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Layered Ni-rich oxides are attractive cathode active materials for
secondary battery applications. Combining them with inorganic
superionic conductors and high-capacity anodes can significantly
increase energy density. Herein we successfully synthesized spherical
secondary particles of a Mn-substituted LiNiO,, LiNiggsMng 050, (a
Co-free NMX material), for use in bulk-type lithium-thiophosphate-
based all-solid-state batteries.

The exponential growth in the demand for electric vehicles
necessitates a shift in energy-storage systems. The primary
energy-storage systems used for electric vehicles are secondary
batteries, with lithium-ion batteries (LIBs) currently dominat-
ing the market. However, achieving high energy density with
conventional LIBs is limited both by the storage capacity of the
active materials and by the additional weight and volume of the
inactive components (separator, electrolyte etc.). Furthermore,
the use of flammable electrolyte solvent(s) can pose a safety
risk. As a result, alternative technologies are sought after. All-
solid-state batteries (ASSBs) utilizing inorganic materials that
serve as the separator and superionic electrolyte, among others,
could potentially increase energy density and reduce the risk of
fire hazards/dendrite formation during cycling.'™®

Layered Ni-rich oxide cathode active materials (CAMs) of
type LiNi,CoyMn, _,_,0, (NCM or NMC) have been commercia-
lized because of their high specific capacity and favorable
working potential. Although Co is advantageous due to its
contribution towards high conductivity and structural stability,
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the downside of cobalt sourcing and its toxicity have led to the
advancement of Co-free cathodes (usually referred to as
NMX).””® Apart from that, the CAM synthesis requires the use
of various salts and bases during the precipitation reaction in
order to obtain a well-defined (and highly pure) material. This
demands precise control over precursor morphology, washing
and drying, which ultimately affects the overall cost.”® For
ASSBs, careful considerations need to be taken in the design of
the CAM. Superionic lithium thiophosphate solid electrolytes
(SEs), in particular, are prone to interfacial side reactions due
to their relatively poor electrochemical stability. To mitigate
(or ideally prevent) SE degradation upon cycling, various coat-
ing materials have been applied to the CAM particles aiming at
preventing direct contact with the SE."""?

NMX cathodes produced by co-precipitation and subsequent
calcination in the presence of a lithium source have already
been shown to exhibit promising performances in LIBs."® In
this study, a layered Co-free, Ni-rich CAM, LiNij 95sMng ¢50,,
referred to as NMX9505 hereafter, was prepared by solid-state
synthesis, and a LiNbO; protective nanocoating was applied to
the surface of the secondary particles by sol-gel chemistry. The
resulting material was electrochemically tested in ASSB cells by
stacking NMX9505 cathode, argyrodite LigPSsCl (LPSCl) SE
separator and Li,TisO;, (LTO) anode (see Experimental section
in the ESIt for details). The coated NMX9505 delivered high
specific capacities of 164 mA h g~ * at 0.2C (137 mA h g~ * for
uncoated CAM) and 86 mA h g~' at 2C (36 mA h g™ ' for
uncoated CAM) and retained 77% of the initial capacity
(190 mA h ¢~ at 0.1C) after 81 cycles (rate performance testing
at 0.1, 0.2, 0.5, 1 and 2C with five cycles each, followed by 0.2C
cycling), compared to 68% for uncoated CAM. The cell resis-
tance was determined by electrochemical impedance spectro-
scopy (EIS) and post mortem analysis was carried out using
cross-sectional scanning electron microscopy (SEM).

The NMX9505 material employed in this work displayed a
typical polycrystalline morphology, characterized by the for-
mation of secondary particles that are predominantly spherical
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Fig. 1 Characterization of the as-prepared NMX9505 CAM. (a) and (b)
SEM images at different magnifications, (c) XRD pattern and corresponding
Rietveld refinement profile (Ry, = 10.38%, reduced %% = 0.98; ICSD card
no. 152273) and (d) particle size distribution.

in shape. The latter shape is a direct result of the inherent
morphology of the 4 pm diameter Ni(OH), precursor used in
the synthesis [SEM images of the Ni(OH), and Mn,0; nano-
particle precursors are shown in Fig. S1, ESIf]. In contrast,
LiOH-H,O tends to melt during calcination, while Mn,0;
remains in nano-sized form. Overall, the NMX9505 secondary
particles are the product of the sintering process that occurs
between numerous primary particles (see SEM images at dif-
ferent magnifications in Fig. 1a and b). Fig. 1c presents the
powder X-ray diffraction (XRD) pattern and corresponding
Rietveld refinement profile for the as-prepared NMX9505
CAM. The material revealed the expected layered structure
derived from o-NaFeO, (O3 type, R3m space group) and was
free of crystalline impurity phases.'* The refined lattice para-
meters are a = b = 2.87848(13) A, ¢ = 14.21664(54) A, with cell
volume V =102.013(6) A%, similar to NMX materials synthesized
from a co-precipitated precursor CAM." Also, the c/a ratio
equals 4.94, indicating that the NMX9505 exhibits a well-
ordered (layered) structure.'® The presence of Mn*" leads to
the formation of an equal amount of Ni** ions in the lattice,
which migrate to the lithium layer due to size similarity [{Ni**) =
0.69 A vs. r(Li") = 0.76 A)."” Note that the Li* ions may also
migrate to the transition-metal layer, ultimately leading to Li/Ni
intermixing (formation of Niy; and Liy; defects).'®'® Rietveld
analysis revealed a site disorder (Niy;) of about 3%, which is
lower than that of a NMX material of ‘“same” composition
reported previously.>®

Results from inductively coupled plasma-optical emission
spectroscopy (ICP-OES) measurements (see Table S1, ESIt) indi-
cated that the Li, Ni and Mn contents in the NMX9505 CAM are
close to the targeted stoichiometry of LiNij 9sMn 050,. This demon-
strates that the solid-state synthesis approach used in the present
work has no major effect on the final composition. Particle size
distribution analysis via laser diffraction further revealed dy, dso
and dy, values of 5.27, 13.3 and 26.6 um, respectively (see Fig. 1d).
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At first, the as-prepared NMX9505 [7.5 (£0.5) mg cm >
loading] was electrochemically tested in LIB half-cells at room
temperature (25 °C) in the potential window of 2.7-4.3 V vs. Li'/
Li in order to examine its cycling performance. Fig. 2a shows
the specific discharge capacity versus the cycle number for
different C-rates (0.2, 0.5, 1, 2 and 5C with five cycles each,
followed by 0.2C cycling). The initial specific discharge capacity
at 0.2C (200 mA h g%, 1.5 mA h em™?) was largely recovered in
the 26th cycle (97%), despite the rate performance testing at the
beginning of cycling. Also, the material was capable of delivering
high specific capacities at high C-rates, with gq;s ~ 161 mAh g™*
at 2C and 129 mA h g~ ' at 5C. Fig. 2b presents the long-term
cycling of the CAM at 1C. The coin cells exhibited a high initial
specific discharge capacity of 210 mA h g~* at 0.1C and main-
tained an average Coulomb efficiency of 99.9%, with a capacity
decay rate of 0.097% per cycle (from the 3rd cycle with gqis ~
187 mA h g~ to the 250th cycle with 142 mA h g™ !). With regards
to capacity and stability (capacity retention), the NMX9505
employed here clearly outperforms a previously reported mate-
rial with similar composition and polycrystalline morphology.*®

Interfacial degradation in
ASSBs has been shown to negatively affect cell performance.
Amorphous LiNbO;, a widely used (inert) coating material for
CAMs, can mitigate adverse side reactions and improve
cyclability.""*>” Here, the NMX9505 CAM was coated with a thin
shell of sol-gel derived LiNbO; (1 wt%), as described in the
Experimental section of the ESL.f Bulk-type ASSB cells were
assembled with LPSCI and LTO serving as SE (in the cathode,
anode and separator) and anode, respectively, and then subjected
to galvanostatic charge/discharge testing at elevated temperature
(45 °C) in the voltage range between 1.15 and 2.75 V vs. Li,TisO1,/
Li;Ti50,, (around 2.7-4.3 V vs. Li'/Li).

Fig. 2c shows a comparison of the cycling performance
between coated and uncoated NMX9505 [10.5 (40.5) mg cm >
loading]. Overall, the coated CAM delivered higher capacities
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Fig. 2 Electrochemical analysis of the LiNbOz-coated and uncoated
NMX9505 CAMs in (a), (b) LIB (at 25 °C) and (c) ASSB cells (at 45 °C).
1C is defined as a specific current of 200 mA g~! Data from two
independent cells are shown. If error bars are not visible, they are smaller
than the symbols.
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and further showed improved rate capability over the uncoated
material. For example, the initial specific discharge capacity
was 189 mA h g~' (2 mA h ecm ?) at 0.1C, with a first-cycle
Coulomb efficiency of 86%. The capacity retention after 81
cycles (including rate performance testing and subsequent
cycling at 0.2C) was 77%. In contrast, uncoated NMX9505
exhibited an initial specific discharge capacity of 181 mA h g~*
at 0.1C, with only 79% Coulomb efficiency. A large difference in
capacity was observed for the uncoated CAM, which only deliv-
ered 35 mA h g~ ! at 2C, compared to 85 mA h g~ for the surface-
treated NMX9505, evidencing that the protective coating
improves rate performance and reversibility by stabilizing the
CAM/SE interface. Similarly, uncoated CAM only retained 68% of
its initial capacity.

The severity of the voltage hysteresis (overpotential) is
visualized in Fig. S2 (ESIt). It is worth noting that the over-
potential increased more significantly for the uncoated than
coated NMX9505 with increasing C-rate. An increase in over-
potential is indicative of side reactions and unstable cathode
interface (cell impedance buildup). Additionally, differential
capacity (dg/dV) curves comparing both CAMs in the 1st
(0.1C), 23rd (2C) and 81st (0.2C) cycle are presented in Fig. S3
(ESIT). While the materials undergo similar phase transitions
[from H1 (hexagonal) to M (monoclinic) at around 2.1 V, M to
H2 at 2.5 V and H2 to H3 at 2.7 V] in the initial cycle at 0.1C,
they are strongly suppressed at high C-rates (23rd cycle), lead-
ing to reduced capacity, especially for the uncoated NMX9505.
Also, in the 81st cycle, the latter CAM showed suppressed H2-
H3 transition and peak shifts during charge and discharge,
thus indicating increased polarization, presumably due to
unwanted side reactions and mechanical degradation.>®>°

To further probe into the origin of the increase in polariza-
tion, EIS measurements were conducted on ASSB cells with the
coated and uncoated NMX9505 cathodes at 45 °C. Nyquist plots
of the electrochemical impedance before cycling and after the
81st cycle (discharged state) are shown in Fig. 3. Qualitative
analysis revealed insignificant differences between both CAMs
in the pristine state. However, after 81 cycles, two semicircles
appeared at high and medium frequencies. By comparing the
cathode interface resistance (medium frequencies), it was
found that the coated CAM exhibits a significantly lower
Rcamise, about less than half that of the uncoated material.

Fig. S4 (ESIT) plots the real part of the impedance versus the
reciprocal root square of the frequency. As is evident from the
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state) at 45 °C.
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data, the coating has a profound effect on cell impedance; in
particular, the resistance at low frequencies was decreased in
half. We note that contact loss between the CAM and SE
particles is enhanced if there is chemo-mechanical degradation
occurring during battery operation.?*** This in turn increases
the Warburg coefficient [o; see eqn (S1) and (S2), ESIt], which
shows an inverse relationship with the contact area at the
interface. Overall, this means that the o will be lower (enhanced
Li-ion diffusion) if there is intimate contact between the
individual particles in the electrode.>®* However, the slight
disparity in ¢ between the uncoated (13.4 Q s~*/?) and coated
NMX9505 (10.8 Q s~ %) makes it difficult to uncover any minor
cracking or contact loss.

For this reason, cross-sectional SEM images were collected
from both cathode composites before and after cycling (see Fig.
S5, ESIT). No inter- and intraparticle cracking was observed for
either coated or uncoated NMX9505 in the pristine state.
However, there was a noticeable difference in intensity of
particle fracture after cycling, with only the uncoated CAM
showing signs of mechanical degradation. While the SEM
images shed some light on the effect that the coating has on
the cracking behavior, it is important to note that this is not the
only factor affecting the performance of the material. Further
in-depth surface (and bulk) analysis is necessary to investigate
the role of side reactions and local chemical environment in the
cyclability of the NMX9505 CAM.>>%®

Taken together, the current work successfully synthesized a
layered Co-free, Ni-rich cathode active material of well-defined
(industrially relevant) morphology via a facile solid-state reac-
tion route, eliminating the need for conventional co-
precipitation routes for introducing manganese. This simpli-
fied preparation method also allows for tailoring of the final
stoichiometry without the requirement of producing custo-
mized precursor cathode materials first. X-ray diffraction ana-
lysis revealed a well-layered structure having a relatively low
defect density (cation intermixing, off-stoichiometry). The as-
prepared NMX9505 material exhibited good performance as the
cathode for room-temperature lithium-ion batteries. Based on
these results, a LINbO; protective nanocoating was applied to
the free surface of the NMX9505 secondary particles, followed
by testing in all-solid-state battery cells with an argyrodite
LigPS5Cl solid electrolyte. The coated material showed superior
rate capability and cycling stability over the as-prepared
(uncoated) NMX9505, due to suppression of detrimental side
reactions and reduced particle fracture. These preliminary data
indicate that NMX materials are promising candidates for use
in Li-ion batteries with liquid and solid electrolytes.
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