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ABSTRACT: Solid-state lithium batteries (SSLBs) are the ‘ Crack

promising next-generation energy storage systems because of LBO—— ).(, F‘ﬁ

their attractive advantages in terms of energy density and NMC /. I - ; @
safety. However, the interfacial engineering and battery - —
building are of huge challenges, especially for stiff oxide- Charge Discharge ™\

based electrolytes. Herein, we construct SSLBs by a
cosintering method using Li;BO; as a sintering agent to
bind the cathode materials LiNiy¢Mn,,Co,,0, (NMC) and
solid-state electrolytes Lig,La;Zr; ,Tay0;,. Small NMC
primary particles are compared with large secondary particles
to study the effects on interfacial adhesion, mechanical retention, internal resistance evolution, and electrochemical
performance. Our results reveal that the interfacial resistance decreases during charging and increases during discharging,
resulting in an overall increase in the interfacial resistance after one cycle. The main reason is attributed to the microcracks
induced by the volumetric changes of NMC during the electrochemical process. The mechanical degradations at the interfaces
accumulated upon cycling can cause capacity decay and low Coulombic efficiency. The SSLB constructed from small NMC
primary particles shows regulation of particle distribution, mitigation in local volumetric change, and alleviation in mechanical
degradation at the interfaces, leading to smaller resistance change and better electrochemical performance. The findings shed

lights on designing SSLBs with good mechanical retention and electrochemical performance.

KEYWORDS: solid-state lithium battery, interfacial degradation, microcrack, cosintering, size regulation, internal resistance

1. INTRODUCTION

Nowadays, lithium ion batteries (LIBs) have become the
dominant energy storage systems for mobile electronics,
electric vehicles, and smart grids because of their advantages
in energy density over other systems.l_3 However, conven-
tional LIBs are reaching the ceiling of energy density based on
the current electrode materials and cell designs. The organic
liquid electrolytes used in the conventional LIBs are the key
issues. First, the organic electrolytes have a narrow electro-
chemical window and are likely to be oxidized at high voltage.”
The full capacities of high-voltage cathodes, such as spinel
LiNiy sMn; O, and Ni-rich Li[NiMnCo]O,, are thus
limited.”® Second, most organic liquid electrolytes are prone
to cause Li dendrite formation when using Li metal as an
anode, which has led to several serious accidents before the
development of LIBs.” Furthermore, the flammable organic
electrolytes may cause fire and even explosion upon internal
short-circuit and thermal runaway.®® Alternatively, inorganic
solid-state electrolytes (SSEs) are attractive candidates to
replace current liquid electrolytes because of their beneficial
intrinsic properties.'’ Typically, a wide electrochemical
window (with passivation) of SSEs can extend the working
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voltage to enable high-capacity utilizations of high-voltage
cathodes;''™"? the high mechanical strength can help to
alleviate Li dendrite growth and realize the application of Li
metal anodes;'™"® and the inflammable nature of SSEs can
fundamentally improve the safety of solid-state lithium
batteries (SSLBs).

Inorganic SSEs have attracted great research interest with
their intrinsic advantages and have been developing rapidly
since last 2 decades.'®™"® The maximum ionic conductivity can
reach the order of 107> S cm™' for sulfide SSEs (e.g,
Li;oGeP,S;,) and 107 to 107™* S cm™ for oxide SSEs (e.g.
LigsLayZr, Tay0,,),"" > which have satisfied the basic
conductivity requirement of SSLBs. Compared to the sulfide
SSEs, oxide SSEs are more stable with ambient atmosphere
and electrode materials,”>>* making them more preferable for
SSLBs from the standpoint of large-scale manufacturing.
However, the interfacial engineering and fabrication of
SSLBs are still challenging because of the stiffness of both
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Figure 1. Morphology and crystalline structure of cathode/electrolyte composites. (a) Optical image of a cathode/electrolyte composite pellet. (b)
XRD pattern of the cathode/electrolyte composite with small-NMC. The NMC, LLZO, and LBO peaks are labeled by $, #, and *, respectively. The
XRD pattern of raw materials are shown in Figure SI. (c-1) Morphology of large-NMC and (c-2) cross-sectional SEM images of cathode/
electrolyte composites composed of large-NMC. (d-1) Morphology of small-NMC and (d-2) cross-sectional SEM images of cathode/electrolyte

composites composed of small- NMC.

cathode materials and SSEs.'* Although 3D designs can
quantitatively increase the contact area between the cathode
materials and the SSEs, qualitative improvement of the
interface is difficult to achieve. The resulting solid-state
cathode exhibited a large interfacial resistance and a low
specific capacity of 15 mA h g™' even if operated at 95 °C.*
Post heat treatment can qualitatively increase the interfacial
binding by partial melting of SSEs; however, side reactions are
usually accompanied and thus increase the interfacial resistance
as a side effect.”® One strategy is to lower the sintering
temperature and shorten the dwell time by advanced sintering
techniques, such as spark plasma sintering.”” However, these
advanced sintering techniques are very expensive and difficult
to be popularized. Another more favorable strategy is called
“cosintering” which is achieved by introducing a buffer layer
between the cathode material and the SSE to prevent their
direct contact and inter-reactions. In addition, introduction of
a functional buffer layer can also enhance the interfacial
dynamics.”®*’ By taking advantage of dissolution—precipita-
tion of raw materials with the aid of a liquid solvent at low
temperatures, cold sintering is favored over the hot calcination
method for the development of SSLBs because of the ability to
avoid thermal side reactions at high temperatures.”’”’’
However, more demonstrations are needed before wide
application of the cold sintering method can be achieved.
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LiCoO, cathodes and garnet SSEs (e.g., Li;La;Zr,0,, with
Al, Ta, and so forth doping) are common choices for SSLBs.
However, direct calcination at 700 °C can cause interdiffusion
of Al atoms and transformation of the surface
Lig4La;Zr; ;Tags0y, (LLZO) from highly conductive cubic
phase to low conductive tetrahedral phase, leading to the
deterioration of the electrochemical performance (~35 mA h
g, only 25% of practical capacity).”® An oxide SSE Li;BO;
(LBO) with a low melting point of 700 °C was proposed as a
sintering aid and buffer layer for the cosintering method.*”
Depending on the sintering properties and charge/discharge
conditions, the SSLBs (based on the cathode of LiCoO,) with
LBO as a cosintering additive exhibited enhanced specific
capacities ranging from 67 to 85 mA h g™.>*7*° Recently, Han
et al. ingeniously designed the LiCoO,/SSE interface by taking
advantage of the reaction between Li,CO; and LBO to form a
higher conductive Li; ;B,,C, ;05 transition layer. The resulting
composite cathode showed an improved specific capacity of 94
mA h g™ at room temperature.”” While the cosintering
technique demonstrated feasibility results with the LiCoO,
cathode, the specific capacity is expected to be further
improved using high-capacity cathode materials such as Ni-
rich Li{NiMnCo0]0,.***” In addition, the opposite volumetric
behaviors between LiCoO, and Li[NiMnCo]O, during the
charge/discharge process can lead to different results and new
insights for SSLB interfacial engineering.*’
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Figure 2. Elemental distribution of the electrode cross section of small-NMC.

Herein, we investigated SSLBs with high-capacity Li-
Niy¢Mn,,Co0,,0, (NMC) as the cathode, LLZO as the
SSEs, and LBO as the sintering aid and buffer layer to achieve
cosintering. The mechanical, electrical, and electrochemical
behaviors of the particular SSLBs during the electrochemical
process were studied. Our results revealed that the volume
change of cathode materials during the charge/discharge
process caused mechanical decay in SSLBs, typically present in
the form of microcracks in the composite cathode. The
mechanical degradation resulted in increasing interfacial
resistance, which degraded the electrochemical performance
of SSLBs. The SSLBs constructed with small NMC particles
exhibited a better mechanical retention, a slower interfacial
resistance increase, and a better electrochemical performance
than those constructed with large NMC particles. Our findings
shed light on the fundamental understanding of volume
change, mechanical degradation, interface evolution, and
electrochemical performance during the electrochemical
process, aiming to build a better SSLB.

2. EXPERIMENTAL SECTION

2.1. Preparation of the Bilayer Cathode/Solid Electrolyte.
The LLZO (CAS Shanghai, China) powder was pressed into pellets
and calcined at 1200 °C for 12 h. The pellets were polished to a
thickness of 0.5 mm with sand paper. The LBO was prepared from
the raw materials of LiOH and H;BO; by two-step calcination at 500
°C for 1 h and 600 °C for 2 h (Figure S1). NMC (MT]I, Figure S1),
LLZO powers, and LBO were mixed in a weight ratio of 58:30:12. No
other conductive carbon was added in the cathode composite. The
cathode composite was mixed with ethyl cellulose as a binder using a-
terpineol as a solvent to prepare the electrode slurry. The slurry was
then coated on the top surface of the LLZO pellet, and the solvent
was removed by vacuum-drying at 60 °C overnight. The LLZO-
supported composite cathode was cosintered at 700 °C for 1 h in air.
For comparison, the secondary NMC particles were ground into
primary particles for testing in SSLBs. The loading of cathode
materials is about 1.5-2.0 mg. A thin layer of gold (200 nm) was
sputtered on the top of the cathode using a sputter coater (MNT-
JS1600) to improve the electronic contact between the cathode and
current collector.

2.2. Morphology and Structure. The crystal structure of the as-
prepared solid-state electrodes was characterized using X-ray powder
diffraction. A Bruker X'Pert (Bruker, Germany) instrument with Cu
Ka radiation was used for this purpose. A Hitachi S-4800 scanning
electron microscope accompanied with an energy-dispersive X-ray
scattering system was used to check the cross-sectional morphology
and elemental distribution of samples.
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2.3. Electrochemical Impedance Spectroscopy. Gold was
sputtered on both surfaces of LLZO pellets as the current collector.
Alternating current (ac) impedance measurements were undertaken
to measure conductivity, using a Bilogic impedance analyzer with the
frequency range of 1 to 10° Hz and an amplitude of 50 mV. The
impedance evolution during the charge and discharge process of the
SSLB was characterized in the frequency range of 1 to 10° Hz, and the
amplitude is S0 mV. The impedance spectra were analyzed using
ZView software.

2.4. Electrochemical Measurements. These composite cath-
odes were assembled into 2032-type coin cells in an argon-filled
glovebox for electrochemical measurements, with a metallic lithium
foil (MIT Crop.) as the counter electrode, and the gel electrolyte was
inserted between the LLZO pellet and Li metal to improve the
interfacial properties. The galvanostatic charge—discharge analysis was
performed at 0.05 C (1 C = 115 mA h g™') using a battery cycler
(Arbin Instrument, BT-2400) in constant current mode in the voltage
range of 3.0—4.2 V at room temperature.

3. RESULTS AND DISCUSSION

Garnet-type SSE LLZO powder was achieved and sintered into
pellets. The LLZO showed a pure cubic phase with an ionic
conductivity of 4 X 107* S cm™ (Figures S1 and S2),
comparable to the value reported in the literatures."”™>" A
bilayer cathode/SSE composite pellet was composed of a
cathode layer of NMC, LLZO, and LBO with an SSE layer of
pure LLZO. The composite pellet was prepared by cosintering
at 700 °C (Figure la). X-ray diffraction (XRD) patterns after
cosintering confirmed the thermal stability of NMC, LLZO,
and LBO as no impurity peak was observed and the retaining
of their favorable crystalline structures (Figure 1b).

Figure lc,d compares the scanning electron microscopic
(SEM) morphologies of the as-prepared cathode/SSE
composite pellets with large or small NMC particles. As
shown in Figure lc-1, the large NMC particles were actually
agglomerates of numerous small primary particles, resulting in
secondary particles ranging from S to 10 ym. After cosintering,
the NMC and LLZO generally maintained their particle-like
morphologies, whereas LBO melted and filled in the gaps
between the particles (Figure 1c-2). The expected role of LBO
was to bind the NMC and the LLZO particles as well as the
SSE layer with an intimate interface to ensure good interfacial
contact (Figure lc-2, area ©). However, in the presence of
large NMC agglomerates, some gaps were too large to be filled
up, leaving the NMC surface partially uncovered (Figure 1c-2,
area @). Notably, the uncovered surface and the NMC primary
particles buried inside the agglomerates were not accessible to
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Figure 3. Electrical and electrochemical properties of SSLBs. (a) Nyquist plot, (b) Bode plot, (c) Ist cycle charge—discharge profiles,

corresponding (d) CE, and (e) retention of SSLBs.

fast Li* conduction. To address this problem, primary NMC
particles of ~500 nm were retrieved by hand-milling the
agglomerates (Figure 1d-1). For brevity, the small NMC
primary particles are referred as small- NMC and the large
NMC agglomerates are referred as large-NMC. Replacing the
large-NMC with small-NMC, the resulting cosintered
composite cathode showed a much denser arrangement
(Figure 1d-2), with the smallNMC and LLZO particles
embedded homogeneously in the LBO matrix (area @, @). All
the small-NMC particles, LLZO particles, and the joint to the
SSE layer were fully bound by the malleable LBO. The
continuous cross-sectional morphology indicated good inter-
facial contacts.

Figure 2 shows the elemental distribution of the cross
section of smalll NMC. The elements La and Zr were rich in
the LLZO layer and less in the cathode composite, as the
concentration of LLZO in the cathode composite is much
lower than that in the LLZO layer. Ni, Mn, and Co were
homogeneously located in the cathode composite. As a light
element, B is not sensitive to X-ray, so the B mapping was not
shown here. Both SEM and elemental mappings indicated a
homogeneous distribution of the NMC cathode and the LLZO
SSE amid the LBO SSE matrix in the cathode composite.

Electrochemical impedance spectroscopy (EIS) spectra were
collected to study the electrical properties of SSLBs using the
NMC-LLZO-LBO/LLZO cathode/SSE composite pellets
(Figure 3a,b). A gel polymer electrolyte (GPE) was placed
in between the composite pellet (the SSE layer side) and the Li
metal anode to enhance wetting. The spectra typically
consisted of an intercept at high frequency, two semicircles
at middle frequency, and a tail at low frequency. The intercept
at 10° to 10* Hz with a value of ~200 Q represented the total
resistance of the LLZO in the cathode/SSE composite pellets
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and GPE. The first semicircle at 10* to 10° Hz with a value of
~400 Q was attributed to the interfacial resistance of the Li
metal/GPE interface as well as the GPE/LLZO interface (see
the EIS spectra for the LilGPEILLZOIGPEILi symmetric cell in
Figure S3). The second semicircle at 10" to 10> Hz represented
the interfacial charge transfer resistance at the cathode
interface. The composite cathode constructed from large-
NMC shows a larger interfacial resistance (2500 Q) than that
constructed from smallNMC (2300 ). The significant
decrease in the cathode interfacial resistance, indicating a
better interfacial contact with small-NMC, was consistent with
the SEM results (Figure lc,d). The tail at 107" to 10" Hz
represented the Li" diffusion in the NMC material.

The electrochemical performance of SSLBs with large- or
small-NMC is shown in Figure 3c. The small-NMC cell
delivered a much higher initial charge/discharge capacity of
160 and 106 mA h g™ than the large-NMC cell with 118 mA h
g ! initial charge and 65 mA h g~' discharge capacity at 0.05 C
at room temperature. On the one hand, the effective NMC/
LBO and LBO/LLZO interfaces in the smalllNMC cell
ensured the NMC utilization; on the other hand, the small-
NMC also possessed a much more efficient Li* diffusion path
than the large-NMC within the particle. Considering the radius
of particles, the Li" diffusion length in the small-NMC is
already roughly 20 times shorter than that in the large-NMC,
not to mention that Li" has to hop through the grain
boundaries between the NMC primary particles within the
large-NMC. Nevertheless, the discharge capacity of the small-
NMC cell is comparable to that of the reported LiCoO,-based
SSLBs.”” Even though the small- NMC cell experienced deeper
charge and discharge, the smalllNMC cell showed a higher
Coulombic efficiency (CE) and better capacity retention over
30 cycles (Figure 3d), presumably due to Li* trapping inside
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the large-NMC. However, the failure mode for the relatively
low CEs (55% for the large-NMC cell and 70% for the small-
NMC cell) and the capacity deteriorations should be better
understood to design practical NMC-based SSLBs.

In operando EIS analysis was performed to understand the
impedance evolutions of SSLBs containing large- or small-
NMC during charging and discharging. Figure 4a,d is the
corresponding charge—discharge voltage profiles. The EIS
spectra during charge and discharge (Figure 4b,e) generally
maintained a shape similar to that of the EIS spectra for the as-
prepared cells (Figure 3a). Overall, the total resistance
decreased during charging and increased during discharging.
The fully recharged impedance after the 1st cycle was higher
than the initial value. The shape of the tail at low frequency
also varied upon charge and discharge, indicating different Li*
diffusion behaviors within the bulk NMC at different states of
charge (Figure 4b,e). The EIS spectra were fitted using the
model of Rgge(R,;CPE,;)(R ,CPE_)W,. The fitting results of
the three key components including the bulk electrolyte
resistance (Rgsz), the anode interfacial resistance (R,;), and the
cathode interfacial resistance (R_;) were summarized in Figure
4c,f. Because the bulk LLZO is stable and same in both cells, it
is not surprising that Rgg; remains unchanged and highly
similar in values for both cells. Upon charge and discharge, the
stable values of R,; indicated stable interfaces of LLZO/GPE
and GPE/Li. After all, the major difference occurred at the
cathode side. The large-NMC cell exhibited large fluctuations
in R_; over cycling, whereas the small-NMC cell maintained
relatively stable R ;. For the large-NMC cell, R ; decreased
from 2500 to 1600 Q (36% difference) upon charging and
then increased to 4100 Q (156% difference) during the
discharge process. In contrast, R_; of the small- NMC cell varied
from 2300 to 1700 Q (26% decrease) during charging and
returned to 2900 Q (71% increase) during discharging. The
small-NMC cell experienced a much lower overall R ; increase
(26%) than the large-NMC cell (64%) after the 1st cycle. This
finding is consistent with the electrochemical performance that
the small-NMC cell possessed higher CE than the large-NMC
cell.

As the increase in resistance accumulated over cycles, the
total resistance of the large-NMC cell increased rapidly to 9500
Q after 30 cycles, doubling the resistance of the small-NMC
cell (Figure Sab). Correspondingly, the small-NMC cell
showed better capacity retention than the large-NMC cell
upon cycling (Figure 3b). To understand the cause of
degradation, the two cells were disassembled and characterized
by SEM. As shown in Figure Sc,d, micrometer-sized cracks
formed across the joint between the large-NMC cathode layer
and the SSE layer, while the small- NMC cell formed vertical
cracks within the cathode layer. These cracks were presumably
caused by the volumetric change of the NMC particles during
charging and discharging."' Typically, NMC shrinks during
charging and expands during discharging (Figure $4).*" Figure
Se schematically illustrates the mechanical cracking process
upon one cycle. Although the LBO reshaped during the
cosintering process to fill in the gaps between the NMC and
the LLZO particles in the cathode layer, the LBO remained
solid after fabrication and served little buffer to volume change.
Because the large-NMC was actually secondary particles
building from small-NMC, the large-NMC had to bear the
accumulated volume expansion or shrinkage of the constituent
small-NMC particles. Assuming the same depth of charge/
discharge and 2% volume change during the process (as

4959

depicted in Figure S4d), a 10 nm volume change would be
created surrounding a smallNMC particle versus a much
larger volume change around a large-NMC particle (should be
larger than 10 nm of a single primary NMC particle but smaller
than 200 nm because of the porosity of secondary NMC
particles). The serious volumetric change of large-NMC led to
the detachment of the cathode layer off the SSE layer, causing
a significant barrier of Li* conduction. In contrast, the small-
NMC managed to mitigate the local volume change within the
cathode layer. Even though vertical cracks in the cathode layer
could cause an increase in the internal resistance, Li*
conduction across the cell was maintained.

As unfavorable electrochemical side reactions usually
produce insulating side products leading to an increase in
the interfacial resistance, the observed increasing impedance
could have been mistakenly attributed to interfacial insta-
bilities. XRD patterns collected at different states of charge
indicated that the cathode composites are electrochemically
stable during charging and discharging, at least, within the
sensitivity of the XRD technique (Figure S4). Furthermore,
even if NMC is unstable against LBO or LLZO, the small-
NMC cell should have suffered from more severe side
reactions than the large-NMC cell because of larger contacting
areas. However, the empirically smaller resistance for the small-
NMC cell is contradictory to this assumption. In addition,
electrochemical oxidations tend to occur at high voltages,
which means impedance is more likely to increase during
charging rather than discharging. However, not only the in
operando EIS study showed an opposite trend but also the
small-NMC cell presented less fluctuation in R.;. This again
cannot be explained by the interfacial side reactions during the
charge—discharge process. Therefore, even if NMC reacts with
LBO or LLZO, interfacial side reactions were not the major
cause for the severe impedance increase and performance
deteriorations.

4. CONCLUSIONS

The bilayer cathode/SSE composite was fabricated by
cosintering NMC, LBO, and LLZO. The SSLB constructed
from small-NMC primary particles achieved a much higher
capacity of 106 mA h g than the ones constructed using large
NMC secondary particles. The improvements were attributed
to the better interfacial properties as well as the shorter Li*
diffusion path within the small-NMC. However, mechanical
degradation in the form of microcracks in the cathode
composite, primarily within the LBO and at their interfaces
between NMC and LLZO, was found to be the key reason for
the cathode interfacial degradation and capacity deterioration.
Although the LBO melted to fill in the gaps between the NMC
and the LLZO particles during cosintering, the LBO and all
other components in the SSLB remained stiff during cycling.
Using small NMC primary particles rather than large
secondary particles can help to alleviate the mechanical
degradation by mitigating the local volume change, sub-
sequently improving CE and capacity retention. This work
highlights the correlations among volume change of active
materials, mechanical degradation, resistance evolution, and
electrochemical performance in SSLBs. Developing new
designs such as mitigating the local volume change and
incorporating a soft buffer layer would be an important future
direction.
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