte

ed
®

3.6
discharge
34 Elcc \L .
3 Bl ohm,elyt I act+conc,ca
= Econc,elyt = =OCV
3 [Jactan —CCCV
lconc,an © experiment
2'80 0.1 0.2 0.3
Charge throughput / Ah

Voltage / V

Figure 5. Discharge and charge curves during a CCCV cycle at 5 C, 20°C
with deconvoluted overpotential contributions.
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Figure 6. Separated overpotential contributions during a CCCV cycle at 5 C and 20 °C, showing the same data as in Figure 5 in a different representation.

are rather small. The drop of the discharge curve toward its cutoff
voltage (charge throughputs of 0.25...0.3 Ah) is dominated by the
anode concentration overpotential.

To better visualize the overpotential contributions, they are
plotted individually in Figure 6, using data of the same simula-
tion run as shown in Figure 5. The ohmic overpotential of the
current collection system (y., panel (a)) shows the expected
(cf., Equation (6)) purely ohmic behavior. The value is constant
during the CC phase, leading to plateaus in the plot, and opposite
for discharge (.. < 0) and charge (7. > 0). The panel also well
illustrates the CV phases toward end of discharge and end of
charge, where decreasing current leads to proportionally decreas-
ing overpotential. The absolute value is small, in the order of
20mV. The ohmic overpotential of the electrolyte (#ohm,elyte) iS
shown in panel (b). It shows a similar shape and magnitude
as 7., but the curve appears smoothed and slightly undulat-
ing—an effect of the dynamics of lithium ion diffusion and
migration. A similar behavior is observed for the concentration
overpotential of the electrolyte (fconc,eliyte), Shown in panel (c),
having the same cause (ion transport) but different effect (equi-
librium reaction potential).

The AMs show overpotentials that are an order of magnitude
higher. For the graphite anode, we are able to separately assess
activation and concentration contributions. The activation over-
potential (7,ctan, panel (d)) shows a nonlinear and asymmetric
(with respect to discharge and charge) behavior. This results
from a combination of concentration-dependent exchange cur-
rent density (cf., Appendix)

0 05 0.5 0.5
U it eyte] * CLicy)  OViCy] (31)
which is affected by both the solid-state lithium concentration
and the electrolyte-phase lithium-ion concentration; and time-

dependent equilibrium potential, which is a function of lithium
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concentration on the AM particle surface and is therefore related
to the intraparticle lithium diffusion. The concentration overpo-
tential (#eoncan, Panel (e)) shows the largest individual contribu-
tion, with values peaking at —280 mV during discharge and
+150 mV during charge. It shows a strong dependence on the
SOC, which is due to the assumed stoichiometry-dependent dif-
fusion coefficient (cf., solid-state concentration profiles given in
Carelli et al."®)). In particular, the negative peak at a charge
throughput of around 0.3 Ah results from a hindering of the dif-
fusion due to the minimum of the diffusion coefficient as func-
tion of stoichiometry.

For the LCO/NCA blend cathode, activation and concentration
overpotentials cannot be deconvoluted (cf., Section 2.2.5) and are
plotted as sum (7ac s conc.car Panel (f)). The behavior is nonlinear,
but less asymmetric compared with the anode. Values peak
at —160 mV during discharge and +140 mV during charge.

We can use the model to study the dependence of overpoten-
tial magnitude and distribution on operation parameters, partic-
ularly C-rate and temperature. To this goal, CCCV discharge/
charge cycles were conducted and the overpotentials were quan-
tified at fixed states of charge, 80% for the discharge branch and
20% for the charge branch. These states were selected because
they are well within the CC phase for most conditions. Results of
this study are shown in Figure 7. C-rate variations at different
temperatures are shown in panels (a—c), while temperature var-
iations at different C-rates are shown in panels (d—f). The figure
includes experimental data for the total overpotential for condi-
tions measured by Carelli et al.l'* The simulations show, in
agreement with the experiments, that overpotentials generally
increase with increasing C-rate, and decrease with increasing
temperature. The importance of the different contributions, how-
ever, changes. At 20 °C and low C-rates, the cathode (#at+conc,ca)
dominates. At higher C-rates, the anode (¢oncn) dominates. At
increasing temperature, the ohmic contributions (1. and #ghm,elyte)

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 7. Dependence of the overpotential contributions on C-rate a—c) at fixed temperatures (5, 20, 35 °C) and d—f) on temperature with fixed C-rate

(2,5,10Q).

become increasingly important. Also, the asymmetry between
discharge and charge, as already discussed eatlier, is quite obvi-
ous in these figures, caused mainly by the anode concentration
overpotential, which is also the dominating contribution under
most, yet not all, conditions. Toward low temperatures and high
C-rates, the total overpotentials appear to saturate. This is because
the system is already at the CV phase under these conditions.

Overall, the presented results show that different physico-
chemical processes inside the cell contribute quite differently
to the overall overpotential and furthermore nonlinearly depend
on SOC, temperature, and current.

4.2, Partial EIS

In the previous section, we have investigated the time-domain
behavior of individual overpotential contributions. Next, we study
the frequency-domain behavior. To this goal we introduce the
concept of partial electrochemical impedance spectroscopy, as
defined and discussed in Section 3.2. Bode plots of the simulated
partial impedance of the different processes Z; are shown in
Figure 8. The results show clearly how the different contributions
are separated in the time domain. Panel (a) shows the real parts
as function of logarithmic frequency. The largest contribution is
that of the cathode (7,ct1 conc,ca)- This is consistent with the results
of the time-domain analysis at low currents (see, e.g., Figure 7b;
note the impedance simulation results in currents in the order of
0.83 C rate, which is in the lower part of the current range shown
in Figure 7b). The sum of the individual contributions is shown
as dashed line, corresponding to the total cell impedance.

The representation of the imaginary parts (Figure 8b) allows
to visually separating the different contributions in a clearer way.
At low frequencies (< 0.1 Hz), the spectra are dominated by the

Energy Technol. 2021, 9, 2001122 2001122 (9 of 16)
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Figure 8. Partial electrochemical impedance spectra Z, in Bode represen-

tation, simulated at 50% SOC and 20 °C. The dashed line is the sum of all
contributions.
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concentration impedances in cathode, anode, and electrolyte.
At intermediate frequencies (1-10 Hz), the cathode activation
impedance is important. At high frequencies (100-1000 Hz),
the anode activation impedance dominates. These findings are
consistent with common interpretations of electrochemical
impedance spectra of lithium-ion battery cells.**=*%! Detail views
of the negative imaginary part are shown in panels (d,e). Here, it
is interesting to note that the electrolyte shows dynamic
responses, both for the ohmic and the concentration impedan-
ces. It should be noted that the partial impedance simulation pre-
sented here allows a fast and straightforward way of assigning
impedance features to physicochemical processes, without
requiring equivalent circuit fits or similar evaluation methods.

Individual partial EIS Nyquist plots are shown in Figure 9,
here simulated for three different temperatures (5, 20, 35°C).
The shape and magnitude of the partial impedance spectra are
quite diverse. A common feature of all spectra is that they are ther-
mally activated, that is, impedance response increases with
decreasing temperature. Another feature of most spectra is that
the high-frequency limit extends to the origin of the Nyquist plot,
as all plots represent only one individual physicochemical
process. The ohmic impedances (Z¢, Z3,, 1) are an exception.
The current collection system (Z7., panel (a)) appears as a single
point. Interestingly, the electrolyte (Z7,, .., Panel (b)) shows a

www.entechnol.de

considerable complexity with three arcs. The concentration
impedance of the electrolyte (Zionceiye Panel (), in contrast,
appears as single semicircle. These three impedances are
quite low.

The activation impedance of the graphite anode (Z;, -, panel
(d)) shows as ideal semicircle, representing the behavior of the
charge-transfer resistance coupled to the electrochemical double
layer. The composite cathode shows a more complex activation
impedance (Z;nca and Zj,co. panels (ef)). Both materials
show a dominating semicircle due to charge-transfer reaction
and double layer, as for the anode. However, this feature is
extended at low frequency toward additional capacitive and induc-
tive loops for LCO and NCA, respectively. These loops represent
the interparticle lithium transport dynamics which affect individ-
ual equilibrium potential and therefore activation impedance.

The concentration impedances of the three AMs show the
most complex behavior. The partial EIS of the graphite anode
(Zionc,c,» Panel (g)) shows an increase in both real and negative
imaginary parts with decreasing frequency. This indicates a dis-
torted Warburg-type behavior, however far off from an ideal
Warburg (45° slope in the Nyquist plot) that would be expected
from an ideal diffusion process. The spectra furthermore feature
a loop, which is pronounced for the 5 °C simulation. The behav-
ior of the cathode materials is even more complex. NCA
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Figure 9. Partial electrochemical impedance spectra in Nyquist representation, 50% SOC, and three temperatures (5, 20, 35°C).
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(Zionencar panel (h)) features a Warburg-type behavior at 5 °C,
but a resistor—capacitor (RC) type behavior at the higher temper-
atures. LCO (Z7 . |co, panel (i) shows large semicircles with
positive imaginary part and negative real part. We believe that
the uncommon impedance behavior of LCO and NCA is, again,
due to interparticle lithium transport processes.

The imaginary parts of the activation and concentration con-
tributions of the individual cathode blend materials are shown in
Bode representation in Figure 10. While the sum (Z} ., onc) is
identical for NCA and LCO, the individual contributions
(Ziy and Z%, ) strongly differ for low frequencies (<0.1 Hz).
In particular, the sign of Zf,, is inverse for the two materials,
again indicative of the interparticle lithium transport.

0.06 LCO
0.04
0.02

-imZ / N

-0.02
——act+conc - - act lllneg. conc lMlpos. conc

0.06 NCA
0.04
0.02

-imZ /

-0.02

10° 107 10" 10° 10" 10 10° 10' 10°
Frequency / Hz

Figure 10. Concentration and activation impedance response at 50% SOC
and 20 °C for the two AMs in the blend cathode.

www.entechnol.de

4.3. Sensitivity Analysis

The macroscopic cell performance is affected by its multiscale
design on cell, electrode, and particle level. We have conducted
a sensitivity analysis to quantify the influence of various cell
parameters on macroscopic observables, specifically the dis-
charge capacity, the internal resistance at 50% SOC, and the
impedance at 1 kHz and 50% SOC. These three observables were
chosen because they are typically given in battery data sheets.
Twenty model parameters representing design variables and
material properties on all scales were individually varied and
their influence on the observables quantified as described in
Section 3.3. Note that a relative sensitivity of unity means direct
proportionality between the observable and the parameter.
Results of the analysis are shown in Figure 11 as bar plot, with
one panel for each observable and an individual bar for each
parameter. The cell capacity (panel (a)) was determined after a
5 C discharge with CCCV protocol. This protocol was chosen
for the analysis because, at the end of the CV phase, the capacity
becomes independent of overpotentials (no capacity-rate effect).
Therefore, the influence of parameters on capacity can be studied
independently from their influence on overpotentials or internal
resistance, which will be discussed further later. The cell capacity
is trivially dominated by the cell thickness, which increases the
active electrode area and therefore the cell capacity proportionally
and hence with a sensitivity of unity. Note that here we assume
that a change in cell thickness results from a change in the num-
ber of electrode pairs inside the cell, not a change in electrode
thicknesses. The latter is studied via the individual parameters
for the anode and the cathode thicknesses d,,, d,. The capacity
exhibits sensitivities on these parameters of 0.47 and 0.52,
respectively. This means that increasing the thickness of either
electrode by 10% would increase the observed cell capacity by

(a) Capacity (b) Internal resistance (C) Impedance @ 1 kHz
Gegn | egn egn
A | A | A \
°, | °, | c, |
R | Macroscale R | | Macroscale R I Vacroscale
9 ] 9 | e [ |
dea —1 dea — g |
Dy I Dy I Dy l
DpF'S | Mesoscale Dp;; 1 Mesoscale Dp;g [ | Mesoscale
e, | 'c, | 'c, |
"ico | fco | fco |
"Nea | "Nea | "Nea |
Dv_..c‘S | DL..c6 | ’-’L..c6 |
DLLLCO | . LiLco 3 DLl.LCO | .
DLI.N% A | Microscale DLLN% A | Microscale DLLN% A | Microscale
'c, | 'c, 1 ‘c, i
lgg: o I ‘:,L)EO 1 ';zg:o ‘
C\;NCA { c \'/NCA -‘ C\'/NCA |
" | Electrochemistry " | Electrochemistry o 1 Electrochemistry
DL.ca DL,ca DL.ca
- 05 0 0.5 1 - 05 0 0.5 1 - 05 0 05 1

Relative sensitivity / -

Relative sensitivity / -

Relative sensitivity / -

Figure 11. Sensitivity of the three characteristic cell-level observables: a) discharge capacity after 5 C CCCV discharge, b) internal resistance at 50% SOC
(1 C pulse, 3s), and c) absolute impedance at 1 kHz (50% SOC), with respect to cell parameters on all scales. All values at 20 °C. The parameters varied
are cell thickness (dc.n), heat conductivity (1), heat capacity (c,), ohmic resistance of current collection system (R.), anode thickness (d,,), cathode
thickness (d.,), separator thickness (ds.), electrolyte-dissolved species diffusion coefficients (D;+, Der:), radius of AM particles (rc,, rico, nca), solid

state diffusion coefficient of species in AMs (Dy;c,, Dy co, Diinca), exchange current density factors (i22, %2, R%,), and double-layer capacitances

(C\IgL,any C\IgL,ca)'
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4.7% and 5.2%, respectively. The results show that the two elec-
trodes are well balanced, else there would be only one single sen-
sitive electrode. All other parameters show sensitivities smaller
than £0.05, some positive and some negative. This confirms that
overpotentials do not influence the cell capacity for the per-
formed CCCV discharge protocol.

The influence of cell parameters on the internal resistance is
shown in Figure 11b. Again, the sensitivity of minus unity with
respect to cell thickness, providing more electrode area inside the
cell and therefore decreasing internal resistance, is trivial. The
further dominating sensitivity is observed from the cathode
thickness, d.,. It is negative, meaning that an increase in thick-
ness decreases the internal resistance. Other major influences
arise from the exchange current densities of the three charge-
transfer reactions, i, if¢o, ijica- Small, but notable sensitivities
are seen for the ohmic resistance of the current collection system
R, as well as AM particle sizes (e.g., ryca); increasing these
parameters increases the internal resistance.

The impedance at 1 kHz shows the most diverse sensitivity on
cell parameters, as shown in Figure 11c. The current collection
resistance R.. and the separator thickness dg. show high positive
sensitivities, while diffusion coefficients Dy;+, Dpy; show nega-
tive sensitivities. These are the parameters related to ohmic resis-
tances of electron and ion conductors, and therefore are
associated with the high-frequency impedance response. The
anode double-layer capacitance Cf ,, shows also a considerable
sensitivity, related to the fact that the frequency of 1kHz is well
within the anode response (cf., Figure 8).

It is interesting to investigate the sensitivity of the cell param-
eters on the individual overpotential contributions. These results
are shown in Figure 12 for a 5 C discharge (averaged between
40% and 60% SOC). The current collection resistance (Rc)
shows a sensitivity of unity toward the current collection overpo-
tential (7., panel (a)), as required from its definition
(Equation (6)). All other overpotentials show a more complex
dependency, being sensitive on several parameters. The ohmic
and concentration resistances of the electrolyte (fohmelytes
Heoncelyte» panels (b,c)) depend on all layer thicknesses
(dans> ea» dse) and the Li™ diffusion coefficient (Dy;+). The activa-

car

tion overpotentials (17act,c, > fact, LcO» act,Nca, Panels (d—f)) depend
not only on their respective exchange current densities i%, as
expected, but also on the respective electrode thicknesses as
well as on other parameters. The graphite concentration overpo-
tential (#conc,c,» Panel (g)) shows sensitivities not only on the
microscale parameters D¢, and rc,, as would be physically
expected, but also on additional macroscale parameters, includ-
ing the cathode thickness d,. A further analysis of this counter-
intuitive result revealed that this is due to the debalancing of the
electrodes when only cathode thickness is changed: #concc,
depends on SOC (cf., Figure 6), but the electrode-individual
SOC is different in the debalanced cell, leading to a different
overpotential at the same nominal SOC. A similar interpretation
applies to the sensitivity of #cncc, on the anode thickness.
The behavior is even more complex for the concentration
overpotentials of the cathode materials (fconc1cos MconcNCA;
panels (h,i)) that show cross-sensitivities with each other’s related
physical parameters.

Overall, the sensitivity analyses demonstrate the strong and
nonlinear influences of design and material parameters on

Energy Technol. 2021, 9, 2001122 2001122 (12 of 16)
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macroscopic cell properties and overpotential contributions.
Some sensitivities are immediately obvious, others can be easily
interpreted, but some are unexpected or even seem counterintu-
itive. There is no single design or material parameter affecting
cell properties such as capacity or internal resistance. Instead,
macroscopic properties are influenced by a multitude of param-
eters. This explains the difficulty of optimizing the cell perfor-
mance in practice, but at the same time gives valuable insight
and provides direction for doing so.

5. Summary and Conclusions

In this article, we have developed and applied three methodol-
ogies for model-based interpretation and visualization of
lithium-ion battery performance: 1) deconvolution of overpo-
tential contributions, 2) partial electrochemical impedance
spectroscopy, and 3) sensitivity analyses. The methods were
applied to a previously developed and validated model of a com-
mercial high-power lithium-ion pouch cell. The main findings
can be summarized as follows: 1) physicochemical model
expressions and simulation methodology were developed for
quantifying different contributions to the total cell overpoten-
tial: ohmic overpotentials of current collection system and elec-
trolyte; concentration overpotential of the electrolyte; activation
overpotentials of all AMs; and concentration overpotentials of
all AMs. The contributions show a nonlinear variation with
operation parameters such as C-rate and ambient temperature.
Concentration overpotentials in the graphite AM dominate the
behavior at high currents. 2) We have introduced the concept of
partial electrochemical impedance spectroscopy, allowing to
simulate the frequency-domain response of the quantified over-
potential contributions. This enables the direct visualization of
the origin of various impedance features. The individual pro-
cesses show diverse spectra in the Nyquist representation.
Different to the time-domain results, the dominating imped-
ance contribution arises from the cathode. We conclude that
impedance spectroscopy at open circuit cannot necessarily
be used to draw conclusions on the cell performance under
high currents. 3) Systematic sensitivity analyses were con-
ducted, which allowed to quantify the influence of cell design
and material parameters on macroscopic observables such as
capacity, internal resistance, and impedance. The analysis
revealed diverse and nonlinear sensitivities. No single parame-
ter dominates the cell performance, showing that the studied
cell is well designed. 4) The investigated cell features a blend
cathode. This complicates both the methodology and the inter-
pretation of the results. The two blend components show
strong coupling, leading to particular features in the partial
impedance spectra and cross-sensitivities.

The combined results enable a detailed insight into the
performance properties and limitations of the studied
lithium-ion pouch cell. They provide guidelines toward further
cell optimization, using an understanding-based approach.
The methodologies are not restricted to the present cell, but
can be applied to arbitrary models of real or virtual cells.
They are therefore a useful toolbox within future modeling
and simulation studies.

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 12. Sensitivity of the overpotential contributions with respect to cell parameters on all scales. All values were obtained during a 5 C discharge,
representing average values between 40 and 60% SOC. The parameters are explained in the caption of Figure 11.
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Table A1. Symbol list.

Symbol Unit Meaning
[ mol-m~3 Concentration of species i
Cn A-s Nominal capacity
cp Jkg K Heat capacity
(o9 F-m™? Volume-specific double-layer capacity
d M Thickness (cell, anode, cathode, separator)
D; m?s~! Diffusion coefficient of species i
fii - Relative sensitivity
fu - Correction factor for the overpotential
contribution
F C-mol ™’ Faraday’s constant
i A-m~2 Area-specific current
i Am2 Exchange current density factor
I A Current
ny; mol Amount of lithium within the active material
O - Observable during sensitivity analysis
P; - Model parameter
r M Radius of active material particle
R J-K-mol™! Ideal gas constant
Rec Q-m? Area-specific ohmic resistance of current
collection system
\ Q Internal resistance
K Temperature
\% Operating voltage
ved \% Equilibrium voltage
Xy 1 Stoichiometry of lithium within the
active material
z* Q Complex frequency-domain impedance
A \% Electric potential difference between
electrode and electrolyte
Agea \% Equilibrium potential difference
n \% Overpotential
A wW-m . K Heat conductivity
Delyte \% Electric potential of the electrolyte

Positive
electrode

Negative
electrode

Composite
electrode

Separator

Cell holder Electrolyte

Active material

Pouch cell
| X

Figure A1. 1D + 1D + 1D (pseudo-3D or P3D) modeling domain.
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6. Appendix
6.1. Symbol List

A list of symbols used in the main body of the article is shown in
Table Al.

Table A2. Model equations. A.—m”—active electrode area; AY—
m?.m~—>—volume-specific surface area of reaction n; CY%—F-m>—
volume-specific double-layer capacity; ¢;—mol-m—>—concentration of
species i in a bulk phase; ¢;;—mol-m—>—concentration of lithium in
the active material; cgvi—J~mo|’1~ K~'—molar heat capacity of species i;
cp—)-kg 7K '—specific  heat  capacity; = D,—m?*s~'—diffusion
coefficient of species i; Dff—m?.s™'—effective diffusion coefficient of
species i; E,—J-mol '—activation energy; F—C-mol~'—Faraday’s
constant; AH,—]J-mol~'—reaction enthalpy of reaction n; i-1—index of
species; i—A-m ?—area-specific current (with respect to A.); i°—
A-m~?—exchange current density; i¥}, —A-m~>—volume-specific current
due to double layer; i\F’—A~m’3—vo|ume-speciﬁc faradaic current;
l.ei—A—current of the cell; j~1—index of bulk phases; _jq—\X/Am’z—
heat flux from cell surface; J—mol-m~2s '—molar flux of species i;
Lgp—m—thickness of electrode pair; M,—kg-mol~'—molar mass of
species i; n-1—index for reactions; Np—1—number of products
participating in reaction; Np—1—number of reactants participating in
reaction; N,—1—number of reactions; ggem—W-m >—heat source due
to chemical reactions; gopm—W-m >—heat source due to ohmic
losses; qV—W~m’3—vo|ume—speciﬁc heat source; R—J~K’1-mo|’1—
ideal gas constant; RCC—Q-mZ—area-speciﬁc ohmic resistance of
current  collection  system; RV, —Q-m*—volume-specific  ohmic
resistance of SEI film; r,—mol-m~2.s~'—interfacial reaction rate of
reaction n; sy—mol-m™3.s™'—volumetric species source term; SYDL—
mol-m™2.s"'—volumetric species source term due to double-layer
charge/discharge; t—s—time; T—K—temperature; T,,,—K—ambient
temperature (cell surrounding); V—V—cell voltage; V —m*—volume
of cell; x—m—spatial position in dimension of battery thickness;
y—m-—spatial position in dimension of electrode-pair thickness;
z—m-—spatial position in dimension of particle thickness; z—1—number
of electrons transferred in charge-transfer reaction; a—W-m~2.K~'—heat
transfer coefficient; pB,—1—transfer coefficients of electrochemical
reaction n; ¢e—V—electric potential in the electrolyte; ¢eige,sn—V—
electric potential of the anode electrode; ¢ejge,..—V—electric potential of
the cathode electrode; Ageff—V—effective electric potential difference;
A@*9—V—equilibrium potential difference; A¢p—V—electric potential
difference between electrode and electrolyte; e-1—emissivity of the cell
surface; eem—]—volume fraction of the electrolyte; ej—1—vo|ume fraction
of bulk phase j; n,o—V—activation overpotential; I—W-m K —
thermal conductivity; v,—1—stoichiometric coefficient of species i
v.—1—stoichiometric  coefficient of electron; p—kg-m’?’—density;
6—S-m~'—electrolyte conductivity; 65g—W-m~2.K*—Stefan—
Boltzmann constant; z.,—1—geometric tortuosity of the electrolyte.

Macroscale (x direction): heat transport in cell

Energy conservation pe =2 (13{) +q"
.Iq = a<T - Tamb) + €GSB<T4 - T:mb)
Total heat sources 4" = 75 (5 (Gerer (1) + donm (1)) dy + RecP)

Gehem = Yome (FaAY (—AH, + Fre ,Ad,))

2
. _ ey
Gohm = Oelyt < a;

Mesoscale (y direction): mass and charge transport in electrode pair

Heat flux at cell surface

Chemistry heat source

Ohmic heating

O(€elyiCi)

i Y VWV
Mass conservation o= 7_#+5i + sfoL

of species i

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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Table A2. Continued.

Macroscale (x direction): heat transport in cell

a(a [T,
Ch (a»¢) = ZiZfFDly —i¥

Charge conservation

Species fluxes: Nernst—Planck

_ eff 0c; _ zF  myeff Oeiyn
Ji= =D 5 —wraD

Microscale (z direction): mass transport in active materials particle

Ociiam

— 10 20, . 9ciiam
o =70z (Z Duiam =57 )

0 ,2F 1-p,)zF

’T [EXP (%ﬂact,n) — exp (7 %’hdm)}
(V=pn)v} Pavf

0 _ E, Ne (¢ S A

-it-op(5) 04 (5) s (3)

Nactn = A(/)eﬁ - A(biq =Ap— R\s/g|i\F/ - A"/’f:q
Y = ZQILW (viraAY)

Mass conservation (Fick’s
second law)

Electrochemistry®

Interfacial rate of reaction n

Exchange current density

Activation overpotential
Species source terms
Current, voltage, potentials
Cell voltage V = deldeca — Pelde,an — i+ Rec
Cell current el :%‘/,};iealmde(,‘\g + %, )dy

. . . v N,
Faradaic current density V= FsY = SN F(venraAY)

S d(A
b =Cht (d;ﬁ)

Double-layer current density

v IR
Source term from double sipL = b with i = Li'

layer
Potential step (anode and
cathode)

Ap = Peige — ‘/)e\yt

Multiphase management

Volume fraction of phases Ape) _ ZNRJ,NW RV
I- I I

Feedback on transport psff = Lt p
coefficients (porous electrode
theory)

JAs implemented in Cantera.?%2°

6.2. Model Description

The physicochemical model used here as basis for the investiga-
tions was developed and parameterized by Carelli et al. and
Kupper et al.'**! The pseudo-3D modeling domain is shown
in Figure Al. All model equations, including a definition of
the symbols, are shown in Table A2.
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