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Tortuosity Anisotropy in Lithium-lon Battery Electrodes

Martin Ebner, Ding-Wen Chung, R. Edwin Garcia, and Vanessa Wood*

High-performance lithium-ion Dbatteries (LIBs) require
improved active materials and optimized porous electrode
microstructures. Both experimental and computational studies
have demonstrated that the microstructure of LIB electrodes
influences key performance metrics.!”) For example, the
experimental study of graphite by Buga et al. in 2005 reported
the dependence of rate-performance on controllable electrode
fabrication parameters such as porosity and loading and sug-
gests that the obtained performance is linked to the tortuous
electrode microstructure formed by graphite platelets.?! More
recently, inhomogeneous lithiation and metallic lithium plating
on spherical mesocarbon microbead (MCMB) electrodes has
been imaged in situ by Harris et all”! Subsequently, these
effects, which limit durability and safety of LIBs, were linked to
microstructural inhomogeneity.!!

The reason why microstructure has an impact on LIB per-
formance metrics such as charge and discharge rate, cell life,
and safety is conceptually clear.®! In industrial LIB electrode
manufacturing, a suspension of active particles, conductive
agents, and polymeric binder in a solvent is cast and dried,
and calendaring is used to achieve the dense, low porosity elec-
trodes required for high energy density batteries.! This manu-
facturing process does not allow for microstructure control,
such that complex, tortuous microstructures can result, leading
to decreased effective electrolyte conductivity and diffusivity.
Because transport in the electrolyte phase limits performance
for materials such as graphite with fast solid-state diffusivities
of interest for high rate capability, the microstructure of the
porous electrodes becomes critical.! In this work, we seek to
quantify parameters that control porous electrode manufac-
turing, such as particle shape and calendaring, and its impact
on microstructural properties that are key to controlling battery
performance and reliability.

In the macroscopic description of porous electrodes, the
concept of electrode tortuosity (7) is used along with electrode
porosity (€) as a measure for the decrease in effective electro-
lyte conductivity and diffusivity due to the microstructure
of the electrode. To highlight the impact that tortuosity and
porosity can have on electrode performance, we simulate the
discharge behavior of a high energy graphite electrode with a
loading of 10 mAh cm™. For a specific material set where the
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porosity can be systematically varied, tortuosity and porosity are
related quantities. This is expressed through the generalized
Bruggeman relation!"!

T=¢" 1)

Figure 1a shows the maximum rate delivering 80% of the
nominal discharge capacity as a function of electrode porosity.
Each curve corresponds to different tortuosity—porosity rela-
tions, parameterized by different values of ¢, ranging from
0.5 to 4. As expected, low porosity electrodes of about 30%,
which are desirable due to their high energy density, show a
maximum rate of ¥2 C, i.e., nominal discharge in 2 h, for a
Bruggeman exponent o= 2, whereas o= 0.5 would allow for 2 C
discharges, i.e., nominal discharge in %2 h. Details of the sim-
ulations and results for other electrode loadings are available
in the Supporting Information (Figure S2). The importance of
low tortuosity is further highlighted by recent results demon-
strating the electrodes fabricated with novel techniques to min-
imize tortuosity in the direction perpendicular to the current
collector can enhance fast lithium transport deep into the elec-
trode.-131 While these manufacturing techniques remain far
from commercialization, the high economic relevance of fast
charge- and dischargeable batteries speaks to the need to quan-
tify and understand direction-specific tortuosity (i.e., tortuosity
anisotropy). While some studies provide a few directional tortu-
osity values, no extensive study of tortuosity anisotropy and its
relation to particle shape and processing conditions exists.[*17]

As outlined in Figure 1b, here we experimentally and theo-
retically quantify and determine the origin of tortuosity anisot-
ropy in porous electrodes. We fabricate electrodes with a range
of porosities from different active materials and acquire 3D
representations of the electrodes microstructures using syn-
chrotron radiation X-ray tomographic microscopy (SRXTM).
We perform numerical diffusion simulations on the obtained
microstructure representations to determine in-plane (i.e., par-
allel to the current collector) and through-plane (i.e., perpen-
dicular to the current collector) tortuosities.!'¥! Then, we inves-
tigate the validity of the differential effective medium (DEM)
approximation for calculating tortuosity in porous electrodes by
using the distribution of particle sizes, shapes, and orientation,
obtained by identifying individual particles in the 3D micro-
structure datasets.'”) Finally, we test if particle size and shape
information extracted from a relatively small number of par-
ticles in scanning electron microscopy (SEM) images, a tech-
nique readily available to most researchers, is sufficient input
to yield accurate directional tortuosity values from the DEM
approximation.

Tortuosity has traditionally been difficult to quantify, and dis-
parate values in the range of 1-12 for electrode porosities of
20-70% have been found.'*'7 Furthermore, electrochemical
methods permit measurement of through-plane tortuosity, but
not in-plane tortuosity, rendering quantification of tortuosity
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Figure 1. a) Maximum discharge rates yielding 80% of nominal capacity
as a function of electrode porosity for different Bruggeman exponents o.
b) Outline of manuscript content. c) Particle size distributions of LCO,
NMC, and graphite powders obtained by laser diffraction demonstrate
the comparable particle sizes and size distributions. Scanning electron
microscopy images of d) spherical NMC, e) non-spherical LCO, and f)
platelet-shaped graphite particles.

anisotropy impossible.l' We recently demonstrated that diffu-
sion simulations performed on large volume, 3D microstruc-
ture reconstructions of real battery electrodes imaged with
SRXTM enable quantification of tortuosity and investigation
of the effect of electrode inhomogeneity on tortuosity.?”! Here,
we use this technique to probe tortuosity anisotropies that
originate from active material selection and the manufacturing
process.[!]

We design an experiment to determine the anisotropic tor-
tuosity of electrodes fabricated from particles, which span a
range of shapes relevant for battery applications, including
spheres (principal axes a = b = ¢), triaxial ellipsoids (@ > b
> ¢), and platelets (a > b >> ). As model material systems,
we selected spherical LiNij;3Mn;;3Coq,30, (NMC), triaxial
LiCoO, (LCO), and platelet-shaped graphite because these
materials are commercially available with comparable par-
ticle size distributions (PSD), facilitating study of the effect
of particle shape on tortuosity, independent of particle size
or size-distribution. PSD, determined by laser diffraction,
and SEM images of all material sets are depicted in Figure 1.
The choice of LCO and NMC is primarily based on particle
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shape and compatibility to X-ray tomography, not to showcase
microstructure induced ionic transport limitations, which for
these materials only govern battery performance for thick and
dense electrodes at high C-rates.[?223] However, as discussed
previously, graphite electrodes, due to the high electronic con-
ductivity and reasonably fast solid-state diffusion of lithium
in graphite, are prone to microstructure induced ionic trans-
port limitations.>3?4 We emphasize that our findings in this
work are based on purely geometrical arguments and make
no assumption about the electrochemical performance of a
material. They are therefore applicable to any electrochemical
material set.

The collected tomography data allow us to extract the active
phase porosity and, using numerical diffusion simulations,
directional tortuosity. Directional tortuosity of 39 electrodes fab-
ricated with different porosities from NMC, LCO, and graphite
are summarized in Figure 2a—c. The exponent o of Equation
1 was fit to the obtained data for each principal direction.[02°]
Electrodes featuring spherical NMC particles do not show sig-
nificant tortuosity anisotropy (i.e., tortuosity values from three
orthogonal directions of each electrode lie in close proximity).
In addition, the directional Bruggeman exponent for spherical
NMC particles (Table 1) is close to the value & = 0.5, which is
expected for porous structures of spherical particles. In contrast,
non-spherical LCO particles give rise to anisotropic tortuosity.
Tortuosity values of the two in-plane directions as a function of
porosity are comparable in magnitude, but the corresponding
through-plane tortuosity is significantly higher, especially at low
porosities. The tortuosity anisotropy of the graphite system is
even more pronounced with a Bruggeman exponent o = 1.9 for
the through-plane direction. For example, the through-plane
tortuosity of electrodes with a porosity of 40% is three times the
value of the in-plane tortuosities. Such an increase in through-
plane tortuosity and the resulting decrease in the macroscopic
diffusion coefficient and conductivity in the pore-filling electro-
lyte have considerable implications for the lithium transport, as
showcased in Figure 1a.l-3]

To understand the relation between the tortuosity anisotropy
in the electrode and the particle shape anisotropy, we apply the
particle identification algorithm developed in ref. [21] to bina-
rized microstructures of NMC and LCO electrodes, examples of
which are shown as insets in Figure 2a,b. The shape and orien-
tation of all individual NMC and LCO particles in the electrodes
is quantified by fitting general ellipsoids to each identified par-
ticle and by studying the ratios between the ellipsoid principal
axes as well as the angle each principal axis makes with respect
to the plane of the current collector (i.e., the elevation angle).?®!
Figure 2d,e provide the distribution of NMC and LCO particle
shapes, according to a shape classification scheme introduced
by Zingg!*’! In this representation, a perfect sphere (a = b =
c) is located in the lower right corner of the diagram, a perfect
disc (a = b, ¢ = 0) in the lower left and a perfect needle (b =c =
0) in the upper left corner. Coloring in the diagram indicates
the shape exhibited by particles in the measured electrodes
with dark colors corresponding to large volume fractions. It is
apparent that the NMC particles are indeed spherical in nature
as their distribution lies within the equant region of the dia-
gram near the spherical extreme. In contrast, the LCO parti-
cles have a broad shape distribution with a maximum near the
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Figure 2. Tortuosity-porosity relations obtained by numerical diffusion simulations carried out on synchrotron X-ray tomography data for a) NMC,
b) LCO, and c) graphite electrodes with insets showing microstructure renderings of typical electrodes. Note different axes scaling. Particle shape
distributions reveal and quantify the d) spherical particle shape of NMC and e) non-spherical shape of LCO. The dotted lines indicate the geometric
limits and differentiate between regions of distinct particle shapes. f) Orientation statistics of the long (blue), median (purple), and short principal
axes (red) of non-spherical LCO particles within the porous electrode. Particles preferentially align their long principal axis a horizontally, as seen by

the high volume fraction near elevation angle 0°.

crossover point of all regions, demonstrating that they do not
exhibit preferential spherical, disc, or needle shape.

Figure 2f depicts the distribution of principal axes orienta-
tions for LCO determined from the tomography data. The
non-spherical LCO particles exhibit distinct alignment of their
longest principal axes parallel to the plane of the current col-
lector (i.e., small elevation angle). The shortest principal axes
are oriented perpendicular to the current collector with a large
elevation angle. Spherical NMC particles show some alignment

Table 1. Bruggeman exponent o, determined by least-square fitting
Equation 1 to the porosity-tortuosity data shown in Figure 2 and 3.

X (in-plane) Y (in-plane) Z (through-plane)
NMC 0.544 0.528 0.573
NMC + inactive 0.531 0.520 0.558
NMC DEM 0.539 0.551 0.590
LCO 0.632 0.651 0.830
LCO + inactive 0.597 0.613 0.754
LCO DEM 0.656 0.664 0.843
Graphite 0.591 0.614 1.914
Graphite DEM 0.666 0.666 1.949
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(Figure S4 in the Supporting Information), but because the
principal axes are all similar in length (i.e., a = b = ¢), this does
not lead to a significant tortuosity anisotropy. These results
highlight that alignment of non-spherical particles with their
longest principal axes parallel to the current collector is the
cause of tortuosity anisotropy.

To understand the relative importance of 1) gravity during
slurry coating and subsequent drying and 2) calendering of
the dry electrode on causing the observed particle alignment,
we compare orientation statistics of compressed and uncom-
pressed electrodes. Figure S5 (Supporting Information) pro-
vides alignment statistics for all 16 LCO electrodes. We find that
uncompressed electrodes already feature aligned particles indi-
cating that gravity plays a role. Increasing calendering pressure
leads to only a small additional increase in alignment for all
electrodes. Statistics of individual NMC electrodes (Figure S4,
Supporting Information) show weak trends in particle align-
ment, except for highly compressed electrodes that exhibit sur-
prisingly distinct alignment. We conjecture that fragments of
fractured particles, as observed in these electrodes (discussed
in ref. [21]), align.

We assess whether our findings that electrodes composed
of non-spherical particles exhibit pronounced anisotropic
tortuosity and that in-plane, horizontal, particle alignment
during electrode manufacturing is responsible for the observed
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Figure 3. Bruggeman exponent o estimated by the DEM approximation as a function of ellipsoid shape for a) perfectly aligned ellipsoids in the direc-
tion of the shortest principal axis and b) for randomly oriented ellipsoids. Knowledge of individual particle shape, size, and orientation for c) NMC and
d) LCO allows estimation of tortuosity for specific porosities by the DEM approximation. The data points represent the tortuosities estimated by DEM,
the dashed lines show best fits to Equation 1. These data points and the fitted Bruggeman exponents are in good agreement with those calculated from
numerical diffusion simulations on the X-ray tomography data sets. e) SEM image of graphite powder with color bars indicating measures of principal
axes a and b for individual particles. f) Particle shape diagram with individual points obtained through analysis of the SEM image in (e). The shaded
area indicates the simulated particle shape distribution used for the DEM prediction.

tortuosity anisotropy can be understood in the context of the
DEM approximation. The DEM approximation (see Supporting
Information) was introduced by Bruggeman, and is general-
ized through Equation 1.'%1] In the context of battery research,
the exponent, ¢, has often simply been chosen to be ¢ = 0.5.[2%]
However, o= 0.5 is valid only in the case of spherical, monodis-
persed particles.?”! For non-spherical particles, the Bruggeman
exponent can also be calculated in the context of the DEM
approximation based on experimental or assumed knowledge
of particle shape and orientation.’” Figure 3a,b show the
Bruggeman exponent calculated with the DEM approxima-
tion for all particle shapes in two extreme cases: for particles
that 1) have their shortest principal axis aligned to the direc-
tion of tortuosity estimation and 2) for particles that are ran-
domly oriented. For aligned particles (Figure 3a), the expected
Bruggeman exponent increases quickly for increasing particle
aspect ratio. In contrast, in the case of randomly oriented par-
ticles (Figure 3b), the Bruggeman exponent increases more
moderately. This highlights the dependency of tortuosity ani-
sotropy on the interplay between particle shape and alignment.
Finally, as shown in Figure S6 (Supporting Information), if par-
ticles have their longest principal axis aligned to the direction
of transport, the Bruggeman exponent can be reduced below
0.5. In such a case, the data shown in Figure 2c highlight that a
reduction in through-plane tortuosity by a factor of about 3 over

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

current graphite electrodes could be achieved. These results
provide a clear design guideline: if particle alignment cannot
be controlled during electrode manufacturing, spherical parti-
cles are desirable; however, if advanced manufacturing tools are
available that enable controlled particle alignment, tortuosity
can be decreased far below what is accessible through the use
of spherical particles.

The detailed NMC and LCO particle shape and alignment
information obtained through tomography and subsequent par-
ticle identification allows us to apply a discrete version of the
DEM approximation to determine electrode tortuosity and com-
pare the results to tortuosity values predicted through numer-
ical diffusion simulations performed directly on the X-ray
tomography data. Figure 3c,d plot the anisotropic tortuosities
obtained through the DEM approximation. Values for direc-
tional Bruggeman exponents o determined by fitting Equation
1 to the data points calculated with the DEM approximation
are in excellent agreement with the values obtained through
numerical diffusion simulations on the X-ray tomography data,
as shown in Table 1.

Because the DEM approximation successfully accounts for
the experimentally observed tortuosity anisotropy for spherical
NMC and non-spherical LCO electrode microstructures, we
next assess whether the DEM approximation can be also used
as a predictive tool. Here, we extract the shape of 23 particles

Adv. Energy Mater. 2013,
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from the SEM image of the graphite particles shown in
Figure 3e, mark them in the shape diagram of Figure 3f, and
estimate the moments of the underlying shape distribution
(normal distributed, tig, = 1, 0, = 0.8, a > b, Uy =5, Oy =
2, a > ¢). To model this distribution, a set of particles is ran-
domly drawn from a computer-generated population. The
resulting shape distribution is overlaid as the shaded area in
Figure 3f. In addition, a normal distribution of elevation angles
(Lg = 0°, 0p = 25°) is assumed and a log-normal volume dis-
tribution that matches the measured graphite PSD shown in
Figure 1c is chosen. Using this shape, alignment, and volume
information and applying the DEM approximation, the in-plane
and through-plane Bruggeman exponents are estimated to be
0.66 and 1.94, respectively. These Bruggeman exponents are in
agreement with those calculated through the numerical diffu-
sion simulations performed directly on the tomography data
(Table 1). This procedure demonstrates that simple visual char-
acterization of particle morphology, in combination with the
DEM approximation, enables rapid assessment of the tortuosity
tensor for arbitrary particle shapes.

In conclusion, using X-ray tomography data collected from
39 porous electrodes, we demonstrate that non-spherical active
material particles translate their anisotropic shape into an ani-
sotropic electrode microstructure due to alignment of the par-
ticles parallel to the current collector during electrode manu-
facturing. The increased tortuosity in the plane perpendicular
to current collection can impact the achievable power density
and cycling performance of a LIB, clearly motivating the use
of spherical active material particles if only standard porous
electrode manufacturing techniques are available. Our results
demonstrate that by utilizing spherical graphite particles or
aligning platelet-shaped particles, a factor of 4 improvement in
discharge rate can be obtained.

Furthermore, by comparing the tortuosity values for the
experimentally determined electrode microstructures from
numerical diffusion simulation, we demonstrate that the DEM
approximation provides an excellent estimate for tortuosity,
which can thus be used in the development of advanced porous
electrochemical simulations or to select electrode thickness and
porosity for a desired LIB performance. The use of a simple
visual analysis to estimate particle shape through SEM coupled
with knowledge of the particle size distribution and estimation
of particle alignment, the DEM approximation provides a prac-
tical method to assess the average directional tortuosity without
the need of complex electrochemical techniques or infrastruc-
ture intensive tomography measurements and simulations.
Indeed, the Bruggeman exponent maps provided in Figure 3a,b
enable a priori assessment of the impact of a specific active
material morphology on in-plane and through-plane porous
electrode tortuosity, thereby facilitating rational design of high
performance battery electrodes.

Experimental Section

Materials: Spherical LiNi; 3Mn; 30,30, (NMC) was received from
3M Co., St. Paul, Minnesota, USA, non-spherical LiCoO, (LCO) from
Umicore, Brussels, Belgium, graphite and carbon black (Super C65)
from TIMCAL Ltd., Bodio, Switzerland, and Kynar 761 binder from
Arkema, Philadelphia, PA, USA. Other materials were purchased:
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N-methyl pyrrolidone solvent (NMP, biotech grade) from Sigma-Aldrich
Chemie GmbH, Buchs, Switzerland and LP30 electrolyte, containing
1 m LiPF 6 in a 1:1 mass-ratio mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) from Merk, Germany.

Preparation of Electrodes: Electrode slurries with weight ratios of active
material to carbon black to binder of 96:2:2, 94:3:3, 92:4:4, and 90:5:5 in
NMP solvent were prepared. The ingredients were mixed for 5 min using
a high-shear disperser, rested on a roller bench for up to 3 h to remove
bubbles, and cast onto 12 um thick aluminum or copper foils with an
automatic film applicator using a notch bar. The films were then dried
under vacuum for 8 h at 80 °C and electrodes with a diameter of 13 mm
were punched out with a proprietary puncher.

Compression of Electrodes: Electrodes were compressed at room
temperature during 6 cycles with increasing pressure in a proprietary
calendering machine with 80 mm roll diameter. The roller applied a
load per unit length of 36.3, 72.5 and 241.6 N mm' on the electrodes,
resulting in pressures of approximately 300, 600, and 2000 bar. The
electrodes comprising the spherical NMC particles are the same as
those described in ref. [21].

Tomography Experiments and Numerical Analysis: Porous electrode
preparation for SRXTM, experimental details of SRXTM, 3D
reconstruction, and data segmentation to identify individual particles
followed the approach described in ref. [21]. The orientation and shape
of individual particles was estimated by fitting a general ellipsoid to each
particle identified from the tomography data using a MATLAB script.[2¢]
These fits were used to quantify particle shape distributions and particle
alignment. Tortuosity calculation followed the method developed
by Vijayaraghavan et al.® on cuboid subsections of the obtained
microstructures. In short, the steady state mass flux density was
calculated by discretization of the diffusion equation in the pore-space
of the binarized microstructure, while the surface of the solid phase
was treated as an insulating boundary. Two fixed virtual concentrations
were enforced on two opposing surfaces of the cuboid microstructure
subsections while the other four surfaces were treated as insulating
boundaries. From the obtained steady state mass flux density, tortuosity
in the direction of the mass flux was calculated.

Differential  Effective  Medium Approximation: For non-spherical
particles such as ellipsoids, & can be calculated according to ref. [19].
The exponent o; = R; in i-direction for perfectly aligned, identical
ellipsoidal particles with principal axes ¢; in d dimensions can be
calculated using Equation (2) and (3), from which the exponent 0;ngom =
R.andom for randomly aligned particles can be derived using Equation (4).

dt
1_[ /0 t+oc ](t+ ocj) @)

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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