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Morphology-Dependent Influences on the Performance of

Battery Cells with a Hierarchically Structured Positive

Electrode**

Johanna Naumann,*™ Nicole Bohn,” Oleg Birkholz,™ Matthias Neumann,'” Marcus Miiller,”’

Joachim R. Binder,”? and Marc Kamlah*®

The rising demand for high-performing batteries requires new
technological concepts. To facilitate fast charge and discharge,
hierarchically structured electrodes offer short diffusion paths in
the active material. However, there are still gaps in under-
standing the influences on the cell performance of such
electrodes. Here, we employed a cell model to demonstrate
that the morphology of the hierarchically structured electrode
determines which electrochemical processes dictate the cell

Introduction

The ongoing transition of the energy and transport sector
amplifies the requirements on batteries. Fast charging and
acceleration of electric vehicles depends on the rate capability
of battery cells. One approach to improve the rate capability is
the hierarchical structuring of the positive electrode as depicted
in Figure 1(a). In this case, the secondary active material
particles consist of smaller primary particles, where the pores
within the secondary particles contain electrolyte, see Fig-
ure 1(b). Compared to a conventional electrode setup, the
electrochemically active surface area of the electrode enlarges
and transport paths in the active material shorten. The latter
has shown to increase the specific capacity especially at high
insertion and extraction rates."” The performance of the cell
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performance. The potentially limiting processes include elec-
tronic conductivity within the porous secondary particles, solid
diffusion within the primary particles, and ionic transport in the
electrolyte surrounding the secondary particles. Mitigating
these limits requires an electronic conductivity in the active
material of at least 107*Sm™" and a primary particle radius
below 100 nm. Our insights enable a goal-oriented tailoring of
hierarchically structured electrodes for high-power applications.

depends on the morphology of the hierarchically structured
electrode including the microstructure of the secondary
particles.” Despite first experimental studies, the structure-
property relationships in hierarchically structured electrodes are
not fully understood. Although incorporating the same electro-
chemical processes as conventional electrode structures, the
hierarchical structure affects the interrelation of these processes
and additionally requires electronic and ionic transport within
the secondary particle. During manufacturing, setting different
morphological properties is often interrelated, so separating
their influence by individual adjustment remains difficult.
Furthermore, experimentally extracting the interplay of mor-
phology and material properties takes great effort. It requires
the investigation of a wide range of materials and statistically
correlating their inherent characteristics.

To complement experimental investigations, porous secon-
dary particles for battery electrodes have been modeled by
several groups. Combining experiments with 3D imaging and
statistical image analysis, Wagner etal® studied structure-
property relationships of hierarchically structured electrodes.
Moreover, Neumann etal® used stochastic nanostructure
modeling and numerical simulations to quantitatively inves-
tigate effective ionic and electronic transport in secondary
active material particles with a designed inner porosity. Wu
et al.” employed a continuum model of a single secondary
particle concentrating on intercalationinduced stresses. Cernak
et al.”” spatially resolved the secondary particle to investigate
the effect of secondary particle porosity on the cell perform-
ance. Lueth etal” developed a continuum cell model for
electrodes which consist of secondary particles possessing a
certain inner porosity due to their agglomerate character. With
this model, they studied the dependence of cell performance
on two morphological and two material properties. Namely,
they considered effects of the electrochemically active surface
area, the secondary particle porosity, the diffusivity in the active
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Figure 1. SEM images: a) Cross-section of hierarchically structured electrode E2 with 73 um thickness. b) Secondary particle of comparable powder to F900

from Wagner et al.”!

material, and the electronic conductivity of the active material.
Birkholz etal® applied a similar model to hierarchically
structured electrodes with designed inner porosity of the
secondary particles. They quantified the influence of diffusivity
and electronic conductivity on the rate capability of the cell.
However, systematic model-based investigations of the relation-
ship between electrode morphology, material properties, and
cell performance across all scales in hierarchically structured
electrodes have not been performed so far.

Here, we combined a continuum cell modeling framework
with experimental investigations to show that different proc-
esses in the battery cell influence its performance depending
on the morphology and material properties of the hierarchically
structured positive electrode. We determined the change in
rate capability in terms of specific capacity with a variety of
morphological features as well as their interplay with material
properties. Under different conditions, different physical proc-
esses within the cell limit its rate capability. From these findings,
we deduced recommendations for the design of hierarchically
structured electrodes. Our investigations extend the work of
Birkholz et al.®! including a refined parameter set, see Support-
ing Information section “Properties of the E1 reference cell”. To
the best of our knowledge, we are the first group to correlate
the influence of morphology and material properties in
hierarchically structured electrodes within a cell model. Our
contribution provides a basis for a more intentional develop-
ment of hierarchically structured electrodes.

Experimental

Experimental details

To compare the modeled data with experimental data, we prepared
powders with different secondary particle porosity, electrochemi-
cally active surface area, and primary particle size. For this, we
milled a commercially available LiNi,;;Mn,;Co,,;0, (NMC111) pow-
der (NM-3100, Toda America) in an agitator bead mill with different
grinding media sizes (0.2 mm and 0.1 mm) and spray dried it to
form spherical secondary particles. Afterwards we sintered the two
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powders at different temperatures (A and B: 800°C for 5 h, C: 850°C
for 5 h and D: 800°C for 1 h and 700°C for 10 h) under air to adjust
the primary particle size and porosity (Figure 2).

We characterized all powders as follows: Secondary particle size by
laser diffraction, electrochemically active surface area by BET-
method with N2 adsorption, secondary particle porosity by mercury
intrusion, and primary particle size by FE-SEM investigations in
combination with image analysis. The detailed processing route
and powder characterization was described in Wagner et al.”! and
Dreizler etal® The results of the porous NMC111 powders are
summarized in Table 1.

For electrochemical tests, we produced electrodes by mixing
NMC111 powder, PvdF binder (Solef 5130, Solvay Solexis), carbon
black (Super C65, Imerys Graphite & Carbon), and graphite (KS6L
Imerys Graphite & Carbon) in a 87:4:4:5 ratio (wt.%) in N-methyl-
2-pyrrolidone (NMP). We doctor bladed the slurry on an aluminum
current collector at 200 um gap height and dried it overnight at
80°C. After drying we slightly compacted the electrodes. The
properties of the electrodes are listed in Table2 . Significant

Figure 2. SEM images: NMC111 powders with different secondary particle
porosity, electrochemically active surface area and primary particle size.
Powders A and C were ground with 0.2 mm and powders B and D with
0.1 mm grinding balls. The sintering conditions of powders A and B were
800°C for 5 h, powder C was sintered at 850 °C for 5 h, and a two-step
sintering process (800 °C for 1 h and 700°C for 10 h) was applied to
powder D.
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Table 1. Powder characteristics of the porous NMC111 materials.

Electrode Secondary Particle Primary Particles Electrochemically Active Secondary Particle
Porosity [] Radius [um] Surface Area [m’g™"] Radius [um]

A 0.514 0.127 5.1 4.5

B 0.439 0.102 4.9 35

C 0.476 0.156 36 4.8

D 0.474 0.072 74 3.6

Table 2. Properties of hierarchically structured electrodes.

Electrode Loading Thickness Volume Fraction NMC111 Electrode Porosity Volume Fraction
[mgcm 2] [um] (w/internal porosity) [—] (w/o internal porosity) [—] Additives [—]
Al 7.9 48 0.3470 (0.7141) 0.5253 (0.1582) 0.1277
B 7.4 45 0.3609 (0.6433) 0.5064 (0.2240) 0.1327
Vi 7.4 43 0.3548 (0.6771) 0.5147 (0.1924) 0.1305
DY 8.0 50 0.3354 (0.6377) 0.5412 (0.2389) 0.1234
E1led 8.2 46 0.3734 (0.5762) 0.4893 (0.2865) 0.1373
E2bd 124 73 0.3559 (0.5991) 0.5132 (0.2700) 0.1309
E30d 18.6 207 0.3650 (0.6145) 0.5007 (0.2512) 0.1343
E4d) 223 154 0.3032 (0.5104) 0.5853 (0.3781) 0.1115

[a] Comparable powder to F900 from Wagner et al.”’ was used. [b] Powder from Dreizler et al.”’ was used. [c] Electrochemical testing was performed using

CR2032 coin-type cells. [d] Electrochemical testing was performed using Swagelok-type cells.

variations in single properties are highlighted in Table 1 and
Table 2. The following sections describe their effect on the cell
performance.

From the prepared electrodes, a Whatman GF/C separator, electro-
lyte (LP30), and a lithium metal negative electrode we built
Swagelok-type and CR2032 coin-type cells. For electrochemical
testing we used a BT2000 battery cycler from Arbin Instruments.
We performed galvanostatic cycling at discharge rates of C/20, C/2,
1C, 2C, 3C, 5C, 7C, and 10C in a voltage range between 4.3-3.0 V.

Hierarchically structured half-cell model

For our modeling studies, we used the hierarchically structured
half-cell model developed by Birkholz etal.,”” see Supporting
Information section “Hierarchically structured half-cell model”. It
builds on the electrochemical model for lithium-ion batteries
(classical cell model) by Newman and coworkers."*'® Both models
employ the porous electrode theory.™" In this framework,
potentials and concentrations within the half-cell are volume-
averaged. Only the concentration in the active material is spatially
resolved. The half-cell and the active material particles each
represent a pseudo-dimension in the classical cell model. Birkholz
et al.”! extended the classical half-cell model to describe hierarchi-
cally structured electrodes (hierarchically structured half-cell mod-
el). For this purpose, they defined three pseudodimensions: the
half-cell level, the secondary particles, and the primary particles.
The hierarchically structured half-cell model incorporates the
following electrochemical processes:

¢ lonic mass and charge transport via the electrolyte both at half-
cell level and within the secondary particles.

¢ Electronic transport in the solid phase both at half-cell level and
within the secondary particles.

¢ Electrochemical reaction at the primary particle surfaces.

¢ Diffusion of the reduced species in the active material.
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The solid phase covers the behavior of the active material and the
conductive additives. We modified the hierarchically structured
half-cell model in two ways. First, we assumed diffusion paths to be
longer than the primary particle radius by a factor of 1.5. Schmidt
et al.”? suggested this assumption if part of the active material
particle surface is blocked. This is the case for hierarchically
structured electrodes, since the primary particles are sintered
together. In the following and the Supporting Information, R"
denotes the representative length of the diffusion paths. Second,
we decoupled the electrochemically active surface area of the
electrode from other morphological properties by modifying the
boundary condition at the primary particle surfaces I’ =R":

oV RY/1.5)al"
|:D§|) 3r(s|)} __( / ) ] (1)

R0 3¢l

o ()
In the original model, the concentration influx DY gff.) equals the

species flux density produced by the electrochemical reaction j. In
Equation (1), we used a prefactor containing the primary particle
radius R"/1.5, the volume fraction of the active material within the
secondary particles ¢, and the electrochemically active surface
area a to enable that they can be chosen independent of each
other in a physically consistent manner. Decoupling the electro-
chemically active surface area from the particle radius within the
classical cell model would require a similar approach using the
volume fraction of active material in the electrode. We used the
extended hierarchically structured half-cell model to study a
hierarchically structured positive electrode in a half-cell setup under
galvanostatic discharge until a cut-off voltage of 3.0V. The
corresponding differential equations and boundary conditions were
solved in COMSOL Multiphysics.
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Model validation and morphology variation

As a reference cell, we chose the half-cell with the E1 electrode.
Supporting Information section “Properties of the E1 reference cell”
lists geometric and material properties of the reference cell. Miller
etal”? and Schneider etal® investigated similar electrodes,
including charge-discharge behavior, incremental capacities (cyclic
voltammograms), internal resistances (EIS), and aging behavior.

To validate the applicability of the hierarchically structured half-cell
model, we compared modeled discharge curves at rates between
C/20 and 5C to the experimental results. Figure 3 demonstrated
their qualitatively good agreement. The model captured the
general shape of the discharge curves. In addition, it reproduced
the trend of decreasing specific capacity with increasing discharge
rate and predicted the specific capacity with an error of <11.7%.
Therefore, we considered the model appropriate to qualitatively
study the reference cell and cells with similar electrodes.

With our investigations, we aimed at gaining insight into the
structure-property relationships of hierarchically structured electro-
des. For this purpose, we separately varied morphological proper-
ties and modeled the discharge of the cell at rates ranging from
C/20 to 10C. This paper includes studies of the electrochemically
active surface area, the secondary particle porosity, the secondary
particle size, the primary particle size, and the electrode thickness.
For each property, we identified the underlying physical processes
which explained the observed behavior of the cell. Besides
structural parameters, we modified material properties in order to
study their interaction with morphology.

(a)

Results and Discussion

Effect of electrochemically active surface area on reaction
kinetics

The first goal was to quantify the influence of the electrochemi-
cally active surface area on the rate capability. Studying this
property experimentally is especially difficult since in reality the
electrochemically active surface area depends on primary and
secondary particle size as well as on porosity. Our cell model
provided a deeper understanding of theses single factors by
separating the effect of electrochemically active surface area on
the cell performance from the other influencing factors. With an
extension of the hierarchically structured half-cell model in
Equation (1), we enabled a variation of the electrochemically
active surface area independent from all other electrode
properties. In addition to the boundary condition at the primary
particle surfaces, the electrochemically active surface area
affects the source terms of the hierarchically structured half-cell
model (Supporting Information Equations (4-5) and (14-16)),
which describe the magnitude of intercalation. The reference
electrode had an electrochemically active surface area of
7.62x10°m™". The investigated range of 2.40x10°m™'
(0.5 m*g™") to 21.50x10°m™' (4.5 m*g™") corresponds to typical
values observed in experiments® Supporting Information
Equation (33) gives a conversion of m™', which is required by
the hierarchically structured half-cell model, to m?> g~', which is
common in experimental contexts. Figure 4(a) showed that the

(b)
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Figure 3. Comparison of the modeled and experimental discharge behavior of the reference cell at a) C/20, b) 1C, c) 3C, d) 5C.
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Figure 4. a) Rate capability of electrodes with different electrochemically active surface area. b-d) Influence of (b) diffusivity in the active material, c) electronic

conductivity of the active material, d) reaction rate on the cell performance at 5C.

acquired rate capability of cells with electrodes of different
electrochemically active surface area was identical. Therefore,
we find that within the chosen range, the electrochemically
active surface area of the electrode has no effect on the cell
performance. Lueth etal” found the discharge capacity of
agglomerates significantly depends on the electrochemically
active surface area of the electrode. At the investigated 5C
discharge rate, their model yielded a constant decrease in
capacity toward the end of discharge. This contrasts with the S-
shaped discharge curves from our modeling results, which
agreed with the experimental findings, see Figure 3. The differ-
ence in discharge profiles highly affects the obtained capacity
and offers an explanation for the deviation between the two
models.

To broaden our results, we studied electrodes with different
material properties. Namely, we altered material properties
which interdepend with the studied morphological properties,
i.e. reaction rate, electronic conductivity of the active material,
and diffusivity in the active material (see Supporting Informa-
tion Equations (6,16,23)). These material properties may vary
with different synthesis of the active material or processing of
the electrode. Influences on the reaction rate include active
material coatings and the composition of the electrolyte.*”
Electronic conduction involves the bulk of the secondary

Batteries & Supercaps 2023, €202300264 (5 of 13)

particles®™ and therefore depends on the quality of grain
boundaries. Crystal structure and lattice defects govern the
diffusivity in the active material.?**! Figure 4(b) depicts the
dependence of cell performance on the active material
diffusivity at 5C as an example for a high discharge rate. For a
given diffusivity, electrodes with different electrochemically
active surface area yielded identical cell performance. Likewise,
varying the electrochemically active surface area did not affect
the influence of the electronic conductivity of the active
material on the cell performance, see Figure 4(c). Only reaction
rate constants lower than 107 m**mol *’s™" caused a differ-
ence in rate capability as depicted in Figure 4(d). In this case,
high surface area electrodes retained a higher specific capacity
at 5C because the rate of the electrochemical reaction
determined the cell performance. Since the deviation was small
even under these extreme conditions, we conclude that
hierarchically structured electrodes in general tend to be
insensitive to a change in electrochemically active surface area.

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Interplay between secondary particle porosity and electronic
conductivity

Next, we investigated to what extent the cell performance of
hierarchically structured electrodes depends on the secondary
particle porosity. For this purpose, we studied electrodes A and
B, which featured differing secondary particle porosity and size
but comparable primary particle size. Figure 5(a) revealed a
decreasing specific capacity with increasing discharge rate.
Furthermore, the capacity fade was more pronounced for
electrode A containing more porous and larger secondary
particles. The hierarchically structured half-cell model could
separate the two influences. In this section, we first investigated
the influence of secondary particle porosity on the rate
capability. For this purpose, we modeled electrodes of varying
secondary particle porosity. At the same time, all other
electrode properties complied with the reference electrode. The
secondary particle porosity enters the hierarchically structured
half-cell model in three ways. It explicitly affects the ionic
transport (Supporting Information Equation (14)) as well as the
effective transport properties (Supporting Information Figure 2)
in the secondary particle. Furthermore, it changes the applied
current (Supporting Information Equations (8,9,13)) in order to
be consistent with C-rate. The hierarchically structured half-cell
model reproduced the general discharge and rate behavior as

shown in Figure 5(b). Hence, the modeling results could be
used to qualitatively explain the processes during discharge. In
addition, the model confirmed the experimental trend with
respect to secondary particle porosity. More porous particles
provided a lower rate capability, which explained part of the
deviation between electrodes A and B.

The first step to understand why a high secondary particle
porosity yielded a lower rate capability lay in locating the
capacity loss within the electrode structure. Figure 6(a) displays
the concentration profile in the active material at the end of 5C
discharge over the electrode thickness and the secondary
particle radius. Here, the normalized thickness coordinate runs
from 0 at the separator to 1 at the current collector. For the
normalized radial coordinate of the secondary particles at the
respective thickness position, 0 denotes the particle center and
1 denotes the particle surface. Irrespective of the position
within the electrode, the concentration in the active material
decreased towards the center of the secondary particles. The
concentration gradient intensified if the secondary particles
were more porous. Corresponding to the concentration
gradient, a gradient in electric potential as shown in Figure 6(b)
arose within the active material close to the surface of the
secondary particles. Again, the gradient aggravated with
increasing porosity of the secondary particles. From this we
deduced that the effective electronic conductivity within the
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Figure 5. a) Experimental rate capability of electrodes A and B with differing secondary particle porosity and size, see Table 1 and Table 2. b) Modeled rate

capability depending on secondary particle porosity.
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Figure 6. a) Normalized concentration in the active material and b) electric potential in the solid phase at the end of a 5C discharge.
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secondary particles limited the cell performance. The low
electronic conductivity of NMC111 caused a poor exploitation
of the active material close to the center of secondary particles.
As the secondary particle porosity increased, the effective
electronic conductivity further declined. In consequence, low
secondary particle porosities outperformed high porosities. A
study of cells with varying electronic conductivity of the active
material further validated our finding. Amin et al.”® found that
the electronic conductivity of NMC111 varies between
10°°Sm™" and 10°Sm™" depending on lithiation and temper-
ature. Furthermore, results from Kuo et al.”® suggested that
measuring the electronic conductivity of NMC111 is difficult
and includes uncertainties. For this reason, we chose a range of
107°Sm™" to 1072 Sm™" for studying the qualitative influence of
electronic conductivity on the cell performance. As apparent in
Figure 7, the cell performance scaled with the electronic
conductivity in the range between 107> Sm™" and 107*Sm™".
Above this range, the cell performance reached a limit and
other physical processes in the electrode became restrictive.
Below 107° Sm™, the specific capacity at 5C declined rapidly.
Already at 107°Sm™', the electrode ceased to deliver any
capacity. Raising the electronic conductivity in the secondary
particles could enhance the rate capability of the cell, which

i
— 1
n 1
lop 150 1 O
< o
<
£
2 100 A
(8}
3
[0}
kj Secondary Particle Porosity
& 50 = 0.280
3 =O= 0.439
o = 0514
0= 0.600
= 7y T I T T T
106 103 1074 1073 102

Electronic Conductivity NMC [Sm™!]

Figure 7. Influence of electronic conductivity within the secondary particles
on the cell performance at 5C.

(a)

proves that this material property is crucial for hierarchically
structured electrodes. If the electronic conductivity of the active
material is poor, an enhancement of the overall electronic
conductivity in the secondary particle, e.g. by carbon coating of
the primary particles, is essential to ensure a good cell
performance.***" Our conclusions agreed with Wagner et al.,”
Lueth et al.” and Birkholz et al., who identified the electronic
conductivity as a main limit for the cell performance depending
on the electrode morphology.

Other material properties had less influence on the relation-
ship between secondary particle porosity and specific capacity.
The specific capacity at 5C hardly changed for diffusivities
between 107 m?s™' and 107" m?s™', see Figure 8(a). A diffu-
sivity below 107'® m*s™" caused the difference in cell perform-
ance at 5C to decrease. This went hand in hand with an overall
drastic decrease of specific capacity for this regime, until it
completely faded at 107" m?*s™' for all values of secondary
particle porosity. When altering the reaction rate constant, the
difference between the cell performance remained the same,
see Figure 8(b). In summary, a change in diffusivity of the active
material or in reaction rate constant hardly affected how the
secondary particle porosity related to the cell performance.

Dependence of electronic conductivity on the secondary
particle size

In the previous section, we identified the electronic conductivity
within the secondary particles as a limiting factor for the rate
capability of hierarchically structured electrodes. Naturally, the
question arose as to what extent the secondary particle size
affects the performance of hierarchically structured electrodes.
The secondary particle size determines the path lengths of
electronic and ionic transport within the secondary particle. The
hierarchically structured half-cell model includes the secondary
particle size at the secondary particle level via the range of the
radial coordinate r'", see Supporting Information Equations (14—
16). In addition to a varying secondary particle porosity, the
secondary particles of electrodes A and B from the previous
section showed a difference in size. Electrode B with smaller

(b)

150 1

100 1

W
[
1

Specific Capacity [mAhg ™!

IOLIX 10L17 IOLIO |0L15 ]OLM 10L13
Diffusivity in NMC [m?s~]

Secor{dary Particle Porosity
T | == 0.280
=O= 0.439
=l 0.514
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103 1072 107" 10710 107°
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Figure 8. Influence of a) diffusivity in the active material and b) reaction rate on the cell performance at 5C.
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Figure 9. a) Experimental rate capability of electrodes C and D with differing secondary and primary particle size, see Table 1 and Table 2. b) Modeled rate

capability depending on secondary particle size.
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Figure 10. a) Normalized concentration in the active material and b) electric potential in the solid phase at the end of a 5C discharge.

and less porous secondary particles outperformed electrode A secondary particle size displayed in Figure 10(b). The long
in terms of rate capability, see Figure 5(a). In addition, we electronic transport paths to the center of large secondary

considered electrodes C and D, which d

iffered both in secon-  particles impairs rate capability if the electronic conductivity of

dary and primary particle size. Figure 9(a) showed a higher rate  the active material is low.

capability of electrode D, consisting of smaller secondary and Investigating electrodes with varying electronic conductivity
primary particles. Again, the hierarchically structured halfcell in the secondary particles confirmed its relation with the
model could elucidate the impact of each single property. This  secondary particle size, see Figure 11. If the electronic con-
section contains modeled results of electrodes with different

secondary particle size to study its impact, while all other

properties corresponded to the reference electrode. As dis- . !
played in Figure 9(b), the rate capability decreased with —Im 150
increasing secondary particle size. This indicated that the = g
difference in secondary particle size could explain the difference E !
in performance between electrodes A and B as well as between 2 100 :
electrodes C and D to some extent. In electrodes A and B, the é |
effects of secondary particle porosity and secondary particle S : Secondary Particle Radis
size combined. £ 50 | L 24um

The loss in rate capability for larger secondary particles g | i :Z Hm
originated from an increased concentration drop over the n | o= 55 ﬁ:
secondary particle radius, see Figure 10(a). In the centers of 0+ T — T T
large secondary particles, the active material was used to less of 107 1072 1074 1073 1072
its capacity compared to small particles. The reason again lay in Electronic Conductivity NMC [Sm™']

the low electronic conductivity within the secondary particles,

Figure 11. Influence of electronic conductivity within the secondary particles

as shown by steeper drops in electric potential with increasing  on the cell performance at 5C.
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Figure 12. Influence of a) diffusivity in the active material and b) reaction rate on the cell performance at 5C.

ductivity lay between 107°Sm™ and 10*Sm™', a larger
secondary particle size significantly reduced the cell perform-
ance at high rates. Increasing the electronic conductivity raised
the specific capacity at 5C from less than 40 mAhg™' at the
lowest electronic conductivity to a maximum of 159 mAhg™' at
1073 Sm™" or higher. For small secondary particles up to 4.8 um
radius, an electronic conductivity of 107*Sm™' sufficed to
ensure an optimal specific capacity. Below this electronic
conductivity, the size of the secondary particles significantly
governed the rate capability. Our findings deviated from
Wagner et al.® who reported an improved rate capability for
large secondary particles. However, the compared electrodes
not only differed in secondary particle size, but also in
secondary particle porosity and electrode porosity. Possibly, the
influence of these properties surpassed the influence of the
secondary particle size.

Similar to the secondary particle porosity, the secondary
particle size played a role if the diffusivity in the active material
lay above 107 m?s™', see Figure 12(a). For lower diffusivities,
the specific capacity at 5C declined. At the same time, the
behavior of electrodes with different secondary particle size
assimilated. Now the diffusion in the active material limited the
cell performance. Therefore the effects of the low electronic
conductivity in the secondary particle lost their relevance.
Figure 12(b) illustrated that the reaction rate constant barely
affected the performance of electrodes with different secondary
particle size.

Limitations due to primary particle size and solid diffusion

In the previous section we showed that a difference in
secondary particle size caused the rate capability of electrodes
C and D to diverge. Since these electrodes also differed in
primary particle size, we now studied its influence with the
hierarchically structured half-cell model. The primary particle
size determines the length of diffusion paths within the active
material, i.e. the range of the radial coordinate r (Supporting
Information Equation (23)). Note that after studying the electro-
chemically active surface area separately in section “Effect of

Batteries & Supercaps 2023, €202300264 (9 of 13)

electrochemically active surface area on reaction kinetics”, in
this section the electrochemically active surface area changed
according to the primary particle size. The model shown in
Figure 13 yielded a lower rate capability for large primary
particles. However, the model predicted barely any difference
between primary particle radii of 0.072 pm and 0.156 um, which
corresponded to electrodes C and D, see Figure 9(a). We
concluded that the diverging secondary particle size accounted
for almost all of the performance alteration between the two
electrodes, while the primary particle size only contributed a
small additional deviation. The primary particle size plays a role
in determining the rate capability of hierarchically structured
electrodes if the radius exceeds around 0.300 um.

The loss in rate capability due to a large primary particle
size could be attributed to concentration drops inside the
primary particles. Figure 14(a) depicts the difference in concen-
tration between primary particle surfaces and centers. The
increased difference for large primary particles in one specific
region of the secondary particles indicated larger concentration
drops due to diffusion limitations in the active material. This
region lay close enough to the secondary particle surface such
that it did not suffer from the poor electronic conductivity in
the secondary particles. In the center of the secondary particles,

oo 150
z
2 100 -
O
3
(3]
k: = 0.072 um
& 509  =O= 0.156m
o == 0.312 pm
Ug)- =0=(.468 um
0= 0.600 um
O T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

C-Rate [—]

Figure 13. Modeled rate capability depending on primary particle size.
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Figure 14. a) Difference in normalized concentration in the active material between primary particle surfaces and centers at the end of a 5C discharge. The
magnitude in concentration difference indicates the magnitude in concentration drop from the surface to the center of primary particles at each position in
the electrode. b) Influence of diffusivity in the active material on the cell performance at 5C.

the electronic conductivity limited the intercalation, so that the  impact of the primary particle size is possible even in hierarchi-

concentration was low, independent of the primary particle cally structured electrodes.
size. The effect of the primary particle size intensified in
Studies of electrodes with different diffusivity of the active  magnitude after increasing the electronic conductivity of the
material in Figure 14(b) further confirmed our explanation. active material in Figure 15(a). At 10°>Sm™' and higher, the
Electrodes containing small primary particles with a radius of  absolute value of the specific capacity at 5C varied more
0.072 pm remained close to the maximum performance until a  strongly between different particle sizes than for the reference
diffusivity as low as 1077 m?s~". With increasing primary particle  electrode with 8x10~° Sm™~". The absolute variation decreased
size, the specific capacity already started dropping at higher  for lower electronic conductivities while the overall cell
diffusivity. At 107"® m?s™', electrodes with primary particle radii  performance diminished. At 107°Sm™', the cell performance
below 0.156 pm failed completely. From this it followed that almost completely faded. As explained in the section “Interplay
the diffusion in the active material can restrain the cell between secondary particle porosity and electronic conductiv-
performance of hierarchically structured electrodes. Small ity”, a low electronic conductivity of the active material can
primary particles therefore achieve the best exploitation of the  restrict the cell performance. This agrees with our finding that
active material and take full advantage of the reduced diffusion  the primary particle size plays a more important role if the
paths in hierarchically structured electrodes. In contrast to our  electronic conductivity of the active material is high, since this
conclusion, Birkholz et al® found the cell performance to be allows diffusion to become more prominent as limiting factor.
entirely independent of the diffusivity. In comparison, we used  Based on experimental investigations, Wagner et al.”’ also drew
a refined value for the diffusivity in the active material and  the conclusion that large primary particles can limit the cell
considered diffusion paths longer than the primary particle  performance. At low reaction rates, the impact of primary
radius. With our more realistic approach we could show that an  particle size slightly increased as Figure 15(b) indicated. If the
maximum reaction rate droped below 107" m**mol™*s™", the
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Figure 15. Influence of a) electronic conductivity of the active material and b) reaction rate on the cell performance at 5C.
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specific capacity at 5C differed more significantly. Large primary
particles imply a lower electrochemically active surface area for
the same active material content of the electrode. Therefore,
the electrochemical reaction slowed down, see section “Effect
of electrochemically active surface area on reaction kinetics”.

Impact of ionic transport depending on electrode thickness

Finally, we investigated the electrode thickness of hierarchically
structured electrodes. The hierarchically structured half-cell
model incorporates the electrode thickness at the cell level
(Supporting Information Equations (1-3)) by the range of the
spatial coordinate x. The modeling studies depicted in Fig-
ure 16(b) displayed the same qualitative behavior as the experi-
ment in Figure 16(a). For progressively thick electrodes the rate
capability decreased. Electrodes of 107 um and thicker experi-
enced a drastic drop in specific capacity within a small range of
discharge rates before the decrease continued moderately
above 7C.

We further investigated the reason for the changing rate
capability of hierarchically structured electrodes of different
thickness. For thin electrodes up to 73 um, Figure 17(a) revealed
a general slight decrease of concentration in the active material
within the secondary particles. Furthermore, at a thickness of
107 um a steep drop in concentration close to the current

collector occured. Electrodes which were even thicker reached
the low level of concentration across a larger portion of the
thickness. As Figure 17(b) showed, the concentration drop in
the active material related to a concentration drop in the
electrolyte over the electrode thickness. This drop steepened
with increasing electrode thickness. A lower concentration in
the electrolyte caused the electrochemical reaction to run
slower, so less concentration entered the active material.
Electrodes of 107 um or thicker even experienced a complete
depletion of the electrolyte in regions close to the current
collector. When the electrolyte depleted, the electrochemical
reaction stopped. This explained the drastically reduced con-
centration in the active material of these regions at the end of
discharge. From our results, we deduce that the ionic transport
in the electrolyte is so low that this process compromises the
cell performance in thick electrodes.

For additional proof of our finding, we increased the
conductivity and the diffusivity of the electrolyte by a factor of
10. This resulted in an almost identical rate capability of the
cells independent of the electrode thickness, see Figure 18.
Therefore, we confirmed that concentration drops in the
electrolyte reduced the performance of thick electrodes.
Classical electrodes with dense secondary active material
particles experience the same effect.*** Note that for even
thicker electrodes or higher discharge rates the electronic
transport through the solid phase of the electrode, which is

(b)
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Figure 16. a) Experimental (electrode E 1-4, see Table 2) and b) modeled rate capability depending on electrode thickness.
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Figure 17. Normalized concentration a) in the active material and b) in the electrolyte at the end of a 5C discharge.
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Electrode Thickness transport proved to be limiting, the cell performance is
=200 A = 46 um insensitive to the experimentally achievable variation of electro-
}:0 i ?37“:‘”1 chemically active surface area for hierarchically structured
é 150 4 —o= 154 um electrodes contrary to previous anticipation. This insight was
— enabled by separating effects of the electrochemically active
S surface area from primary particle size in simulations, while it is
% 100 nearly impossible to vary these properties independent of each
UU other when processing electrodes.
% 50 4 From our study, we deduced the following recommenda-
& tions for the design of hierarchically structured electrodes. To
increase the rate capability, a good electronic conductivity
0 0 1 2 3 4 5 6 7 8 9 10 within the secondary particles of at least 10™* Sm™" is crucial. In

C-Rate [—]

Figure 18. Rate capability when the conductivity and the diffusivity of the
electrolyte are artificially increased by a factor of 10.

mainly determined by conductive additives, may become
limiting.®*

Conclusions

Our goal was to elucidate the relationship between the
morphology of hierarchically structured electrodes, material
properties, and the rate capability of the cell. The hierarchically
structured half-cell model provides the possibility to independ-
ently study the influence of single morphology properties and
material properties, which lies beyond experimental capabilities.
In addition, the model predicts local state changes and thereby
tracks the electrochemical processes within the cell.

With our modeling study, we outlined the interplay
between electrochemical processes within the novel concept of
hierarchically structured electrodes. Electronic transport in the
secondary particles is the dominant process which determines
the rate capability. In case of a low electronic conductivity of
the active material and no additional conductive aids inside the
secondary particle, the transport of electrons to the primary
particle surfaces where the electrochemical reaction takes place
is insufficient. Despite the main transport taking place via
conductive additives surrounding the secondary particles and
comparatively short electronic transport paths within the
secondary particles, the latter play a dominant role since the
electronic conductivity of additives and active material differ
several orders of magnitude. A low secondary particle porosity
and a small secondary particle size reduce the limitations due
to electronic conductivity.

Hierarchically structured electrodes rely on the small size of
the primary particles for short diffusion paths. Still, the diffusion
within large primary particles may limit rate capability if the
diffusivity in the active material is low. Compared to conven-
tional electrode structures the limitation is mitigated. Electrode
thickness affects hierarchically structured electrodes in a similar
way as classical granular electrodes consisting of dense
secondary particles. Namely, with increasing thickness depletion
of the electrolyte reduces the rate capability of the cell. While

Batteries & Supercaps 2023, 202300264 (12 of 13)

addition, if the diffusivity in the active material lies below
107" m?s™", a small primary particle radius below 100 nm fully
exploits the advantage of short diffusion paths in hierarchically
structured electrodes. Ultrafast applications require thin electro-
des, at most 70 um, or electrolytes with a high ion mobility. Our
findings present a guideline for the design of high-performing
electrodes of hierarchical structure. Conclusions for hierarchi-
cally structured electrodes were derived for NMC111 electrodes.
But the general relationships between morphology, material
properties, and rate capability likely apply to other systems as
well, in particular for active material with poor electronic
conductivity.
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Hierarchically structure.d ba.ttery |nterp.lay betwee.n morphology apd with a Hierarchically Structured
electrodes offer short diffusion paths material properties. A careful design -

) . . . ) Positive Electrode

in the active material. We elucidate of the electrode is necessary to fully

the impact of electrode morphology exploit the advantages of the hier-

on the rate capability and discuss the archical structure.
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