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Nickel-rich layered transition metal oxides (LiNi,Mn,Co; , ,O,
(x > 0.6), Ni-rich NMCs) have been under intense investigation as
high-energy density and low-cost positive electrode materials for
Li-ion batteries. However, insufficient cyclic and thermal stability as
well as low tap density hinder broad commercial application of
commonly used polycrystalline Ni-rich NMCs. Here, we report on
single crystal Ni-rich NMCs with improved cycling stability and
ultra-high tap density up to 3.0 g cm~3 coupled with high discharge
capacity, resulting in enhanced volumetric energy density of pre-
pared electrodes up to 2680 W h L™, Record tap density is achieved
due to the formation of single crystal particles with spherical-like
shapes through adjustment of the lithium chemical potential by
using K,SO, as a solvent during the single crystal growth. The
designed single crystal NMC622 and NMC811 cathode materials
are promising for applications in batteries with high specific energy
and long-term cycling life.

The “single crystal” layered LiNi,Mn,Co;_,_,0, oxides (SC NMCs)
are promising positive electrode (cathode) materials for advanced
Li-ion batteries (LIBs) with high energy density and long cycle life
that is strongly demanded for successful commercialization."™
The term “single crystal” in this particular case refers to the
primary particles with the size of >1-2 pm consisting of a single
crystalline domain and disconnected from each other, ie. not
forming secondary agglomerates. The single crystal primary par-
ticles demonstrate diminished surface reactivity towards electro-
lyte, improved resistance to mechanical cracking and higher
compacting density that contributes to increasing capacity reten-
tion and volumetric energy density."”
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Among various synthesis methods of SC NMCs, the molten-
salt technique provides extensive control over the size and
faceting of the particles. In this method, the precursor particles
(such as mixed hydroxides or carbonates of transition metals)
are mixed with a lithiation agent and salt of low melting
temperature taken in excessive amount. The grain growth in
this molten flux proceeds through the mass transport and
Ostwald ripening.® The resulting crystal shape is governed by
a competition in the surface free energy of the major crystal-
lographic facets {104}, {001} and {012} (as referred to the R3m
a-NaFeO,-type structure of the NMCs) which in turn is defined
by thermodynamic parameters during the grain growth.
Among them, the chemical composition of the salt, lithium
chemical potential p(Li) and partial oxygen pressure p(O,) are of
key importance. Sodium-based salt promotes growth of
octahedrally-shaped single crystals, whereas octahedral growth
is suppressed with potassium which seemingly eliminates the
differences in surface energy between the crystallographic
facets.””® Lowering u(Li) favors the abundance of the (001)
surface, whereas lowering p(O,) stabilizes the {104} facets.>"°
This provides a chemical playground for adjusting the desired
shape of SC NMCs. However, in case of high-capacity Ni-rich
NMCs (x > 0.6) the chemical freedom to operate is significantly
limited by the defect chemistry intrinsic in these materials. It is
well known that the exchange of Li and Ni between their
crystallographic positions (anti-site defects) is detrimental for
the electrochemical performance, and suppression of the anti-
site disorder requires lowering synthesis temperature and
increasing p(0,) to stabilize Ni*"."** Thus, u(Li) remains the
main parameter to affect the crystal morphology of Ni-rich
SC NMCs.

Acquiring control over the particle shape becomes particularly
important if the volumetric energy density and, hence, tap and
compact densities of SC NMCs have to be maximized. The densest
random packing of ~64-70% is achieved for spherical or ellip-
tical particles,'® whereas the faceted particles with sharp corners
and edges tend to link with each other into laced structures.
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Thus, it is fully legitimate to perform a search for the parameters
allowing for preparation of the round-shaped SC NMCs particles
instead of the highly faceted ones. Such roundish crystals can be
shaped with a large number of various vicinal surfaces arising due
to reduced surface energy anisotropy, ie. diminished energy
difference between the major crystallographic facets {104}, {001}
and {012}. Herein, we report on the single crystal LiNiysMny ;.
C0,.10, (SC811) and LiNiy¢Mn, ,C0,,0, (SC622) materials with
spherical or spherical-like primary particles obtained via molten-
salt synthesis by adjusting p(Li) in the melt through finding the
right LiOH/K,SO, ratio.

The single crystal SC622 and SC811 were synthesized via the
molten-salt method using K,SO, as a solvent. The synthesis
procedure is described in detail in ESL{ Typically, mixed
hydroxide precursors NiyeMng,C0y,(OH), and NiygMng ;-
Coo.1(OH), were prepared via a co-precipitation and then
annealed with LiOH-H,O and K,SO, as a molten-salt mixture
at 900 °C. In addition, the precursors were annealed replacing
LiOH-H,O with Li,COj; (samples are named as SC622_100 and
SC811_100) and with the Li,CO;:LiOH-H,O = 50:50 mixture
(samples SC622_50 and SC811_50) at the same conditions in
order to estimate the influence of Li,CO;/LiOH ratio on the
resulting morphology. The flux was removed by a water-
washing step followed by drying and final annealing at
700 °C. As a reference, polycrystalline spherically-agglomerated
NMC622 (PC622) and NMC811 (PC811) were prepared from the
same precursors by annealing with LiOH-H,O in two steps, first
at 500 °C and then at 850 °C in air for PC622 and at 750 °C in
oxygen for PC811.

In contrast to the highly faceted SC NMCs particles usually
produced with the molten-salt method”®'®™"® the obtained
SC622 and SC811 samples consist of spherical or spherical-
like particles with the size distribution of D10/D50/D90 = 3.4/
6.4/12.2 pm and D10/D50/D90 = 3.2/7.0/13.2 um, respectively
(Fig. 1 and Fig. S1, ESIt). For comparison, the polycrystalline
PC622 and PC811 materials are made of 10-12 um spherical
agglomerates built of micron-sized and submicron primary
particles, respectively (Fig. S2, ESIT). All single crystal materials

Fig. 1 Overview and high magnification SEM images of the SC622 (a and b)
and SC811 (c and d) samples.
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Fig. 2 HAADF-STEM images along with the color-coded elemental maps
and the mixed EDX maps for Ni, Mn and Co for the SC622 and SC811
samples.

obtained using Li,CO; and Li,CO3/LiOH mixture (SC622/
811_100 and SC622/811_50) form separate particles with octahedral
and prismatic shapes (Fig. S3, ESI{) with an average particle
size of 1-4 microns (Fig. S3, S4 and Table S1, ESI{) as widely
described in literature. To sum up, the change in the lithium
source leads to loss of the spherical-like morphology. Thus,
these samples are not further discussed here. The formation of
impurity-free highly-ordered hexagonal a-NaFeO,-type layered
structure (space group R3m) was validated for all the samples
via powder X-ray diffraction (PXRD) (Fig. S5, ESIf). Rietveld
refinement of the crystal structures from PXRD data revealed
that the single crystal materials possess only tiny amount of
Li*/Ni** cation exchange (0.8-1.2%), which is considerably
lower than that for their polycrystalline analogues (1.9-2.4%)
(Table S2, ESIt). The homogeneous distribution of Ni, Mn, and
Co in all samples was confirmed by energy-dispersive X-ray
analysis in a scanning transmission electron microscope
(STEM-EDX, Fig. 2 and Fig. S6, ESIt). The quantified cationic
compositions of the obtained materials correspond well to their
nominal stoichiometries (Table S3, ESIf). In addition, the
water-washing step turned out to be effective in removing
K,S0, used as flux salt since no sulfur and potassium impu-
rities were detected in the SC622 and SC811 samples by both
PXRD and STEM-EDX analysis (Fig. S7, ESIT).

X-Ray photoelectron spectroscopy (XPS) analysis was used to
reveal oxidation state of transition metals. The representative

© 2022 The Author(s). Published by the Royal Society of Chemistry
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XPS spectra for Ni, Mn and Co are demonstrated in Fig. S8
(ESIT). Further we provide a detailed analysis for Ni as an
element present in +2/+3 oxidation states depending on the
NMC’s chemical compositions, while the description of the
spectra for Mn and Co are given in ESL} Ni2p;, photoelectron
spectra are usually complex and display numerous components,
while charging effect in photoelectron process and photoelectron
energy losses on surface contaminations (Li hydroxide and carbo-
nate) give additional distortions. In our case, the XPS spectra
(Fig. S8, ESI¥) show that both Ni** and Ni** are present at the
surface of the all SC622/811 and PC622/811 samples, with pre-
dominance of Ni*". This is evidenced by the main peak maximum
at 855.3 eV (SC622 and PC622) and 855.7 eV (SC811 and PC811),
and an additional broad loss peak at 861.5 eV. For Ni*" this loss
peak is shallow relatively to that for Ni** that we indeed found in
our samples, whereas for high concentration of Ni** this loss peak
should be much more pronounced.*" For both samples with high
nickel concentration (SC811 and PC811) asymmetry of the main
peak was detected with shift of the peak’s maximum from
855.3 eV (5C622 and PC622) to 855.7 eV (SC811 and PC811).
The asymmetry is a typical feature of Ni**, indicating considerable
increase in Ni** amount on going from 622 to 811 compositions.

The tap density, measured using a tapped density analyzer,
reaches 3.0 g cm ™ and 2.9 g ecm* for the SC622 and SC811
materials, respectively, while polycrystalline PC622 and PC811
show significantly lower values albeit typical for the polycrystal-
line NMC materials (Table 1).>>?* This ultra-high tap density is
achieved due to compact packing of the round-shaped single
crystal particles which possess no internal porosity, in contrast
to spherical secondary agglomerates in the polycrystalline
samples. Besides, powder compact density of single crystal
SC622 and SC811 exceeds that of previously reported octahe-
dral SC NMCs materials®* (Table 1).

The electrochemical performance of the obtained cathode
materials was investigated in two-electrode coin-type cells with
metallic Li as a counter-electrode by galvanostatic charge/dis-
charge tests in the potential range of 2.7-4.3 V vs. Li/Li" at room
temperature. The charge/discharge profiles of the SC622 and
SC811 cathodes at 0.1C current density (1C = 180 mA g~ ' for
NMC622 and 200 mA g~* for NMC811) are similar to those of
their polycrystalline analogues (Fig. 3a and b). The single crystal
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Fig. 3 Electrochemical characterization of the cathode materials: first-
cycle voltage profile (a and b), rate capability tests (c and d) and cycling
performance (e and f) of the single crystal SC622 and SC811 samples in
comparison with their polycrystalline PC622 and PC811 analogues.

SC and polycrystalline PC samples deliver nearly the same initial
discharge capacities of ~180 mA h g~ ' for NMC622 and
~200 mA h g for NMC811, the Coulombic efficiency of the
first cycle is in the range of 82-83% for NMC622 and 76-79% for
NMCS811. The rate capability is similar for the single crystal and
polycrystalline NMC622 samples (Fig. 3c and Table 1): the 0.1C
discharge capacity of 180 mA h g~ for the SC622 and PC622 is
reduced to 131 and 125 mA h g~ * at 5C, respectively. In contrast,
SC811 shows higher rate capability compared to polycrystalline
PC811, providing at least 10-15% increase in discharge capacity
at elevated current densities (Fig. 3d and Table 1). The enhanced
rate capability may be attributed to the single crystal morphology.
As Li-ion transport in NMC is essentially two-dimensional, in the
polycrystalline samples the Li-ion diffusion between adjacent

Table 1 Electrochemical performance, tap density and compact density of the single crystal and polycrystalline NMC622 and NMC811

cathode materials

Discharge capacity at different current density, mA h g—*

Capacity retention after 100/200/300 Tap density, Powder compact
3

3

Sample 0.1C 0.2C 0.5C 1C 2C 5C cycles at 1C (half-cell), % gem” density, g cm™
SC622 180 175 166 158 148 125 97/94/91 3.0 3.9
PC622 180 174 165 158 148 131 93/85/80 2.4 3.3
SC811 200 195 187 182 175 162 95/88/81 2.9 3.8
PC811 200 194 182 170 156 131 87/76/70 2.3 2.7
SC622'° 183 — 170 163 155 145 —/—/94 — —
SC622>* 183 — 172 166 — 150 96 (80 cycles) 2.0 3.46
SC622%° 144 120 100 82 — — 90/—/— — —
SC622%° — 180 — — — — - — —
SC622%7 — — 168 — — — 92/—/— — —
Scs811*” 192 78/—/—

SC622%¢ — 162 156 152 145 — —/—/90 2.3 3.3

© 2022 The Author(s). Published by the Royal Society of Chemistry
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primary grains may not be facile because the grains in agglomer-
ates are randomly oriented and might not be perfectly aligned for
the Li-ion migration. In the single crystal NMC particles, there is
no such misalignment effect. In all cases, the samples recovered
their original discharge capacity when the current density
returned back to 0.1C after 36 cycles at different rates (Fig. 3c
and d). Upon cycling at 1C, both SC622 and SC811 samples
exhibit remarkable cycling stability and retained ~91% and
~ 81% of the initial capacity after 300 cycles, respectively, that is
significantly higher than the capacity retention of the polycrystal-
line analogues amounting to ~81% in PC622 and 70% in PC811
(Fig. 3e and f). Moreover, the single crystal materials obtained
in the present work demonstrate improved or comparable
electrochemical performance being benchmarked against the
previously reported single crystal Ni-rich NMCs with octahedral
morphology'®**7¢ (Table 1). For instance, being cycled at 1C rate,
SC811 synthesized within this work shows increased capacity
retention (95% after 100 cycles) in comparison with single crystal
NMC811 reported in the literature (78% after 300 cycles).>> The
SC622 material with spherical-like morphology delivers similar
discharge capacity at low C-rates compared to the previously
reported NMC622 single crystals,'®*>® being, however, inferior
at 5C rate (Table 1).

Electrochemical impedance spectroscopy (EIS) was carried
out for the pristine and cycled electrodes in order to deeply
evaluate electrochemical performance of the polycrystalline
and single crystal materials. Nyquist plots of EIS spectra for
the pristine and 300 times cycled vs. metallic Li electrodes are
presented in Fig. S7 (ESIt) and treated as described in SI. All EIS
spectra consist of two semicircles at high and low frequency
regions. Pristine SC622 and PC622 samples demonstrate close
Rsgr (54.0 Q and 47.5 Q) and R (89.3 Q and 91.0 Q), respec-
tively. After 300 cycles Rggr for SC622 and PC622 increases only
slightly, to 56.3 Q and 60.3 Q, respectively, whereas R.. grows
substantially amounting to 220.4 Q in SC622 and to 300.5 Q in
PC622. Similar tendency also exists for the SC/PC811 samples.
Pristine SC/PC811 materials demonstrate Rgg; of 65.8/68.9 Q
and R, of 120.7/314.1 Q. Relatively high R . for PC811 correlates
with its poor rate capability at 1C-5C rates. The cycled SC/
PC811 electrodes demonstrate Rgp; of 91.6/106.8 Q and R, of
182.3/454.2 Q. Rapid increase of the R, components for the
polycrystalline samples correlates with poor capacity retention
in comparison with the single crystal materials.

The series of electrodes were prepared under various pres-
sure (2, 4, 8 t cm %) for single crystal SC622, SC811 and
polycrystalline PC622, PC811 to evaluate and compare their
microstructure through the electrode preparation process as
well as to measure their electrode compact density. Cross-
sections of the prepared electrodes were studied by SEM
analysis. It is clearly seen that the microstructure of polycrystal-
line electrodes PC622 (Fig. S8, ESIT) and PC811 (Fig. S9, ESIt)
changes with increasing pressure from 2 to 8 t cm™>. Secondary
spherical agglomerates still could be distinguished under pres-
sure of 2 t cm™?, but completely collapse and decay under high
pressure of 8 t cm > The SC622 (Fig. S8, ESIf) and SC811
(Fig. S9, ESIf) electrodes demonstrate excellent microstructural
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stability under all ranges of pressures (2-8 t cm ™) without any
crack formation or other visible destruction. The electrode
compact density was used to estimate volumetric energy
density values of the prepared materials. Notably, the SC622
and SC811 materials show higher electrode compact density at
pressure of 8 t cm™* (3.9 and 3.8 g cm™?) and volumetric energy
density (2490 W h L™" and 2680 W h L™", respectively) than
the polycrystalline materials (2110 W h L™ for PC622 and
1890 W h L™ for PC811) owing to their lower compact density
(3.3 and 2.7 g cm™?) (Table 1 and Fig. S10, ESI¥).

Comparative SEM study of the 300 times cycled electrodes
(Fig. S11, ESIf) was performed to reveal the influence of
prolonged cycling on the microstructure of the electrode
materials. While polycrystalline agglomerates lost their shape
and almost completely or partially collapsed to the level of
primary particles, the crystallites of the single crystal materials
retain their integrity after cycling. The particle sizes of SC622
and SC811 after cycling remain similar to those in the pristine
materials (Fig. S8 and S9, ESIt).

The single crystal materials were further tested in coin-type
full cells in the potential range of 1.60-2.65 V at room tem-
perature with commercially available Li;TisO;, (LTO) as the
anode. The typical loading masses were about 3.15 mg cm ™,
2.87 mg cm 2, and 3.40 mg cm 2 for SC622, SC811, and LTO,
respectively. The full cells were cycled at 1C rate in CC-CV
charge/CC discharge (1C¢c—0.05Ccy/1Coc) regime after three
formation cycles at 0.1C, 0.3C, and 0.5C. Typical voltage and
current profiles for the cycling tests of SC622 and SC811 are
shown in Fig. 4a and c. The full cells demonstrate outstanding
capacity retention of about 85% and 84% after 1000 cycles for
SC622 and SC811, respectively (Fig. 4b and d). A subtle drop in
capacity after long-term cycling indicates virtual absence of
parasitic processes, which may include electrolyte degradation,
dissolution of transition metals in the cathode, and surface
reactions at the anode. The obtained data demonstrate great
potential of spherically-shaped single crystal Ni-rich NMCs as
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cathode materials for Li-ion batteries with high volumetric
energy density intended for long-term applications.

Conclusions

In summary, we have developed high-performance Ni-rich NMC
cathode materials in the form of single crystal particles with
spherical and spherical-like shapes. These materials demon-
strate record tap density up to 3.0 g cm > and high discharge
capacity and therefore, increased volumetric energy density
compared to their polycrystalline counterparts, as well as out-
standing cycling stability in both half-cell and full-cell config-
urations. The designed approach based on manipulation of
single crystal faceting can be employed in rational design of a
wide range of cathodes with better rate capability, higher
volumetric energy density and cycling stability.
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