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At present, it would be desirable to improve the C-rate values of bulk-type all-solid-state lithium-ion batteries by
optimizing the electrode structures. Although simulations are an effective means of determining optimal struc-
tures, a high degree of accuracy is required. The present study demonstrates a pseudo-two-dimensional (P2D)
method of simulating cathodes providing improved accuracy along with low computational cost and based on
actual three-dimensional electrode structures. This method incorporates the volume fraction and tortuosity of the
solid electrolyte (SE) and active material (AM), both of which are widely used in conventional simulations, and
takes into account the specific contact area diameter (Dgca) of the AM. The latter parameter reflects the extent of
AM particle aggregation and is obtained from the analysis of three-dimensional X-ray computed tomography
images. The validity of these P2D simulations is confirmed by comparison with experimental results for three
electrodes having different SE particle sizes. The experimental result shows that battery capacity is increased
with decreases in the SE particle sizes. This effect is not predicted using conventional P2D simulations employing
only volume fraction and tortuosity but is reproduced by P2D simulations in which Dgca values are used to model
AM particle aggregation and Li diffusion within AM particles.

1. Introduction

The shift from gasoline-powered vehicles to electric vehicles (EVs)
has resulted in a drive to develop next-generation EVs, with much of this
research focused on long-range cruising and fast charging/discharging.
A key component of any EV is its rechargeable battery and batteries
exhibiting high capacity, high power input and high power output are
required for next-generation EVs [1]. Conventional EVs use lithium-ion
batteries (LiBs) based on liquid organic compounds acting as electro-
lytes. Unfortunately, these compounds are flammable and so have
associated safety concerns [2]. In contrast, all-solid-state LiBs (ASSLiBs)
with sulfide solid electrolytes (SEs) are expected to exhibit fast char-
ging/discharging with a low risk of combustion [3]. The electrodes in
the bulk-type ASSLiBs that are likely to be employed as high-capacity
batteries in newer EVs contain both an active material (AM) and an
SE. Rapid ion transportation within the SE network, suitably fast inter-
facial reactions at the SE-AM interface and smooth lithium diffusion
within AM particles will all be required to produce high-performance
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bulk-type ASSLiBs and could be satisfied by optimization of the elec-
trode structure.

Many experimental studies have examined the relationship between
electrode structure and the performance of bulk-type ASSLiBs [4-6]. As
an example, Siroma et al. used AC impedance measurements to deter-
mine that the ionic conductivity of the electrode can be changed by
varying the AM volume ratio. It has also been reported that the facile
transportation of electrons and lithium ions is a necessary prerequisite
for high battery capacity [4]. In addition, Strauss et al. demonstrated
that the electronic conductivity associated with atomization of the AM
contributes to achieving high capacity in such batteries [5]. Otoyama
et al. assessed the state of charge distribution in the AM after charging
using Raman spectroscopy. Their work established that this parameter
was lowered by aggregation of the AM as a consequence of a reduced
AM-SE contact area together with increases in the lithium diffusion
length in the AM [6].

These previous studies suggest that the electrode should be con-
structed to promote the transport of lithium ions and electrons while
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also enhancing interfacial reactions and diffusion in the AM so as to
achieve high-performance ASSLiBs. However, because various factors
can affect the electrode structure (such as the mixing method, volume
fraction and particle size of the AM and SE), the efficient optimization of
these batteries via experimentation is very difficult. For this reason,
numerical simulations involving low computational costs are a useful
alternative approach to the structural optimization of electrodes. In
particular, pseudo-two-dimensional (P2D) simulations performed in
bulk-type ASSLiBs can provide lower computational costs compared
with three-dimensional (3D) simulations [7].

The Newman model is one means of performing numerical simula-
tions of batteries and has been previously applied in this manner [8-10].
One possible factor related to electrode structure that can affect elec-
trode performance is the lithium-ion migration distance in the SE. This
distance is reflected by a variable referred to as tortuosity. In prior work,
Wolff et al. considered the effect of electrode structure on ionic con-
ductivity using tortuosity values calculated using Bruggeman’s equation
[10,11]. However, the tortuosity obtained in this manner has been re-
ported to be lower than that calculated from experimental data and so
this type of analysis cannot accurately assess the effects of electrode
structure [12]. Just as P2D simulation of LiBs has improved accuracy by
reflecting 3D structures [13], P2D simulation of ASSLiBs has also been
studied to improve accuracy by using 3D structures. Hlushkou et al.
conducted simulations using the tortuosity values calculated from 3D
electrode structures obtained from focused ion beam scanning electron
microscopy images [14]. In addition, Kashkooli et al. obtained tortuosity
data using 3D electrode structures generated using X-ray computed to-
mography (CT). The resulting simulations reproduced the C-rate char-
acteristics of the device with improved accuracy compared with
calculations using tortuosity values obtained from Bruggeman'’s equa-
tion [15].

Simulations employing a 3D electrode structure can allow the effects
of the structure to be more accurately reflected in the calculations.
However, these effects are not solely associated with tortuosity and
volume fraction, as has been assumed in previous simulations of ASSLiBs
[15]. The contact area between the AM and SE together with the lithium
diffusion distances in the AM particles will also determine battery per-
formance, because these factors can induce an overpotential as a result
of reaction resistance and diffusion resistance. The contact area and
lithium diffusion distance are, in turn, related to the extent of aggre-
gation of the AM particles, and the effect of this aggregation will be more
significant in ASSLiBs than in liquid LiBs. This difference can be
attributed to the small gaps between aggregated AM particles in liquid
LiBs, through which the liquid electrolyte can migrate to produce ion
transportation paths. In contrast, the SE particles in ASSLiBs cannot
penetrate into the aggregated AM particles. Therefore, the effect of AM
particle aggregation should be incorporated into simulations of ASSLiBs
to ensure a high degree of accuracy.

Several previous simulations of liquid LiBs have considered the ef-
fects of AM particle aggregation [16-18]. Wang et al. conducted
discharge simulations of liquid LiB electrodes composed of AMs having
different particle diameters and found that the discharge capacity
increased with decreases in the AM particle size because of an associated
decrease in the diffusion distance [16]. Awaker et al. conducted an
electrolytic analysis of liquid LiB electrodes composed of AMs with
varying particle sizes and found that the frequency of contact between
the conductive agent and the AM increased with increases in particle
size and that this, in turn, improved conductivity [17]. Goldin et al.
reproduced the decrease in discharge capacity resulting from a loss of
contact area between the AM and the electrolyte caused by aggregation
of the AM by calculating an effective particle radius associated with the
specific contact area in a liquid LiB [18].

As described above, highly accurate P2D simulations of liquid LiBs
must incorporate the effects of AM particle aggregation in addition to
the more commonly used parameters of volume fraction (¢) and tortu-
osity (7). In the case of simulations involving ASSLiBs, it is even more
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important to consider the effects of AM particle aggregation based on
determining the specific contact area between the AM and the SE, such
as via the effective particle radius value previously used to model liquid
LiBs [18].

Although the importance of reflecting 3D structure in P2D simula-
tions has been demonstrated, the case of reflecting active material ag-
gregation based on 3D structure in P2D simulations has hardly been
confirmed for P2D simulation of ASSLiB. Therefore, in the present study,
anew approach was developed for P2D simulation of ASSLiB using X-ray
CT to determine the AM-specific contact area diameter (Dgca) as an
indicator of the extent of aggregation. The validity of these simulations
was verified by comparison with experimental results for three elec-
trodes having different SE particle sizes.

2. Experimental and numerical procedures

The accuracy of the present P2D simulations based on Dgca values
was assessed by performing discharge experiments and P2D discharge
simulations using structural parameters obtained from X-ray CT. The
simulation results were compared with the discharge experiment results.

2.1. Experimental procedures

2.1.1. Cathode half-cell discharge experiment procedures

The cathode composite was prepared by mechanically mixing
Li4T15012-coated LiNi0_3C00_15Alo_0502 (NCA) and 75Li2$—25P255 glass
(LPS) powders. The median diameter of the NCA was 5 pm while the
median diameter of the LPS was 1, 2 or 6 pm. The electrical conduc-
tivities of the NCA and LPS were 910 and 0.45 mS/cm, respectively.
These materials were combined at 85 and 15 wt%, respectively, then
sealed in a zirconia pot along with 34 g of zirconia balls (2 mm diameter)
and mechanically mixed at 600 rpm for 1 h using a rolling mill (AV-1,
Asahi Rika Seisakujo). All the materials were processed in an argon-
filled glove box with a low dew point (<-70 °C).

Following this, the cathode half-cell was assembled in the glove box.
A 90 mg quantity of LPS was transferred into a cell consisting of a 10 mm
diameter Macor cylinder and a stainless-steel current collector. After
pressing this material at 185 MPa, 12.4 mg of the cathode composite was
inserted into the same cell and the combined sample was pressed at 555
MPa. These procedures fabricated a cathode having a thickness of 43 pm
into which a section of lithium metal was inserted as a counter electrode.
Finally, the resulting cell was pressed at 93 MPa and then clamped at 30
MPa.

The cathode half-cell was sealed in a container and discharge tests
were conducted outside the glove box. These trials were performed over
the potential range of 4.2 — 3.1 V vs Li*/Li and the constant current
range of 0.189-15.12 mA (0.1 C — 4 C) using a battery testing system.

2.1.2. X-ray CT procedures

Samples of the compressed cathodes were cut out using a 0.3 mm
diameter hand punch (NOGAMI) in preparation for X-ray CT analysis.
The sample size was selected so as to ensure sufficient X-ray trans-
mission to allow for high resolution. These samples were transferred into
an airtight jig made of polyetheretherketone (PEEK) inside a nitrogen-
filled glove box with a low dew point (<-70 °C). The jig also con-
tained molecular sieves (type 3A, Kanto Chemical) to remove any water
vapor adsorbed on the inner walls [19].

Each cathode sample was assessed using X-ray CT (Rigaku, custom-
ized nano3DX) with a voxel size of 325 x 325 x 325 nm. A rotating
electrode-type X-ray generator was employed, operating at 45 kV and
66 mA with a molybdenum target [20]. The CT images were recon-
structed from a series of X-ray transmission images. In these images, the
AM (which had a high X-ray absorption coefficient) appeared white
while the SE (with a low coefficient) appeared black, making it possible
to identify the components of the cathode.
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2.2. Numerical procedures

The numerical procedures below are based on 3D X-ray CT images.
To obtain these images, a 3D box smoothing filter in MATLAB is used to
reduce noise. The active material and solid electrolyte were identified by
setting the X-ray CT image threshold to match their respective volume
fractions in the electrode, determined from the weight ratio of the
composite material.

2.2.1. Calculation of tortuosity and specific contact area diameter from X-
ray CT images

The tortuosity values related to the electron and ion migration
pathways in the AM and SE, respectively, were determined using an
electric field analysis based on the X-ray CT 3D images [20-22]. As
noted, the extent of AM particle aggregation can be quantitatively
evaluated based on the specific contact area of the material (Sam-sg)-
This can be defined using the specific contact area diameter (Dgca) per
unit volume and the number of AM aggregates per unit volume (Nay) as

D 2
SaM_sE :NAM471( SZCA) . @

The corresponding volume of the AM (Vap) can be calculated using
the equation

4 DQCA ’
= Nay— S . 2
Vam NAM37r( 5 ) 2

From these two equations, we have

Dsca = . 3

The values of both Vay and Sapv.sg could be obtained from the X-ray
CT images, allowing Dgca to be calculated. In this case, Say.sg calculated
by taking into account the increase in SE-AM contact area due to
voxelization in the X-ray CT images. Because this parameter reflects the
AM agglomeration structure, it represents the effective particle
diameter.

P2D simulations cannot accurately reproduce the complex shapes of
real electrodes because the active material is treated as a spherical
shape. In the presented method, the complex active material shape is
converted to spherical shape by using the Dgca such that the accuracy of
the model is improved as much as possible.

2.2.2. Modeling and simulation

Discharge simulations were performed on a cathode half-cell based
on the P2D ASSLiB model proposed by Wolff et al. [10]. Wolff’s model
can simulate the structural characteristics of the solid electrolyte.
However, the active material diameters used in this model is only its
non-aggregated case of the diameter cannot simulate the aggregation of
the active material. Therefore, reflecting the aggregation of the active
material in this model is expected to achieve more accurate simulation.
So, in this numerical simulation, Dsca explained above is used to the
effective active material diameter. As in Wolff’s model, the electro-
chemical reaction at the AM-SE interface, lithium-ion (Li") transport
through the SE and electron (e™) transport through the AM are simulated
in a single dimension (x) corresponding to the thickness direction of the
cell. In contrast, lithium (Li) diffusion through the AM is modeled in a
pseudo-dimension (r) within the AM particles. The diffusion coefficient
of Li in the AM depends on the Li concentration measured in the
experiment [23]. The AM particle size included in these simulations was
either the median particle diameter used in previous studies or the Dgca
value calculated from X-ray CT 3D images. In addition, the tsg and tam
values obtained from X-ray CT 3D images were used to determine the
effective Li™ conductivity and electron transport values.
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3. Results and discussion
3.1. X-ray CT structural analyses

Fig. 1 (a)—(c) present X-ray CT images of SE specimens having
varying particle sizes. Fig. 1 (d), (e) and (f) summarizes the tortuosity of
the AM (tam), the tortuosity of the SE (tsg) and the Dgca for each SE
particle size as calculated from X-ray CT images. The data in Fig. 1 (d)
and (e) demonstrate that the tortuosity values of the AM and SE were
independent of the LPS particle size. In contrast, the Dgca increased
along with the SE particle size, as demonstrated by Fig. 1 (f). It is likely
that smaller SE particles were inserted between the AM particles such
that the aggregation of the AM was inhibited, thus reducing the Dgca.

3.2. Comparison of simulated and experimental battery performance data

Discharge experiments and simulations were conducted for cathodes
having varying SE particle sizes. Fig. 2 (a) plots the discharge capacities
as functions of the C-rates measured in the experiments. Fig. 2 (b) plots
the discharge capacities as function of the C-rates calculated in the P2D
simulations. These simulations were based on the volume fractions and
tortuosity values (that is, Tay and Tsg) obtained from X-ray CT 3D images
and the AM median particle diameter (D504y = 5 pm). Fig. 2 (d) plots
the absolute differences between the experimental and simulated ca-
pacities obtained using the D504y value (ACapacity). Fig. 2 (c) shows
the discharge capacities plotted against the C-rates calculated from the
P2D simulations, based on the volume fractions and the tortuosity values
(tam, Tsg) generated using X-ray CT 3D images in conjunction with the
AM-specific contact area diameter (Dsca). Fig. 2 (e) presents the abso-
lute differences between the experimental and simulated capacities
obtained using the Dgca (A Capacity). From Fig. 2 (a) it is evident that
the experimental discharge capacity decreased with increases in the C-
rate at all SE particle sizes and that the discharge capacity at 1 C was
lower for the 6-um particles compared with the 1- and 2-pm particles. As
shown in Fig. 2 (b), the decrease in the discharge capacity with increases
in the C-rate could be simulated using D504y although the drop in
discharge capacity associated with 6-pm SE particles was not accurately
predicted. In contrast, simulations using the Dgca value successfully
reproduced the decreased discharge capacity obtained with 6-ym SE
particles. The differences in capacity from the experimental data were
generally smaller in the case of simulations performed with the Dgca
value (Fig. 2 (e)) than for those using D50ay (Fig. 2 (d)). Thus, the
former simulations reproduced the experimental discharge capacity
more accurately. It should also be noted that the simulations employing
Dgca exhibited the greatest differences from experimental values at 2 C
with 1- and 2-pm SE particles, although these discrepancies were less
than 10 mAh/g and so not significant in practical terms.

The experimental discharge curves are presented in Fig. 3 (a) while
the P2D simulations with D504y and with Dgca for 2-pm SE particles are
shown in Fig. 3 (b) and (c), respectively. It is apparent that both types of
simulations correctly predicted the voltage drop at the start of the
discharge (0 mAh/g). This outcome indicates that P2D simulations using
both D504y and Dgca can provide correct values for the ion trans-
portation resistance in the SE as well as the interface resistance between
the SE and AM. Even so, the discharge capacity plots obtained from the
simulations involving D50ay and Dgcp differ from one another, partic-
ularly in the last half of each plot. Specifically, the capacity values
generated using the Dgca method are much closer to the experimental
data. The greater accuracy of this approach is attributed to improved
modeling of Li diffusion in the AM particles.

In this study, aggregation and agglomeration are not distinguished,
and they are treated together as aggregation in the simulation, but the
simulation accuracy is higher than that of the conventional method
using the median particle size as described above. It is believed that
distinguishing between them can simulate Li diffusion more accurately
and increase the simulation accuracy. Moreover, the improvements in
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Fig. 1. X-ray CT images of electrodes with solid electrolytes having D50;ps of (a) 1, (b) 2 and (c) 6 pm. Legend: red = AM, yellow = SE. The values for various
structural parameters for each D50y ps: (d) tortuosity of the active material, (e) tortuosity of the solid electrolyte and (f) diameter of the AM-specific contact area. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (a)-(c) Discharge capacities and (d)-(e) absolute differences between experimental and simulated capacities (A Capacity) as functions of C-rates. These data
were acquired (a) experimentally, (b) (d) using simulations involving AM median diameters, and (c) (e) using simulations incorporating Dsca values.

the calculation of the contact area would also increase the simulation
accuracy.

Fig. 4 summarizes the 2D Li concentration distribution in the AM
particles at the end of a 1 C discharge for varying SE particle sizes as
predicted by P2D simulations. Fig. 4 (a), (b) and (c) present results
obtained with D50,y for SE particle sizes of 1, 2 and 6 pm, respectively,

while Fig. 4 (d), (e) and (f) show the distributions generated with Dgca
for these same particle sizes. In these plots, the Li concentrations are
indicated by variations in color. The distribution throughout the AM
particle radius is along the vertical axis while that in the electrode
thickness direction is along the horizontal axis. Therefore, in these
graphs, the maximum radius value is the AM particle size and the
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P2D simulation with Dy = D50
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maximum depth value equals the electrode thickness. In the case of the

simulations performed using D504y, the Li concentration distribution in

the AM was not changed by varying the SE particle size and was higher

than 0.8 in all regions, meaning that all AM particles in the electrode

would have been almost fully discharged. This result explains the high
capacity in the simulations with D504y shown in Fig. 2 (b) and 3 (b). In
contrast, the simulations with Dgcp indicated that the Li concentration at
the center of the AM particle is less than 0.65, and is even lower at
deeper electrode location and larger SE particle sizes. These low Li
concentrations are ascribed to the larger effective particle sizes pro-
duced by aggregation and the longer diffusion length from the surface of
the AM particle (that is, the SE-AM interface) to the center of the AM
particle. Lower Li concentrations would, in turn, decrease the battery
capacity and so the P2D simulations using Dgca accurately reproduced Li

4. Conclusions

diffusion in AM particle aggregates at various SE particle sizes.

A method allowing highly accurate P2D simulations of ASSLiBs using
the Newman model in conjunction with Dgcs values has been demon-
strated. Simulations incorporating the volume fraction and tortuosity
values calculated from X-ray CT images together with the AM median
diameter were found not to accurately reproduce experimental data. In
contrast, the use of Dgca values obtained from such images in place of
the AM median diameter provided good agreement with the experi-
mental results because AM particle aggregation and Li diffusion in the
AM particles were properly simulated.

This study developed a high-accuracy P2D simulation and found that
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decreasing SE particle size reduces AM aggregation, resulting in a
shorter lithium diffusion distance and improved discharge capacity. This
suggests that battery performance can be improved by reducing both
active material aggregation and AM atomization.
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