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Abstract

The recent achievements following the application of single-crystalline (SC) cathode material
in solid-state batteries are discussed in this mini-review. The characteristics of SC and poly-
crystalline (PC) cathode materials are explored, with emphasis on the kinetic and mechanical
properties. The critical factors influencing their performance in liquid electrolyte and solid-state
battery cells are investigated. Finally, the advantages and disadvantages of both morphologies
are discussed and considerations to ensure a fair comparison between SC and PC cathodes in

different systems are raised.
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Introduction

Since their commercialization in 1991, when the first lithium-ion batteries (LIBs) utilizing a
LiCoO> (LCO) cathode and graphite anode were introduced into consumer electronics, LIBs
have continued to maintain the same fundamental combination of a layered oxide cathode
material, a graphite anode and an organic liquid electrolyte. Thanks to significant research and
development, the specific energy density at the cell level has increased considerably in the past
decades, reaching nearly 300 Wh/kg at the time of writing.[1,2] These advances have been
driven by optimization at all stages of cell manufacturing, from electrode preparation to cell
assembly. However, the energy density is still largely limited by the cathode material. Thus,
most LIB materials research has focused on the identification and development of new cathode
materials and compositions and their optimization through chemical doping and surface
coatings, often providing additional benefits to cycle life and cell reliability.[3-5] One area that
has received relatively limited attention until recently is the particle morphology of the cathode
material. Conventionally, the production of industrial quantities of cathode materials is carried
out using co-precipitation reactions to produce hydroxide precursors of the desired
composition, which are then lithiated during annealing to produce the final material. This co-
precipitation process, when properly engineered and controlled in stirred reactors, typically
results in the characteristic morphology of commercial cathode materials, consisting of
spherical secondary particles assembled from agglomerated primary (single-crystalline)
grains.[6] However, with the current trend toward cathode material compositions of high Ni
content and/or the use of high cutoff voltages, issues with particle fracture have become more
prominent and present a significant limitation in both LIBs and solid-state batteries (SSBS).
This arises from the random crystallographic orientation of the primary grains, resulting in
mechanical stresses between the particles as they expand/contract anistropically relative to one
another upon Li insertion/extraction.[7] This issue is further exacerbated if the Ni content in the
cathode is increased, because Ni-rich materials reach greater states of delithiation during charge
and therefore undergo larger lattice (volume) changes.[8]

Recently, there have been numerous reports of significant improvements to cycle life in Ni-rich

cathode materials achieved by adopting a single-crystalline (SC) morphology.[9] These

materials are not true individual single crystals, but can instead be more accurately described

as consisting of large (2-3 um) monolithic grains, which are more or less de-agglomerated. By

eliminating the grain boundaries present in poly-crystalline (PC) materials, these materials do

not show intergranular fracture, contributing to an improved cycle life.[10] Despite the benefits,
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it should be noted that by their nature, it might be harder to arrange/dense-pack irregularly
shaped single crystals, which has some effect on the specific and volumetric capacity of the
cathode material when it is incorporated into a cell stack. Moreover, the synthesis of SC
materials (requiring fine control over the morphology) is generally more demanding than for
PC materials.[11,12] Although several studies have compared PC and SC electrodes of the same
chemical composition, it cannot be generalized as to whether the change in morphology brings
about improvements in tap density or reduces it.[12—14] For a fair assessment, it is therefore
important to consider that SC particles are usually not of comparable size and shape to the
spherical particles of PC materials. SC particles are larger than the primary particles of PC
materials, but smaller than the secondary ones, leading to different mechanical and kinetic
behavior.

While numerous studies of SC materials in LIBs have been recently reported,[10,15-20] a few
authors have also investigated their performance in SSBs. To minimize the number of variables,
this mini-review will focus on only intercalation-type Lii+x(Nii-y—-CoyX;)1-xO2 [with X = Al
(NCA), Mn (NCM)] cathode materials that are considered as the most promising for high-
energy SSBs.[21,22]

SSBs may consist of different kinds of solid electrolytes (SEs), such as oxides, polymers,
hydroborates, sulfides and halides, with each electrolyte having its own challenges.[23] Oxides
are brittle materials, requiring high-temperature sintering, and are vulnerable to crack formation
due to volume changes upon cycling.[24,25] Polymers usually show a low ionic conductivity
at ambient temperature and have a narrow electrochemical stability window, making them
incompatible with high-voltage cathodes.[26,27] Hydroborates are challenging to synthesize
and demonstrate better performance for sodium-ion batteries.[28-32] Halides have a high
(electrochemical) oxidative stability, but suffer from moderate ionic conductivity and low
reductive stability.[33-35] Sulfides (thiophosphates) have a limited chemical and
electrochemical stability, however, the decomposition products formed at the interfaces often
allow for long-term cycling of high-voltage cathodes. In addition, coating of the cathode
material impedes interfacial side reactions. Because of the relatively low cost of sulfide-based
electrolytes and their favorable processability, most studies on SC cathodes in SSBs are using
this class of SEs.[22,36] Thus, in this mini-review, we summarize the recent reports on the
performance of SC cathode materials in SSBs with sulfide electrolytes and attempt to reconcile
the benefits and drawbacks of this new morphology compared to PC cathodes. Finally, we



discuss the characteristics of the cathode that must be carefully controlled to achieve a fair

comparison between SC and PC materials.

Comparison of cracking behavior and electrochemical performance in SSBs

SC materials offer high mechanical strength, allowing the cathode morphology to be maintained
upon cell assembly. During this process, pressures of >100 MPa are typically applied to ensure
adequate contact between SE and cathode composite while also reducing the porosity. Liu et
al. and Doerrer et al. have reported the deformation, cracking of secondary particles and
fracturing along the grain boundaries for PC cathodes.[37,38] However, both studies showed
that the SC cathode material remained intact during the assembly under pressures of up to 1020
MPa. The details of these studies, including the SE used and operating conditions, are

summarized in Table 1.

SC cathodes also show a more stable electrochemical performance and less cracking with
cycling (Figure l1a,b). Especially for high-Ni compositions, a cutoff voltage of ~4.3 V vs.
Li*/Li leads to deep delithiation (beyond 80%), where the so-called H2-H3 phase transition
occurs, causing internal strain and large unit-cell shrinkage, with AV/V = —10% in the extreme
case of LiNiO2 (LNO).[39-41] Crystallographically, SC and PC materials are equivalent and
undergo the same transformations. However, the severe anisotropic volume change and lattice
mismatch between adjacent primary grains in PC materials during charge and discharge lead to
the observed secondary particle fracture. In contrast, this issue is alleviated in SC materials with

monolithic grains.

Conforto et al. have recently calculated the lithium-diffusion pathway (Laitf) for SC and PC
NCM composite cathodes in SSBs by fitting the impedance data collected during cycling. A
considerable increase in Lgits was observed for PC cathodes (by a factor of 3 to 4 after 40 cycles).
On the other hand, SC cathodes showed less changes in the mean value of Lqis (by a factor of
<2, see Figure 1c,d).[42] The increase in Lqifr in the PC material is attributed to the hindered
transport of lithium in the cathode composite because of secondary particle fracture and

subsequent contact loss.

In addition to the effect of volume changes, Han et al. discussed the contribution of SE
decomposition on cracking. Sulfide-based electrolytes have a narrow stability window, and the
oxidative decomposition of argyrodite LisPSsCl at the interface with the cathode material is

reported to follow a volume contraction that may accelerate the pulverization of the secondary
4



particles.[43] Thus, they should be used with coated cathode materials,[44] or use SEs with a
higher oxidative stability, such as halides.[45] However, the (crystallographic) density of the
SEs needs to be considered. Sulfide-based electrolytes typically have a low density (e.g. 1.86
g/cm?® for LisPSsCl), allowing cathode material contents of 70 wt% in the electrode to provide
sufficient contact between SE and cathode particles. On the other hand, halides have a higher
density (e.g. 2.43 g/cm? for LisY Cle), requiring a higher gravimetric content of SE (40 wt%) in
the cathode to provide sufficient volume fraction and proper contact between SE and cathode
particles. Consequently, a lower cathode material content of 60 wt% is proposed as a strategy

to achieve stable (long-term) performance.[43]
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Figure 1. Cross-sectional scanning electron microscopy-backscattered electron images of a)
SC and b) PC NCA 881101 cathodes after 100 cycles (charged to 4.3 V vs. Li*/Li).[43]
Reprinted with the permission of Wiley-VCH. Evolution of Lgifr in ¢) SC and d) PC NCM 811
cathodes. The SSB cells were charged to 4.25 V vs. Li*/Li and Litr was determined by fitting
impedance data.[42] Reprinted with the permission of IOP Publishing.

As discussed above, intergranular cracks form mainly at high voltages in PC cathode materials
because of large volume changes and the random orientation of primary particles, resulting in
non-uniform expansion and contraction along the grain boundaries. Liquid electrolyte can

infiltrate into these cracks and utilize the increased surface area of the cathode particles. The
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shorter diffusion pathways in the cracked particles cause an apparent increase in lithium-
diffusion coefficient (Dvi, see Figure 2a). On the other hand, SC cathodes with fewer grain
boundaries are less prone to intragranular cracking and repeated cycling or overcharging can
only cause slight fractures.[10,46,47]. However, this comes at the expense of a higher Lgit in
liquid electrolyte-based battery systems because of the larger primary particles. In fact,
Trevisanello et al. have recently observed kinetic limitations and lower apparent Dy for large,
uncracked SC cathodes in LIBs (Figure 2a).[48]

The observed performance in SSBs, however, is contrary to liquid systems. When PC materials
fracture, SE cannot fill the voids and the contact loss between cathode material and SE particles
is detrimental, leading to slower kinetics and losses in capacity (Figure 2b). On the other hand,
in crack-free SC cathodes, the SE stays connected with the cathode particles. Additionally, the
lower number of grain boundaries, offering continuous lithium-transport channels, is beneficial
to the lithium diffusivity in SSBs.[49] Thus, for the reasons discussed above, in several studies
that compare the performance of SC and PC cathodes in SSBs, the SC one showed counter-
intuitively faster kinetics. Similar Dpi values were observed in the initial charge cycle for SC
and PC cathodes, with slightly higher Dy for the former, especially at higher voltages where
the particles start to fracture. However, in the following discharge cycle, the SC cathode showed
a much better performance in SSBs, which can be attributed to the cracking and contact loss
upon first charging for the PC cathode (Figure 2b).[37,49]
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Figure 2. Schematic illustration of PC and SC cathodes and the effect of particle fracture and
grain boundaries. Apparent lithium-diffusion coefficient (D;}'*) for the initial charge/discharge

cycle of NCM-based cathodes with a) liquid electrolyte (for NCM 811) and b) solid electrolyte
(for NCM 523).[48,49] Reprinted with the permissions of Wiley-VCH and Elsevier.

The differing chemo-mechanical behavior of these materials also has implications for the
electrochemical performance when applied in SSBs. Previously reported results suggest that
adopting a SC morphology is beneficial to the performance.[37,43,49,50] Table 1 summarizes
the characteristics of the reported cells using SC and PC composite cathodes. Liu et al. observed
similar initial specific capacities of ~150 mAh/g and retentions (> 80%) for PC and SC NCM
811 cycled to 4.15 V vs. Li*/Li. However, increasing the cutoff voltage to 4.35 V vs. Li*/Li led
to a higher specific capacity (~185mAh/g) and more stable performance for the SC cathode
(Figure 3a).[37] As mentioned above, Ni-rich NCM materials, such as NCM 811, undergo a
phase transition, H2-H3, at around 4.2 V vs. Li*/Li, accompanied by ~6% absolute volume
change (Figure 3b,c). No severe volume changes or cracking were observed when limiting the
cutoff voltage on charge, so PC and SC cathodes can show comparable long-term cycling



performance under these conditions (Figure 3a). However, increasing the voltage resulted in

pronounced volume changes and particle fracture and therefore accelerated capacity fading.
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Figure 3. a) The effect of cutoff voltage on the long-term cycling behavior of SSBs with SC
and PC NCM 811. b) The differential capacity plot for the SC NCM811 cell.[37] Reprinted
with the permission of Wiley-VCH. c) Relative unit-cell volume changes for different layered

oxide cathode materials.[8] Reprinted with the permission of ACS.

Considerations for controlling cathode morphology in SSBs

The discussion above outlines some of the advantages of SC cathodes in SSBs. However, given
that the morphological differences are more influential for the electrochemical behavior of SC
cathodes when used in SSBs compared to LIBs, we believe specific criteria should be

considered to have a fair comparison between PC and SC cathodes.
1. Particle size

The specific capacities achieved in NCM-based SSBs are dependent on the particle size of the
cathode material. Cathodes with particle size < 10 um are suggested for SSBs, offering a larger
surface area to ensure good contact between particles and improved cathode utilization.[51]
However, the cathode utilization in solid-state composites is controlled by the percolation and
the important factor is likely the ratio of cathode material to SE particle size to maximize their
contact area. Thus, using smaller particle size SE is suggested as a strategy when large cathode

particles are used.[52] A mixture of SE particles of various sizes is also suggested to be



advantageous for minimizing void space between particles in cathode composites and
improving the electrochemical properties.[53] Additionally, the influence of the cathode
particle size on the diffusion needs to be considered. Assuming an average Dy of 5x10 12 cm?/s,

only particles of radius (L) ~6 um can be lithiated within a time window (tais) of 20 h (C/20, L
< \/taisxDy;). For larger particle sizes, a considerable fraction of the cathode may not be fully

(de-)lithiated in the SSB cell. Note that Dij = 5x10*? cm?/s is used because of the strong drop
in Dy for the lithiated state of NCM.[42] In general, SC cathodes consist of relatively small
particles and small-size PC materials should be used to eliminate the size effect when
comparing the performance of SC versus PC cathodes. Moreover, SEs of similar particle size
should be used to have the same percolation effect.

2. Surface characteristics

Li>COz and LiOH [and NiO-like (rocksalt-type) phases] are known surface impurities in both
SC and PC cathodes. For a fair comparison between the two morphologies, cathodes with
structurally and chemically similar surfaces should be considered. One strategy is to reconstruct
the surface by removing the impurities. Washing is a commonly used method to eliminate
impurities (lithium residuals), but studies have shown that water induces Li*/H* exchange,
leading to the formation of a NiOOH-type surface layer.[50,54] Thus, ethanol as a washing
agent is suggested, having a lower solubility for Li>COs and causing less depleted regions.[50]
Another study proposes the lithiation of the Ni-rich, rocksalt-type layer by redepositing lithium
into the surface lattice (referred to as surface chemistry regulation). Specifically, the NCM
material is calcined at high temperatures and under O flow in the presence of LiOH to restore
the layered oxide structure at the interface, thereby improving the -electrochemical

performance.[55]
3. Coatings

The application of various coatings to the surface of cathode material particles has been proven
in numerous studies to significantly enhance the interfacial stability and therefore the
electrochemical performance of SSBs.[56-58] However, the distribution and effectiveness of
different coating methods is also largely dependent on the material morphology. Thus, the
differences between PC and SC cathodes when subjected to coating processes should be
considered. Surface coating of PC cathodes is primarily performed on the secondary particle
level. In this case, when the secondary particles fracture, the uncoated primary grains get in

direct contact with the electrolyte and decomposition at the interface takes place. This is much
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more severe for liquid systems, where the pulverized particles have intimate contact with the
liquid electrolyte and coating of the primary particles has been shown to significantly improve
the electrochemical performance.[59,60] However, in SSBs, where the contact between cathode
material and SE particles is limited and the cracking of secondary particles causes contact loss,
the coating of primary particles does not seem to be more beneficial. Nevertheless, it is
important to note that in the case of SC cathodes, the coating acts as a primary particle coating
that prevents SE decomposition (and particle fracture). Thus, PC cathodes with a coating on
both the primary and secondary particles are suggested to be compared with coated SC

cathodes.

Additionally, the composition of the coating needs to be controlled precisely. LiNbO3 is the
most widely used coating material for NCM cathodes in SSBs.[61] Recent reports have shown
that the performance is also dependent on the carbonate content of the cathode particles. The
best performance has been achieved when a hybrid (niobate/carbonate) coating is
formed.[62,63] Thus, SC and PC cathodes with similar carbonate contents and coating

chemistries are recommended for comparison.

Concluding remarks and outlook

As many researchers turn their attention toward the next generation of solid-state lithium-ion
batteries, the importance of reproducible and reliable comparisons between cathode materials
destined for use in SSB systems increases. While many efforts have been directed toward
improving the ionic conductivity and interfacial stability of SEs, comparatively less research
has been directed toward understanding how modifying the morphology affects the behavior of
cathode materials with an SE compared to a liquid electrolyte. In this mini-review, several
considerations for evaluating the mechanical and electrochemical behavior of SC cathode
materials compared to their PC counterparts have been highlighted. Recent studies in SSBs
have shown that adopting a SC morphology reduces the tendency to induce cracking during
cycling compared to PC cathodes, where the primary grains' random orientation results in
mechanical stresses between the particles. The minor cracking of SC cathodes in SSBs allows
proper contact of the cathode material and SE particles to be maintained and leads to improved
lithium transport in the composite (higher D). This contrasts with the shorter diffusion
pathways and higher Dy for cracked PC cathodes obtained in LIBs. These findings from the
recent studies highlighted in this mini-review clearly demonstrate that while the tremendous
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amount of research on cathodes for LIBs provides a thorough foundation for their application
in SSBs, the morphology of the cathode material has additional implications because of the
nature of the solid-solid interfaces. The use of SC cathodes shows great promise for further

improving the viability of SSB systems and it is hoped that the considerations raised above can
help to direct future research in this area.

11



Table 1. Overview of the electrochemical performance of SC and PC NCM and NCA cathodes

in SBBs.
Cathode material |Coating Solid electrolyte Anode Particle |[First-cycle specific|lnitial ~ Coulombic|Capacity Active Temp. /|Voltage |C-rate |Ref.
material size discharge capacity /|efficiency / % retention / %|material |°C range / V
(Dso) /{mAh/g (cycles) loading / vs. Li*/Li
um mg/cm?
SC-NCM622 LiNbO3 Lio.54Si1.74P1.448117Clos | Li-In ~3 161 - 91.3 (100) 10.2 40 2.7-43 |CI2 [64]
175.7 88.7 C/10
SC-NCM523 LiNbosTaosOs|Li1GeP2S12 In 3.8 156.4 86.9 ~60 (150) 10.7 r.t. 25-44 |C/10 |[49]
PC-NCM523 LiNbosTao503| LizGeP2S12 In 42 1275 - ~48 (150) 10.7 rt. 2544 |C/10
SC-NCM523 LiNbosTaosOs|Li1GeP2S12 Li-In ~3 161.4 85.8 - 8.4 rt. 25-44 |C/10 |[65]
139.8 - ~63 (500) C/3
SC-NCM811 LiNbO3 Li10SnP2S12 LisTisO12 (2.8 153 - 79.7 (100) 5.1 30 2.85-4.35 |C/3 [37]
SC-NCM811 - Li10SnP2S12 LisTisO12 (2.8 187 74 64.5 (100) 5.1 30 2.85-4.35 |C/10
PC-NCM811 - Li10SnP2S12 LisTisO12 (2.8 165 67.9 39.9 (100) 5.1 30 2.85-4.35 |C/10
SC-NCA801505 |- LisPSsClI Li-In - - - 94 (200) ~10.5 25 2.6-43 |C/2 [50]
174 - C/10
PC-NCA801505 |- LisPSsClI Li-In - - - ~78 (200) ~10.5 25 2.6-43 |CI2
130 - C/10
SC-NCM831106 |LiNbO3 LisPSsClI Li 34 204 85 99.4 (10) 14 30 25-43 |C/15 |[38]
PC-NCM831106 |LiNbO3 LisPSsClI Li 5.4 152 70 - 14 30 25-43 |C/11
SC-NCM831106 |LiNbO3 LisPSsClI LisTisO1, (3.4 ~150 - 96.3 (50) 14 30 25-43 |C/6
PC-NCM831106 |LiNbO3 LisPSsClI LisTisO1, (5.4 ~115 - 92.4 (50) 14 30 25-43 |C/44
SC-NCM811 - LisPSsClI Li-In - ~183* - 91 (100) 11 25 2.6-4.25 |C/10 |[42]
84* C/20
PC-NCM811 |- LisPSsCl Li-In - ~153* - 48 (100) 1 2.6-4.25 [C/10
77* C/20
SC-NCA881101 |- LisYCls Li-In 2.8 ~180* - 96.8 (200) 11.3 30 3-4.3* Cl2 [43]
199 89.6 C/10
PC-NCA881101 |- LisYCls Li-In 11.9 ~180* 80.6 68 (200)* 11.3 30 3-4.3* Cl2
191 ~80* C/10
SC-NCAB881101 |- Li>ZrCls Li-In - ~182 - 91.3 (100) - 30 3-43* [Cl2 [66]
206 85.8 C/10
SC-NCM622 LisBO3 Ta-doped LLZO Li 2 138.8 ~80 ~57 (50) 1-15 80 2.8-43 |Cl20 |[67]
SC-NCM622 LisBOs Ta-doped LLZO Li 10-15 ~12* - - 1-15 80 2.8-43 [C/20

*Interpolated from graphs.
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