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ABSTRACT: The stability of cathode particle surfaces that are
directly exposed to the electrolyte is one of the most crucial and
determining factors for cathode performance at high operating
voltages. Theory has predicted a strong dependence of surface stability
on chemical compositions as well as surface facets of layered oxides, yet
conflicting results on the correlations exist as most experimental
studies focus on cycled secondary particles recovered from composite
electrodes. Herein, we synthesize well-formed Li[NianyCol_x_y]Oz
(NMC) single-crystal samples, carefully define pristine surface
properties, and then monitor their evolution with cycling. Atomic-
resolution scanning transmission electron microscopy (STEM)
imaging and electron energy loss spectroscopy (EELS) analysis show
the formation of a surface reconstruction layer (SRL) as well as an
extended surface reduction layer on pristine, Li-permeable non-(001) surfaces, even before cycling. We reveal a transition region
with chemical gradient, in which the layered structure gradually densifies and eventually transforms into the SRL on the top surface.
Contrary to these observations, no SRL is observed on pristine, Li-impermeable (001) surfaces, revealing the facet-dependent nature
of surface reconstructions during particle synthesis. Upon electrochemical cycling, significant composition- and facet-dependent SRL
growth is observed. The driving force and mechanism for surface reconstruction are further discussed. The present study provides
insights into the origin as well as the nature of SRLs, highlighting the significance of surface engineering in cathode material
optimization.

KEYWORDS: Li-ion battery cathodes, LifNi,Mn,Co,_,_,]O, (NMC), surface reconstruction, single crystals, surface face dependent,
composition dependent
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1. INTRODUCTION and manganese-rich transition-metal oxides (LMRs). In most
studies, the process that leads to surface reconstruction is
considered universal on all surfaces, although only certain
surface facets, generally those that are not parallel to {003}
planes, were studied."' ™" It is only in recent years that local
anisotropic surface reconstructions have been taken into
consideration. For example, anisotropic surface reconstruction
of LiNiy4Mn,4Cog 5Ti0yo,O, was observed along the Li

Because of their high practical volumetric energy densities, Ni-
rich layered transition-metal (TM) oxides (TMOs) such as
Li[NianyCOI_x_y] 0, (NMCs, x > 0.5) are considered as one
of the most promising cathode materials for next-generation
lithium-ion batteries (LIBs).' > However, several performance
issues, such as capacity fade, impedance rise, and thermal

instability, become significantly worse with increasing Ni e o
content.’”® It is known that layered-to-spinel-to-rocksalt phase diffusion direction after only one cycle between 2.0 and 4.7
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as capacity and energy losses. The design of better performing
surfaces, therefore, is of great importance to improved Received:  February 26, 2020
cyclability of Ni-rich NMCs, especially under high-voltage/ Accepted:  April 30, 2020
state-of-charge (SOC) operating conditions. Published: April 30, 2020

Extensive effort has been dedicated to the study of surface
stability against reconstruction in TMOs, including NMCs,
lithium nickel cobalt aluminum oxides (NCAs), and lithium-
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additives or upper cutoff voltages used.'” A two-stage rocksalt
formation and growth mechanism was revealed on Ni-rich
NMC materials after prolonged cycling, including (1)
formation of uniform surface reconstruction layer of ~2 nm
and (2) anisotropic growth of the rocksalt phase into the bulk
along {104} planes controlled by the solid—liquid interface or
electrolyte chemistry.'® Previous studies on LMRs suggest that
the pristine surfaces of primary particles terminated with
alternating TM-O-Li slabs tend to have thicker SRLs, but no
apparent facet dependence was found on primary particles
postcycling."”~>* Work on pristine NCA particles reported
more severe surface reconstruction on the Li-impermeable
(003) surface due to the formation of a rocksalt phase via the
interlayer mixing of Li/TM.”* All aforementioned studies were
performed on secondary particles. As controlling primary-
particle size, shape, and composition uniformity in a secondary
particle is inherently difficult, there is a lack of overall
understanding on the relationship among anisotropic recon-
struction, composition, and surface facet. Furthermore, we
recently performed detailed STEM/EELS studies to evaluate
the behavior of individual primary particles within secondary
particles.” It was found that primary particles in the core of
the secondary particle experience less surface reconstruction,
partly because they are shielded from the contact with the
electrolyte. This suggests the likelihood of misinterpretation
when primary particles from secondary particles are examined.
By use of well-formed crystal samples in our study, potential
impact from built-in microstructures is excluded, and all
particles can be expected to experience a similar level of charge
and discharge.

In this study, we synthesize well-formed single crystalline
NMC particles with dominating (001) family facets (in platelet
morphology) and investigate composition- and facet-depend-
ent surface reconstruction before and after electrochemical
cycling. LiNig33Mng33C00330, (NMC333) and LiNiy¢Mn,,-
Cop,0, (NMC622) single crystals with the same platelet
morphology were used to illustrate the changes in the SRL as a
function of Ni content and surface facet. SRL formation was
characterized via atomic-resolution STEM imaging, EELS, and
synchrotron X-ray absorption spectroscopy (XAS). We found
SRLs present on pristine, non-(001) surfaces terminated by
alternating TM-O-Li layers, whereas no SRLs were found on
pristine (001) surfaces terminated by TM slabs. In addition,
higher Ni content was associated with more severe surface
reconstruction of pristine particles. Cycling-induced SRL
growth was broadly observed, which also showed composition-
and facet-dependent behavior. The mechanism for surface
reconstruction in both pristine and cycled NMCs is discussed.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The pristine NMC crystal samples were prepared
via a two-step process: preparation of TM hydroxide precursors by the
coprecipitation method followed by annealing them with lithium
hydroxide. In a typical process, stoichiometric amounts of NiSO,
6H,0, MnSO,H,0, and CoSO,7H,0 (Sigma-Aldrich, >99%),
together with 0.5 g of polyvinylpyrrolidone (PVP, with an average
M,, = 1300000), were dissolved in distilled water to obtain a TM
sulfate solution A (0.8 M). NaOH and ammonia were dissolved in
distilled water to prepare a solution B, at a concentration of 2.0 and
0.2 M, respectively. Solutions A and B were added dropwise to 1 M
ammonia aqueous solution under stirring for 20 h. The pH of the
mixed solution was maintained at 11—12. The resulting precipitate
was filtered and washed with distilled water and ethanol several times
to remove dissolved salts. The washed particles were dried in a

4800

vacuum oven at 60 °C overnight. The as-obtained transition-metal
hydroxide precursor was then mixed with LiOH-H,O (with 6 mol %
excess to compensate Li loss at high temperature) and annealed
together for 10 h at 850 and 800 °C for NMC333 and NMC622,
respectively.

2.2. Characterization. Powder X-ray diffraction (PXRD) was
performed by using a Bruker D2 powder X-ray diffractometer (1 (Cu
Ka) = 0.15418 nm, 40 kV, 30 mA). Chemical compositions of NMC
samples were determined by using inductively coupled plasma optical
emission spectrometry (ICP-OES, PerkinElmer Optima 5300 DV).
Field emission scanning electron microscope (FESEM) imaging was
performed by using a JEOL JSM-7S00F field emission scanning
electron microscope at an accelerating voltage of 15 kV. Hard X-ray
absorption spectroscopy (hXAS) spectra of Ni, Mn, and Co K-edges
were collected in transmission mode by using a (220) mono-
chromator at the Stanford Synchrotron Radiation Light source
(SSRL) beamline 2-2. Pristine and cycled NMCs, recovered from
cycled electrodes, were sandwiched between two pieces of Kapton
tape in an argon-filled glovebox for the hXAS measurements. The Si
(220) monochromator was detuned (~20%?) for each element before
the measurement to reduce the harmonics in the X-ray beam. Energy
calibration was performed by setting the first inflection points in the
spectra of Ni, Mn, and Co metal foil references to 8333, 6539, and
7709 eV, respectively. X-ray absorption near-edge structure (XANES)
spectra were processed by using SIXPACK software (Sam’s Interface
for XAS Package developed by Sam Webb at SSRL, the Stanford
Synchrotron Radiation Laboratory). Soft XAS (sXAS) spectra were
collected at SSRL on the 31-pole wiggler beamline 10-1 in a single
load at ambient temperature under ultrahigh vacuum (107 Torr) by
using the total electron yield (TEY) and the fluorescence yield (FY)
mode detectors. A ring current of 350 mA, a 1000 lines mm™!
spherical grating monochromator with 40 ym entrance and exit slits, a
0.2 eV energy resolution, and a 1 mm?® beam spot were used. A thin
layer of pristine powder sample, or a small piece of recovered
electrode, was loaded onto conductive carbon tape on an aluminum
sample bar in an argon-filled glovebox for sXAS measurement. sXAS
spectra data were processed by using the PyMca software.”®

Aberration-corrected scanning transmission electron microscopy
(AC-STEM) was performed by using a JEOL JEM-ARM200CF
STEM equipped with a cold field emission gun with 0.78 A spatial
resolution. Atomic resolution images were obtained by a high-angle
annular dark-field (HAADF) detector with a 90 mrad inner-detector
angle and a 22 mrad probe convergence angle. Electron energy loss
spectroscopy (EELS) was performed by using a Gatan Quantum
detector. EELS results were obtained with 0.5 eV/channel dispersion
and a S mm detector aperture. The full width at half-maximum of zero
loss peak was measured 1.8 eV, which determines the energy
resolution of the obtained spectra. Energy dispersive spectroscopy
(EDS) results were obtained by an Oxford X-max 100TLE
windowless X-ray detector in the range 0—10 keV. Sample preparation
was done by dispersing the cathode particles in methanol and drop-
casting the solution onto a 300-mesh carbon-coated copper grid and
drying in air.

2.3. Electrochemical Testing. To prepare the NMC composite
electrodes, a slurry consisting of pristine NMC crystals, acetylene
black conductive additive, and poly(vinylidene fluoride) (PVDF)
binder in a weight ratio of 8:1:1 in N-methylpyrrolidone (NMP)
solvent was prepared. The slurry was then coated onto a carbon-
coated aluminum foil current collector (Exopack Advanced Coatings)
and dried under vacuum at 120 °C overnight. Cathode discs with an
area of 1.6 cm? and an active mass loading of ~3 mg/ cm? were cut
from the coated electrode sheets. The electrode discs were
galvanostatically cycled in 2032-type coin cells with lithium metal
(Alfa-Aesar) counter and reference electrodes, a Celgard 2325
membrane separator, and a GEN 2 electrolyte containing 1.2 M
LiPF4 in ethylene carbonate (EC)/ethyl methyl carbonate (EMC)
(3:7 weight ratio, Novolyte Technologies Inc.). Electrochemical
measurements were performed at ambient temperature on a VMP3
multichannel potentiostat/galvanostat, controlled by EC-lab software
(BioLogic Science Instruments), at a rate of C/10. Postcycling, NMC

https://dx.doi.org/10.1021/acsaem.0c00411
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Figure 1. (3, b) SEM images, (c, d) STEM images of pristine NMC333 and NMC622 crystal samples, (e) indexed facets on platelet NMC
particles, and (f) XRD patterns of pristine NMC333 and NMC622 crystal samples.

electrodes were recovered from the cells and rinsed with dimethyl
carbonate (DMC) before the post-mortem analysis.

3. RESULTS AND DISCUSSION

3.1. NMC Bulk Structure. The discrete platelet-shaped
NMC333 and NMC622 crystal samples were obtained by
using a two-step process: coprecipitation of TM sulfate
precursors followed by annealing of the resulting intermediate
with lithium hydroxide. A small amount of PVP, which is a
surfactant commonly used as a surface stabilizer, a growth
modifier, or nanoparticle dispersant in various reactions,”” was
added during the coprecipitation process to influence the
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nucleation speed and crystal growth. The as-synthesized NMC
samples had an average platelet size of ~200 nm and a
thickness of ~50 nm, as shown in Figures la and 1b for
NMC333 and NMC622, respectively. This was further
confirmed by STEM imaging, where the platelet morphology
with sharp edges of well-defined facets is clearly seen on both
samples (Figures 1c and 1d). EDX elemental mapping revealed
a uniform distribution of the TM cations and oxygen anions at
the particle level (Figures Sla and S1b for NMC333 and
NMC622, respectively), which is in clear contrast to the
heterogeneity often seen in conventional secondary particles
with built-in grain boundaries.”” By use of the same TEM and

https://dx.doi.org/10.1021/acsaem.0c00411
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Figure 2. First 100-cycle charge—discharge profiles of (a, ¢) NMC333 and (b, d) NMC622 in the voltage window of (a, b) 3—4.3 V and (c, d) 3—
4.6 V. (e) and (f) show the comparison of discharge capacity and capacity retention at a cycling rate of C/10, respectively.

selected area electron diffraction (SAED) analysis procedures
reported in our previous studies,” the single crystal nature of
the samples was confirmed after verifying the single crystalline
orientation throughout the particles.

Previous DFT calculations demonstrated that in layered
LiTMO, (TM = transition metals) such as LiCoO,, NMC333,
and NMC811 the thermodynamically equilibrated particle
shapes are enclosed by three dominant families of surface
facets, namely (104), (001), and (012).**' While the (001)
plane is parallel with the Li and TM slabs in the crystal
structure and is Li ion impermeable, both (012) and (104)
facets are terminated with alternating TM-O-Li slabs and
therefore Li-permeable (Figure S2). Among them, the surface
energies of the (012) and (104) facets are the highest and
lowest, respectively. The crystalline planes exposed on the
particle surface were index by using the shape analysis
technique reported in a recent publication.”> For both
NMC333 and NMC622, more than 85% of the platelet
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surface is covered by the (001) facets (Figure le), consistent
with the previous results.

The XRD patterns collected on the as-synthesized NMC333
and NMC622 samples (Figure 1f) confirm that both samples
are phase pure with the hexagonal a-NaFeO, structure (R3m
space group). Clear peak splitting in the (006)/(012) and
(018)/(110) doublets were observed, confirming the well-
ordered layered structure.”> The width of the splits narrows
with increasing Ni content from NMC333 to NMC622, likely
due to an increase in cation mixing in the latter due to the size
similarity between Ni** (0.69 A) and Li* (0.76 A), as reported
in the previous studies.’”® Rietveld refinement of the XRD
patterns are shown in Figure S3, and the refined parameters are
listed in Table S1. The lattice parameters for NMC333 are a =
b =2.8937 (1) A and ¢ = 14.3476 (3) A, with a ¢/a ratio of
4.96. These parameters are slightly decreased in NMC622,
with a = b =2.8782 (1) A and ¢ = 14.2481 (2) A and with a ¢/
a ratio of 4.95. These values are similar to what was reported in

the literature.”>~*" The nominal composition determined by

https://dx.doi.org/10.1021/acsaem.0c00411
ACS Appl. Energy Mater. 2020, 3, 4799—-4811
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Figure 3. Hard XAS K-edge spectra of pristine and cycled NMC333
and NMC622 electrodes recovered after 100 cycles in 3.0—4.3 V and
3.0—4.6 V: (a) Mn, (b) Co, and (c) Ni.

ICP analysis is also consistent with the target compositions of
both samples (Table S2).

The electrochemical performances of NMC333 and
NMC622 crystal samples were evaluated by galvanostatically
charging and discharging the half-cells at a rate of C/10 by
using two voltage windows of 3.0—4.3 and 3.0—4.6 V. The
evolution of the charge—discharge profile from the first cycle to
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Figure 4. HAADF STEM imaging shows facet-dependent surface
reconstruction on (a, b) pristine NMC333 and (c, d) pristine
NMC622 particles. SRL was found on the non-(001) surface (b, d)
while no SRL was observed on the (001) surface (a, ). The zone axis
is [010] for all images.

the 100th cycle is plotted at an interval of 10 cycles and shown
in Figure 2a—d. As might be expected, the capacity retention of
the NMC333 was much better than that of the NMC622,
especially when both electrodes were cycled between 3.0 and
4.3 V, where the Ni-rich NMC622 reaches a higher SOC.
Cycling to a higher upper cutoff voltage of 4.6 V increases the
initial discharge capacity but decreases the cycling stability of
both samples, as shown in Figure 2e,f. This trend in capacity
and stability trade-off is consistent with the previous reports on
NMC materials.*>**

After 100 cycles, the cathodes were recovered from the half-
cells and subjected to hXAS analysis to probe changes in
average TM oxidation states in the bulk of the sample. Figure 3
compares the K-edge spectra of Ni, Co, and Mn collected on
the pristine and cycled NMC333 and NMC622 electrodes.
The K-edge energy position of TMs at a normalized intensity
of 0.5 is often used to index the oxidation state of TMs. A
higher energy shift corresponds to an increase in TM oxidation
state, and a lower energy shift corresponds to TM reduction.
While Co and Mn are in +3 and +4 in both oxides, the
calculated theoretical oxidation state of Ni in NMC333 and
NMC622 is +2 and +2.67, respectively. The measured values
in the pristine samples are consistent with these theoretical
values. After cycling, either in the potential window of 3—4.3 V
or 3—4.6 V, no obvious energy shift was observed on any TM
K-edge energy positions, based on the normalized intensity of
0.5. This suggests negligible changes in TM chemical oxidation
state in the bulk of the samples. However, it should be noted
that the energy values at the normalized intensity of 0.5 does
not reflect the subtle changes in chemical environment,
particularly local structural changes due to distortion around
the TM.*"* Careful comparison of the X-ray absorption near-
edge structure (XANES) before and after cycling shows certain
degree of spectral shape change in all three TMs, with the most

https://dx.doi.org/10.1021/acsaem.0c00411
ACS Appl. Energy Mater. 2020, 3, 4799—-4811
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Figure 5. HAADF STEM imaging (a, b) and EELS data (c, d) collected on (a, c) NMC333 pristine particle and (b, d) NMC622 pristine particles.
The step size from the surface to the bulk is 0.5 nm. (e) L,/L; ratio of Ni, Co, and Mn as well as the energy difference between the prepeaks and
main peaks of the O K-edge as a function of distance from the surface.

significant difference found in Mn K-edge spectra. The pre-
edge peaks of Mn and Co (Figure 3, insets), on the other hand,
remain similar before and after cycling. The spectral shape
change in Ni K-edge is more substantial in cycled NMC622
than that in cycled NMC333, indicating enhanced structural
distortion in the former with a higher Ni content. These subtle
differences in spectral features are likely caused by some Li loss
and the presence of vacant Li sites in crystal structure. At a
discharge cutoff voltage of 3 V, it is conceivable that some Li
sites remain inaccessible due to impedance rise with cycling.
3.2. NMC Surface Reconstruction. 3.2.1. Pristine NMCs.
Layered structure with the R3m space group was further
confirmed on the pristine particles by using atomic-resolution
HAADF STEM imaging. As shown in Figure 4, the TM layers
and Li layers are stacked along the c-axis. Cation disorder in
NMC333 was negligible as bright spots were not observed in
the dark Li slab regions. A small degree of cation disorder was
seen in NMC622, consistent with the results of some cation
mixing based on the Rietveld refinement (Figure S3). While no
visible SRL was found on the (001) planes in both samples,
where the surface is terminated by the Li-ion impermeable TM
slabs (Figure 4a,c), a thin surface reconstruction layer with a
thickness of ~1.0 and ~1.5 nm was found on the non-(001)
surfaces of the pristine NMC333 (Figure 4a) and NMC622
(Figure 4c) particles, respectively. The nature of the surface
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layer was further investigated by fast Fourier transform (FFT)
processing of the STEM images taken in both side-view [010]
zone axis (Figure S4a,c) and top-view [012] zone axis (Figure
S4b,d). We note that to eliminate the ambiguities that arise
from the fact that materials with different structures can give
similar two-dimensional projections, three-dimensional struc-
tural information was obtained by imaging more than one zone
axis. In both samples, it was found that the crystal structure of
the surface layer is noticeably denser than that of the bulk, as
some lithium sites were occupied by the TMs to form antisite
defects, consistent with the previous reports.22 Depending on
the surfaces examined, both “spinel-like” phase (Fd3m space
group, Figure S4b,c) and “rocksalt-type” phase (Fm3m space
group, Figure S4a,d) were observed on NMC333 (Figure
S4a,b) and NMC622 (Figure S4c,d). The transformation from
the layered hexagonal structure to spinel is known to occur
when 1/4 of the TM cations migrate into the Li sites, resulting
a cubic symmetry that forces the Li cations into either the
vacant TM octahedral or the tetrahedral sites.'” In the rocksalt
structure, TM cations also occupy the Li sites, but both TM
and Li cations are intermixed in the same slabs. Further
investigation on such SRL formation on the pristine NMC
particles was performed by DFT calculations, and a manuscript
is currently under preparation.

https://dx.doi.org/10.1021/acsaem.0c00411
ACS Appl. Energy Mater. 2020, 3, 4799—-4811
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Figure 6. Atomic-resolution HAADF STEM images ([010] direction) show SRL formation on the non-(001) surface (a, b) and (001) surface (c,

d) of cycled NMC333 (a, c¢) and NMC622 (b, d) platelet particles. (e) and (f) show the intensity profiles collected from the indicated area in
NMC333 and NMC622, respectively. The zone axis is [010] for all images.

These results reveal that facet-dependent SRL formation
occurs on the pristine NMC even before cycling. This is likely
due to a difference in thermodynamic instability of the fresh
surface during high-temperature annealing treatment. It is well-
known that high temperature promotes Li loss, and as a
precaution, most solid-state synthesis uses an excess amount of
Li precursors to compensate.‘*’46 During the annealing process,
a driving force exists for Li to leave the oxide lattice. Li loss can
be expected on the non-(001) surface with open Li diffusion
channels,” while the hindered (001) surface with alternating
TM-O-Li layers largely prevents such a process. The vacant Li
sites generated on the non-(001) surface are then available for
occupancy by the antisite defects, mostly Ni cations due to the
similar size of Ni** and Li*, resulting in surface densification or
reconstruction of NMCs. Surface oxygen loss may also play a
role in this process.

The SRL formation on the pristine NMC was also found to
be composition-dependent. The thickness of SRL on NMC333
is ~1 nm while it increased to ~1.5 nm on NMC622. The
difference is likely a result of overall better thermal stability in
NMC333.°”* The higher Ni content in NMC622 also
increases the probability of Ni migrating into the vacant Li
sites, which is consistent with the results from the DFT
calculations. Note that in this study the pristine NMC622
sample was prepared at a slightly lower temperature of 800 °C
as compared to 850 °C used in NMC333 synthesis. This
procedure was adopted to minimize cation exchange and
optimize the layered structure in NMC622, following the
recommendation in the previous repor’cs.‘m’49 One can expect
even higher degree of surface reconstruction on NMC622 if
the same synthesis temperature was used.
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Further understanding on pristine surface SRL was achieved
by using STEM/EELS analysis. Figures Sc and Sd show the
EELS data collected in the non-(001) surface region of S nm
(at a step size of 0.5 nm) in NMC333 and NMC622, as
indicated on the STEM images in Figures Sa and Sb,
respectively. Changes in O K-edge along with Mn, Ni, and
Co L-edges were carefully examined, and the expanded view of
the peaks are also shown in Figure SS. For NMC333, while Ni
L-edge spectra remained nearly unchanged from the subsurface
to the surface, a shift toward lower energy was observed on
both Mn and Co L-edge spectra, suggesting a decrease in
oxidation state toward the surface.’®™>* O K-edge EELS is
known to be associated with the transition from O 1s to O
2p—TM 3d hybridized state, which is influenced by both TM
oxidation states and the changes in O chemical environment.'®
The intensity reduction in the pre-edge peak at ~534 eV is
consistent with the observed TM reduction on the surface. For
NMC622, a low-energy shift was observed on all three TMs,
including Ni. Figure Se shows the L,/L; ratio of each transition
metal as well as the energy difference between the prepeaks
and main peaks of the O K-edge as a function of distance from
the surface. While L,/L; ratio is often used to index the
oxidation state of the investigated TM,>* with a lower value
corresponding to a lower oxidation state, the energy difference
between the O K-edge peaks was recently used to quantify
chemical changes in oxides.>° It is evident that except Ni in
NMC333 that remained at ~2+, TM reduction broadly
occurred in the surface region of both oxides, along with a
chemical gradient of increased reduction toward surface. Based
on the energy difference between the O K-edge peaks, the
estimated thickness of the reduction layer is ~2 and ~3 nm for
NMC333 and NMC622, respectively. These values are higher

https://dx.doi.org/10.1021/acsaem.0c00411
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Figure 7. HAADF STEM imaging (a, b) and EELS spectra (c, d) collect on (a, c) cycled NMC333 particles and (b, d) cycled NMC622 particles.
The step size from the surface to the bulk is 0.5 nm. (e) L,/L; ratio of Ni, Co, and Mn as well as the energy difference between the prepeaks and
main peaks of the O K-edge as a function of distance from the surface. The zone axis is [010], as shown in the STEM images. Insets of (a, b) show

the FFT patterns from the entire area shown in the figures.

than the SRL thickness determined from STEM imaging,
which are ~1 and ~1.5 nm, respectively. The results suggest
that chemical changes not only occurs in the SRL, it also
extends into the subsurface region beyond the distinct layer.
The extent of TM reduction, however, is significantly higher in
the SRL, consistent with the predominant secondary phase in
the SRL. We note that due to the relatively coarse step size
achievable in the EELS measurements (0.5 nm per step), the
thickness values are only for estimation purposes. Nonetheless,
our study not only provides particle-level confirmation on TM
reduction in the SRL but also clearly reveals a transition region
where the layered structure in the bulk was gradually replaced
by the densified structure in the SRL.

A number of studies in the literature reported the presence
of SRL with reduced TMs on cycled particles.'”'**"*® The
changes have been attributed to the effect of cycling while the
surface of pristine particles was not fully defined. We wish to
emphasize that pristine samples obtained from solid-state
synthesis are often secondary aggregates with a variety of
crystalline orientations and built-in porosities and grain
boundaries. As the facet- and composition-dependent nature
of SRL is evident from our study, a careful investigation on
structural and compositional inhomogeneities in the pristine
sample is essential. To determine the real effect of cycling on
chemical and structural changes, one has to ensure that the
same crystalline orientation is examined for both pristine and
cycled particles as well as the same composition is ensured
throughout the particles.
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3.2.2. Cycled NMCs. Post-mortem analysis was performed
on the recovered cathode particles to evaluate structural and
chemical changes caused by cycling. Figure 6 shows the
atomic-resolution STEM images collected on NMC333 and
NMC622 after 100 cycles between 3.0 and 4.6 V. It is evident
that in both samples further SRL growth occurred during
cycling, which also showed composition- and facet-dependent
behavior. On the non-(001) surface, the thickness of the SRL
increased from approximately 1 to 1.5 nm for NMC333
(Figure 6a) and 1.5 to 3.5 nm for NMC622 (Figure 6b). This
corresponds to a net growth of 50% and ~135% after 100
cycles, nearly 3X faster in the higher Ni content NMC622
sample. Although no SRL was observed on the Li-impermeable
(001) surface of pristine NMC333 or NMC622, cycling-
induced surface transformation was observed in both cases. As
shown in Figures 6¢ and 6d, a thin SRL with ~3 atomic layers
and ~1.5 nm was found on the (001) surface of the cycled
NMC333 and NMC622, respectively. Surface densification
was further evidenced by the derived intensity profiles shown
in Figures 6e and 6f, revealing the migration and occupancy of
TMs into the Li layer on the surface. Compared to the non-
(001) surfaces, the growth of the SRL on the Li-impermeable
(001) surface is significantly less severe, confirming the facet-
dependent nature of SRL growth due to cycling. Further FFT
processing of the STEM images confirms the presence of both
“spinel-like” and “rocksalt-type” structure in the densified
surface layer. Factors influencing surface transformation during
NMC cycling were recently investigated by HAADF-STEM

https://dx.doi.org/10.1021/acsaem.0c00411
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imaging, and the results are being summarized in a separate
paper.

Cycling-induced chemical changes in the SRL were
evaluated by EELS analysis of O K-edge along with Mn, Ni,
and Co L-edges. Figures 7c and 7d show the spectra collected
in the indicated area in the STEM images from the non-(001)
surface of NMC333 (Figure 7a) and NMC622 (Figure 7b),
respectively. The expanded view of the peaks is also shown in
Figure S6. Similar to the observation on the pristine samples,
while Ni remained nearly unchanged at 2+ in the cycled
NMC333, chemical reduction in Mn and Co was broadly
detected in the surface region of both cycled samples. Figure
7e shows the L,/L, ratio of each transition metal as well as the
energy difference between the prepeaks and main peaks of the
O K-edge as a function of distance from the surface. Compared
to the pristine NMCs, more severe reduction and a thicker
reduction layer with larger chemical gradient were found on
the cycled particles. Based on the energy difference between
the O K-edge peaks, the estimated thickness of the reduction
layer with the chemical gradient increased from approximately
2 to 3 nm and 3 to 4 nm for NMC333 and NMC622,
respectively. Similarly, the reduction layer is generally thicker
than that of the SRL determined by STEM imaging, which
were ~1.5 and 3.5 nm, respectively. The extent of TM
reduction was significantly more severe in NMC622,
confirming the role of chemical composition in surface
stability. These results demonstrate that cycling not only
promotes further growth of SRL but also modifies the chemical
nature of the SRL.

While all three TMs were found in the SRL of the cycled
NMC particles, a comparison of the EELS spectra collected on
different regions reveals Ni segregation onto the surface.
Figures 8b and 8d show Ni and Co L-edge spectra collected on
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cycled NMC333 and NMC622, from the indicated areas in the
STEM images shown in Figures 8a and 8c, respectively. For
NMC333, the peak intensity ratio between Ni L-edge and Co
L-edge is significantly higher on the top surface as compared to
that in the subsurface region below ~5 nm, suggesting Ni
enrichment in the SRL. Recent work based on first-principles
calculations has shown that in NMCs nonpolar surfaces such
as the (104) surface experience severe Ni segregation, which
can facilitate the phase transformation from the layered to a
denser crystal structure, such as spinel or rocksalt.’’ Our
results are consistent with the theory work, providing clear
experimental evidence on the correlation between Ni
migration and surface reconstruction. Surface TM segregation
is largely composition-dependent. As shown in Figures 8c and
8d, the extent of surface Ni enrichment was much reduced in
cycled NMC622. The exact role of chemical composition in
surface TM segregation/enrichment is under further inves-
tigation.

3.2.3. Mechanisms for NMC Surface Reconstruction. As
revealed by STEM imaging and EELS analysis, the SRLs on the
pristine and cycled particles have similar nature, both showing
chemical gradient as well as composition- and surface facet-
dependent behavior. Previous studies have shown higher
energy barrier in the migration of Mn or Co into the Li
sites.””®” In our study, upon changing the chemical
composition from NMC333 to NMC622, the Ni content
was increased while both Mn and Co contents were reduced to
the same degree. The observation of more severe surface
reconstruction in the latter confirms that cation exchange and/
or migration of Mn and/or Co are unlikely to occur at a
meaningful level. The selective surface reconstruction therefore
is likely a combined result of cation exchange (interplane) and
cation migration (intraplane), particularly Li/Ni exchange and

https://dx.doi.org/10.1021/acsaem.0c00411
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During the annealing process, both cation-ordering (which

leads to formation of layered structure) and cation-disordering
(which leads to formation of cation-mixed phase) processes
take place simultaneously along with the formation of NMC

Ni migration due to the similar size of Ni and Li cations and
2061 14 /Ni mixing and

the low energy barrier for Ni migration.

Ni migration processes are closely related to the Li loss from

As the processes compete with one another,

controlling annealing time and annealing temperature are

62
minimizing cation mixing in the bulk. Typically, unfavorable

important to maximize the formation of layered structure while
spinel or rocksalt structure forms when a longer reaction time

crystals.

or high voltage during the electro-

the lattice, which is facilitated by either high temperature
16

chemical process.”* Figure 9 illustrates the proposed
mechanism for SRL formation on the pristine particles (Figure

9a) and SRL growth on cycled particles (Figure 9b).

during the synthesis
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or a higher annealing temperature is used.” Even in the formed
layered structure, prolonged heat exposure promotes Li loss on
the non-(001) surface with open Li diffusion channels,” which
is often accompanied by O loss from the lattice. The vacant Li
sites are then available to be occupied by the antisite defects,
mostly Ni cations due to the similar size of Ni** and Li*. The
antisite Ni cations may migrate toward the surface region due
to the low energy barrier of the intraplane transport,””!
resulting in surface densification or reconstruction of the non-
(001) NMC surface (Figure 9a). Depending on the extent of
Li and/or O loss, both “spinel-like” and “rocksalt-type” phases
can form. On the other hand, the hindered (001) surface with
alternating TM-O-Li layers largely prevents such process, and
therefore SRL formation is negligible on (001) surface of
NMCs.

During electrochemical charge and discharge process, the
driving force for the interplane cation exchange and intraplane
TM transport is the repeated Li* extraction/insertion process.
During the charge, Li cations are removed from the Li slabs,
starting from the surface to the bulk region. Delithiated NMCs
are thermodynamically less stable than the pristine counter-
parts, and oxygen loss may also take place after extensive Li
extraction at high voltag<es.19’63 As a result, interplane Li/Ni
cation site exchange broadly occurs within the NMC particle
because of the relatively lower formation energy of Li/Ni
exchange as compared to that of Li/Co or Li/Mn exchange.
The subsequent intraplane migration of Li-site Ni toward the
surface leads to Ni enrichment and SRL growth on the non-
(001) surfaces (Figure 9b). It is evident that the presence of
SRL on the pristine surface is insufficient in preventing further
surface reconstruction during electrochemical cycling in the
potential window of 3.0—4.6 V.

Formation of a thin SRL was also observed on the (001)
surface of cycled NMCs, especially on NMC622. It is unclear
whether surface reconstruction occurs on (001) surface due to
O loss at high voltages. It is also possible that the observed
SRL is simply a result of 2D projection of (001) with terraces
and defects or the presence of a thicker SRL formed on the
non-(001) surface (Figure 9b). Further studies are necessary to
understand the formation and nature of SRL on cycled (001)
surface.

4. CONCLUSIONS

In this study, we synthesized single-crystalline NMC particles
with well-defined surface facets and utilized them to investigate
the composition- and facet-dependent surface reconstruction
behavior on both pristine and cycled particles. SRL selectively
formed on the non-(001) surfaces whereas no SRL formation
was found on the (001) surface of the pristine particles. A
transition region with chemical gradient, in which the layered
structure gradually densifies and eventually transforms into the
SRL on the top surface, was clearly revealed. Cycling induces
further SRL growth, which is also composition- and facet-
dependent. We propose that SRL formation during synthesis
and SRL growth during electrochemical cycling share similar
route causes, which are closely related to Li permeability of the
facets, interplane Li/Ni cation exchange, and intraplane Ni
migration. Non-(001) surfaces terminated with alternating
TM-O-Li slabs and open Li diffusion channels are prone to Li
loss and the subsequent Ni migration into the vacant Li sites.
The resulting antisite Ni may further transport toward the
surface via intraplane diffusion along the vacant Li channels/
slabs, leading to surface reconstruction and formation of SRL
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enriched with Ni. These processes were facilitated by either the
high-temperature annealing during the synthesis or the high-
potential Li extraction/insertion during the electrochemical
charge—discharge process. The insights obtained in this study
provide guidance on the further design and development of
better-performing oxide cathode materials in the future.
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