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ABSTRACT

The sub-microstructure of polycrystalline lithium nickel manganese cobalt oxide (Li[Ni,Mn,Co,_,_,]O,, abbr.
NMC) secondary particles is determined by the arrangement, morphology and crystallographic orientation of the
primary particles and strongly impacts their capacity, rate capability and aging. Although most electrochemi-
cal models do not resolve the sub-microstructure, understanding the relationship between a secondary particle’s
sub-microstructure and its electrochemical behavior is essential for the rational design of advanced secondary
particles. In this paper we investigate the sub-microstructure of polycrystalline NMC secondary particles both ex-
perimentally and computationally. Experimentally, electron backscatter diffraction (EBSD) measurements char-
acterize the crystallography of the primary particles and a radial orientation of the a-b diffusion planes of the
individual atomically layered Li[Ni,¢Mn,,Co,,]0, (NMC622, Ni-rich) primary particles, revealing a Gaussian
distribution. Computationally, three-dimensional electrochemical simulations of polycrystalline secondary par-
ticles model the impact of the crystallographic orientation of the primary particles on the secondary particle’s
capacity. These simulations predict that the investigated NMC secondary particles have a capacity at a discharge
rate of 1 C that is up to 8% higher than that of a randomly oriented material. This shows that the crystallographic

orientations of polycrystalline secondary particles have a severe impact on the utilization of NMC particles.

1. Introduction

In 2019, M. Stanley Whittingham, John B. Goodenough and Akira
Yoshino were awarded the Nobel Prize for their research on lithium ion
battery technology [1] and thus for their major impact on technologi
cal progress. Although lithium ion batteries are already widely used for
energy storage in mobile devices, much effort continues to be invested
in the further development of rechargeable batteries. Indeed, the enor
mous potential of the rapidly growing electromobility market is pro
viding new impetus for diverse research activities aimed at advancing
lithium ion battery technology. Investigations of battery cells, compo
nents or materials typically focus on one of the length scales displayed
in Fig. 1.

The composite of active material, binder and additives is commonly
referred to as the microstructure of an electrode (see microscale in
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Fig. 1) and is traditionally modeled by treating the active material as
made up of homogeneous particles. On the cathode side, these particles
are usually called secondary particles and have spherical shapes with a
diameter in the order of 10 microns. Thus, typical length scales for the
microstructure regime roughly correspond to the combined dimensions
of the secondary particles being treated (typically ~ 100s ym). When it
comes to optimizing the performance of lithium ion batteries many ex
perimental and theoretical studies have been performed in order to un
derstand how the microstructure of the electrodes influences the energy
density, fast charging behavior, aging mechanisms, cost efficiency and
safety [2 8]. Nevertheless, many of these behaviors are influenced by
structural features to small to be resolved on the scale of typical mi
crostructure models.

In contrast, the sub microstructure (see sub microscale in Fig. 1) de
scribes the characteristics of single active material secondary particles,
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Nomenclature

Roman symbols Descriptions (Unit)

a, b, ¢

~ <=

€12

doffxer

Crystal lattice parameters (nm)

c axis ot the NMC crystal (dimensionless)
Radial reference orientation (dimensionless)
Probability density function of intrinsic sine be
havior (dimensionless)

Sum of two Gaussian distributions (dimension
less)

Probability density distribution of Aa° (dimen
sionless)

Probability distribution of Aa® normalized w.r.t.
intrinsic sine (dimensionless)

Probability distribution of Aa (dimensionless)
Probability density distribution of A« (dimen
sionless)

Fitting constants of Gaussian distribution (di
mensionless)

Distance between cross section and equatorial
plane (m)

Predicted value of a statistical distribution (di
mensionless)

Measured value of a statistical distribution (di
mensionless)

Concentration of lithium ions in the electrolyte
(mol m™3)

Flux of lithium ions (mol m~2s~1)

Lithium ion diffusion coefficient in the elec
trolyte (m?s~!)

Transference number of lithium ions (dimen
sionsless)

Charge number of lithium ions (dimensionless)
Faraday constant, 96485 C mol ™!

Electrical current density (A m~2)
Concentration of lithium ions in active materials
(mol m™3)

Lithium ion diffusion coefficient in the active
materials (m2s™!)

Scale of Butler Volmer flux (m*3mol=*%s=1)
Scale of Butler Volmer flux for the lithium
counter electrode (A m~2)

Universal gas constant, 8.3145] mol~'K~!
Cathodic / anodic rate constant (dimensionless)
Open circuit potential of active material (V)
Normal vector of a surface pointing from solid to
electrolyte

Radial coordinate (m)

Amount of primary particles (dimensionless)
Volume of a secondary particle (m?)

Volume of a primary particle (m?®)

Capacity (As)

Cell potential (V)

Time (s)

Descriptions (Unit)

Angle between the b and ¢ crystal lattice con
stants (°)

Cathodic / anodic transfer coefficient (dimen
sionless)

Misalignment angle of the c axis (radian)
Misorientation angle of the a b planes of the
NMC crystal (radian)

Angle between the a and ¢ crystal lattice con
stants (°)

4 Angle between the a and b crystal lattice con
stants (°)

0 Polar angle (radian)

) Azimuth angle (radian)

@1, 9 Euler angles based on zxz Bunge convention (ra
dian)

Hip Mean value of Gaussian distribution (dimension
less)

612 Standard deviation of Gaussian distribution (di
mensionless)

e Charge density (C m~3)

K Tonic conductivity of electrolyte (S m~')

@, Electrochemical potential (V)

o, Electrical potential in active materials (V)

Py Charge density in active materials (C m~3)

c Electrical conductivity of the active material
(Sm™H

n Overpotential (V)

e.g. made of atomically layered lithium nickel manganese cobalt oxide
(LiNi,Mn,Co;_,_,0,, space group: R 3m, abbr. NMC) or atomically lay
ered lithium nickel cobalt aluminum oxide (LiNi,Co,Al,_,_,0,, space
group: R 3m, abbr. NCA), which are composed of smaller primary par
ticles (see nanoscale in Fig. 1) usually being single crystals of various
sizes, shapes and geometric orientations [9 13]. In addition to these
morphological quantities the crystallography of the sub microstructure
also plays a crucial role as some important properties, e.g. the diffusion
[14,15] and the volume expansion [16 18], are highly anisotropic in
layered oxides. Transmission electron microscopy (TEM) measurements
locally display the layered nature of these materials but the measure
ments are limited to a very small region of interest and insufficient for
gaining full statistical sampling of a specimen having a size of several
microns [10 12]. Apart from these morphological and crystallograph
ical characteristics the presence and location of the grain boundaries,
along with the shape, location and orientation of pores between them
determine the sub microstructure of a secondary particle entirely. Thus,
the sub microstructure regime is described in length scales between the
typical dimensions of individual secondary particles (~ 10s ym) and the
appearance of quantum effects (~ 10snm). Additional studies show the
evolution of the sub microstructure during cycling and the formation
of microcracks in secondary particles, leading to capacity loss [11
13,19 23]. Lithium diffusion is strongly affected by the polycrystalline
nature of Ni rich NMC secondary particles and their cycling stability
improves when the single crystal primary particles, they are composed
of, are radially aligned [10 13]. Therefore, it is essential to at least in
clude both the morphology and crystallography when investigating the
sub microstructure. Nevertheless in microstructure simulations the sub
microstructure is typically neglected and the secondary particles are re
garded as composed of homogeneous material, because a more accurate
treatment would be too expensive computationally.

In our study we perform electron backscatter diffraction (EBSD) mea
surements to directly measure the crystallographic orientations in the
equatorial plane of polycrystalline NMC622 secondary particles. Con
trary to TEM measurements, we thus obtain significant statistical in
formation about the crystallography of samples having sizes of dozens
of microns. To the best of our knowledge the analysis of EBSD mea
surements of cathode materials has only been carried out in the litera
ture with respect to the global Cartesian lab coordinate system [24 28].
Using an evaluation method we developed the EBSD measured orienta
tions are related to a radial reference vector field representing the spher
ical shape of the NMC secondary particles. This analysis reveals two un
derlying Gaussian distributions. The dominant peak is likely to results
from the radial alignment of the primary particles (longitudinal direc
tion corresponds to a b plane [11]) whereas the smaller peak probably
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Fig. 1. Illustration of the battery cell and its subordinate scales, i.e. the macroscale, the microscale, the sub-microscale and the nanoscale. The primary particles are
usually made of single crystals of active material, e.g. NMC or NCA which exhibit a layered atomic structure. The secondary particles result from the arrangement of
the primary particles and their morphological and crystallographical configuration. On the microscale the volume elements of the electrodes contain active material
particles, binder and additives as well as electrolyte in the void space. The electrodes are separated by a porous polymer that is filled with electrolyte. The battery

cell results from the assembly of many anode, separator and cathode layers and some housing.

results from the formation of twin boundaries. Moreover, we perform
three dimensional electrochemical simulations, in which a single sec
ondary particle is divided into segments representing the primary parti
cles. We then treat the diffusivity in the individual segments anisotrop
ically representing high diffusivity in the a b plane of the layered oxide
and low diffusivity along the c axis. For this anisotropic formulation
we finally compare the 1C discharge capacity of four different cases,
i.e. tangential, radial, random and EBSD measurements based, which
gives us insights into the influence of the crystallography as one sub
microstructure characteristic on the electrochemical behavior.

2. Experimental
2.1. Material

The experimentally investigated material is commercial NMC622.
Therefore there is no information about the synthesis processes, e.g. dop
ing and coating. Nevertheless, Table 1 provides a chemical and physical
analysis of the material. The sub microstructure of the NMC secondary
particles is shown in Fig. 2a. Those SEM images and the false color im
ages of the EBSD measurements in Fig. 2b and S1 suggest that most
primary particles can be regarded as single crystals, as was previously
done in the literature [10].

2.2. Equipment, setup and measurement

First, we embedded the fractionated NMC622 powder in epoxy resin.
Subsequently, a 90° cross section preparation was carried out using
the ion beam slope cutting method [29,30] with the EM TIC020 Triple
Ion Beam Cutter (Leica Microsystems GmbH, Wien), so that an usable

Table 1
Chemical and physical analysis of the commercial
NMC622 powder.

Chemical analysis

Water [%] 0.005
Cobalt [Mol%] 20.0
Nickel [Mol%] 60.2
Manganese [Mol%)] 19.9
Calcium [%] 0.003
Copper [%] < 0.001
Iron [%] < 0.001
Sodium [%)] 0.029

Physical analysis

D-10 [; m] 6.3
D-50 [; m] 11.5
D-90 [1 m] 19.8

Table 2
Lattice parameters used for the EBSD analysis of the
NMC sample according to [31].

Lattice parameters

Space group/-number R-3mH / 166
a, b [nm] 2.872

¢ [nm] 14.221
alpha, beta [°] 90

gamma [°] 120

artifact free preparation area of approximately 1.5 mm? was prepared
for the EBSD measurements.

The analytical scanning electron microscopy was carried out using
the FE SEM NVision 40 (Carl Zeiss Microscopy GmbH, Oberkochen).
The images were taken using the four quadrant backscattered electron
detector at an acceleration voltage of 8 kV (see Fig. 2a).

The EBSD measurements were carried out on the 70° tilted sam
ple using the HKL Nordlys S (Oxford Instruments GmbH, Wiesbaden)
EBSD detector at an acceleration voltage of 10kV. The lattice parame
ters [31] which were used for the NMC sample for the crystallographic
evaluation are shown in Table 2.

For the EBSD measurements only those NMC particles were used,
which were cut approximately in the equatorial plane. This was deter
mined based on the particle’s size in relationship to neighboring parti
cles. The representation of the crystallographic orientation was carried
out via false color images like those in Fig. 2b for specimen 3 and in
Fig. S1 for the other specimens where the Euler angles are plotted as
false colors. The step size used was in the range of 50 to 80 nm. In total,
five different particles were investigated using the EBSD method. From
the false color images which refer to the global lab coordinate system
no clear regularity or correlation can be seen but the images appear to
be colored randomly. Therefore, the next section describes a method
for statistically evaluating the orientation data with respect to spherical
shape of the secondary particles.

2.3. Evaluation method in a spherical context

The atomic structure of NMC622 is represented by the crystallo
graphic space group R 3mH. Thus the atomic structure is invariant with
rotations of r around the a or b axis. Because the anisotropic diffusion
of lithium in NMC622 is primarily relegated to the {001} planes, the
orientations of the [001] axes (along with the Euler angles defined rela
tive to it) play a central role on our analysis of the EBSD measurement.
In this section the evaluation method, presented as a flow diagram for
specimen 3 in Fig. 3, is presented. The application of this approach to
the other specimens is analogous.

The vector field consisting of all vectors # shows the orientation of
the measured c axis and is named EBSD vector field U c R3. The first
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(a) SEM images of a FIB cross section of a single secondary particle reveal its
morphological sub-microstructure, i.e. the secondary particle consists of smaller

primary particles which form grain boundaries and pore spaces

.

(b) The false color image (width of image equals 15.7 pm, the particle con-
sists of 20.694 EBSD data points.) of the EBSD measurement of a single sec-
ondary particle (specimen 3) displays the measured orientations. The RGB
color corresponds to the three Euler angles (Bunge convention) that describe
the rotation of the unit cell. Further, two examples show different oriented
unit cells (upper example: @1 = 174°, ¢ = 42°, p3 = 72°, lower example:
w1 = 177°, ¢ = 8°, w2 = 0°). The false color images of the other four

specimens are displayed in fig. S1.

Fig. 2. (a) morphological and (b) crystallographic struc-
ture of the investigated NMC622 material.
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Fig. 3. Flow diagram of the evaluation method described in Section 2.3.
step of evaluating the measurement is to generate a reference vector tween each measured c axis and the respective radial vector is calculated
field by finding the center of the cut particle and creating a respec by
tively radial vector field V' ¢ R3. Then all domains of the two vector
ﬁel<.is Wthh. do not belong to the region of %nte.rest (i.e. parts of neigh Ad® = cos—! < u-v ) (1
boring particles) are deleted. Next, the misalignment angle Aa° be |ul|o]



and a resulting histogram is gained. This distribution is normalized in
order to get the probability density distribution p°(Aa°). Note that the
three dimensional vector 4 is used and not its projection on the cross sec
tion. Further, when assuming the center of the secondary particle lying
in the cross section of the experimental setup (i.e. the equatorial plane
perfectly equals the cross section) the third component of all vectors
U € V equals zero, which indeed is the case for specimen 3. For all other
EBSD measurements it is assumed that the particles are not perfectly cut
through their equatorial plane. Thus all vectors 7 € V' have a non zero
third component, whose relative magnitude increases the closer it is to
the projected center.

When calculating an infinitesimal annular surface area da of a sphere
using spherical coordinates the area da is proportional to sin(Aa®) (see
Fig. S4):

da = 2z R? sin(Aa®)d Aa®.

Regarding 0 as the radial reference vector and the vector i as the mea
sured orientation of the ¢ axis it becomes obvious that the intrinsic prob
ability distribution for the misalignment angle of random vectors is si
nusoidal. Thus the measured probability density function is related to
the density function

f(Aa®) = 0.5 * sin(Aa®) 2

in order to quantify the deviation of the measured EBSD signal from the
intrinsic distribution of random orientations. Thus we get the probabil
ity distribution p’(Aa®) when dividing by f(Aa®):

P'(8a®) = p°(Aa®)/ f(Aa®).

The last major step of this evaluation is to reinterpret the misalignment
angle Aa® in order to directly refer to the diffusion processes. Instead of
regarding the angle between the c axis and the respective radial orien

tation now it is converted to a misorientation angle Aa € [0, z/2] being
the minimum angle between the {001} planes and the radial orientation.
Hence, an adapted probability distribution p* is obtained by mirroring,
renormalizing and shifting p':

o= 3(s(5 -a0) (5 0))

By normalizing the distribution p* the probability density distribution
p*(Aa)

ST p*(Aahyd A

p(Aa) = 3
can finally be derived. The constant line referring to the expected values
for a random orientation distribution (originally sinusoidal) is normal
ized by dividing by z/2. The probability density distribution p(Aa) is
fitted by the function

2
C:
gha) = Y —
i=1 2

2ro;

-exp(—(Aa — u;)*/267) )

which is the sum of two Gaussian distributions. This finally leads to the
plots in Fig. 4 showing the probability density distributions p of all five
specimens with respect to the misorientation angle Aa of the crystal
planes as well as the Gaussian fits according to Table 3 and the line
referring to the expected distribution of random orientations.

2.4. Results and discussion

Applying the evaluation method described in Section 2.3 to all five
particles results in the probability density distributions in Fig. 4. The
error based on random noise is expected to be negligible because the
data analyses for the five particles are based on 12,832 to 25,379 EBSD
data points. The only difference between the evaluation of the particles
is the assumed distance dg,.; between the cross section and the actual
equatorial plane of the particle. The distances are set to 2.02 yum, 2.05 ym,
0.00 ym, 1.44um and 1.30 um for the specimens 1 to 5, respectively.

Table 3

Fitting parameters and root mean square error (RMSE) of the Gaussian fit
for each specimen (see. Fig. 4) and the mean value and standard deviation
(std. dev.) of each fitting parameter.

specimen (SP) Gaussian distribution parameters RMSE
< H 1 ) Ho 03
SP1 1.24 0.00 0.23 0.39 1.03 0.23 0.061
SP2 1.42 —0.01 0.23 034 094 0.40  0.115
SP3 1.56 —-0.01 0.28  0.23 1.02 0.29  0.103
SP4 1.56  0.00 0.25  0.23 1.01 0.25  0.112
SP5 0.91 0.00 0.23 0.48 1.00 0.32 0.198
SP-mean 1.34  0.00 0.25 0.33 1.00 030 -
SP-std. dev. 0.27  0.004 0.02 0.11 0.034 0.07 -

In order to compare the Gaussian fits, the fitting parameters of all
particles as well as their mean values and standard deviations are sum
marized in Table 3. Further, the table contains the root mean square
error (RMSE) for each set of fitting parameters, which quantifies the
quality of the fits by applying the formula

RMSE =

where N is the total amount of data points, G; the predicted value from
the Gaussian curve and P, the observed value from the EBSD measure
ment. From the RMSE values in Table 3 it becomes clear that the prob
ability density distributions can be described by the Gaussian function
(4) very well. Comparing the RMSE values with each other it can be
seen that the precision of the fits is roughly always the same. Thus, it
is convenient to compare the fitting parameters, which is done by cal
culating the mean value and the respective standard deviation of each
parameter. Hence, we find out that for all investigated NMC622 parti
cles the probability density distribution of the misorientation angle Aa
can be approximately described by the relation

Aa—1.00 )2

g(Aa)=2.15- 67((?7;5)2 +045- ef( 0.42 (5)

which is plotted in Fig. 5. This leads to the interpretation of having two
statistical processes with respect to the crystallographic orientation dur
ing the formation of the sub microstructure where each process has an
underlying Gaussian statistic. On the one hand, this is probably the ar
rangement process of the elongated primary particles as densely packed
spherical secondary particle. The cyan pixel in Fig. S3 cause the y; Gaus
sian peak and they tend to form elongated and radial aligned areas. Es
pecially, the third particle which is perfectly cut through the equatorial
plane shows theses features. On the other hand, the crystallization pro
cess during calcination at high temperatures has a severe impact on the
morphology and crystallography of the primary crystals [13] and likely
results in the formation of twin boundaries, which has been observed
in Ni rich NMC [13,32]. When evaluating the misorientations at the
boundaries of our primary particles (see Fig. S2) we find distinct peaks
at grain boundary angles of 60° and 90° for all five particles. Fig. S3
highlights these two kinds of grain boundaries and further displays the
pixel that cause the u, peak in the Gaussian distribution. Searching for
clusters or regions with a high density of these pixel shows that they are
often located close to the 90 ° grain boundaries or are situated in grains
adjacent to these grain boundaries. Thus, it seems likely that the u, peak
results from the reported twin boundaries. These findings based on the
spatial distribution of the respective data points support our hypotheses
about the origin of the two Gaussian peaks.

Due to the shapes of the fitted Gaussian distributions we denote
the investigated particles as crystallographically radial. In each case the
shape is characterized by

cg>c, =0, o, ~025

These aspects finally result in probabilities of 56 %, 67 %, 69 %, 70 %
and 48 % of having a misorientation angle in the interval [0; /8] for the
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Fig. 4. Final probability density distributions of the specimens SP1 to SP5 and the respective Gaussian fits according to Eq. (4). The constant dotted line at 2/x
corresponds to the probability density distribution of perfectly random distributed orientations. The respective false color images are displayed in Fig. 2b and Fig.

S1.

specimens 1 through 5, respectively, whereas a probability of only 25 %
is expected in the case of randomly oriented primary grains.

The evaluation method of this experimental part was developed inde
pendently from Xu et al. [33] but shows great similarities regarding the
first steps. However, there is one crucial difference regarding the eval
uated data. Whereas Xu et al. analyzed the gradient field of the Ni va
lence state distribution, from which only indirectly crystal orientations

are estimated in combination with very local TEM images, we directly
evaluate the crystal orientation of a cross section, which gives us more
statistical evidence regarding crystal orientations. Both studies comple

ment each other very well so that more detailed statistical information
can be obtained and a bunch of hypotheses can be concluded. Assuming
the primary particles in rod NMC (nomenclature used by Xu et al.) as
elongated ellipsoids both the longest half axis (morphological consider
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Fig. 5. (a) depicts the overall probability density distribution that results from the sum of two Gaussian distributed processes each of them having a dedicated mean
and standard deviation. (b) visualizes the first statistical process being the radial alignment of the primary particles. (c) visualizes the second statistical process being

the formation of twin boundaries.

ation) and the a b plane of the crystal (crystallographical consideration)
are oriented equally, which corresponds to [11]. Moreover, performing
spatially resolved TXM like Xu et al. gives sophisticated insights into
charge distribution but it seems like the gradient field of the Ni valence
state distribution does not indicate the direction of lithium flux (accord

ing to Fick’s law), which seems counter intuitive at the first glance but
reasonable in detail. The vector field rather displays either the direc

tions of diffusion barriers, i.e. the ¢ direction of the NMC crystal (like
proposed by Kan et al.[34].), or the normal vector of the grain bound

aries as lithium ions might accumulate at the grain boundaries (like
proposed by Sui et al. [35]). Furthermore, in our mind the gravel NMC
(nomenclature used by Xu et al.) looks more homogeneous whereas the
rod NMC exhibits distinct radial domains with high oxidation state. But
yet the overall state of charge is the same for the gravel and rod NMC so
that we assume similar effective diffusion velocities for different ratios
of bulk and grain boundary diffusion. In addition, as the gravel NMC
seems to be more homogeneous we conclude that the main cause of me

chanical stress and particle cracking is not the different magnitudes of

the concentration gradient in rod and gravel NMC but rather the differ
ent crystallographic orientations that lead to more or less synchronized
volume expansions.

Finally, in our experiments pure NMC is investigated, but from our
experience we would expect other materials to be feasible for these kind
of EBSD measurements, too. Both cathode and anode active materials
as well as composite materials should be suitable as long as crystalline
regions exist and exceed the microscope’s resolution, i.e. in our case
roughly about 50 nm. Hence, we expect much new research informa
tion on morphological and crystallographic aspects when applying our
evaluation method to other energy storage materials.

3. Simulations
3.1. 3D Electrochemical model

The electrochemical model used in this paper is based on a ther
modynamically consistent model [36,37]. This model is applicable to



three dimensional structures and thus to investigations of the secondary
particle’s sub microstructure. The investigated volume element of the
lithium ion battery cell is very small and contains only one secondary
particle. Thus all processes are regarded as isothermal, which finally re
sults in the governing equations (6) to (9) describing the system. We
used the COMSOL Multiphysics® software to perform the simulations
[38].

3.1.1. Electrolyte

For the electrolyte this model neglects both convection as it is highly
unlikely and charge separation as scales above 20 nm are regarded so
that the electrochemical double layer around the active particle is not
resolved. Furthermore, a binary salt is used as electrolyte, which results
in some simplifications of the transport equations. Thus from the ther
modynamic consistent model we finally get

o.c, =—§-]_\?+

€
S o o I -

=V (DVe) = V- <Z+_Fj> (©6)
from the mass balance. Here c, is the lithium concentration in the elec
trolyte, N, the flux of lithium ions, j the electrical current, D, the dif
fusion coefficient for the electrolyte, ¢, the transference number of the
lithium ions, z, the charge number of the lithium ions and F the Fara
day constant. From charge conservation we further get

0pe=0=-V.J
- - - l—l‘+ 0,,[ -
=V -&Ve,)-V- 2\ 7
(K (pC) <K Z+F <ace> CC) ( )

where p, is the charge density, ¢, the electrochemical potential and «
the ionic conductivity.

3.1.2. Active material

For the active material mass balance as well as charge conservation
are regarded. Contrary to the electrolyte it is assumed that the electrical
current only results from electronic and not ionic contribution so that
t, = 0. Thus we obtain

0‘cs=—§-]§”+
=V-(DVe,) ®)

atpsz():_%'f
=V (cVey) ©

with ¢, being the lithium concentration, ¢, the electrical potential, D,
the diffusion coefficient, p, the charge density and o the electrical con
ductivity. In each case the subscript s indicates that this is a property of
the solid phase.

In our simulations we focus on the lithium transport processes in
polycrystalline cathode active materials. Thus, only one single sec
ondary particle is regarded and its primary particles are resolved by
dividing a three dimensional sphere along the spherical coordinates
into individual segments. Furthermore, the diffusion is modeled as
anisotropic with a high diffusivity within the a b planes and a reduced
diffusivity in c direction. Rotated, local coordinates are assigned to
each segment and hence it is possible to realize different crystallo
graphic orientation distributions. For details about modeling the sub
microstructure of a secondary particle see section S2 in the supplemen
tary information.

3.1.3. Interface conditions

At the interface between the solid and liquid phase the intercalation
reaction takes place. The resulting flux iy, is usually described by the
Butler Volmer equation

. . a, F —a. F
lse o |&Xp \ s | =SXP |~ s (10)

Table 4

Simulation parameters. Since the parameters for NMC111
and for LiPF, in EC/DMC are known quite well most values
are taken from the literature.

electrolyte
k/Sm™! 0.98 [39]
/- 0.4 [39]
D, /m?s~! 2.72-10710 [39]
(1+0Inf,/dInc,)/— 2.191 [40]
¢y/molm™ 1000 [39]
@eo/V 0
NMC electrode
o/Sm™! 0.023 [41]
D* /m?%s~! 210" [42]
igo/m> mol 35! 5.06- 1076 [43]
™ /molm ™ 36224 [43]
a,/- 0.5 [3]
a./- 0.5 [3]
U,/V cf[43].
S0C,/- 0.2
Li counter electrode
iy/Am™2 10 [44]
a,/- 0.5
a./— 0.5
Uy/V 0
/v 0
=F (k)% (k)" (™ — ¢) e cg®

a, F —a F 1
* [CXP <Eﬂs> — exp <W']s>:| (11)

where the overpotential #, is defined by
ns:¢s_(pe_U0 (12)

with U, being the open circuit potential of the active material, ¢, the
electrochemical potential of the electrolyte and ¢, the electrical poten
tial of the solid phase. Further, k., a., k,, a,, ¢, R and T are the
cathodic rate constant and transfer coefficient, the anodic rate constant
and transfer coefficient, the maximum lithium concentration in the ac
tive material, the universal gas constant and the temperature, respec
tively. Since no side reactions and no formation of the electrochemical
double layer is modeled we get the following interfacial conditions

Q.

Joi=ig (13)

Jooiimiy (14)
_ i

N, = — 15
45 h T F (15)

N, = e (16)
< z F

where 7 is the surface normal pointing form the solid to so liquid phase.

For our simulations the material parameters refer to a solution of
LiPF, in ethylene carbonate (EC) and dimethyl carbonate (DMC) which
is hosted in a polyvinylidene fluoride (PVDF) separator. As cathode ac
tive material NMC111 is chosen since the respective material properties
have been investigated for a long time and are known quite well. All
simulation parameters including material properties, initial and bound
ary conditions are listed in Table 4.



Table 5

Simulated discharge capacities of the secondary particle for different cases. Since
40 simulations are performed for the random and EBSD statistics based cases,
statistical values are calculated, i.e. the mean, standard deviation (std.), mini-
mum (min.) and maximum (max.) value.

case\capacity /uAs mean std. min. max.
isotropic 0.993

radial 0.993

tangential 0.085 - - -
random 0.829 0.028 0.777 0.870
EBSD statistics 0.891 0.019 0.860 0.920

3.2. Results and discussion

In this section we regard five fundamental different cases, i.e. the
radial, the tangential, the random and the EBSD based one and further
the results for an isotropic diffusion parameter D, = D*. The isotropic
simulation serves as reference because most 3D models and the radial
formulation of the P2D model correspond to an isotropic diffusion pro
cess.

Note that the model does not contain any aging mechanisms and is
reversible. Therefore the following statements hold true for both charg
ing and discharging. Here we focus on discharging currents of 1C. Ac
cording to the volume of the spherical secondary particle V.cpy, its
theoretical maximum lithium concentration density ¢, (see Table
4) and a utilization factor of 80% the maximum capacity is C,,, =
VSeePart * Cs.max - 0-80 - F = 2,227 uAs. Further, note that so far no grain
boundary diffusion is implemented into the model. This will be part of
future investigations to verify to what extend the following statements
hold true when grain boundary diffusion is also considered. From the
experimental observations in Section 2 and the lack of published infor
mation we assume that it will be hard to estimate the impact of grain
boundaries on the diffusion. It is difficult to experimentally quantify
grain boundary diffusion and from our experimental observations we
further assume different kinds of grain boundaries which can be for in
stance seen in the statistics on the angles between grains (see Fig. S2)
and in the SEM images (see. fig. 2). Therefore some grain boundaries
might be rather regarded as interfaces between primary particles that
can be hardly seen as classical grain boundary. Hence, there might be
different kinds of interfaces when it comes to diffusion processes. Nev
ertheless, we relate our following results to a potential impact of grain
boundary diffusion.

Simulating the aforementioned five different cases whereby the ran
dom and EBSD based cases are performed for 40 different realizations
results in the discharge curves shown in Fig. 6a. The respective capaci
ties at the end of discharge (with an upper and lower cutoff potential of
4.2V and 3.0V, respectively) are summarized in Table 5. Furthermore,
Fig. 6 illustrates the lithium concentration and flux for the different cases
at the end of discharge as color map and vector field, respectively.

From these information several conclusions can be drawn. First,
the isotropic and radial cases show very similar lithiation processes.
Therefore it seems convenient to simplify the microscopic behavior by
an isotropic diffusion mechanism if the secondary particles are almost
spherical and the diffusion occurs in perfectly radial pathways (neglect
ing the impact of grain boundaries which are not aligned in radial di
rections). These two cases do not refer to real configurations of poly
crystalline particles but they rather serve as reference or limiting cases.
It turns out that the perfectly radial orientation of the a b planes show
the highest capacity in our simulations. Thus, this case represents the
best case scenario and reveals the theoretical improvements that can be
achieved. On the other hand, the isotropic case refers to another limit
ing case that shows similar electrochemical performance like the perfect
radial one. These two limiting cases are shown as they correspond to the
assumptions of most battery cell models, e.g. the P2D model.

In addition, the tangential case represents the worst case scenario
as almost no diffusion into the particle takes place, which for sure is
emphasized by the missing grain boundary diffusion. This case is far
away from physically realistic configurations but is also simulated to
complete the picture and give some idea about a possible worst case
arrangement of the primary particles.

The random and the EBSD statistics cases represent the physically
most realistic cases. They show varying behavior depending on the ex
act realization of the statistics. The capacities of the random and EBSD
cases vary with respect to their mean value by +6 % and +3 %, respec
tively. The standard deviation correspond to 3% and 2%, respectively.
Thus, it seams reasonable to understand the sub microstructure effects
on the overall performance in detail. The concentration and flux field
in Fig. 6e display that the random crystallographic orientations lead to
varying concentration profiles along different radial directions. In con
trast, Fig. 6i shows a rather regular lithium distribution for the EBSD
case, which finally leads to higher capacities.

Furthermore, the EBSD based cases shows in average about 8%
higher capacities than the random cases. This shows that the sub
microstructure of the NMC particles is already designed in an optimized
way or as discussed in the experimental part this optimized crystal
lographic structure is thermodynamically more favorable. But as many
boundary conditions of the synthesis processes have to be set by the
supplier, which probably affect the thermodynamics (e.g. temperature,
pH value), it is rather convenient that these parameters are part of the
supplier’s knowledge. This is encouraged by several experimental stud
ies [10,45,46] that show the impact of the synthesis process on the sub
microstructure. Hence, an thermodynamically and thus intrinsically pre
ferred orientation distribution is only valid for certain sets of boundary
conditions during synthesis.

From figure 7c¢c in the supplementary information of the
study [33] one can estimate a difference in the specific capacity
between gravel and rod NMC811 of about (193 —179)/179 = 7.8 %.
These galvanostatic measurements give experimental evidence for the
impact of the morphological and crystallographic configuration and is
in good agreement with our simulations. Nevertheless, including more
realistic morphologies and grain boundary effects in our model will
give further insights into the transport processes inside polycrystalline
secondary particles.

In addition, comparing the mean value of the EBSD statistics based
capacities with the one of the perfectly radial aligned primary grains,
it is shown that further optimizations of the sub microstructure are still
possible. Eventually, this results in an increment of the cyclable capacity
of about 11 %.

Our investigations focus on the secondary particles’ capacities due to
anisotropic diffusivity and varying crystallographic orientations. Since
the volume expansion is also highly anisotropic with abrupt changes in
the c lattice parameter other investigations further show enhanced me
chanical stability if there is a radial structure of the primary particles
[11,13,33]. The anisotropic volume changes are more pronounced for
Ni rich NMCs and lead to enhanced capacity loss [47]. When investi
gating the mechanical behavior of polycrystalline secondary particles,
in our opinion, it must be clearly distinguished between the morphol
ogy and the crystallography as well. We expect a strong impact of both
the morphology and especially the crystallography on the mechanical
behavior and thus on aging mechanisms.

4. Conclusions

In this study we show that crystal orientations can be directly mea
sured with high precision using EBSD by performing measurements on
cross sections of five NMC secondary particles. The evaluation of the
measurements in a spherical context shows that most crystals are ori
ented radially, i.e. the local radial direction of the spherical secondary
particle lies in the a b plane of the primary grains. For all five specimens
the orientation distribution can be fitted by the sum of two Gaussian
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(a) Discharge curves of the different cases (see fig. S6) reveal that the orientation distribution of

the local coordinate systems affects the capacity severely.

Having the same statistics but differ-

ent realizations results in varying capacities of £6 % and +£3 % for the random and EBSD based

statistics, respectively.

(b) isotropic (Cend) (c) radial (Cena)

(g) EBSD (C = 0.16-
107% As)

(f) EBSD (C = 0.00-
107% As)

(h) EBSD (C = 0.63-
107% As)

(i) EBSD (C = 0.92-
107% As)

Fig. 6. Plot (a) shows the discharge curves of all simulations. The plots (b-i) depict the normalized lithium concentration in the first and second quadrant, the
magnitude of lithium flux in the third quadrant and the lithium flux as vector field in the fourth quadrant. Figures (b-e) and (i) show the respective information for
the time step that corresponds to the end of discharge whereas (f-h) illustrate intermediate time steps. (c-e) and (f-i) are the same cases that are plotted in Fig. S6.
Additionally, (b) displays the result for an isotropic diffusion tensor where the diffusion process is independent from the local coordinate systems. The color bars are

valid for all plots.

functions, which when averaged, result in the following probability dis
Aa Aa—1.00

tribution function: g(Aa) =2.15- e_<@)2 +0.45 - e_(W)z. The two
Gaussian like peaks can be attributed to the dominant radial alignment
of the elongated primary grains and to the formation of thermodynami
cally stable twin boundaries. This result for the crystallographic orienta
tions is very well reproduced in all five measurements with very similar

fitting parameters for the two Gaussians. Obviously, this is an indication
that the crystallization kinetics during synthesis are very reproducible.
All in all, we directly observe a distinct radial orientation of the primary
grains in a crystallographic and not a morphological sense.

Although grain boundary diffusion is ignored so far our simula
tions already indicate that the crystallography severely impacts the ca



pacity of NMC secondary particles. This effect mainly comes from the
anisotropic lithium diffusion which results in a lithium flux along the a
b planes within NMC materials. Furthermore, we have shown that com
mercial NMC already exhibits an advanced sub microstructure that en
ables higher capacities than random crystallographic orientations. In av
erage the experimentally measured particles show 8 % higher capacities
than randomly oriented ones. But still the capacity of the commercial
NMC might be enhanced by an additional 11 % if the crystallographic
orientations were to be perfectly radial. These simulations show that
commercial NMC already have advantageous crystallographic configu
rations. However, further fine tuning of the radial diffusion paths during
material synthesis still allows considerable improvements to be made.
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