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ABSTRACT: Nickel-rich layered oxides (NLOs) are considered as one of the most
promising cathode materials for next-generation high-energy lithium-ion batteries (LIBs),
yet their practical applications are currently challenged by the unsatisfactory cyclability and
reliability owing to their inherent interfacial and structural instability. Herein, we
demonstrate an approach to reverse the unstable nature of NLOs through surface solid
reaction, by which the reconstructed surface lattice turns stable and robust against both
side reactions and chemophysical breakdown, resulting in improved cycling performance.
Specifically, conformal La(OH)3 nanoshells are built with their thicknesses controlled at
nanometer accuracy, which act as a Li+ capturer and induce controlled reaction with the
NLO surface lattices, thereby transforming the particle crust into an epitaxial layer with localized Ni/Li disordering, where lithium
deficiency and nickel stabilization are both achieved by transforming oxidative Ni3+ into stable Ni2+. An optimized balance between
surface stabilization and charge transfer is demonstrated by a representative NLO material, namely, LiNi0.83Co0.07Mn0.1O2, whose
surface engineering leads to a highly improved capacity retention and excellent rate capability with a strong capability to inhibit the
crack of NLO particles. Our study highlights the importance of surface chemistry in determining chemical and structural behaviors
and paves a research avenue in controlling the surface lattice for the stabilization of NLOs toward reliable high-energy LIBs.

■ INTRODUCTION
High-performance lithium-ion batteries (LIBs) have found
enormous applications in portable devices, electric vehicles,
and smart grids.1−4 Along with the pursuit of high energy
density, Ni-rich layered oxides (NLOs) are widely acknowl-
edged as a type of promising cathode materials owing to their
dual advantages by providing high reversible capacity while
curtailing the content of high-cost cobalt.5−8 Despite their
great industrial interest, the NLO electrodes suffer from
continuous capacity fading during extended electrochemical
cycles, which leads to inherent stability and reliability
challenges when coupled with serious chemophysical break-
down of the NLO particles.9−11 Typically, Ni4+ species
generated from the charging process are highly reactive and
are susceptible to parasitic reactions with organic electrolytes,
inducing a continuous dissolution of transition metals (TMs)
and a gradual consumption of electrolytes.12,13 As a result,
thick cathode−electrolyte interphase (CEI) layers are con-
sequently formed around the NLO particles to hinder the
transfer of Li+, leading to further interfacial polarization and
cycling capability deterioration.13,14 Meanwhile, the NLO
particles usually undergo a structural phase transformation
from the H2 phase to the H3 phase when charged with a high
voltage of up to 4.2−4.3 V.15−17 The associated structural
degradation together with the large anisotropic volume change
exerts mechanical strain on the NLO particles during the

continuous charge/discharge process, which thereby become
prone to cracks and expose fresh surfaces for further side
reactions.18,19 The close interweaving of a large variety of
degradation factors renders the NLOs inherently unstable,
whose structural failures are considered to mainly stem from
the complicated cathode−electrolyte interface, followed by a
gradual inward propagation to the final exhaustion of all the
active particles.20,21

In view of the critical role played by the surface chemistry of
NLO particles, suitable surface treatment becomes indispen-
sable to combat interfacial and structural degradation before
their electrochemical applications.22 Accordingly, surface
coating is a straightforward protocol that has been generally
resorted to for NLO stabilization.23,24 Despite the intense
recent efforts on surface engineering of NLOs, a clear picture
of the surface physicochemical properties and their corre-
sponding functions remains very scarce due to the complicated
nature of the surface, which is meanwhile vulnerable to
environmental conditions.25−27 On the one hand, the NLO
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powder has undesirable high sensitivity to both air and
moisture.28 This setback makes the surface treatment of NLO
materials a challenging process due to the facile irreversible
structural damage, which is particularly troublesome as most
water-based procedures become inappropriate.29 On the other
hand, the NLO surface properties are complex, especially
considering their high thermal and chemical instability, which
makes it difficult to achieve a precise control of the surface
structure with clear morphological characters and mediate the
structure-performance analysis.30 To cope with these issues,
vacuum-based techniques such as atomic layer deposition
(ALD) reasonably emerge as powerful tools widely adopted to
treat NLO powder.31 Consequently, it becomes feasible to
ensure a uniform coating of functional materials with high
precision while avoiding the risk of ambient exposure. For
example, Xu et al. have recently introduced a poly(3,4-
ethylenedioxythiophene) (PEDOT) coating onto the surface
of a typical Ni-rich cathode, namely, LiNi0.85Co0.1Mn0.05O2 via
ALD treatment.32 By tuning the thickness of the PEDOT
nanoshells, the modified sample exhibited a stable cathode−
electrolyte interface with much-suppressed side reactions,
enabling an improvement of over 30% regarding capacity
retention after 100 cycles. It is convincing that a coating
treatment can contribute to the interfacial and electrochemical
stability. However, the construction of an extra physical barrier
between the NLO particles and the electrolyte meanwhile
arouses new issues such as interfacial Li+ transportation and

durability of the coating species.33 In the pursuit of a superior
NLO surface, it becomes stringent to explore the possibility of
a direct transformation of the surface lattices of NLO into
those that are Li+ conductive and more chemically stable. Such
a protocol is promising to build an inherently robust cathode
material but currently remains a topic rarely discussed to the
best of our knowledge.

Herein, we demonstrated a stable NLO cathode achieved by
the surface delithiation strategy, by which the layer-structured
lattice was reconstructed into a Ni/Li disordering epitaxial
layer (NDEL) with an extraordinary capability to fight against
both side reactions and chemophysical degradation. To achieve
a clear description of the surface change, we first managed to
build a uniform La(OH)3 nanoshell around a representative
cathode material formulated as LiNi0.83Co0.07Mn0.1O2
(NCM0.83). The shell thickness was controlled at nanometer
accuracy through a wet chemistry route, where an anhydrous
solution was used with a delicate growth-kinetics design to
ensure a precise coating capability without affecting the
moisture-sensitive structure of NCM0.83. A following sintering
process initiated the delithiation of NCM0.83 surface at high
temperatures, forming a surface-renovated, bulk-unchanged
NCM0.83 particles decorated by Li-conductive LiLaO2
nanoparticles. It was found that the surface went through a
localized phase transition upon surface reaction. Although a
deep delithiation would degrade the surface into an inactive
rock-salt phase which was Li-inconductive and lose capacity,

Figure 1. Fabrication processes and characterization of La(OH)3 nanoshells. (a) Schematic illustration of the DIP process to build La(OH)3
nanoshells. The slow decomposition of HMTA released the hydroxyl group for the precipitation of La in a controlling way, forming a uniform
La(OH)3 coating with good control on the growth kinetics. TEM image of polystyrene nanospheres as the seeds before (b) and after (c) the
coating process. The insets are the corresponding highly magnified TEM images for surface details. The scale bars in the inset of (b,c) both indicate
50 nm. (d) Elemental mappings analysis of surface-coated PS nanospheres to reveal the formation of a uniform La(OH)3 nanoshell. The scale bar
indicates 500 nm. TEM images of different PS@La(OH)3 samples whose shells are precisely controlled at different levels: 4 (e), 8 (f), and 12 nm
(g). The insets show the corresponding high-resolution TEM (HRTEM) images. The scale bars in the inset of (e−g) indicate 5 nm. XRD (h) and
TEM (i) results of the produced hollow La2O3 nanospheres after the PS removal. The HRTEM image (inset in i) shows a lattice spacing of 3.4 Å
for the (100) planes of La2O3. The scale bar in the inset of (i) indicates 2 nm. (j) TEM image of a randomly picked particle for the NCM0.83
sample. The particle surface is clean without coating as revealed by the HRTEM analysis (inset in j), which shows a lattice spacing of 4.7 Å for the
layered (003) planes. (k−n) TEM images of La(OH)3-coated NCM0.83 with different shell thicknesses: 2 (k), 5 (l), 8 (m), and 30 nm (n). Insets
are the corresponding HRTEM images. The scale bars in the inset of (j−m) indicate 2, 2, 5, and 5 nm, respectively. (o) Elemental mappings for La
and Ni of the randomly selected NCM@5La samples.
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the flexibility in precise nanoshell construction made it possible
to take advantage of the benefits from a surface-localized Ni/Li
disordering, where lithium deficiency and nickel stabilization
were both achieved during the transformation of oxidative Ni3+

into stable Ni2+. The experimental and theoretical analyses
demonstrated that this reconstructed surface had much lower
reactivity with organic electrolytes and was able to ensure a
stable cathode−electrolyte interface with lowered polarization
and diminished byproducts from parasitic reactions. Notably,
such a fortified lattice combined with LiLaO2 on the surface
showed the extraordinary capability to not only mitigate the
painstaking irreversible phase transformation but also made the
NCM0.83 particles mechanically stable to suppress the
formation of microcracks, thereby ensuring a much-improved
cycling capability (80.8% after 400 cycles at 1 C compared to
35.5% of the control sample) and excellent rate performance
(144.2 mAh g−1 at 5 C, 116.4 mAh g−1 for the control sample).
A pouch-type full cell comprising the modified cathode and
graphite anode exhibited only 8.7% capacity loss after 100
cycles at 0.5 C in the 3−4.25 V range at 30 °C. This article not
only discloses the complexity and importance of surface nature
in determining the electrochemical behavior but also inspires
new research endeavors to build inherently robust cathode
materials for future high-energy applications.

■ RESULTS AND DISCUSSION
Figure 1a shows a schematic illustration of our synthesis
process for the creation of La(OH)3 nanoshells, which follows
wet-chemistry protocols in line with our continuous pursuit of
alternative techniques for ALD. Considering the fact that the
structure of moisture-sensitive NLOs is easily destroyed by an
aqueous solution, we switched to anhydrous solvents,
particularly ethanol, as the reaction medial so as to eliminate
the risk of structural damage during the coating treatment.
Briefly, hexamethylenediamine (HMTA) was identified as a
decisive agent effective for the controlled precipitation of La3+

in the solution. Heating the solution to 60 °C triggered a
gradual decomposition of HMTA,34,35 which released the
hydroxyl group to initiate a slow formation of La(OH)3 as the
precipitate. It was found that such a decomposition-induced
precipitation (DIP) mechanism was highly efficient to control
the growth kinetics of La(OH)3, whose growth favorably falls
into a heterogeneous pattern, leading to a reliable coating
effect on the preexisting seeds in the solution to form the
desired core−shell-type produce (Core@La(OH)3). To have a
better portrait of the coating capability, we used polystyrene
(PS) nanospheres as seeds, whose uniform shape is beneficial
to manifest the surface features. Transmission electron
microscopy (TEM) analysis displayed that these PS particles
were around 350 nm in size (Figure 1b) with a clean and
smooth surface (inset in Figure 1b). After a typical coating
treatment (see the Supporting Information for experimental
details), an outer layer with the thickness around 20 nm
appeared around each PS particle (Figure 1c). The high-
resolution TEM (HRTEM) analysis (Figure S1) revealed that
the coating was amorphous without characteristic lattice
fringes, which agrees well with the X-ray diffraction (XRD)
characterization of the powder (Figure S2). Further elemental
mapping of the coated sample by means of energy dispersive
spectroscopy (EDS) confirmed that the outer shell consisted of
mainly La and O (Figure 1d), detailing a successful deposition
of lanthanum hydroxide around the PS seeds (PS@La(OH)3).
Our detailed TEM analysis on a large variety of coated

particles found that the coated particles were the only product
without the existence of independent particles of La(OH)3.

Such a simple but effective DIP process endows us with a
flexible and reliable capability to regulate the morphology of
the shells by varying the reaction parameters in the solution.
For example, we can adjust the shell thickness on a nanometer
scale by just varying the amount of PS seeds while keeping the
other reaction conditions unchanged. As shown in Figure 1e, a
much thinner nanoshell of 4 nm could be produced when
more PS powder was introduced. Similarly, nanoshells of 8 nm
and 12 nm, respectively, in thickness were also conveniently
prepared by following this regulation approach as demon-
strated in Figure 1f,g. After the coating, the PS core could be
removed through a heat treatment at 500 °C in an air flow to
leave behind the inorganics. As for the PS@20 nm La(OH)3
sample, its sintering formed pure hexagonal phased La2O3
(XRD analysis in Figure 1h, PDF no. 05-0602) with a
characteristic hollow shape (Figure 1i). Further HRTEM
analysis of the wall structure showed obvious lattice fringes
with spacing measured to be around 3.4 Å, which corresponds
to the interlayer distance of the (100) planes of La2O3 crystals
(inset in Figure 1i).

This wet-chemistry route relies on a tamed precipitation of
La3+ and is readily applicable for the surface treatment of a
large variety of seed materials (Figure S3), particularly NLO
powder. Taking single crystalline LiNi0.83Co0.07Mn0.1O2
(NCM0.83) as an example, we investigated its morphological
change before and after La(OH)3 formation. The pristine
NCM0.83 seeds are highly crystalline particles with a clean
surface borderline (Figure 1j). After a typical DIP process as
depicted in the experimental section, an La(OH)3 nanoshell
emerged without causing noticeable damage on the neighbor-
ing lattices of NCM0.83 (inset in Figure 1k). The high
uniformity and ultrathin thickness of this 2 nm conformal
coating (Figure 1k) manifested a comparable capability to a
typical ALD technique but depends on a more flexible and
low-cost process through the solution-based reaction.
Furthermore, different nanoshells with thickness controlled at
5, 8, and 30 nm, respectively, were prepared as shown in Figure
1l−n by varying the NCM0.83 amounts. The distribution of
chemical components was also investigated by the EDS
mapping (Figure 1o) of the NCM0.83 particles, which
disclosed a homogeneous distribution of the La species in
the surface nanoshells.

Due to the unstable nature of NCM0.83 materials, the
previous construction of precisely defined nanoshells unexcep-
tionally relies on vapor-based techniques. Our synthesis design
revealed the high potential of a wet-chemistry route to
conceivably replace the ALD technique, which endowed us
with a versatile tool to build a model system for a systematic
investigation of the surface chemistry of this representative
NLO cathode for performance optimization. Interestingly, a
quick electrochemical characterization showed that the
introduction of a chemically inert shell, particularly 5 nm
La(OH)3 (denoted as NCM@5La), would cause an immediate
decrease of the reversible capacity to 183.4 mAh g−1 from
195.7 mAh g−1 of the pristine NCM0.83 at 0.1 C (1 C = 200
mAh g−1) between 3.0 and 4.3 V (Figure S4). The associated
high interface resistance revealed that a thick and conformal
coating that is not Li+ conductive was detrimental to charge
transportation and easily caused adverse effects on the battery
performance. As discussed in details later in this work, we were
able to circumvent this dilemma by initiating a solid reaction
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between La(OH)3 coating and its neighboring NCM0.83
lattices through an optimized sintering process at 750 °C,
which transformed the flimsy surface into a favorable structure
to ensure both high cycling stability and high rate capability.

Systematic characterizations were conducted to probe the
subtle change of the NCM@5La sample in response to the
surface solid reaction. For the sintered sample (denoted as S-
NCM@5La), its XRD pattern showed almost identical peaks
to the unmodified powders (Figure 2a), indicating that the
surface transition did not cause noticeable change in the
crystalline structure of the bulk. The elemental analysis by
using inductively coupled plasma-mass spectrometry (ICP-
MS) showed that the amount of La was 0.25 at % in S-NCM@
5La (Table S1). A careful TEM analysis revealed the
disappearance of the characteristic core−shell-type config-
uration while tiny nanoparticles with a diameter below 100 nm
emerged to decorate the micro-sized particles (Figure 2b). The
EDS elemental mapping (Figures 2c and S5) of a
representative S-NCM@5La particle manifested that the
surface islands consisted of mainly La species, and there
existed hardly any La signal detectable from the micro-sized
support, which were the NCM0.83 particles having a uniform
distribution of Ni, Co, and Mn. It is therefore expected that the
heat treatment caused a rupture and transformed the previous
shell into small-sized nanoparticles on the NCM0.83 particles.

Scanning transmission electron microscopy (STEM)
combined with electron energy loss spectroscopy (EELS)
was used to explore the surface structure at atomic resolution
(Figure 2d−g). First, the micro-sized particle was cross-
sectioned by the focused ion beam (FIB) milling technique,

whose operation mainly includes the sequential deposition of
both C and Pt films on the sample to alleviate the destruction
from the Ga-ion beam and the following ion milling to prepare
a thin slice with a thickness below 100 nm. Figure 1d shows a
typical STEM image of the cross-sectional sample with the
NCM0.83 substrate, the La-enriched islands, as well as the
protective films of both carbon and Pt. This newly formed
nanoparticle was highly crystalline with an interplanar spacing
of 2.8 Å, which could be well indexed to the (002) plane of the
monoclinic LiLaO2. The aberration-corrected STEM operated
under a high-angle annular dark-field (HAADF) mode was
used to study the lattice characters of the cathode material. As
shown in Figure 2e, the HAADF−STEM image showed that
LiLaO2 nanoparticles contacted closely with their substrates,
and there existed no discernible gap in between. Interestingly,
although the inner part of the NCM0.83 microparticle
maintained a characteristic layer structure as displayed in the
yellow square, a close look at the outer margin of the
microparticle revealed a slight transition of the lattice structure.
Specifically, the TM slabs remained unchanged as continuous
arrays of white dots, but there emerged TM signals as
highlighted in the blue square from the Li slabs right on the
surface, showing a Ni/Li disordering structure (blue square)
with a depth of around 3 nm as an epitaxial layer. The right
panel in Figure 2e shows magnified images of these two
involved lattices as well as results from their reduced FFT
analysis. We also applied the spatially resolved STEM−EELS
technique to study the difference of the chemical environment
associated with this phase transition. A line-scan EELS was
performed to collect the data from the surface to the bulk in a

Figure 2. Design and surface characterization of S-NCM@5La after heat treatment. (a) XRD spectra of NCM0.83 and S-NCM@5La. TEM image
(b) and corresponding elemental mapping (c) of the S-NCM@5La sample. (d) Low-magnification STEM image of a partial cross-sectional slice of
S-NCM@5La particle prepared by focused ion beam (FIB). From up to down are S-NCM@5La particle including the NCM0.83 substrate and La-
enriched islands, C films, and Pt films, respectively. The inset is the HRTEM image in the green square I, which shows a lattice spacing of 2.8 Å for
the LiLaO2 (002) planes. (e) HAADF−STEM image of the purplish red square II in Figure 2d; magnified HAADF−STEM and corresponding
reduced fast Fourier transform (FFT) image of the selected area (yellow and blue square). (f,g) EELS spectra of the Ni L-edges (f) and O K-edges
(g) extracted from the surface to the inside region (colored line in Figure 2d). (h) Schematic illustration of the surface lattice modulation process
and the structural features of the formed S-NCM@5La.
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direction marked by the colored arrow in Figure 2d. The in-
depth analysis of the Mn L-edge and Co L-edge signals (Figure
S6a,b) showed no obvious change, indicating that these two
elements kept their valence unchanged at different locations.36

As a sharp contrast, the surface-to-bulk profiles of the Ni L3-
edge demonstrated a progressive shift toward higher energy,
revealing that the surface Ni species existed mainly in a Ni2+-
rich type when compared to the Ni3+-dominating inner core
(Figure 2f). Such a Ni2+-rich structure has been verified to help
enhance the structural and interfacial stability of the NLO
cathode.37,38 Meanwhile, the weak intensity of the pre-edge
peak in O K-edge spectra unveiled the existence of oxygen
vacancies on the surface (Figure 2g). Notably, our detailed
STEM−EELS analysis found that the reconstructed NCM0.83
microparticle itself did not exhibit La signal on its surface,
revealing that the La species had been mainly sintered into the
outmost LiLaO2 islands rather than doped into the NCM0.83
lattice (Figure S6c).

The analysis of the local features of the S-NCM@5La
sample unfolded a heated-induced solid reaction between the
La(OH)3 and the NCM0.83 surface lattice, leading to the
formation of LiLaO2 nanoparticles and a simultaneous lattice
reconstruction in the crust of the NCM0.83 particles. Due to
the technical challenge, an accurate image to describe the
atomic reconstruction during the solid-state reaction was
currently not possible. We speculated that the structural
stabilization includes at least two processes in view of our
observations of the surface chemicals. First, the oxidation of
lattice oxygen was expected as revealed by the emergence of
abundant oxygen vacancies on the particle surface, which is
probably related to the delithiation of surface Li+ during the
high-temperature reaction, and accordingly initiated the
transition to Ni2+.39 Second, the occupation of the Li+ site
by Ni2+ due to the similarity of the ionic radius of Li+ (0.76 Å)
and Ni2+(0.69 Å), which leads to a widely reported process
known as Li+/Ni2+ mixing,40 formed a Ni/Li disordering

structure. The hypothesized chemical reactions are shown in
the Supporting Information (eqs S1−S5). A summary of the
structural features of the formed S-NCM@5La is depicted in
Figure 2h, where reconstructed surface lattices are described in
blue color to differentiate from the inner layered structure,
while LiLaO2 particles are depicted in green color to decorate
the NCM0.83 substrate.

Considering that the Ni/Li disordering structure has been
previously observed by different groups during the pursuit to
stabilize NLO cathode materials through commonly doping
treatments,41 it raised our concerns about its function since it
may seem counterintuitive in view of the fact that such a
structure could be detrimental to the NLO material due to its
inert nature. Fortunately, the surface solid reaction endowed us
with a flexible tool to modulate the surface chemistry by taking
full advantage of our synthesis capability in building uniform
nanoshells for the following chemical delithiation process. In
this regard, we studied two other samples denoted as S-
NCM@2La and S-NCM@10La, respectively, as differentiated
by the nanoshells built for the delithiation reaction. The
chemical compositions of these cathodes are shown in Table
S1 through ICP-MS analysis. In view of the high sensitivity of
Ni species to the surface reconstruction as well as its significant
impact on the electrochemical behavior, X-ray photoelectron
spectroscopy (XPS) analysis (Figure 3a) was carried out to
compare the valence of surface Ni species with a detection
depth around 5 nm. The signals for Ni2+ (854.9 eV) and Ni3+

(856.0 eV) were deconvoluted from the Ni 2p1/2 spectra,42 and
roughly calculated results of their atomic percentage are
plotted in Figure 3b, which shows a continuous increase of
Ni2+ content on the surface along with the increment of
delithiation. The surface reactions were efficient to create a
Ni2+-rich surface but meanwhile preserved a certain amount of
reactive Ni3+, which reduced the risk of forming a rock-salt
phase like NiO to lose Li+ conductivity. HAADF−STEM
images were recorded to reveal the surface structure of NCM

Figure 3. Surface lattice modulation and characterization of samples with different La amounts. (a) XPS characterization of Ni 2p peaks of samples
with different La amounts, (b) relative composition of Ni on the surface as a function of La amount. HAADF−STEM images of the sample surface
with increasing La amount: NCM0.83 (c), S-NCM@2La (d), S-NCM@10La (e). (f) Schematic illustration of the structural evolution of the NLO
surface in response to a gradually escalated delithiation effect.
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samples (Figure 3c−e). The pristine NCM0.83 showed a well-
defined layered symmetry on the surface. As for S-NCM@2La,
it started to experience slight lattice transition within a depth of
below 2 nm as revealed by the weak signal of white dots from
the Li+ 3a sites (Figure 3d). Such a lattice transition became
prominent for S-NCM@10La with an obviously higher Ni2+-
occupation ratio in Li slabs (Figure 3e) over a wider area
below the surface. Our further XRD analysis confirmed that
the bulk phase did not experience noticeable transformation of
its layered structure (Figure S7). However, the Rietveld
refinement of the XRD patterns (Figure S8 and Table S2)
showed slightly increased values of different lattice parameters
such as the a-axis, c-axis, and the unit cell volume upon a
higher degree of chemical delithiation on the surface, likely
owing to the relatively larger ionic radius of Ni2+ (0.69 Å) than
Ni3+ (0.60 Å). The continuous structural transformation is
schemed in Figure 3f, which describes an increased degree of
lattice reconstruction through Ni/Li disordering in response to
chemical delithiation of the surface. Such a reaction-dependent
surface property not only implies their complicated nature for
structure-performance investigation but also highlights the
importance of nanoshell control to achieve a reliable
description of the local structures of cathode materials.

Inspired by the essential role played by the surface chemistry
in the structural and electrochemical stability of high energy
cathode, we carried out a systematic evaluation of battery
performance on these surface-modulated NCM0.83 samples.

Figure 4a compares the first charge/discharge curves of the
different samples tested at 0.1 C in 3.0−4.3 V. All the samples
after solid state reaction exhibited electrochemical profiles
almost identical to that of pristine NCM0.83, revealing that the
surface treatment did not have a substantial impact on the Li+-
storage behavior, which rewarded our elaborate synthesis
design based on a solution-based route for precise surface
control. Further cycling test showed that the cycling perform-
ance was closely related to surface properties (Figure 4b). After
100 cycles at 0.5 C, the NCM0.83 electrode showed a capacity
retention of only 81.1%, showcasing the inevitable capacity
fading for a typical NLO cathode. We found that the S-NCM@
2La sample featuring a slight surface lattice reconstruction was
able to improve the capacity retention capability to 84.4%.
Notably, the surface control endowed the S-NCM@5La
electrode with a capability to retain as high as 91.4% of its
initial capacity after 100 cycles. However, a high content of
rock-salt-like phase on the constructed surface as observed on
S-NCM@10La became detrimental to the reversible capacity
(Figure 4a) and less beneficial to the cycling stability (86.3%),
and it would cause significant damage to the battery
performance when far thicker nanoshells were used for surface
reconstruction (Figure S9). The electrochemical test identified
S-NCM@5La as an optimized cathode material. Figure 4c
compares a representative long cycle test at 1 C, where an
outstanding enhancement in capacity retention (from 35.5 to
80.8% after 400 cycles) was achieved upon surface engineering.

Figure 4. Electrochemical characterization of surface-controlled samples. (a) Charge−discharge profiles during the first cycle at 0.1 C (1 C = 200
mAh g−1) for 3.0−4.3 V. Cycling performance at 0.5 C (b) and 1 C (c) for 3.0−4.3 V. dQ/dV profiles during cycling for NCM0.83 (d) and S-
NCM@5La (e). (f) Rate performance. (g) EIS spectra of NCM0.83 and S-NCM@5La before cycling and after 100 cycles at 0.1 C. (h) Cycling
performance of NCM and S-NCM@5La/graphite full cells at 0.5 C within 3.0−4.25 V. Inset is the digital image of the assembled pouch cell
(Institute of Chemistry, Chinese Academy of Sciences badge: permission for use obtained from the Institute of Chemistry, Chinese Academy of
Sciences).
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To better understand the degradation behavior, the differential
capacity (dQ/dV) analysis was carried out on these two
electrodes (Figure 4d,e) with special attention paid to the H2−
H3 phase transition at around 4.2 V, which has been widely
recognized to be responsible for the lattice distortion in the c-
axis, thus reflecting the structural stability.43 During the
cycling, the dQ/dV peak at 4.2 V of the NCM0.83 cathode
continuously shifted to a lower voltage direction and reached a
decreased value of 78.0 mV along with a much-reduced peak
intensity, featuring a high polarization process which showed
irreversible phase degradation of the cathode material to
experience continuous loss of activity. In sharp contrast, the S-
NCM@5La sample showed a smaller change in peak shift of
25.0 mV and an almost constant peak intensity in the dQ/dV
profile, which explained well a much-favored structural stability
to maintain reversible H2−H3 transition for extended cycles.

It was found that the surface lattice modulation is able to
boost the rate capability of this high energy NLO cathode.
Typically, the S-NCM@5La cathode delivered a high
reversible capacity of 144.2 mAh g−1 at a high rate of 5 C,
showing an increase of 23.9% when compared to 116.4 mAh
g−1 delivered by the NCM0.83 one (Figure 4f). Although a
pure rock-salt structure where nickel species existed as Ni2+, for
example, in the case of NiO, has been widely recognized as an
inert phase detrimental to the battery performance, and the
agglomerated LiLaO2 particles may be harmful for Li+

conduction (Figure S10), our surface modulation revealed
the possibility to achieve a balanced effect by forming a Ni2+-
rich lattice with a suitable preservation of Ni3+ and small ionic
conducting LiLaO2 nanoparticles to facilitate Li+ transfer,

which could be facilely achieved by adjusting the surface
La(OH)3 content to control the degree of chemical
delithiation. Meanwhile, the LiLaO2 nanoparticles coherently
share the lattices with the NCM0.83 substrate on the
borderline (Figure 2e), which is also beneficial to the kinetics
of Li+ transportation. The galvanostatic intermittent titration
technique (GITT) measurement showed the increased DLi

+ of
S-NCM@5La compared with the pristine NCM0.83, indicat-
ing the enhanced diffusion capability which determines the
kinetics of the charge/discharge process, thus achieving
superior rate performance (Figure S11).44,45 As the surface
delithiation went deeper, and the Ni2+ tended to dominate the
surface, a much-deteriorated rate performance of the S-
NCM@20La electrode was observed (Figure S12), reflecting
not only the deleterious nature of the deep-delithiated
structure in jeopardizing Li+ transfer but also the essential
role of lattice modulation to satisfy the need in both cyclability
and rate capability. Electrochemical impedance spectroscopy
(EIS) was then used to probe the cathode−electrolyte
interface during the cycling (Figures 4g and S13). The charge
transfer resistance (Rct) increased from 51.5 to 104.4 Ω after
100 cycles, which indicated a deteriorated interface probably
related to structural degradation and side reactions. In contrast,
the surface-reconstructed S-NCM@5La cathode showed much
reduced Rct either before (44.7 Ω) or after (80.0 Ω) 100
cycles, evidencing a stable CEI for fast charge transfer, which
meanwhile explains well its substantially improved cycling
capability.

The advantage of surface lattice modulation on the NLO
materials was further studied by the electrochemical test on a

Figure 5. Structural and interfacial stability after cycling. Dark-field TEM, HRTEM image, and corresponding FFT of the interesting area of 100
cycled NCM0.83 (a) and S-NCM@5La (b) at 0.1 C. (c) XRD patterns of NCM0.83 and S-NCM@5La before and after cycling. C 1s (d) and F 1s
(e) XPS spectra of cycled NCM0.83 and S-NCM@5La. (f) Atomic models of LiNiO2, 1/3, 2/3, and all of the Li sites substituted by Ni2+ ions. The
blue, sliver, and red balls represent the TM, Li, and O atoms, respectively. (g) Corresponding 2p projected density of states of O in these models.
The Fermi level was shifted to zero. (The VBM was shifted by about 0.64 eV from LiNiO2 to NiO).
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pouch cell assembled by S-NCM@5La and a graphite anode.
We did observe an obvious boost of the cycling capability with
a capacity retention of 91.3% after 100 cycles, a value much
higher than 57.6% of the pristine NCM0.83 when tested at 0.5
C, which promised high potential of our control strategy for
the practical application of the NLO cathode materials in LIBs
(Figure 2h).

Encouraged by the obvious advantage of surface lattice
control, further characterizations were conducted to have a
better understanding of the stabilization mechanism of the
prepared cathodes. It was found that the surface modification
was very effective to prevent the formation of microcracks in
the NCM0.83 cathode materials, which ensures its good
structural stability to sustain long cycles. For the cathodes
tested after 100 cycles at 0.1 C, the unmodified sample of
NCM0.83 suffered from severe mechanical damage with
microcracks all over the particle as revealed by the dark-field
TEM analysis in Figure 5a. The emergence of microcracks has
been widely acknowledged as a result of internal strains and
stress during extended cycling. As for the single crystals of
NLO particles, their cracking would further aggravate their
parasitic reaction with electrolytes penetrating the internal
parts of the cathode particles and then exacerbate the capacity
fading. The HRTEM analysis of the cycled NCM0.83 particles
showed that the surface was susceptible to a microstructural
transformation to form a pure NiO structure, while a serious
dissolution of TMs was disclosed by the ICP-MS test (Table
S3), which manifested the irreversible structural degradation
during the electrochemical process. In sharp contrast, the
cycled S-NCM@5La particle maintained an integrated
structure with no microcracks (Figure 5b) detected by the
dark-field TEM analysis. The surface also remained almost
intact with a successfully diminished structural transformation
to the detrimental NiO phase. The ICP-MS tests confirmed
that the surface modification could greatly suppress TM
dissolution during cycling (Table S3), which conveyed an
additional benefit by avoiding the deposition of dissolved TMs
on the anode electrode and uncontrollable growth of the
solid−electrolyte interphase (SEI), thus maintaining the
interfacial properties and improving the full-cell cycling
stability (Figure S14). Benefiting from our synthesis that
produced a uniform and ultrathin epitaxial layer on the NLO
particle surface, the lithiation/delithiation inhomogeneity
could be will eliminated, thus effectively propagating the
structure degradation during cycling. The structural changes of
the cycled NCM0.83 and S-NCM@5La were identified by
XRD patterns (Figure 5c). The stronger diffraction intensities
of S-NCM@5La than that of untreated NCM0.83 implied the
less destructed bulk structure of the surface reconstructed one.
Besides, the corresponding magnified regions showed both
much mitigated left-shift (003) peak and right-shift (101) peak
of the cycled S-NCM@5La sample compared to the
unmodified one, indicating that the structural stability of the
material can be maintained after our surface treatment. The
XPS analysis was also used to characterize the near-surface
chemical compositions of the cycled samples (Figures 5d,e and
S15). It turned out that a much weaker intensity of LiF signal
was recorded for S-NCM@5La when compared to that of
NCM0.83, which implied a much-reduced LiPF6 electrolyte
decomposition due to the surface treatment.46 Moreover, the
relatively weaker intensities of the C−O, C�O, and OCO2
peaks of S-NCM@5La also implied a lower carbonate
electrolyte decomposition amount after modification.43 Our

XPS results identified that the modified surface showed
improved stability with much-reduced electrode/electrolyte
side reactions, which could protect the bulk structure from
continuous TM loss, considering the fact that its diffusion
across the particle was accelerated by concentration gradient.

To understand such a favored surface chemistry in
combating side reactions, density functional theory (DFT)
calculation was used to probe the density of state (DOS) of the
concerned samples, which has been widely used as an indicator
to measure surface activity.47,48 The structure with the R3̅m
space group was adopted for the calculations based on the
space group of layered LiNiO2, where different degrees of Li/
Ni cation mixing were studied to investigate their surface
activities (Figure 5f). As shown in Figure 5g, substituting 1/3
Li ions with Ni2+ in LiNiO2 was able to lower the O p band
with respect to the Fermi level, and the increase of Ni2+

occupation would further downshift the O p band. Such a
ligand p-band downward shift indicated a higher energy barrier
for electron transfer from the electrolyte, resulting in inhibited
electrolyte oxidation by dehydrogenation.47 The DOS analysis
also showed that the NiO structure possessed the lowest O p
band and probably displayed the most inert nature against
electrolyte oxidation. However, the poor Li+ conductivity of
this structure made it inferior to act as a uniform coating for
the surface treatment of cathode materials. Therefore, by
modulating the ratio of Ni in the Li site, for example, chemical
delithiation-induced surface transition, a favorable balance
could be achieved on the surface lattice to ensure both high
electrochemical stability and fast charge transfer.

■ CONCLUSIONS
In summary, the possibility to stabilize the high-energy NLO
cathode was demonstrated through a direct modulation of its
surface lattices, whose reconstruction through Ni/Li disorder-
ing could successfully reverse its unstable nature, thereby
becoming highly efficient to combat side reactions and
chemophysical degradation. To achieve a clear description of
the surface change, we managed to build La(OH)3 coatings
with nanometer precision, which experienced a solid reaction
with the NCM0.83 surface in a controlled manner upon
sintering at a high temperature, accordingly introducing a
favorable degree of Ni/Li disordering in the NCM0.83 crust
with a substantially reduced oxidative Ni3+. Our experimental
and theoretical calculations showed that the reconstructed
surface showed much lower reactivity with organic electrolytes
and was efficient to suppress the parasitic reactions on the
cathode−electrolyte interface. Notably, such a fortified lattice
combined with the formed LiLaO2 on the NCM0.83 surface
showed an extraordinary capability to not only mitigate its
painstaking irreversible phase transformation but also make the
NCM0.83 particle mechanically stable against cracking,
thereby ensuring a significantly improved cycling capability
(80.8% after 400 cycles at 1 C compared to 35.5% of the
control sample) and excellent rate performance (144.2 mAh
g−1 at 5 C while 116.4 mAh g−1 for the control sample). Our
work discloses the sensitive nature of the surface reaction
between the nanocoating and its underneath NLO lattices
during the sintering treatment and provides a new research
avenue to build inherently stable cathode materials through
their surface lattice modulation for reliable and high-energy
LIBs.
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