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Dynamic measurements like the galvanostatic intermittent titration technique (GITT) and other pulse response
measurements methods are widely used for the parametrization of battery and electrode models. These methods
are based on the analysis of the transient cell potential in response to a change in the current. Most of them focus
on the development of the cell potential as a current is applied to a formerly equilibrated cell. On the contrary,
the interruption of the current and the development of the cell potential during the rest phase is more challenging
to analyze. This is in parts attributed to the non-uniform particle size distributions of electrodes, while many
analytical methods rely on the assumption of a single, representative particle size.

In this model study, we systematically analyze the impact of non-uniform particle size distributions by means
of the extended Doyle-Fuller-Newman model. This is done both by analyzing varying distributions of discrete
particle classes and comparing their effects on the voltage relaxation curve. From this, we derive recommen-
dations for a more accurate design of relaxation experiments and provide a framework to interpret frequently

observed deviations between electrochemical experiments and reduced order simulations.

1. Introduction

Due to the electrification of the transportation sector and the energy
grid, as well as the growing market of handheld electronic devices, the
requirements for the development of new batteries continuously in-
crease. In particular, electromobility demands high charge rates, as well
as high specific and volumetric energy densities.

Among the most promising cells for non-stationary devices are
transition metal oxide cathodes combined with graphite or graphite/
silicon blend anodes. Composite cathodes consisting of nickel, cobalt
and manganese oxides (Li-NCM) have first been synthesized in 1999 by
Liu et al. [1]. The capacity has been further improved over the years, by

increasing the nickel content and reducing the amount of costly rare
materials utilized, such as cobalt [2]. Other routes of cell optimization
have been explored, too, such as the modification of the crystalline
structure by dopants, the particle size distribution [3] and the me-
chanical processing of the cell [4].

While measuring the capacity and potential allows for a quick
assessment of these cell modifications, a more in-depth understanding of
the effects of these optimizations and the limiting processes can be
attained using battery models. These range from 3D-resolved models on
the scale of singular secondary particles to investigate the intercalation
of Lithium ions in the solid phase [5], to reduced order models such as
equivalent circuit models, suitable for application in battery
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management systems [6]. A widely used modelling tool of intermediate
complexity is the homogeneous pseudo-2-dimensional (P2D) model for
porous electrodes developed by Doyle, Fuller and Newman [7]. This
approach homogenizes the pore space to improve the efficiency over
3D-resolved models, while preserving the physical description of the
most relevant transport processes in both the electrode and electrolyte
phases, as well as the electrochemical reaction.

The classical P2D-model assumes the presence of a uniform particle
size distribution in the electrode, with all particles exhibiting the same
spherical shape. In contrast to this, methods such as SEM-Imaging and
laser diffraction show that both cathode and anode materials exhibit a
wide range of particles sizes [8-10]. Consequently, a modification of the
P2D-Model has been proposed by Ender to include a particle size dis-
tribution for graphite anodes [11]. The methodology is not limited to the
anode and has been further extended to the cathode. This is shown in the
work of Schmidt et al. [12] who compared the classic P2D model, the
extended model as developed by Ender and spatially resolved
3D-models.

A prerequisite for the proper application of such models is their ac-
curate parametrization. This requires multiple dedicated experiments,
as solely fitting charge- and discharge profiles is not sufficient to
distinguish between the various dynamic processes. This has been
shown by Laue et al. [13] for the solid diffusivity and the exchange
current density, elucidating the ambiguity of the parameters. One of the
dynamic method commonly used in addition to charge- and discharge
profiles is the galvanostatic intermittent titration technique (GITT). This
was first proposed by Weppner et al. [14], for non-porous electrodes. It
is based on the dependency of the electrode potential on the concen-
tration of intercalated ions on the particle surface, described by the open
circuit voltage (U°Y). In combination with Fick’s law, a diffusion flux
within the material can therefore be correlated to a change in the surface
potential.

Despite the widespread use of this method to determine kinetic and
transport parameters, the reported results vary widely for a given ma-
terial. This has been summarized in a recent work by Kang et al. [15],
which names possible sources for deviation of the diffusion coefficients
and discuss challenges stemming from porous electrodes. In particular
due to the composition dependency of the reaction overpotentials, it was
concluded that an evaluation of the rest phase instead of the current
phase may improve reproducibility.

More recent works have focused on evaluating the rest phase or
combining current and rest phase in order to quantify cell properties.
The intermittent current interruption (ICI) developed by Chien et al.
[16] analyses the gradient of the potential curve for a period of up to 10's
after the interruption of the current. The analysis is based on similar
evaluation principles as the classical GITT by Weppner. A more in-depth
approach has been utilized by Horner et al. [17], where a single particle
model for a porous FeSy electrode has been fitted to both charge and
relaxation phases of a GITT-pulse. A similar approach has been used by
Dees et al. [18], in which a P2D-Model has been fitted to the current and
rest phase of a GITT-cycle obtained for a lithium nickel cobalt aluminum
oxide cathode. Despite both models yielding high agreement between
experimental and simulated data, a systematic error in the form of an
unexpected signal tailing of the experimental cell potential has been
observed. Consequentially, the simulated curves cannot fully reproduce
the shape of the experimental data. This delayed relaxation of the
experiment compared to the model has been investigated by Kirk et al.
[19] for the voltage relaxation at the end of a full discharge. The work
utilized an extended P2D-Model for non-uniform particle size distribu-
tions, similar to the model developed by Ender. Furthermore, both the
particle size distribution and the diffusion coefficient have been adjusted
to increase the accuracy of the model compared to the verification
experiment done by Chen et al. [8].

In this work, we go beyond the contributions of Kirk and Dees, by
systematically investigating the impact of particle size distributions on
the cell potential during a GITT rest phase. Moreover, we provide a

framework for the design of experiments and interpretation of de-
viations between idealized models and experiments.

In Section 2, the physico-chemical processes during the rest phases in
cathodes with non-uniform particle size distribution are introduced, and
the extension of the P2D-Model is described. Furthermore, the simula-
tion assumptions for the particle size distribution and U°C are discussed,
with the results being presented in Section 3. In Section 4, we derive
conclusions for intermittent electrochemical experiments and discuss
the apparent diffusivity stemming from GITT-Experiments.

2. Methods and background
2.1. Relaxation processes in porous electrodes

Due to the few measurable cell properties, a core concept to the
analytics of batteries is the investigation of dynamic processes on vari-
able time scales. Prior to introducing mathematical equations, a com-
mon understanding of the physical and chemical processes in a cathode
following a current interruption is required. We will discuss these for an
idealized cathode first, followed by the impact of spatial distribution and
non-uniform particle size distribution on these processes.

For illustrative purposes, the process is elaborated for a current
interruption following a galvanostatic charge phase, but similar pro-
cesses occur for any change in the current. The idealized cathode in this
example is a single, spherical particle. At the end of the charging period,
when the current is set to zero, the following processes occur [20].

1. Due to the high mobility of electrons in the solid, the potential
gradient in the solid equilibrates nearly instantaneously with the
interruption of the current.

2. The flux of ions towards the particle surface is interrupted and the
polarization of the double layer between solid and liquid approaches
equilibrium, bringing the reaction rate to zero. This effect correlates
with the double layer capacity and is considered to happen in the
timeframe of seconds.

3. The radial concentration profile of intercalated lithium ions in the
electrode particles equilibrates. This process is dependent on the ion
mobility in the solid. Under the given, idealized circumstances, the
particle approaches equilibrium after hours.

This idealized concept is the standard assumption for commonly
used relaxation experiments, including GITT, which more closely in-
vestigates the third step. For modelling purpose, this idealized situation
is equivalent to the assumptions of single particle models, which are
widely used to estimate the state of charge and state of health of bat-
teries [21,22].

However, additional complexity is added due to the spatial distri-
bution of particles along the electrode depth. For higher currents, a
significant concentration profile of solvated ions is formed in the elec-
trolyte phase. Both the magnitude of the gradient during the charge
phase, as well as the time required for the equilibration, depend on the
tortuosity of the cell and diffusivity of solvated ions within the elec-
trolyte. Consequentially, as the exchange current density is a function of
salt concentration in the electrolyte, ¢, and of the lithium ions on the
particle surface, ngf’ (See Appendix A for equations), the extent of the

intercalation and extraction of ions varies over the depth of the elec-
trode. This results in an increased reaction rate closer to the separator,
and therefore different lithiation of the particles. High currents, thick
electrodes and high tortuosity caused by dense particle packing further
exacerbate this non-uniformity.

This heterogeneity of the surface concentration at the beginning of
the rest phase further leads to a deviation in the electrochemical po-
tentials on the surface of the particles. More specifically, the local
gradient of the U°C - curve translates the concentration difference be-
tween particles at different positions to differences in
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electrochemical potential, providing a driving force for the equilibra-
tion. These processes are already included in the classical P2D-model
[71.

If particles of different radius or shape — and, therefore, of different
specific surface — are present in the electrode, a further source of het-
erogeneity is introduced. Smaller particles will exhibit more extreme
states of charge or depletion, as well as shorter solid diffusion pathways
that allow for faster equilibration. Larger particles show more moderate
changes in their states of charge relative to the initial state, due to their
lower surface to volume ratio and longer diffusion pathways. This is
depicted in Fig. 1, showing the current and rest phase for an exemplary
charge process. In comparison, the uniform particle size distribution
(uPSD) exhibits only an equilibration along the radius, while a cascade
of processes can be seen for non-uniform particle size distributions.

Under charging operation, e.g. the extraction of Li-ions from the
cathode, the smallest cathode particles reach the lowest average con-
centration. This is due to the higher specific surface, and therefore
higher intercalation flux. Larger particles show an overall higher con-
centration after the current phase. Following the current interruption,
the smallest particles are the first to attain equlibrium along the radial
coordinate, but this state of uniformity still exhibits a lower concen-
tration than the average concentration in all particles of the electrode.
As seen in the intermediary step in Fig. 1, as the larger particles equil-
ibrate and the concentration of lithium ions on the surface increases
beyond the near-equilibrium concentration of the smaller particles, they
will extract additional lithium ions, filling the smaller particles. This
continues until all particles exhibit a homogenous concentration inde-
pendent of their size.

Thus, it can be concluded that the time required for equilibration as
well as the magnitude of the surface concentration variation, and
therefore the potential evolution during the relaxation period, depends
on the particle size distribution. Further influences are the current
magnitude and duration of the preliminary charging period, and the
local gradient of the U°C-Curve.

2.2. Model description

The model used in this work is based on an extension of the classical
P2D model, which will be introduced first. Following this, the modifi-
cations necessary to include a non-uniform particle size distribution are
outlined.

The core idea of the P2D model is the homogenization of the elec-
trode from an assembly of discrete particles to a continuous, porous
structure on the cell level. The transport within the solid electrode

uniform PSD

Non-uniform PSD

particles is modelled in representative spheres, using Fick’s law. The two
dimensions are connected by the intercalation/extraction ion fluxes.
These are the microscopic current densities calculated via the Butler-
Volmer-Equation, scaled with the specific surface area of the particles.
The full model equations are outlined in Appendix A. Hereafter, the
macroscopic dimension along the depth of the cell, spanning between
the current collectors will be referred to as the z dimension, and the
microscopic scale within the particles as the r dimension.

The P2D model has been extended by the work of Ender [11], in
order to account for non-uniform size distribution of spherical particles.
The model still assumes homogeneity, with no further changes to the
calculation along the z dimension. On the particle scale, particles of
different sizes are considered to independently co-exist with a given
mass fraction. Solid-to-solid transport of ions is not modelled, as the
transport throughout the electrolyte is dominant. Contrary to the clas-
sical P2D model, the change in the cell current and ion flux along the
electrode depth (1) is calculated as the sum of the microscopic reaction
current density j for a given particle size class m, multiplied with the
specific surface of that class a,,. For spherical particles, the surface of the
individual classes can be calculated from the particle radius, rp,
weighted with the mass fraction of the particle class, wy,, and with the
overall porosity of the solid, e.

01 ny ny

a ;jm e ay Z]m ._.

The model equations have been solved by discretization using the
Finite-Volume-Method along z and r. The implementation has been done
in MathWorks MATLAB R2022B, using the variable time-step odel5s-
Solver for stiff systems. 21 discretization steps have been used along z in
anode, cathode, and separator each, and 30 discretization steps along r.
A further reduction in discretization volume size did not affect the re-
sults in an observable manner. Values for the initial potential jump
within the liquid and solid at the start of each current and rest phase
have been calculated by using a sigmoid function between the current of
the previous and next phase, in order to improve numerical stability.

The parameter set is taken from the publication by Chen et al. [8] in
which NCM811 extracted from commercial LG M50 cells has been
characterized using EIS and GITT measurements. The parameter set is
summarized in Appendix B. Both this reference work as well as funda-
mental studies on NCM-Materials strongly suggest that the diffusivity is
dependent on the state of charge. This is effect is most pronounced for
very high and low degrees of lithiation [23,24]. Within this work, it is
assumed to be constant, as only mid-range stoichiometries are
investigated.
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Fig. 1. Schematic of the relaxation during the rest phase for uPSD and non-uniform PSD electrode before the charge phase, at the end of the charge phase and during
the relaxation. Darker shades of Grey indicating lower Lithium ion concentration, dashed arrows showing lithium ion flux directions.



Furthermore, the anode has been simplified to isolate the effects of
the cathode by assuming a solid potential of near zero and the over-
potentials of the anode have been subtracted from the cell potential.

2.3. Simulation of the rest phase

2.3.1. Investigation of the local U°C-gradient

As explained in the previous section, the U°C curve and especially the
gradient of U°C are expected to play a key role in the rest phase behavior
of electrodes. In order to obtain realistic values for the gradient, the
NCM 811 U®C-Curve from the work by Chen et al. [8] is used as refer-
ence (2).

U (x) 0.809 x +4.4875  0.0428 e tanh(18.5138(x  0.5542))
17.7326 @ tanh(15.7890(x  0.3117)) + 17.5842
e tanh(15.9308(x  0.3120)) (2)

The magnitude of the first order derivative ranges from 10to 40
pV m® mol ! within the standard operation range of the cell. Four values
across this range were selected for calculation purposes (Table 1). In the
following simulations, the local U°C curve is approximated as a linear
correlation for the given range. This is due to each charge phase in GITT
only leading to a small change in the overall concentration and therefore
spanning over a small part of the U°¢ curve.

To analyze the impact of the local U°C-gradient on the relaxation
behavior, a reduced particle size distribution will be used (PSD A in
Table 2, discussed in Section 2.3.2). Additionally, the case of an ideal-
ized phase change in the solid is included, with a gradient of near zero,
where a non-zero value has been chosen for reasons of numerical
stability.

2.3.2. Effect of the particle size distribution

The particle size distribution presented by Chen et al. [8] will be used
as a basis for this work. Following this, all additional particle size dis-
tributions defined in this work show a similar tailing towards larger
particles sizes instead of symmetric behavior.

As the purpose of this work is the investigation of principal effects of
different particle sizes, the derived particle size distributions are
simplified, to improve intuitive understanding of the results. In the first
step, the effect of this simplification is investigated. This is done by
comparing the voltage relaxation of the highly resolved non-uniform
particle size distribution provided by Chen et al. [8] with particle size
distribution of decreased resolution, down to uniformity. This compar-
ison will show that a particle size distribution with only 3 particle classes
is sufficient to qualitatively reflect the effects observed with a complete
distribution. Thus, simulations for the comparison of different types of
non-uniform particle size distributions will solely be utilizing simplified
distributions (Table 2).

PSD A is oriented on the rounded 10th and 90th percentile of the
fully resolved particle size distribution, with only small amounts of
smaller and larger than median particles. It will be used as reference
throughout this work. PSD B shows the same 3 radii but has a higher
content of smaller and larger particles, comparable to a wider particle

Table 1
Linearized U°C gradients used for calculations of the deviation of the relaxation phase
potential based on the U°€ Curve of NCM 811.
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Table 2
Simplified particle size distribution for the voltage relaxation.
Particle size PSD A w% PSD B w% PSD C w% PSD D w% PSD E w%
0.5 Rmed 10 20 50
0.75 Ried 10 50
1.0 Rmed 80 60 80
1.5 Rmed 10 50
2.0 Rined 10 20 50

size distribution. PSD C represents a bimodal particle size distribution as
used in the production of high capacity cells [3]. PSD D represents a very
narrow particle size distribution, and E is comparable to C, with the
bimodal size classes being closer to each. In the following, the class of
smallest particles will be referred to as Ry, the particle class of median
size as Ryeq, and the class of the largest size particles as Rx.-

The different simulations are conducted under the assumption that
the particle size distribution has no effect on the transport within the
liquid phase. Especially for larger currents and limitation within the
transport of the solvated ions, this may not be valid, as both tortuosity
and porosity heavily depend on the particle size distribution. Further
investigation into this would require experimental measurements or 3D
simulations, which will be investigated in detail in a follow-up paper.

2.3.3. Quantification of the rest phase potential deviation

All simulations in this work are based on a galvanostatic charge
phase of 1000 s length at 0.3 C (13.44 A/m?) for the given cell thickness
and an arbitrary cell size, followed by a relaxation phase of up to 4 h
length. The C-rate is defined relative to the capacity of the cathode with
the given upper and lower limits of stoichiometry given in Appendix B.
The initial, uniform stoichiometry at the start of the charge phase is
chosen at 0.554, such that all cases reach an average lithium ion stoi-
chiometry of 0.5 after the above-mentioned charge phase.

Furthermore, we define the difference in rest phase potential be-
tween simulation assuming a uniform particle size distribution and one
using a non-uniform particle size distribution, AE as metric.

AE UP® UpP 3)

Graphical representations of the rest phase potentials and AE are
depicted in Fig. 2 (a) and (b) respectively. Both simulations with uni-
form and non-uniform particle sized distribution are carried out at the
same local U°¢ gradient.

When comparing the potential responses following the current
interruption, a time dependent deviation caused by the PSD can be
observed. Throughout the following sections, the magnitude and shape
of the deviation AE will be used as a measure of the impact of the PSD
and the local U°C gradient. For practical application, AE corresponds to
a systematic error in rest phase analysis methods.

3. Results
3.1. General effects of the particle size distribution

In the following, the interactions between particles of different sizes,
introduced in Section 2, will be discussed. This will be shown exem-
plarily for a simplified electrode consisting only of 3 discrete particles
classes. The effects and limitations of this simplification will then be
discussed in the following Section 3.2.

Fig. 3(a—c) shows the Lithium content in particles of different sizes, at
various radial positions. All particles are located at the mid-depth of the
cathode. (a) depicting the smallest class of particles, (b) the median class
and (c) the largest class. In each diagram, the lithium-ion stoichiometry
at the surface is shown, together with the content at the particle center,
and a volume averaged lithium-ion stoichiometry of that particle class.
In addition, Fig. 3(d) shows the reaction overpotentials at the surface of
each particle class during relaxation.
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Fig. 2. (a) Exemplary rest phase following a 0.3 C Charge phase for 1000 s and a local U gradient of 20 pV m® mol !. Dashed line: cathode potential response for
uPSD, Solid line: Cathode potential response for PSD A. Grey shaded area: Deviation AE. (b) AE over the relaxation period.
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Fig. 3. Surface, center and volume average Li" stoichiometry and reaction overpotential during rest phase following a 0.3 C Charge process for 1000 s/0.3 C at 20

v m?® mol ! U°¢ -gradient with PSD A. (a) Ry, particle class. (b) Ryeq particle class. (¢) Ry particle class. (d) Reaction overpotential on the particle surface of
different particle sizes.

Initially, at the interruption of the current, all particles show a of lithium, as well as the lowest diffusion pathway length. Consequen-
similar surface lithium-ion stoichiometry, with a negative gradient from tially, the equilibration along the radial coordinate is finished after a few
center to surface. The R,,;, particle class shows the overall lowest content minutes, after which the gradient inverts, indicating an intercalation of



lithium into the particle, Fig. 3(a). In parallel, both the Ryeq and Ry,
particle classes are reduced in their average concentration, Fig. 3(b) and
(c). After 1 h, Ry, and Rpeq are in equilibrium along their radial co-
ordinates, and relative to each other. In the following, both only show a
slight increase over time, due to the R, which exhibits a higher
average lithium-ion content, diminishing over time. After 4 h, the R,
particles are not in equilibrium along the radius, and continuously
extract lithium ions into the R4 and Ry, particle class.

This is further exemplified by the reaction overpotential in Fig. 3(d),
with positive overpotentials signifying the extraction of lithium-ions
into the electrolyte, and negative overpotentials the intercalation into
the solid. Ry, particles show a minimum potential in the beginning, as
strong transport between R, and R4 particles takes place, with the
mass fraction of Ry,eq particles being 8 times higher. During later times,
small quantities of Ry, particles extract lower amounts of lithium into
the smaller particles, with a proportionally higher overpotential due to
the lower specific surface area of the R,,,x particles.

3.2. Impact of the PSD resolution

At first, we investigate the impact of the resolution of a particle size
distribution on the AE. The reference by Chen [8] describes 12 particle
classes, with a resolution of 1 ym. In a first step, the discrete classes have
been combined into 6 classes of 2 pm resolution. This has been further
reduced into 3 classes and rounded up, resulting in PSD A in Table 2.

In Fig. 4(a), the difference in relaxation voltage between a fully
resolved particle size distribution and a uniform particle size distribu-
tion is depicted. Two characteristic regions are shown. Initially, the
assumption of a uniform particle size distribution overestimates the
relaxation voltage, later underestimating it. This can be further seen in
Fig. 4(b), which shows a large negative AE in the beginning for all res-
olutions. Later, AE increases, forming a peak after 1 h, and then
asymptotically approaching 0.

The shape of the curve can be directly correlated with the processes
describe in the previous chapter. The initial decrease in voltage of the
non-uniform PSD is due to the readily available lithium ions in small
particles at short diffusion pathways, mediating the surface stoichiom-
etry of all particle classes. At later times, the relaxation is delayed due to
the slow diffusion in large particles. The peak of AE at 1 h is due to the
buffering effect of both processes overlapping, drastically reducing the
relaxation curve gradient.

This general shape can be seen both in fully resolved particle size
distributions, as well as in reduced ones. The reduction leads to a shift in
the position of the maxima of the AE curve. A reduction to 6 classes

(@

3.8 ' '

T

= = uniform PSD
non uniform PSD.

relax

Fig. 4. Rest phase potential following a 0.3 C Charge process for 1000 s at 20 pV m® mol !
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shows a shift to slightly higher deviations at lower times, and 3 classes to
a further increase in AE and a shift to longer times. This is in particular
due to the lacking resolution in the middle range of particle sizes, and
deviations due to rounding of the 10th and 90th percentile.

In conclusion to this, the reduced PSD A to E as seen in Table 2 will be
used throughout this work for the intuitive understanding, as it allows to
elucidate all main interactions between particle classes during the
relaxation. Furthermore, the reduction is feasible for the investigation of
the long-term relaxation, as only the largest particle classes influence
this. Contrary, to accurately simulate the relaxation curve over the full
relaxation time, and in particular the initial impact of smaller particles
and the AE peak, a higher resolution is necessary, as done in the later
simulations of the apparent diffusivity.

3.3. Impact of the U°C - gradient on the rest phase potential

As the U°C gradients determine the deviation in potential between
particles of different Li*-content, the impact is investigated using the
different locally linearized U°¢ gradients according to Table 1. Fig. 5
shows the potential deviations AE for different U°C gradients.

For a near-constant U°C, the rest phase voltage following a current
interruption with uniform and non-uniform PSD are identical within the
numerical accuracy. Under these circumstances, the varying surface
concentrations have no impact on the electrochemical potential. Thus,
no driving force for the exchange of lithium ions is present, with no
equilibration in between particles of different size is taking place. For
non-zero gradients, the curves show the same general shape as seen in
Section 3.2, with negative initial values, a maximum during the first
hour and asymptotic decrease towards 0, Fig. 5(a). When normalizing
the AE curves with AE stemming from an U°C-gradient of 40 pvm?®
mol~?, the shape of the deviation is widely independent of the U°C
-gradient, Fig. 5(b). At low times, the AE curve shows a zero intersection,
strongly amplifying deviations between the U°C-gradients. In conse-
quence, despite the U°C-gradient providing the driving force for the
equilibration, the time-limiting process is the transport in the solid,
which, in this example, is independent of the electrical potential of the
surface.

3.4. Impact of the particle size distribution on the rest phase

Based on the results in Section 3.2, a U°C-gradient of 20 pV m®
mol ! is used for the investigation of the impact of the particle size
distributions given in Table 2, Fig. 6. The cell parameters and the pa-
rameters of the charge phase remain unchanged.
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uoc -gradient. (a) Relaxation potential of a fully resolved non-uniform

PSD (solid line) compared to uniform PSD (dashed line) throughout the first 0.5 h. (b) AE for varying resolutions of non-uniform PSD.
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Fig. 6. Effect of the particle size distribution on the rest phase potential following a 1000 s/0.3 C charge process forat 20 KV m® mol ! U gradient. (a) Variation
of mass fraction of particles of 50 % and 200 % of Ryeq (10, 20, 50 % volume fraction each). (b) Variation of the mass fraction of particles of 75 % and 150 % of Rpeq
(10, 50 % volume fraction each) versus the reference PSD A.

Fig. 6 gives an overview over the results of the deviation caused by

different non-uniform particle size distributions. In Fig. 6(a), three more
wide-spread particle classes are compared, and the following observa-
tions can be made.

The reference, PSD A, is set to be identical to 20 pVv m® mol~! in
Fig. 5.

Increased amounts of smaller and large particles, PSD B, result in a
significant increase in the maximum deviation between uniform PSD
and non-uniform PSD compared to PSD A, more than doubling it
from 2.3 to 5 mV. Similarly, the negative starting point is decreased
due to the larger fraction of smaller particles, with the potential
starting out at 3 mV.

The bimodal distribution, PSD C, Continues the trend, starting out at
alower point and reaching a higher peak. After 4 h, the electrode still
shows a significant deviation, showing a residual AE of approxi-
mately 2 mV after 4 h.

In Fig. 6(b), the same comparison is shown for particle classes closer

to the median, with PSD A added as a reference.

e Closer to median particle sizes, PSD D, show no initial negative

values, as both the stoichiometry of particles of different sizes and
the diffusion pathways are more moderate. As Fickian diffusion
scales with the diffusion pathway squared and the specific surface
linearly inverse, the equilibration along the radial coordinate is not
as fast as in PSD A. Therefore, the small particles are not capable of
mediating the surface lithium ion stoichiometry to the extend seen
before. Furthermore, due to the lower size of the largest particle
class, the cathode approaches zero AE after approximately 3 h.

e The bimodal distribution of closer to median particles, PSD E, ex-

hibits a comparable peak height as PSD B, approximately 5 mV, but
further shows no negative starting values and falls below PSD A’s AE
after 3.5 h.

The comparison of PSD A versus PSD E shows that small amounts of

particles of twice the median size lead to higher residual AE after 4 h,
compared to large quantities of particles with 150 % the median radius.
Similarly, particles of half the median radius result in a more negative A

E

in the beginning, while large quantities of 75 % radius particles show

no negative AE. Therefore, it can be concluded that the limiting process
on long time frame is the diffusion in the solid within R« particle class,
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Fig. 7. (a) the derivate deviation between uniform and non-uniform PSD E following a 0.3 C charge process for 1000 s/0.3 C for PSD A. (b) Apparent diffusivity for

relaxation GITT for uniform- and non-uniform particle size distributions.

not the amount of lithium ions exchanged. This further supports the
conclusion of the previous section regarding the U°C-gradient. These
findings are in agreement with the fundamental results by Kirk et al.
[19], which attributed the increased tailing, and therefore time required
for voltage relaxation, to a more widespread particle size distribution. In
addition, our results further show that outliers, small fractions of
extraordinary large or small size, may be dominant during relaxation,
independent of the overall shape of the PSD, and need to be considered
for relaxation experiments.

4. Discussion
4.1. Impact of non-uniform particle size distribution on relaxation GITT

The classical GITT according to Weppner [14] has been developed
for the charge phase, but variations of the method have been adapted for
the relaxation phase. This has been done by the work of Kang et al. [15]
or the ICI developed by Chien et al. [16].

A principal aspect of the original derivation by Weppner was the
assumption of a non-porous electrode, or a singular electrode particle.
Going back to Section 2, it can be seen that this omits two relaxation
processes in porous electrodes. These being the equilibration among the
spatial coordinate, and the interaction between particles of different
sizes. In this section, we will discuss the estimation error created by
applying the method by Weppner to such a non-ideal electrode.

The evaluation will be carried out based on Equation (3), the defi-
nition of the deviation between uniform and non-uniform particle size
distributions. Based on Fig. 5(b), it can be assumed that the local U°¢
gradient has no effect on the time dependency of the deviation for most
of the relaxation duration, only on the magnitude. Therefore, the devi-
ation is split into a base function E and the U°C-gradient (4).

du°e

AE E-
dx

Uprsp  Uwpsp @
E is a function of the shape of the particle size distribution, as well as the
time and the initial state of non-equilibrium following the current phase.
This can be formally derived by the square root of time to obtain
equation (5).

dE dU°¢ , dyoc
dyt dx dx

dUpsp  dUpsp dAE(1)
dv/t dv/t dy/t

The same combination of the derivate of the voltage over time and

()

U°C-gradient can be seen in the evaluation equation for the GITT as
derived by Weppner [14]. The general shape of the evaluation equations
for the apparent diffusivity D,p, consists of a constant coefficient
including cell geometry, material constants and experimental condi-
tions, which are gathered in the constant Ky. The second term contains
the derivative of the experimental potential U,,, along the square root of
the time, normalized with the U°C gradient.

2 2
Wexp dUpsp
dy/t dvt
Doy Kw | o0 ~ Dyp  Kw | e Q)
dx dx

For this evaluation, it is assumed that the experimental voltage
relaxation can be approximated by the simulated voltage relaxation of a
non-uniform PSD electrode Upsp. Furthermore, the spatial distribution
within the uniform particle size distribution is neglected, as it is assumed
that the current is sufficiently low, and the gradient within the elec-
trolyte neglectable.

By combining equations (5) and (6), the voltage relaxation of an
electrode with non-uniform particle size distribution can be reformu-
lated into the response of a uniform particle size electrode Uypsp and E

7).

2 2 2
dUpsp dUypsp+dAE dUupsp | S
D K dy/t K dy/t K dy/t dx
wp Kw | o W aoe A R
dx dx dx
2
dUupsp
dy/t
KW dUocC +E
dx

7

By splitting up the bracketed term, the apparent diffusivity, Dy, can
be calculated from the true diffusivity, Dy, which can be derived by the

GITT-Evaluation of a hypothetical single particle system and E,

Table 3
Particle Size distributions and diffusion times for the study of the equilibration
and characteristic diffusion times for a diffusion coefficient of 1.5-10 > m?/s.

Runax 1.0 Rpped 1.4 Rined 2.0 Riped 2.5 Rined 3.2 Rined

tor,,./h 6.25 12.4 25.0 39.1 62.




Equation (8).

dUupsp !
1 1 N , 1 E
— —+E +— 8
\/Dapp \/Kw di::t \/Dwe \/KW ( )

In the following, the magnitude of E over the relaxation time is shown,

as well as the apparent diffusivity. £ and the apparent diffusivity have
been calculated from a simulated voltage relaxation following a 1000 s
charge phase at C/3, using the fully resolved particle size distribution by
Chen et al. [8].

E in Fig. 7(a) starts out at a low negative value after the current
interruption, rising significantly during the first hour and showing a zero
intersection. Later, the values remain positive, asymptotically
approaching 0 over the relaxation time. The apparent diffusivity in
Fig. 7(b) is initially orders of magnitude below the true value, rapidly
increasing. After half an hour, the apparent diffusivity is as large as the
real diffusivity. Afterwards, the apparent diffusivity shows a peak, fol-
lowed by a drop to negative values, from where it asymptotically ap-
proaches the true value of the diffusivity. After 4 h, the apparent
diffusivity is 1.15.10°1° mz/s, vs. a true value of 1.5:1071° mz/s,
resulting in an error of 24 % in this example.

The irregular shape of the apparent diffusivity can be explained due
to the interactions of particles of different sizes. Initially, all particles
show similar surface concentrations, but vastly different bulk concen-
trations. Among them, the smallest particles have the lowest bulk con-
centration and shortest diffusion pathway length.

Consequentially, the surface stoichiometry of the smaller particles
increases due to radial equilibration and does so faster than in larger
particles. As the kinetics are considered to be faster than the diffusion,
the smaller particles exchange ions with larger ones, increase their
surface concentration and reduce their U°C. This has been shown in
Section 3, with the initial negative A E.

After the concentration gradient within the smaller particles have
flipped, e.g., a positive gradient from center to surface has been estab-
lished and lithium ions are intercalated, the lithium ions on the surface
of larger particles are depleted. Due to the longer diffusion pathways in
larger particles, the lithium ions are more slowly refilled from the par-
ticle bulk. This buffering system of particles of multiple sizes leads to a
moderation of the voltage relaxation gradient. Due to this, the apparent
diffusivity is drastically overestimated.

During this, the non-uniform particle size distribution electrode ap-
proaches the relaxation gradient of a single particle, resulting in the zero
intersection in the diffusivity. After approximately 1 h, the zero inter-
section in £ occurs, at the same time as the maximum of AE in Fig. 3(b).
During this, small and medium particle classes are widely in equilibrium
concerning their radial concentration, and the overall equilibration
becomes increasingly limited by the larger particles. The apparent
diffusivity decreases, leading to another zero-intersection in the diffu-
sivity, followed by an underestimation of the diffusion coefficient.

4.2. Application in experimental design

In the following, recommendations for the design of parametrization
experiments, based on the modelling results in the previous sections, are
given. This includes both rest phase analysis, as well as the corre-
sponding conclusions for current phase analysis.

A. Particle size distribution

The particle size distribution has a significant influence on the shape
of the relaxation curve, with smaller particles dominating the relaxation
on a short time scale, and large particles dominating the long-time
behavior. Section 4.1 shows that the apparent diffusivity reaches the
true value at two points during the early relaxation, but these cannot be

determined within an experiment. Therefore, the value of the apparent
diffusivity is best determined at the longest possible relaxation time,
with respect to the signal-to-noise ratio of the experiment.

Furthermore, the error is reduced by narrower particle size distri-
butions, as shown in this work via simulation, and experimentally
employed by Kang et al. [15] through particle sintering. Alternatively, a
direct fit of the diffusivity using the extended P2D-model may be con-
ducted, if a priori data on the particle size distribution is available. A fit
with the classical P2D-model cannot reproduce the shape correctly, as
the apparent diffusivity would be dependent on the chosen time frame
for the relaxation fit.

B. Influence of the open circuit potential of the electrode

Both theoretical and experimental investigations suggest that the
diffusion coefficient is a function of the Li*-loading of the electrode,
therefore measurements at multiple states of charge are required [24].
Due to the results in Sections 3.2 and 4.1, it is concluded that mea-
surement points both in rest and charge phase should be chosen within
locally linear ranges of the U curve. This reduces the deviation in the
U°C.gradient between particles of different sizes and therefore surface
concentration, as equation (4) for the evaluation of the diffusivity as-
sumes a constant U°C derivative.

C. Relaxation time

Based on the comparison of different PSD in Section 3, it can be
concluded that the necessary time for the overall equilibration correlates
with the radius of the largest sized particle class, in this case Ry, not the
mass-wise dominant fraction, Ryeq. This can be further illustrated in the
comparison of the characteristic diffusion time,
RZ

D )]

Ip
which can be used to show the discrepancy in the solid-state equili-
bration between median and large sized particles, Table 3. Both diffu-
sivity and Rpeq can be found in Appendix B.

Consequently, small amounts of large particles may lead to a severe
increase in the necessary relaxation time. Moreover, if consecutive ex-
periments are conducted, as in a current- or rest phase GITT, a sequence
of incomplete relaxations leads to an increasing discrepancy in the
lithium content between particles of different sizes. Therefore, the
composition dependent U°¢ and reaction overpotential deviate further
with each current step, leading to an increasing error in the estimation of
kinetics and diffusivity. Additionally, these deviations can lead to an
increased hysteresis between the analysis of charge and discharge cy-
cles, in particular when trying to estimate the open circuit voltage.

Therefore, when designing sequential measurements, a combined
procedure is advised. Preliminary simulations can be utilized to estimate
the necessary duration of the relaxation period based on an approximate
diffusivity coefficient. After the experiment, validation simulations
using the apparent diffusion coefficient from experiments may be car-
ried out, to estimate the accumulating error, and - if necessary — repeat
the experiment with adjusted diffusion times based on intermediary
values.

Furthermore, we advise the use of distinct charge/discharge phases
which serve to attain the desired stoichiometry for the analysis, followed
by a relaxation phase which has a duration according to the character-
istic diffusion time for the 90th percentile of particle radii. This phase is
then followed by the shorter GITT-current and rest phase, which only
leads to a minimal change in the overall state of charge. This process is
repeated for all investigated stoichiometries.

D. Current phase



Both in current and rest phase GITT, the current phase must be
designed such that concentration differences between particles of
different sizes are minimized. Accordingly, the electric current needs to
be low, in order to minimize the effect of the varying specific surface
areas of particles of different size. Furthermore, high currents increase
the spatial deviations of the surface concentrations between particles, as
caused by the concentration gradient in the electrolyte.

E. Limitations

While this work was exemplarily conducted on NCM-Material, the
core concepts for rest phase analysis apply to other porous intercalation
systems, independent of host or the type of intercalated ions. The main
requirement for the application is the solid diffusion limitation of the
mobile ions. Furthermore, these concepts cannot be applied to materials
that exhibit pronounced phase changes and multiphase systems, such as
Lithium iron phosphate cathodes. Here, Fick’s law is not sufficient to
describe the transport processes, and different stable or metastable
phases may coexist and not exchange ions, despite concentration de-
viations, due to unfavorable potential [25]. This leads to constant open
circuit potentials over wide ranges of charge, therefore making the
evaluation of the diffusivity through GITT impossible [26,27]. Similarly,
it cannot be applied to stoichiometries close to phase transitions in
NCM-materials, as indicated by indentation in the U°C curve and regions
of nearly constant U°C [28].

5. Summary and outlook

Throughout this work, the effects of non-unform particle size dis-
tributions on the rest phase behavior of Lithium-ion intercalation bat-
teries have been investigated. We have demonstrated the interactions
between particles of different sizes, and the characteristic shapes of the
relaxation voltage curves. Based on this, an investigation on the devia-
tion between the apparent and true diffusivity stemming from rest-phase
GITT has been conducted, and the time-variance of the apparent diffu-
sivity has been elucidated. This offers additional insight into the sys-
tematic discrepancy between reduced order models and experiments, as
can be seen in the contributions of Horner [17] and Dees [18].

Furthermore, it has been found that the duration of the equilibration
for sequential measurements needs to be chosen with respect to the
largest size particles present. Hereby, the reproducibility can be
improved and the charge/discharge hysteresis in GITT reduced.

Overall, these findings lead to a set of recommendations for the
definition of a dedicated measurement protocol in order to decrease
systematic errors of current interruption measurement and current
phase measurements caused by a non-uniform particle size distributions.
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Appendix A. Equations of the extended P2D- Model

Table Al
Equations of the P2D Model, Adapted from Doyle [7] and Ender [11].

Equation Description
dex p 1 0 " TS Fickian diffusion in spherical particles
ot Cornplor\ Dypeorse’e or
OpXp  icen —inp Solid conductivity overpotential according to Ohm’s Law
o e
Qo ko @ /(€5 — CSSUMT) @ cSsurt o cE Exchange current density
R . . lnp *F Reaction kinetics according to Butler-Volmer equation
Jnp  lonpe2e smh( RaoT
id

S E C . .
Inp  PNp— PNp— Uﬁ,p Reaction overpotential

y 3 . Salt Balance in the electrolyte
1 d(iet) PO —-w,,,)(l —€)jnps Y
e + m

ok o 9 ) ock o«
ENPS ® NPS = D;j.l,_soely\l_ks o TDF -71;':'5

ot oz F oz F
i S i ea S e 3 e(l—¢)ew Charge balance in the electrolyte for every particle class m
dx m=¥Vm m m=¥Vm r”l m
0Pk pg —inps 2eRqeT «(1— o TDF 1 . oy p Potential equation electrolyte
0z KXps ®Eps F C &
Boundary condition
Jdep Symmetrical diffusion within spherical particles
o l— 0
s,surf J Conservation of mass between solid and electrolyte
—Dipe—2 NP
NPT =R TR
o}l 0 0 Anode current collector defined as zero potential
Obliez  Ucen Cathode current collector defined as cell voltage
Ock No concentration gradient throughout the anode current collector
e !
ack No concentration gradient throughout the cathode current collector
Sz 0
in[,.g O No ion flux at the anode current collector
ipl,, O No ion flux at the cathode current collector

Appendix B. Parameters of the P2D-Model

The thermodynamic factor TDF, transference number t°, electrolyte conductivity xiy, and the salt diffusion coefficient Df;, are calculated as
function of the concentration according to the polynomials given by Nyman et al. [29].

The parameters of the model are taken from Chen et al. [8] unless explicitly noted, with the cathode being NCM 811, and the anode graph-
ite/silicon blend anodes.

Name Symbol Units Positive electrode Separator Negative electrode
Electrode length Z m 75.6 10 © 1210 © 85210 ©
Median Particle radius Ryed m 52210 ° 5.86e10 °©
Diffusion coefficient D m?s 1 1.48e10 '° 1.7410 1°
Cell current density [ Am 2 13.44
Electronic conductivity K Sm ! 0.18 215
Faraday constant F Asmol !
Kinetic constant ko A m25mol 15 3.42e10 6 6.48010 7
Maximum Li-concentration within the solid Chax mol m 3 51765 29583
Solid Stoichiometry x - ¢ c*

Cmax Cnax
Stoichiometry operational maximum Xmax — 0.9084 0.9014
Stoichiometry operational minimum Xomin — 0.2661 0.0279
Ideal gas constant Ryg JK 'mol ! 8.314
Temperature T K 298.15
Open circuit potential yoc v fun(cy) 0*
Porosity 3 - 0.335 0.47 0.25
Bruggeman exponent b4 - 2.43 2.57 291
Thermodynamic factor TDF - fun(ck) fun(cE) fun(ck)
Transference number 0 - fun(ck) fun(c) fun(ck)
Area-based capacity C Ah/m? 45.6

*Modified from reference, the anode open cell potential has been set to 0.
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