Downloaded viaKIT BIBLIOTHEK on June 30, 2025 at 06:19:11 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

MATERIALS . e+ e+

www.acsmaterialsletters.org

pen Access

This article is licensed under CC-BY 4.0 @ @

Influence of Pressure, Particle Morphology,
Coating, and Heat Treatment on the Effective
Electronic Conductivity of Cathode Active
Materials for All-Solid-State Batteries

Vanessa Mif}, Stefan Seus, Anna Marx, Elisa D. Steyer, Valeriu Mereacre, Joachim R. Binder,
and Bernhard Roling™

Cite This: ACS Materials Lett. 2025, 7, 2262-2269 I: I Read Online

ACCESS ‘ [l Metrics & More ’ Article Recommendations | @ Supporting Information

uncoated heat treated

ABSTRACT: For modeling electrochemical processes in all-solid-state batteries,

cathode

reliable values for the electronic conductivity of cathode active materials (CAM) are active

coated
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of the utmost importance. Published values for a specific CAM vary by typically many
orders of magnitude. Therefore, we carried out a systematic study on the influence of b
various experimental parameters on the effective electronic conductivity of CAM m » N
pellets. These parameters are applied stack pressure, Ni content of CAM, CAM
particle morphology, particle coating, and heat treatment. Pellets of fully lithiated Reon(P)
and uncoated Ni-rich NMC particles reach effective electronic conductivities 62, in
the range of 10™! S/cm at high pressures and 107 S/cm at low pressures. Particle coating by LiNbO, lowers 6%, by half an
order to 1 order of magnitude. While heat treatment at 900 °C is capable of removing surface impurities on the CAM particle,
it also leads to increased Li/Ni disorder in the bulk of the particles.

ithium-ion batteries are important devices for mobile as electronic conductivity of a specific CAM vary often by several

I well as for stationary energy storage."” State-of-the-art orders of magnitude. For instance, studies on fully lithiated
batteries reach energy densities in the range of 250 Wh/ LCO yielded room-temperature electronic conductivities in

kg’ thus approaching their physicochemical limit. Higher the range of 107 S/cm — 107> S/cm.”"** While in the case of
energy densities can potentially be achieved in bulk-type all- Menetrier et al,”' the LCO particles were heat-treated at 900
solid-state lithium batteries (ASSBs) by using metallic lithium °C for 36 h with intermediate grinding, Wang et al. applied
as negative electrode material.* The positive electrode of such spark plasma sintering at 800 °C.2%2 Heat treatment seems to
an ASSB is a composite consisting of active material particles exert also a strong influence on the electronic conductivity of
(CAM = cathode active material), solid electrolyte (SE) fully lithiated NMC. After a heat treatment in the range of 850
particles, and, if necessary, electronically conductive additives, °C — 1000 °C, either on a particle level for x = 0.33> or on a
like carbon black.>® A classical CAM is LiCoO, (LCO), which pellet level for x = 0.33 and x = 0.5,>*° electronic
in the last two decades has been replaced, to a large extent, by conductivities in the range of 10 S/cm — 107 S/cm were
Ni-rich LiNi,Mn,Co.0, (NMC) with x + y + z = 1”7 Since found. In contrast, higher electronic conductivities were

many SEs, in particular sulfide-based SEs, are oxidized in direct measured for untreated, fully lithiated NMC pellets. Although
contact to LCO and NMC, the CAM particles are often coated all studies report an increase in electronic conductivity with an

by a thin ijon-conductive layer, e.g. a LiINDO; or a LiTaO, increase in Ni content, there are huge discrepancies in the

10-14

layer. ) reported values: Asano et al. and Siroma et al. obtained values
In ASSBs, the pressure plays an important role for of 710 S/cm at x = 0.332° and 1073 S/cm at x = 0.5,27

establishing good contacts between the particles. Conse- ’

quently, accurate values for the ionic conductivity of SE
particles and the electronic conductivity of CAM particles at
different pressures are of utmost importance for modeling
electrochemical processes in ASSBs.°~'® While the ionic
conductivity of many SEs was measured with rather high
accuracy,'””” experimental studies on the electronic con-
ductivity of CAMs are scarce, and values reported for the
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respectively. On the other hand, Wang et al.** reported an
electronic conductivity of spark-plasma sintered NMC
particles, increasing with the Ni content from 2:107° S/cm
atx =0.3to 2-107> S/cm at x = 0.8. Here the question arises as
to whether the electronic conductivity variations at similar or
even identical chemical compositions are mainly due to
different heat treatments or whether other experimental
parameters, such as coating of the particles and stack pressure
during the measurements, also play an important role for the
electronic conductivity. Overall, the existing literature values
do not allow for clearly deciphering the influence of different
experimental parameters on the electronic conductivity of
CAM:s.

Consequently, we have carried out a systematic study on the
influence of the following parameters on the effective
electronic conductivity of pellets of fully lithiated LCO
particles and NMC particles, respectively: (i) stack pressure
during measurement; (ii) Ni content of NMC; (iii) particle
morphology; (iv) coating of the particles with a thin LINbO,
layer using two different techniques; and (v) heat treatment of
the particles. To this end, impedance spectra of CAM pellets
sandwiched between metal electrodes were taken and analyzed.
The results give strong indication for high bulk electronic
conductivities of Ni-rich NMC particles already in the fully
lithiated state. We note that this study is a first step toward a
better understanding of the pressure-dependent properties of
composite electrodes in a second step and of the pressure-
dependent properties of complete ASSBs in a third step.

All sample preparations were carried out in a glovebox
(UniLab, MBraun, Garching, Germany) under an argon
atmosphere with x;,5 < 1 ppm and xp, < 1 ppm.

Single-crystalline LiCoO, (LCO) was purchased as un-
coated particles from Alfa Aesar (Karlsruhe, Germany) and as
LiNbOj;-coated particles (average coating thickness of 12 nm)
from Toda (Japan), respectively. LiNiy¢Mng,Co,,0,
(NMC622) and LiNiyg;Mng46Cop;0, (NMC83611) were
purchased as uncoated polycrystalline and as uncoated single-
crystalline particles, respectively, from MSE Supplies (Tucson,
USA).

A fraction of the NMC622 particles were coated by 0.5 wt %
LiNbO; by using two different methods, namely a classical
sol—gel method and a chemically activated coating process
using H,O, as activating agent.zs’29 The chemically activated
process typically leads to denser coatings with a more
homogeneous thickness. In both cases, the coated particles
were heat-treated at 350 °C. The heat treatment of the coated
NMC622 particles leads to amorphous or nanocrystalline
LiNbO; layers, while a treatment at higher temperatures leads
to microcrystalline LiNbO; layers with lower Li* ion
conductivity.*

Furthermore, a fraction of the uncoated NMC622 was
subjected to a heat treatment under argon atmosphere. To this
end, 2 g of sc-NMC622 was placed in an aluminum oxide
combustion boat and transferred under an argon atmosphere
into a quartz glass tube, which was fixed in a tube furnace
(Nabertherm, Lilienthal, Germany). The glass tube was
continuously flushed with argon. The particles in the glass
tube were heated to 900 °C with a heating rate of 24.5 K/min,
held at 900 °C for different holding times, and cooled to RT
without control of the cooling rate. Thus, during the heat
treatment, the sc-NMC622 particles were constantly kept
under an Ar atmosphere without any contact to air.

2263

An overview of all CAM particles used for this study,
including their coating and their heat treatment, is given in
Table 1.

Table 1. List of All Polycrystalline and Single-Crystalline
CAM Particles Used for This Study Including Their Coating
and Heat Treatment

Heat treatment

pc/  Coating Coating temperature and
Acronym sc  material method holding time
LCO sc X X X
LCO sc LiNbO;  unknown X
NMC83611 sc X X X
NMC622 sc X X x
NMC622 sc LiNbO;  classical sol— b
gel
NMC622 sc LiNbO;  chem. X
activation
using H,O,
NMC622 pc  x X b
NMC622 pc  LiNbO; classical sol— X
gel
NMC622 pc  LiNbO;  chem. X
activation
using H,O,
NMC622 sc 900 °C for 6 h
NMC622 sc 900 °C for 12 h
NMC622 sc X X 900 °C for 24 h

Two different types of impedance spectra were observed,
depending on the electronic resistance R,, of the CAM
particles, see Figure 1. In the case of very low resistances in the
range of some €2, the electronic resistance was detected at low
frequencies, while a nonideal inductive impedance was
observed at high frequencies, see Figure 1 (a). The inductive
impedance is caused by the inductance of the cables
connecting the sample cells to the NEISYS instrument. The
spectra were fitted with a serial CPE—R,,, equivalent circuit

1 .
)y with a
> —1 caused by a nonideal inductance. In the case of high
electronic resistances in the range of some 100 €2, a high-
frequency resistance R, and a semicircle at low frequencies
with diameter R, was detected, see Figure 1 (b). The
equivalent circuit for fitting is shown in the inset. Since the
impedance spectra were measured under ion-blocking
conditions, the electronic resistance R,,, is identical to the
sum R, + R,. Hence, the effective electronic conductivity of the
CAM pellet is given by 6%, = R;. - (d/A) with d and A
denoting the thickness and the area of the pellet. The
semicircle was attributed to interfacial impedances between the
CAM particles, since the capacitance C, obtained from fitting
the semicircle was in the range of 10™° — 107® F/cm?, which is
2—3 orders of magnitude higher than the bulk capacitance of
the CAM particles. The ratio of interfacial capacitance to bulk
capacitance should be given by the ratio of the coating/
impurity layer thickness to the CAM particle diameter, which
is indeed in the range 10> — 10° The semicircle is only then
detectable in the sub-MHz regime, if the time constant 7, =
R,C, is >107% 5. This implies that R, should be >100 Qcm?. In
this case, the effective electronic conductivity 6%, ~ d/R, (d =
pellet thickness) < 107> S/cm. Consequently, all data points

with 62/, < 107 S/cm are based on spectra as shown in Figure

shown in the inset, with the CPE impedance Z =

https://doi.org/10.1021/acsmaterialslett.4c02595
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Figure 1. Impedance spectra of (a) uncoated sc-NMC83611 and (b) LiNbO;-coated pc-NMC622 (chemical activation method using H,0,)
taken at a pressure of 53 MPa and in a frequency range from 1 MHz to 0.1 Hz. The red lines are fits to the equivalent circuits shown in the

insets.
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Figure 2. Pressure-dependent effective electronic conductivity 627, of (a) uncoated LCO, sc-NMC622, pc-NMC622, and sc-NMC83611, (b)
LCO uncoated and LCO coated with LiNbO;, (c) sc-NMC622 uncoated and coated with LiNbO, by two different coating techniques, and
(d) pc-NMC622 uncoated and coated with LiNbO; by two different coating techniques.

o

4 > 107 S/cm are based on

1 (b), while data points with
spectra as shown in Figure 1 (a).

In Figure 2 (a), we plot the effective conductivity 6%, of

eon
different uncoated and nonheat-treated CAM particles versus

the applied stack pressure during the impedance measurement.

6% When

eon

All CAMs exhibit a similar pressure dependence of
increasing the pressure up to several 100 MPa, a strong
increase of the electronic conductivity by several orders of
magnitude is observed. During a subsequent release of the
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pressure to values of 100 MPa, the effective conductivity
remains virtually constant. Only at pressures below 100 MPa
does a slight conductivity drop takes place. This gives strong
indication that the applied pressure of several 100 MPa leads
to an irreversible densification of the sample pellets and, in
turn, an improved contact between the CAM particles. When
the pressure is released, the particle contacts stay intact;

however, below 100 MPa, the particle contacts start to worsen.

https://doi.org/10.1021/acsmaterialslett.4c02595
ACS Materials Lett. 2025, 7, 2262—2269
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Figure 3. SEM images of sc-NMC622 particles with (a) LiNbO; coating by a classical sol—gel method and (b) LiNbO; coating by a
chemically activated process using H,0,. Nb-EDX element mappings of sc-NMC622 particles with (c) LiNbO; coating by a classical sol—gel
method and (d) LiNbO; coating by a chemically activated process using H,O,.

This suggests that the applied pressure does not lead to
pressure-induced sintering of the CAM particles.

When comparing the effective conductivity of different
uncoated CAM at high pressures (Figure 2 (a)), the following
trends are observed: (i) The electronic conductivity increases
with the Ni content (LCO: 1.3-107* S/cm; sc-NMC622: 2.5
1072 S/cm; sc-NMC83611: 107 S/cm at 486 MPa). This is in
accordance with the literature.””***” (i) pc-NMC622 (3.1-
1072 S/cm) exhibits a slightly higher electronic conductivity
than sc-NMC622 (2.5-107> S/cm) at 486 MPa.

A closer look at the pressure dependence of ¢/, for pc-
NMC622 and sc-NMC622 reveals an intersection of the curves
around 75 MPa. Below 75 MPa, the electronic conductivity of
sc-NMC622 is higher, but the electronic conductivity of pc-
NMC622 increases more strongly with pressure. This suggests
that in pc-NMC622, the existence of the nanoscale primary
particles inside the secondary particles leads to a stronger
irreversible densification of the pellets. In addition, SEM
images of the pellet surfaces and of cross-sectional cuts into the
pellets by a focused ion beam are shown in Figure S2 and S3
and reveal that pressure leads indeed to a stronger irreversible
densification of the pc-NMC pellets. An increasing pressure
causes cracking of secondary particles and a subsequent change
of the secondary particle morphology. These morphological
changes enable denser packing of the secondary particles. In
the case of the sc-NMC622 pellets, there is exclusively a
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decrease in the void space between the sc particles and no
deformation of the sc particles.

In Figure 2 (b), we compare the pressure-dependent
effective electronic conductivity of uncoated and LiNbO,-
coated sc-LCO. As shown in Figure S4 in the Supporting
Information, the LiNbO; coating is dense and homogeneous.
The pressure dependence of 6%/, is similar for both CAM
pellets; however, the coating lowers the absolute values of ol
by about 1 order of magnitude. In Figure 2 (c) and (d),
pressure-dependent 62/, data are plotted for uncoated and
LiNbOj-coated sc-NMC622 and for uncoated and LiNbO;-
coated pc-NMC622, respectively. As shown in the SEM/EDX
images in Figure 3, the classical sol—gel method leads to an
inhomogeneous coating of the sc-NMC622 particles, whereas
the chemically activated process using H,0O, as activating agent
leads to a dense and homogeneous coating. The same can be
observed for pc-NMC622, see SEM/EDX images in Figure S5
in the Supporting Information. As seen from Figure 2 (c) and
(d), the classical sol—gel coating lowers 6%/, by about half an
order of magnitude, while the chemically activated coating
lowers 6%/, by about 1 order of magnitude. The lowering of ol
may be due to either the electronic resistance of the coating
itself or a reduction of the electronic contact area between the
particles by the coating.

In Figure 4 (a), we show the effect of heat treatments on the

effective electronic conductivity of uncoated sc-NMC622. The

https://doi.org/10.1021/acsmaterialslett.4c02595
ACS Materials Lett. 2025, 7, 2262—2269
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Figure 4. (a) Influence of heat treatment on the pressure-dependent effective electronic conductivity 62,

6 at 486 MPa

eon

of sc-NMC622; (b)

and intensity ratio of the Bragg peaks at 18° and 44° of sc-NMC622 plotted versus the holding time at 900 °C (XRD pattern of sc-NMC622
in SI, Figure S6); (c) thermogravimetric analysis of untreated sc-NMC622 and pure Li,CO;.

heat treatment was carried out at 900 °C under an Ar
atmosphere for different periods of time (holding times). We
note that 900 °C is in the typical range of heat treatment
temperatures applied in the literature.”>™>> A short heat
treatment with a holding time of 6 h leads to a drop of the
effective electronic conductivity at high pressures by about 1
order of magnitude. For longer holding times of 12 and 24 h,
the effective electronic conductivity is higher than after 6 h
holding time. In Figure 4 (b), the influence of the holding time
at 900 °C on the electronic conductivity is plotted for a
pressure of 486 MPa, revealing a minimum effective electronic
conductivity after 6 h of holding time. The existence of this
minimum suggests the influence of two opposing factors on the
effective electronic conductivity.

In Figure 4 (b), we show the influence of the heat treatment
time on the intensity ratio of the two NMC622 Bragg peaks,
namely, at 18° and at 44°. This ratio is a measure for the Li/Ni
ordering inside the NMC particles.’*” The complete XRD
patterns of sc-NMC622 at different holding times are shown in
Figure S6 in the Supporting Information. After 6 h of holding
time, the intensity ratio drops significantly, indicating increased
Li/Ni disorder. Longer holding times do not change the
intensity ratio and thus the Li/Ni disorder significantly. This
increased disorder is most likely responsible for a drop of the
bulk electronic conductivity after a 6 h holding time.

2266

In Figure 5, we show SEM images of the uncoated sc-
NMC622 particles after different heat treatments. For
untreated sc-NMC622, the particles exhibit an irregular
shape with a strongly varying diameter. After a holding time
of 6 h, coral-like structures appear on the particle surface,
which disappear again after 12 and 24 h of holding time. We
suggest that this phenomenon is related to Li,COj;, which is a
well-known impurity on the surface of NMC particles.”* " As
shown in Figure 4 (c), thermogravimetric analysis (TGA) of
untreated sc-NMC622 particles and of pure Li,COj; reveals a
mass loss above 800 °C due to decomposition of Li,COj into
Li,O and CO,. The relative mass of pure Li,COj is expected to
drop from 100% to about 40% (ratio My;,0/Mypcos) at high
temperatures, while the relative mass drop of NMC with only a
small amount of Li,CO; impurities is much lower. According
to Figure 4 (c), it seems likely that after 6 h of holding time,
the Li,COj layer has partially decomposed into Li,O, and that
a demixing of Li,CO; and Li,O leads to the coral-like
structure. After 12 and 24 h holding time, the carbonate layer
is completely decomposed, and thus, the coral-like structure
has disappeared. Instead, Li,O impurity particles appeared
between the CAM particles. This is supported by the SEM/
EDX images shown in Figure S (e,f), respectively, for 24 h
holding time. The EDX element mappings of uncoated sc-
NMC622 and the heat-treated CAM for 6 and 12 h are shown
in Figure S7 in the Supporting Information. The newly

https://doi.org/10.1021/acsmaterialslett.4c02595
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Figure 5. SEM image of the cathode active material sc-NMC622 (a) without any treatment as well as heat-treated at (b) 900 °C for 6 h, (c)
900 °C for 12 h, and (d) 900 °C for 24 h. EDX element mappings of sc-NMC622 particles heat-treated at 900 °C for 24 h for (e) nickel and

(f) oxygen.

appeared particles exhibit a different shape as the CAM
particles, and an oxygen signal is the only detectable EDX
signal on these particles. These observations give strong
indication that the coral-like structures on the CAM particles
after 6 h of holding time hinder the interparticle electron
transport, while the Li,O impurity particles between the NMC
particles do not significantly hinder electron transport.
Furthermore, an EDX spectrum of all elements in the impurity
particles between the CAM particles is shown in Figure S8 in
the Supporting Information. No Ni EDX signal is detected,
and only a very tiny carbon signal is detected. The carbon
signal is too small to arise from Li,COj; but originates most
likely from the carbon pad below the particles. Therefore, we
can clearly exclude that the impurity particles are composed of

Li,CO;. Overall, the opposing influence of surface impurity on
the CAM particles and of the bulk Li/Ni disorder on the
effective electronic conductivity leads to a minimum of o,
after a holding time of 6 h. Since the increase in Li/Ni disorder
due to heat treatment is a bulk effect, this effect is also
expected to take place in pc-NMC particles. This explains the
low electronic conductivities reported for pc-NMC with x =
0.33.%

In conclusion, our results give new insights into the origin of
the highly differing values published in the literature for the
effective electronic conductivity of CAM particles. In order to
achieve high 6l values close to the bulk electronic
conductivity of the CAM particles, the particles have to be
densified by applying pressures of several 100 MPa. Thereafter,
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the pressure can be released to about 100 MPa without a
significant drop in the effective electronic conductivity.
However, below 100 MPa, the effective conductivity drops
by a factor of 2—3 indicating a worsening of the particle—
particle contacts. At low pressures, sc-NMC particles exhibit
higher ¢, values than pc-NMC particles, while the opposite
effect is observed at high pressures. Furthermore, a high Ni
content is advantageous for the electronic conductivity of the
NMC.

Coating layers on the CAM particles, as well as bulk Li/Ni
disordering in the CAM, lower the effective electronic
conductivity of a CAM pellet. Without LiNbO; coating, 6%,
values in the range of 107! S/cm at high pressures and 1072'S/
cm at low pressures are achievable, despite the existence of
Li,CO; impurities on the CAM particle surfaces. Although
Li,CO; can be decomposed by a heat treatment, this heat
treatment leads to Li/Ni disordering in the bulk of the CAM
particles and does therefore not improve the effective electronic
conductivity. A dense and homogeneous LiNbO; coating is
important for suppressing decomposition of the solid electro-
lyte by the CAM particles in the composite cathodes of all-
solid-state batteries. However, as shown in this study, such a
coating reduces o to values in the range of 107° S/cm at low
pressures.
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