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Abstract

To enable further development of Ni-rich LiNi,Mn,Co,.,.,0, (NMC, x > 0.9) cathodes for
commercial applications, fundamental understanding of the synthesis-property-performance
relationships in LiNiO, (LNO) parent phase is essential. In the present study, we report synthesis
approaches to produce well-formed, similar-sized single-crystal LiNiO, (SC-LNO) with different
shapes and dominating surface facets, and reveal the dependence of cathode rate performance and
cycling stability on particle morphology and surface. While octahedron-shaped SC-LNO with the
(012) surface shows better rate capability and improved ability in utilizing the kinetically slow
anodic process in the 3.5 V region, cubic-shaped SC-LNO with the (104) surface delivers superior
cycling stability, especially upon cycling at a high upper cutoff voltage of 4.6 V. Improvement in
cycling stability is correlated to reduced surface reconstruction and preferential LiF formation
through the interaction with the electrolyte on the (104) surface. Our study not only demonstrates
the importance of particle morphology and surface design, it also provides key insights on
desirable materials properties for developing future LNO-based cathode materials with better

performance.
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1. Introduction

For large-scale applications, such as electrical vehicles, lithium-ion batteries (LIBs) with
higher energy density, better stability and lower cost are needed.!-* Ni-rich layered transition-metal
oxide cathodes such as LiNi,Co,Al,.,, O, and LiNi,Mn,Coy_., 0, (NMC, x > 0.9) are currently
considered most promising in meeting these requirements.*> This is largely due to the high charge
storage capacity and energy density provided by the high nickel content (x). However, as x
approaches 1.0 in these layered systems, the material properties increasingly resemble that of the
parent phase, LiNiO, (LNO). In order to further develop Ni-rich oxide cathode materials, a better

understanding of structure-properties-performance corrections in LNO is essential.®

The challenges associated with LNO-based cathode materials often include the following:
1) morphological damage, such as particle cracking due to phase transformation and volume
changes;” 2) structural transformation from layered to spinel-like and/or rocksalt-type phases,
especially on the surface;!0-12 3) parasitic reactions between cathode and the electrolyte;!3-16 and
4) thermal instabilities associated with the high reactivity of Ni.!” To address these issues, previous
research mostly focused on bulk material modifications. For example, bulk doping with various
dopants, such as W, Mg, B etc., was heavily investigated as a way to enhance the stability of Ni-
rich NMC and LNO-type cathodes.'®-2” Doping was found to reduce anisotropic lattice parameter
variations during charge and discharge, thereby reducing capacity fade due to particle cracking

and morphological damage.

In recent years, research effort on layered oxides has revealed the important role of particle
surface on cathode reactivity and cycling stability. For example, density functional theory (DFT)
calculations carried out on LiCoO, and LiNij 33Mng 33C0( 330, determined that their equilibrium

particle shapes are consisting of (104), (001) and (012) facets, and that the (104)-family facets are



Journal of Materials Chemistry A

more stable than (012) facets during electrochemical cycling.?® Experimentally, oxygen release
and thermal decomposition of LiCoO, were found to be facet-dependent, and structural
reconstruction from the layered to spinel-like and rocksalt-type phases occurred preferably on
(012)- and (104)-family facets, as opposed to the (001)-family facets.?” Recently, intra-granular
cracking resulting from high-voltage cycling of the layered oxides was found to progress from the
grain interior along the (003) planes, which led to bulk structural degradation and reduced long-

term stability.30-31

Similar surface-related studies on LNO, however, are relatively unexplored. A large factor
is the nature of particles obtained through the conventional co-precipitation method, which often
produces porous aggregates of secondary particles consisting of various sized primary particles.
As material performance is controlled by the physical properties of primary particles as well as the
properties of the secondary particles, such as particle size distribution, porosity, grain boundaries,
etc., it is simply impossible to isolate the impact of a particular material’s property, such as surface

orientation, in these studies.

Herein, we developed approaches to synthesize discrete, LNO single crystals with different
morphologies and surface facets. We show that Cubic-SC-LNO with dominating (104) surface;
Oct-SC-LNO with dominating (012) surface; and T-poly-SC-LNO with mixed surface facets can
be prepared by varying the molten flux used during the reaction. We further use this series of
samples to correlate the impact of particle morphology and surface to cathode rate capacity and
cycling stability. Our findings suggest that key LNO performance indicators, including Li transport
properties, cycling-induced surface reconstruction and cathode-electrolyte interphase (CEI)
composition, strongly depend on particle surface facet, a result of varying Li diffusion channels

and Fermi levels due to the specific atomic arrangements of each facet.
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2. Results and Discussion
2.1. Synthesis and characterization of SC-LNO

Molten-salt synthesis was used to prepare LNO single crystals with controlled particle size
and morphology. The procedure was similar to what was described in detail in our previous
publications.??-33 Several factors, including the chemical nature of the precursors and the flux, the
mole ratio between the transition-metal (TM) and the flux (defined as the R ratio), reaction
atmosphere, soaking temperature/time and the heating and cooling rates, can influence the
uniformity and physical attributes of the synthesized crystals.??> For LNO, Ni(NO3),'6H,O and
LiOH were used as reaction precursors. By using a mixture of Li,SO4-LiOH (1:4 mol ratio, m. p.
=350 °C) as a flux and an R ratio of 2, LNO single crystals with the cubic particle shape (referred
to as Cubic-SC-LNO hereafter) were obtained. At a higher R ratio of 4, we prepared octahedron-
shaped SC-LNO (referred to as Oct-SC-LNO hereafter) from a KCI-LiCl (2:3 mol ratio, m. p. =
405 °C) flux. Truncated-polyhedron-shaped SC-LNO single crystals (referred to as T-poly-SC-
LNO hereafter) were obtained from a CsCl flux (m. p. = 645 °C) with an R ratio of 2. All syntheses
were carried out at the same calcination temperature of 750 °C for 10h followed by an annealing
step at 700 °C for 2h. The samples had the same average particle size of ~ 1 pum as shown in the
SEM images (Figure 1a-c). Phase-pure, hexagonal, a-NaFeO»-type structure with the R3m space
group was confirmed by X-ray diffraction (XRD) analysis (Figure 1d-f). The clearly resolved peak
splitting of the (108)/(110) doublets shown in the insets of Figure 1d-f confirms well-layered
crystal structure in all samples. Lattice dimensions and the degree of Li/Ni cation mixing were
obtained from Rietveld refinement of the XRD patterns and the results are shown in Table 1. The

differences in the lattice parameters are insignificant; however, a slightly higher degree of cation
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mixing was observed on Oct-SC-LNO. The chemical composition was further analyzed by
inductively coupled plasma (ICP) measurements, which confirm the stoichiometric LiNiO,

chemistry in all samples.

Previous density functional theory (DFT) calculations reported that in layered-structured
LiTMO, such as LiCoO, and NMCs, the thermodynamically-equilibrated particle shapes are
typically enclosed by three dominant families of surface facets, namely (104), (001) and (012). 2%
34-35 While the (001) plane is parallel to the Li and TM slabs in the crystal structure and is known
to be Li-ion impermeable, both (012) and (104) facets are terminated with alternating TM-O-Li
slabs and consequently Li-permeable. Among them, the surface energy of the (012) and (104)
facets are the highest and lowest, respectively. In order to determine surface facets on each SC-
LNO samples, focused ion beam (FIB) was used to section the single crystals, which were then
examined for exposed planes on the edges by using high-resolution transmission electron
microscopy (HRTEM). Figure 1g-i show the surface facets that are present in Cubic-SC-LNO,
Oct-SC-LNO and T-poly-SC-LNO, respectively. The Cubic-SC-LNO particles are enclosed
predominately by (104)-family planes along with a small fraction of (012) planes. For Oct-SC-
LNO particles, (012)-family planes dominate the surface while a small amount of (001) also
present. The T-poly-SC-LNO particles are enclosed by a mixture of planes including (001), (012),
(104), (010) and (011). Based on these analysis results, 3D crystal shapes were constructed by
using visualization for electronic and structure analysis (VESTA) software program and are shown
in Figure 1g-i insets. It is clear that while the surfaces of Cubic-SC-LNO and Oct-SC-LNO can be
assigned as (104)-family and (012)-family, respectively, T-poly-SC-LNO particles are enclosed

with a mixture of facets without a clear dominating surface orientation.
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2.2. Electrochemical performance of SC-LNO

Electrochemical properties of as-synthesized LiNiO, single crystals were evaluated at
room temperature in a half-cell coin-cell configuration. Composite cathodes were prepared by
mixing SC-LNO, poly(vinylidene fluoride) (PVDF) binder and acetylene black in a weight ratio
of 80:15:5. Figure 2 compares the voltage profiles (Figure 2a-c) and the corresponding differential
capacity vs. voltage (dQ/dV) plots (Figure 2d-f) at various charge and discharge rates. At 0.01C
(1C = 180 mAh/g), all three samples displayed similar voltage profiles with charge/discharge
capacities of about 260/230 mAh/g, corresponding to an initial coulombic efficiency (CE) of ~
90%. A voltage plateau near 3.5 V is clearly shown on all discharge profiles, indicating capacity
contribution from the anodic redox process occurring in that window. Upon increasing the rate to
0.02C, the discharge capacities decreased to about 218 mAh/g. Interestingly, while the 3.5 V
plateau disappeared in the cells with either a Cubic-SC-LNO (Figure 2a and d) or T-poly-SC-LNO
cathode (Figure 2¢ and f), it largely remained in the cell with the Oct-SC-LNO cathode (Figure 2b
and e). Further increasing the rate to 0.1C reduces the discharge capacities to about 210 mAh/g,
along with the disappearance of the 3.5 V plateau in all samples. Although the redox reactions at
3.5 V plateau is currently not well understood, earlier studies suggested a kinetically sluggish
process that can enhance LNO cathode capacity when activated.’%-37 For the first time, our results
reveal that particle morphology plays an important role in extracting the capacity from the 3.5 V
region. Oct-SC-LNO with the (012) surface is capable of better activating and utilizing the redox
process in that region. Further studies are necessary in order to gain fundamental understanding

on the correlations as well as how to best utilize them in martials development.

Kinetic properties of SC-LNO samples were further evaluated by carrying out the rate

capability tests, where the same charge rate of 0.1C was used while the discharge rate varied from
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0.1C to 10C (Figure 3 and Figure S1). For Cubic-SC-LNO, the discharge capacities were 205, 196,
192,177,165, 155, 144 and 130 mAh/g at 0.1C, 0.3C, 0.5C, 1C, 2C, 3C, 5C and 10C, respectively
(Figure 3a). Nearly 65% of capacity remained when increasing the rate from 0.1C to 10C. The
discharge capacities of Oct-SC-LNO were 212, 206, 199, 188, 180, 168, 159 and 144 mAh/g at
0.1C, 0.3C, 0.5C, 1C, 2C, 3C, 5C and 10C, respectively (Figure 3b). When increasing the rate
from 0.1C to 10C, a slightly higher capacity retention of ~ 68 % was achieved. The rate capability
of T-poly-SC-LNO, on the other hand, was significantly poorer, with only about 27% capacity
retention obtained at 10C (Figure 3c). The slightly improved the kinetic properties of Oct-SC-
LNO, as shown in Figure 3d and Figure S1, is likely a result of atomic arrangement of the (012)
plane on the surface. Although both (012) and (104) planes have Li diffusion pathways, the
calculated areas per Li diffusion channel (or per Li site) are 15.91 A2 and 11.7 A2 for (104) and
(012) planes, respectively. This suggests that for a given surface area, more Li sites are available
on (012) than (104), rendering more favorable kinetics in the former. In the case of T-poly-SC-
LNO, the poorer kinetics can be attributed to the high fraction of (001) plane on the surface which

is Li impermeable.3*

We wish to emphasize that the rate capability of both Oct-SC-LNO and Cubic-SC-LNO
are comparable to that of the state-of-the-art LiNiO, prepared by the co-precipitation method, even
though our samples consist of micron-sized single crystals whereas the traditional LNO particles
are often polycrystalline consisting of nanosized primary particles.3®3° While particle size is well
known for its role in kinetics and size reduction is often used as a strategy in improving rate
capability,**-*? here we clearly demonstrate the importance of particle morphology and surface in
controlling kinetic properties. In commercial applications, the ability to achieve high rate capacity

without resorting to small-sized cathode active particles is essential as it eliminate the challenges
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associated with high surface area, such as enhanced side reactions with the electrolyte as well as
the need of using more inactive components (carbon and binder) during electrode fabrication. We

believe particle engineering offers an viable route to cathode materials with better rate capabilities.

Long-term cycling stability comparison of the SC-LNO cathodes, carried out at 0.1C
charge/discharge for the first two cycles followed by 0.3C in the voltage window of 2.7-4.3 V and
2.7-4.6 V are shown in Figure 4. Upon cycling to 4.3 V (Figure 4a-c), both Cubic-SC-LNO and
Oct-SC-LNO had a similar initial discharge capacity of ~ 205 mAh/g at 0.1C and 190 mAh/g at
0.3C. T-poly-SC-LNO had a slightly higher initial capacity of ~ 215 mAh/g at 0.1C which
decreased to 180 mAh/g at 0.3C rate. After 100 cycles, the discharge capacities were reduced to ~
144, 135 and 120 mAh/g for Oct-SC-LNO, Cubic-SC-LNO and T-poly-SC-LNO respectively,
corresponding to capacity retention of about 76%, 72% and 67%. (Figure 4g). As expected,
increasing the upper cutoff voltage (UCV) to 4.6 V increases the initial capacity but reduces
cycling stability. For all three samples, about 215 and 200 mAh/g were obtained at 0.1C and 0.3C,
respectively (Figure 4d-f). After 100 cycles, the discharge capacity was reduced to ~ 130, 102 and
85 mAh/g for Cubic-SC-LNO, Oct-SC-LNO and T-poly-SC-LNO, respectively, corresponding to
a capacity retention of about 65%, 51% and 42% (Figure 4h). The degree of capacity retention
reduction is therefore 11% for Cubic-SC-LNO, 21% for Oct-SC-LNO and 25% for T-poly-SC-
LNO, when increasing the UCV from 4.3 V to 4.6 V (Figure 41). While the trends in coulombic
efficiency are largely similar in all cycling stability tests, the excellent stability of Cubic-SC-LNO
with the (104) surface was demonstrated not only by the superior cycling stability at both 4.3 V
and 4.6 V UCV, but also by the enhanced stability under high voltage operation, compared to that

of the other SC-LNO samples in the series.
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2.3. Understanding the origin of performance differences

Post-modem analyses were carried out in order to understand the different cycling behavior
observed on the SC-LNO samples. Scanning transmission electron microscopy-high angle annular
dark field (STEM-HAADF) imaging was used to examine the structural changes at the atomic
level. It is well known that these images provide brightness contrast that is proportional to the
atomic number of the atoms present, enabling the differentiation of heavy atoms (such as transition
metals) from light atoms (such as Li). The technique is widely used to monitor surface
reconstruction (SR) in layered oxide cathodes where the appearance of brightness in the Li layers
increases upon the structural transformation from the layered to spinel-like or rocksalt-type phases.
In general, SR is induced by lattice oxygen loss and the subsequent site mixing between Li and Ni

cations.!1,33.43

Figure 5 compares the STEM-HAADF images collected on the various facets of the
pristine and discharged SC-LNO particles after 100 cycles. For the pristine series (Figure Sa-e),
while bright spots are not observed in the lithium layers in the bulk, their presence is clearly seen
on the top few atomic layers of all surface facets examined, indicating a thin native SR on as-

synthesized SC-LNO particle surface. This is consistent with what was reported in the literature.*4

45

After cycling, a varying degree of further surface reconstruction was observed on the
facets, with the SR thickness increased to 2.5, 2.6, 2.1, 5.1 and 7.0 nm for (104), (012), (001), (0
11) and (010) facets, respectively (Figure 5f-j). (104), (012) and (001) surfaces experienced a

similar level of further reconstruction during cycling, whereas (010) and (011) surface planes had
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a significantly higher level of changes. These results are consistent with the observed cycling
behavior, where Cubic-SC-LNO with the dominating (104) surface and T-poly-SC-LNO with the
mixed surface facets delivered the best and worst cycle stabilities in the series, respectively. The
origin of surface reconstruction and how different facets affect the reconstruction process were
reported in our previous publications.?® 33 43 Density Functional Theory (DFT) calculations
revealed facet-dependent segregation in NMC cathodes. Particularly, Co tends to segregate to the
(104) surface within the transition-metal layer while Ni ions tend to segregate to the (012) surface
in the Li layer, promoting different surface reconstruction behavior. Our experimental results

further support these calculations.

Further analysis on surface changes was carried out by using X-ray photoelectron
spectroscopy (XPS). As Liion is extracted during charge, the Fermi level of traditioal LNO surface
often moves closer to that of electrolyte, leading to side reactions with the electrolyte and
deposition of various organic and inorganic decomposition products.*6-*® Figure 6 shows C 1s, O
Is and F s spectra collected on the discharged SC-LNO cathodes after 100 cycles. All samples
showed similar C 1s spectra with the presence of peaks attributed to C-C, C-O, C=0, O-C=0 and
CF, (Figure 6a-c). For O 1s, peaks at 529.5, 532.4 and 534.1 eV are attributed to Ni-O (lattice
oxygen), C=0 and C-O bonding, respectively (Figure 6d-f)#® In Ni-rich layered oxides, the
intensity of O 1s peak from lattice oxygen often decreases with cycling due to the shielding effect
from the electrolyte decomposition products deposited on the surface. Compared to that in Oct-
SC-LNO and T-poly-SC-LNO (Figure 6e and f), the O 1s peak from Ni-O is noticeably stronger
in the cycled Cubic-SC-LNO sample (Figure 6d), suggesting reduced presence of side reaction
products on the surface. Significant differences were observed on the F 1s spectra where peaks at

685.2, 686.2, and 688.0 eV can be attributed to LiF, Li,POF, and CF,, respectively (Figure 6g-



Journal of Materials Chemistry A

i).4° Much higher LiF peak intensity was found on the cycled Cubic-SC-LNO cathode (Figure 6i),
suggesting preferential formtion of LiF product on the (104) surface. The presence of LiF-rich
cathode-electrolyte interphase has previously been shown to provide surface protection against HF
and other free radical compounds in the electrolyte, leading to enhanced cathode stability.*® Our

results further confirm the positive effect of surface LiF presence on cycling stability.

To the best of our knowledge, this is the first report on the dependence of CEI chemical
compositions on particle morphology and surface of the same bulk material. The origin may be
traced back to the different atomic arrangements of the surface crystalline planes, which results in
different Fermi levels.4% 3 Among the surface planes examined in this study, (012), (003) and
(101) belong to the family of polar planes while (104) belongs to the nonpolar family.*®
Calculations have shown that the Fermi level in polar planes decreases as lithium ions are extracted
while that of the nonpolar facet often remains stable regardless of the lithium content.*¢ This leads
to a significantly more reactive surface in the former whereas the latter more or less remains the
same at the charged state. In the presence of a LiPF4-based liquid electrolyte, the polar (012)
surface on Oct-SC-LNO may continue to decompose the electrolyte at high voltages and form
Li,POyF, -rich CEI. On the other hand, Cubic-SC-LNO with the (104) surface forms more stable
LiF-rich CEI layer which ultimately leads to better cycling stability of the cathode. To this end,
maximizing surface presence of nonpolar facet such as (104) while minimizing polar facets such
as (003), (012) and (101) is likely an effective strategy in improving LNO cathode stability.
Clearly, the hypothesis requires further studies combining both theory and experimental
investigations. Related work is currently underway and we will report the results in a future

publication.
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3. Experimental

3.1. Synthesis

Stoichiometric amounts of LiOH (> 98%, Sigma Aldrich) and Ni(NOs),*6H,0 (98%, Alfa
Aesar) were used as lithium and nickel precursors, respectively. A selected molten-salt, Li,SOy4-
LiOH, LiCI-KCl or CsCl (Sigma Aldrich), was mixed thoroughly with the lithium and nickel
precursors using mortar and pestle, in a mole ratio shown in Table S1. The mixed powders were
preheated at 450°C for 2 h at a 4.5 °C/min ramping rate and then annealed at 750°C for 10 h under
an oxygen gas flow, before cooling down at a rate of 5°C/min. The obtained samples were washed
by deionized water to dissolve residue salts and then centrifuged at 9000 rpm to remove all soluble
salts thoroughly. The final product was obtained by further annealing at 700°C for 2 h under an

oxygen flow.

3.2. Characterization

X-ray diffraction was carried out using a Bruker D2 powder X-ray diffractometer (Cu Ka,
40 kV and 30 mA) with a step size of 0.02° and a data collection time of 10 s per step. The collected
scattering angle (20) range was 10-85°. Morphologies were evaluated by scanning electron
microscope (JEOL JSM-7500F field emission) at a 10 kV accelerating voltage. To eliminate the
charging effect, powder samples were sputtered with a thin Au layer before conducting SEM.
Chemical compositions were confirmed using inductively coupled plasma-optical emission
spectrometry (ICP-OES, Perkin-Elmer Optima 5300 DV). For scanning transmission electron

microscopy analysis, an electron transparent lamellar was extracted from the cathode particle using
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focus ion beam lifting out technique (Helios system with Ga ion, Thermofisher Scientific). The
thin section was thinned step by step at the voltage of 30 kV and the final polishing was performed
at 2 kV. The High-angle annular darkfield imaging (HAADF-STEM) imaging were performed on
the probe aberration corrected JEOL JEM-ARM200CF operated at a voltage of 200 kV. STEM
high-angle annular dark-field (HAADF) imaging was performed on an aberration-corrected JEOL
JEM-ARM?200CF microscopy with the operation voltage of 200 kV. The convergence semi-angle

is 20.6 mrad, and the collection semi-angles span from 90 to 370 mrad.

XPS measurements were carried out using a PHI 5000 VersaProbe II System (Physical
Electronics). Samples were transferred without air exposure in an argon-atmosphere glovebox
connected to the XPS system. The spectra were obtained using Al Ka radiation (hv = 1486.6 eV,
100 pm, 25 W), Ar" and electron beam sample neutralization in a fixed analyzer transmission
mode. The XPS binding energies were calibrated to the carbon black component in the C 1s spectra
at 284.8 eV. Peak fitting was performed using Shirley background correction and the Gaussian—

Lorentzian curve synthesis available in the MultiPack® software.

3.3. Electrochemical evaluation

The as-prepared LiNiO; single crystals, poly(vinylidene fluoride) binder (Kynar 2801) and
acetylene black conductive additive (Denka) were mixed together in a N-methylpyrrolidone
(NMP, Sigma Aldrich) solvent in a weight ratio of 80:15:5. The slurry was coated onto a carbon-
coated aluminum foil current collector and dried at 120 °C in a vacuum oven overnight. Electrodes
were cut out with an area of 1.6 cm? and an average active mass loading of ~ 2 mg/cm?. Half cells

were assembled in 2032-type coin cells in argon-filled glovebox using Li foil (Alfa-Aesar) as both

Page 14 of 30



Page 15 of 30

Journal of Materials Chemistry A

counter and reference electrodes. Celgard 2400 membrane was used as a separator, and Gen 2
electrolyte (1.2M LiPFs in EC/EMC 3:7) was added to the coin cells before sealing.
Electrochemical performance was evaluated at ambient temperature on a VMP3 multichannel

potentiostat/galvanostat controlled by EC-Lab software (Bio-Logic Science Instruments).

4. Conclusions

Three LiNiO, single-crystal samples were synthesized in the same particle size but with
different morphologies and surface facets. The dominating surface facets were determined to be
(104)-family and (012)-family for Cubic-SC-LNO and Oct-SC-LNO, respectively, whereas T-
poly-SC-LNO particles were enclosed by a mixture of surface facets including (001), (012), (104),
(010) and (011). These high-quality samples allowed us to clearly illustrate the critical role of
particle morphology and surface plays in cathode kinetics and cycling stability. While better
kinetics were achieved on (012)-surfaced Oct-SC-LNO cathode, (104)-surfaced Cubic-SC-LNO
showed superior stability with improved capacity retention when cycled either with a 4.3 V or 4.6
V UCV. HAADF-STEM analysis showed a similar level of cycling-induced surface reconstruction
on (003), (104) and (012) facets whereas the (010) and (011) facets on the T-poly-SC-LNO
particles had a significantly thicker SRL, consequently lower capacity retention of T-poly-SC-
LNO cathode. In addition, preferential LiF formation was found on the (104) surface which
contributes to the improved cycling stability observed on Cubic-SC-LNO. Our study demonstrates
the importance of morphology/surface tailoring and provides critical insights for future

development of LNO-based cathodes with improved performance.
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Figure 1. SEM images (a-c), XRD patterns (d-f) and HRTEM images (g-i) of the as-synthesized
single-crystal LiNiO, samples: a, d, g) Cubic-SC-LNO, b, e, h) Oct-SC-LNO and c, f, i) T-poly-
SC-LNO. Insets in d-f) show the peak splitting of (018)/(110) doublets. Insets in g-i) show particle
shapes with surface facets as indexed.
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Figure 2. Voltage profiles (a-c) and the corresponding dQ/dV plots (d-f) of the single-crystal
LiNiO, cathodes cycled at 0.01C, 0.02C and 0.1C rates: a, d) Cubic-SC-LNO, b, ) Oct-SC-LNO

and c, f) T-poly-SC-LNO.
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Figure 3. Voltage profiles of the SC-LNO cathodes cycled at various C-rates: a) Cubic-SC-LNO,
b) Oct-SC-LNO and c¢) T-poly-SC-LNO. d) Rate capability comparison of the cathodes. The cells
were charged at the same 0.1C rate while the discharge rate varied from 0.1C to 10C. Coulombic
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efficiencies are provided in Supporting Information (Fig. S1).
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Figure 4. Voltage profiles of the SC-LNO cathodes collected during the first 100 cycles between
2.7-4.3 V (a-c) and 2.7-4.6 V (d-f). Half-cells were cycled at 0.1C for the first two cycles and then
at 0.3C for the rest. Data shown are plotted in every 20 cycles after the first cycle. a, d) Cubic-SC-
LNO, b, e) Oct-SC-LNO and c, f) T-poly-SC-LNO. g) discharge capacity and coulombic
efficiency as a function of cycle number in 2.7-4.3 V, h) discharge capacity and coulombic
efficiency as a function of cycle number in 2.7-4.6 V, and 1) capacity retention as a function of

cycle number.
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Figure 5. STEM-HADDF images collected on various facets of the pristine (a-¢) and cycled (f-j)
SC-LNO samples: (a, f) (104) of Cubic-SC-LNO, (b, g) (012) of Oct-SC-LNO, (c, h) (001) of T-
poly-SC-LNO, (d, i) (011) of T-poly-SC-LNO, and (e, j) (010) of T-poly-SC-LNO. Cycled
samples were recovered at discharged state after 100 cycles between 2.7 and 4.6 V.

Page 28 of 30



Page 29 of 30 Journal of Materials Chemistry A

Intensity (cps)

204 202 200 288 286 284 282540 537 534 531 528 525692 690 688 686 684 682 680
Binding Energy (V) Binding Energy (eV) Binding Energy (eV)
Figure 6. XPS analysis data collected on the recovered SC-LNO cathodes after 100 cycles between

2.7and 4.6 V at 0.3C: (a-c) C 1s, (d-f) O 1s, and (g-1) F 1s. (a, d, g) are from Cubic-SC-LNO, (b,
e, h) are from Oct-SC-LNO, and (c, f, 1) are from T-poly-SC-LNO.



Table 1. Rietveld refinement results of the SC-LNO XRD patterns
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Sample a=b (A) c(A) 1) V(A% n];iif:lig
Cubic-SC-LNO | 2.8793(6) | 1420354) | 120 | 101.977(4) | 5.7%
Oct-SC-LNO | 2.8792(5) | 1420813) | 120 | 102.0023) | 6.6%
T-poly-SC-LNO | 2.8783(3) | 14.20283) | 120 | 101.932(3) | 4.9%
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