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Constructing a Thin Disordered Self-Protective Layer on the 
LiNiO2 Primary Particles Against Oxygen Release

Jinniu Chen, Yang Yang, Yushu Tang, Yifan Wang, Hang Li, Xianghui Xiao, Suning Wang, 
Mariyam Susana Dewi Darma, Martin Etter, Alexander Missyul, Akhil Tayal, 
Michael Knapp, Helmut Ehrenberg, Sylvio Indris, and Weibo Hua*

One of the major challenges facing the application of layered LiNiO2 (LNO) 
cathode materials is the oxygen release upon electrochemical cycling. Here it 
is shown that tailoring the provided lithium content during synthesis process 
can create a disordered layered Li1-xNi1+xO2 phase at the primary particle 
surface. The disordered surface, which serves as a self-protective layer to 
alleviate the oxygen loss, possesses the same layered rhombohedral structure 
(R3m) as the inner core of primary particles of the Li1-xNi1+xO2 (x ≈ 0). With 
advanced synchrotron-based x-ray 3D imaging and spectroscopic techniques, 
a macroporous architecture within the agglomerates of LNO with ordered 
surface (LNO-OS) is revealed after only 40 cycles, concomitant with the 
reduction of nickel on the primary particle surface throughout the whole 
secondary particles. Such chemomechanical degradation accelerates the 
deterioration of LNO-OS cathodes. Comparably, there are only slight changes 
in the nickel valence state and interior architecture of LNO with a thin disor-
dered surface layer (LNO-DS) after cycling, mainly arising from an improved 
robustness of the oxygen framework on the surface. More importantly, the 
disordered surface can suppress the detrimental H2 ⇋ H3 phase transition 
upon cycling compared to the ordered one.
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nickel content in LiNixCoyMn1-x-yO2 
(NCM), the capacity of Ni-rich layered cath-
odes can be enhanced from 160  mAh  g−1 
(LiNi1/3Co1/3Mn1/3O2, NCM333) to 
200  mAh  g−1 (LiNi0.8Co0.1Mn0.1O2, 
NCM811).[4–6] Accordingly, NCM811 is 
capable of delivering a competitive energy 
density of about 300  Wh  kg−1 at the cell 
level and is therefore regarded as one of the 
most promising cathode materials for the 
state-of-the-art LIBs used in EVs.[6–9] Mean-
while, the battery research community has 
devoted tremendous effort in developing 
layered cathodes with even higher Ni con-
tents,[10–12] e.g., LiNi0.9Co0.05Al0.05O2

[13] and 
LiNi0.95Co0.025Mn0.025O2.[14] After the dis-
covery of LiNiO2 (LNO) in the 1990s, it is 
always regarded as a theoretical target for 
maximum capacity, especially in recent 
years.[15–18] Despite the desirable energy 
density, LNO inherently suffers from 
severe oxygen loss, fast capacity fade, and 
structure deterioration during electro-
chemical cycling, as compared with the 

lower-Ni-content NCM cathode materials.[19,20]

While the surface coating[21] and other surface treat-
ments[22–24] were used to suppress the loss of oxygen, they were 
often restricted by the anisotropic stress and low ionic con-
ductivity owing to the incoherent coating shell or complicated 

Research Article
﻿

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202211515.

1. Introduction

The rapid development of high-energy Li-ion batteries (LIBs) 
for electric vehicles (EVs) puts an ever-increasing demand for 
high-nickel-content layered cathode materials.[1–3] By increasing 
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doping effects. Recently, the Li/Ni antisite defect-rich surface 
in layered Ni-rich cathode materials, so-called passivated sur-
face layer, was demonstrated to stabilize the layered surface 
structure and improve the cycling capacity.[17,25] When Li/Ni 
antisite defects occur in the near-surface region of Ni-rich crys-
tallites, strong 180° NiONi super exchange along chains 
stabilizes the disordered surface layers (Figure 1a,b).[26] For 
instance, Pan’s group[27] reported that Ni-rich LiNi0.8Co0.2O2 
with a disordered layered phase at the particle surface can be 
achieved by Ti-gradient doping, such a disordered surface layer 
is inherently stable in the cubic close-packed (ccp) oxygen lat-
tice to prevent oxygen release of LiNi0.8Co0.2O2 cathode during 
cycling. However, a clear picture of how does the Li/Ni cation 
exchange on the surface of primary particles (i.e., lattice-
coherent disordered surface layer) affect the chemomechanical 
degradation of LNO agglomerates over cycling is still lacking.

Herein, we describe how a partially Li/Ni disordered lay-
ered Li1−x(Ni)1+xO2 (R3m) on the surface of LNO primary par-
ticles is formed and controlled by the offered Li content during 
high-temperature solid-state reaction.[28,29] The advanced syn-
chrotron-based nano-resolution (pixel size at 21  nm) spectro-
tomography techniques[2,30–33] were utilized to spatially resolve 
the morphological and chemical characteristics in three dimen-
sions within the secondary particles of two kinds of LNO 
oxides, one with ordered surface (LNO-OS) and the other one 
with disordered surface (LNO-DS). A 3D macroporous architec-
ture was reconstructed non-invasively in the LNO-OS after only 
40 cycles at 0.1 C between 2.8 and 4.3 V. Additionally, a reduc-
tion of Ni3+ on the primary particle surface was also revealed, 
offering an in-depth understanding of the capacity fade issue 
at the particle level. Very importantly, the morphology and 
capacity can be basically maintained in the fatigued LNO-DS 
cathode. Furthermore, a quasi-solid solution reaction is discov-
ered in the LNO-DS electrode during cycling, in sharp contrast 
to the LNO-OS electrode (showing the well-known multiple-
phase transition mechanism). These findings demonstrate that 
control of surface cation disorder could be a viable path for mit-
igating the chemical and structural instability problems in LNO 
cathode materials.

2. Results and Discussion

Two layered LNO oxides with different surface structures were 
prepared by adjusting the provided Li content. LNO-OS was 
obtained by heating of a mixture of Ni(OH)2 (P3m1) and 3% 
excess of LiOH·H2O at 700 °C for 12 h under O2 atmosphere, 
while the LNO-DS was synthesized by the same procedure 
in which the Li/Ni ratio was reduced to 0.95:1, details of the 
preparation process are shown in the supplementary methods 
section. The layered structure of both LNO-OS and LNO-DS is 
confirmed by the XRD patterns in Figure S1 (Supporting Infor-
mation). High-angle annular dark field – scanning transmis-
sion electron microscopy (HAADF-STEM) image of LNO-DS 
(Figure  1d) displays that a certain amount of Ni ion migrates 
to the Li plane at surface-near regions (≈2 nm), contributing to 
the formation of the partially disordered layered Li1-xNi1+xO2 
(R3m). While a clear lattice fringe with a d-spacing of 4.7(1) Å 
(Figure  1g) is detected in LNO-OS, which corresponds to the 

interplanar distance between adjacent Ni layers (i.e., the (003) 
plane of the ordered layered LiNiO2 (R3m). Note that Ni cat-
ions in the Li layer are almost invisible in the surface region 
of LNO-OS, proving a low degree of Li+/Ni2+ cation exchange 
at the surface of the particles (i.e., x  ≈  0 in Li1-xNi1+xO2). Pre-
vious studies[28,29] have shown that a first-order phase tran-
sition from a metastable disordered Ni-rich Li1−x(TM)1+xO2 
(R3m, TM = transition metal) to an equilibrium Li(TM)O2 
phase takes place as lithium/oxygen is incorporated during 
high-temperature lithiation reaction. On the basis of a ther-
modynamic view of crystal growth, the thermodynamically 
stable phase tends to have lower surface energies and moves 
to the inner region of the crystallites.[34,35] Since the provided 
Li content is smaller than the Ni content (nLi:nNi <1), the meta-
stable disordered Li1-xNi1+xO2 phase would be spontaneously 
formed in the surface near area of LNO-DS at a high annealing 
temperature of 700  °C. To evaluate the cation mixing in the 
surface-near region of LNO-DS, HAADF-STEM simulations 
were performed based on layered [Li1-mNim]3a[Ni1-mLim]3bO2 
(R3m, Figure S2, Supporting Information) or [Li1-nNin]3a[Ni]3bO2 
(R3m, Figure S3, Supporting Information). The degree of Li/Ni 
exchange (m) is ≈0.4 without considering the lithium deficiency 
for the surface region of LNO-DS (Figure  1e; Figure S4, Sup-
porting Information), and the concentration of Ni ions in the Li 
layer (n) is ≈0.7 without taking the Li/Ni exchange into account. 
Thus, the maximum value of x in the partially disordered lay-
ered Li1-xNi1+xO2 (R3m) is supposed to be roughly equal to 0.7.

Electron energy loss spectroscopy (EELS) combined with 
STEM were used to identify the oxidation state information 
of LNO-DS at atomic resolution. The Ni L-edge chemical shift 
mapping of the selected region is exhibited in Figure  1j. The 
thin layer with a yellow color at the surface reveals a reduction 
of Ni ions. The spectra of Li K-edge/Ni M-edge, O K-edge, and 
Ni L-edge at the regions of interest (ROIs) marked in Figure 1j 
are provided in Figure  1k–m. To exclude the thickness effect 
of crystallites, the EEL spectra were normalized by the Ni 
M3-edge at ≈67 eV for comparing the relative intensities of Li 
K-edge. The reduction of the main Li K-edge peaks at ≈62 eV 
from ROI 3 to ROI 1 and 2 indicates a Li-poor area at the sur-
face compared with the bulk of LNO-DS. The difference of the 
energy loss values at the highest point of pre-edge peak and 
main peak (∆E) for the O K-edge at ROI 1, 2 and 3 are 10.9, 
10.8, and 12.9, respectively. According to the literature,[36,37] the 
∆E of partially disordered layered phase is located between 9.5 
and 13.0, these two numbers are indicative of the fully disor-
dered rock-salt-type phase (Fm3m) and ordered layered phase 
(R3m), respectively. Inspiringly, the presence of Li K-edge EEL 
spectra and the relatively high ∆E at the surface demonstrate 
that the Li-poor surface layer corresponds to the partially disor-
dered layered Li1-xNi1+xO2 (R3m) rather than the inactive NiO 
(Fm3m) phase. The maximum of the Ni L3-edge at the surface 
and in the bulk of LNO-DS occurs at 854 and 855  eV, respec-
tively. Similar results can be found in other LNO-DS crystal-
lites (Figure S5, Supporting Information), further proving a 
smaller Ni oxidation state (< +3) and a lower Li content in the 
near-surface region.

To acquire the average oxidation state and local environment 
of Ni ions, X-ray absorption spectroscopy (XAS) measurements 
in transmission mode were conducted on both, LNO-DS and 
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LNO-OS, compounds. There are no significant differences in 
the X-ray absorption near-edge structure (XANES) spectra of 
both materials (Figure S6a, Supporting Information), indicating 

that the average valence state of Ni is dominantly +3 for both 
oxides. The Fourier transform (FT R-space) magnitudes of 
extended x-ray absorption fine structure (EXAFS) spectra at Ni 

Figure 1.  Comparison of the surface structures of LNO-DS and LNO-OS. a) Schematic illustration of linear super exchange interaction between three 
Ni in TM layer and one Ni in the Li layer. b) The orbital orientation of strong 180° super exchange interaction between O 2p orbital and Ni eg orbital. 
Schematic of the cross-section of a Li1-xNi1+xO2 primary particle for c) LNO-DS and f) LNO-OS. The zoomed-in sector is a 2D cross-section from the 
particle surface to the bulk. The deeper blue color indicates lower Li/Ni disorder content, while the red color shows a higher degree of Li/Ni disorder. 
HAADF-STEM images of d) LNO-DS and g) LNO-OS from the surface to the inner area in a lattice-coherent particle. e) The structure models of the 
disordered layered [Li0.6Ni0.4]3a[Ni0.6Li0.4]3bO2 (R3m) and ordered layered [Li]3a[Ni]3bO2 (R3m), and the corresponding HAADF-STEM simulation images. 
h) Magnification of the region given in (d) and (g), rectangle i and iii are from the particle surface, rectangle ii and iv are from the bulk. The Ni pillars can 
clearly be seen in the Li layers in region i but not in other regions. i) Rietveld refinement against XRD patterns of LNO-DS (top) and LNO-OS (bottom). 
j) Ni L-edge chemical shift mapping, normalized EEL spectra of k) Li K-edge/Ni M-edge, l) O K-edge and m) Ni L-edge on surface and bulk of LNO-DS.
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K-edge for two samples are plotted in Figure S6b (Supporting 
Information). There are almost no variations in the radial dis-
tribution function (RDF) peaks of both oxides, suggesting 
that the thin disordered surface dose not significantly affect 
the average local structure around Ni ions. The fitting results 
(Table S1, Supporting Information) confirm that the first and 
second peaks at about 1.5 and 2.5 Å arise from the Ni–O inter-
actions with a bond distance of 2.0  Å and the Ni–Ni interac-
tions with a bond distance of 2.9 Å, respectively. The relatively 
small values in peak maximum of the EXAFS RDF are because 
the FT R-profiles are not phase-corrected. All reflections in 
the XRD patterns of LNO-DS and LNO-OS can be indexed 
according to a layered rhombohedral phase with space group 
R3m, see Figure  1i. Rietveld refinements were performed by 
using a layered structure model [Li1-mNim]3a[Ni1-mLim]3bO2 
(R3m). The residual weight percentages (Rwp) are about 5% for 

two samples, which suggests that the refinement results are 
believable. The obtained lattice parameters (e.g., a, c, and V) are 
listed in Tables S2 and S3 (Supporting Information), which are 
in good agreement with previously reported values of LNO.[15,38] 
The degree of Li/Ni mixing (m value) is as low as 0.02 for both 
oxides. No impurity phase is detected in the two samples. Gen-
erally, the Ni ions in the Li layer would generate 180° Ni–O–Ni 
super exchange chains in LNO oxides (see Figure 1a,b), where 
the oxygen anion between the spin parallel nickel creates 
σ-bonding with one nickel ion, and the oxygen anion between 
the spin antiparallel nickel produces π-bonding.[17,26] Such Li/Ni 
disordering on the surface is supposed to be beneficial for the 
improvement of the structural stability of LNO materials.[26,39]

The morphologies of LNO-DS and LNO-OS were studied by 
scanning electron microscopy (SEM), as shown in Figure 2a,c. 
Both samples compose of dense quasi-spherical-type secondary 

Figure 2.  Spectro-microscopic investigation of pristine particles at multiple length scales. SEM images of a) LNO-DS and c) LNO-OS; cross-sectional 
SEM images of b) LNO-DS and d) LNO-OS; e) rendering of a particle of LNO-OS measured by 3D nano-tomography TXM, f) virtual internal view and 
the corresponding cross-sectional view of the selected particle; g) the over view and h) internal view of the 3D renderings of the Ni oxidation state 
distribution of LNO-OS; i) cross-sectional slides and j) the corresponding Ni K-edge XANES spectra over the regions of interest (ROIs) in (i).
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particles with an average particle size of ≈8  µm. Each sec-
ondary particle is an agglomerate of small platelet-like primary 
nanosheets with a thickness of ≈60 nm and lateral dimensions 
ranging from 100 to 300 nm. Lens-based full-field transmission 
X-ray microscopy (synchrotron TXM) was further used to inves-
tigate the 3D internal architecture of compounds from nanom-
eter to micrometer scales.[33] The geometry (shape and size) 
of a few randomly selected LNO-OS particles reconstructed 
from synchrotron TXM (Figure 2e; Figures S7–S13, Supporting 
Information) is consistent with SEM images. It can be observed 
from cross-sectional SEM and TXM images (Figure  2d,f) that 
the internal nanovoids (nanopores) are generated between pri-
mary particles. To obtain a depth profile of the Ni valence state, 
tomographic scans were conducted at a number of various 
energy levels across the absorption edge of Ni (8210–8700 eV). 
Correlating each pixel with energies in the Ni K-edge XANES 
spectra not only enables direct assessment of 2D/3D images, 
but also offers a relative probability distribution of Ni valence 

state by comparison with NiO and LiNiO2 standards. XANES 
results (Figure 2j) illustrate that the valence state of Ni does not 
change significantly on the selected regions of LNO-OS parti-
cles, and remains +3, as evidenced by comparison with a LiNiO2 
standard sample. Uniform distribution of Ni3+ in the whole sec-
ondary particle is also clearly revealed by a homogenous light 
blue color distribution in Figure 2g–i.

The electrochemical performances of both LNO-DS and 
LNO-OS cathodes were evaluated by galvanostatic cycling of 
CR2032 coin-type half-cells under a C/10 rate (1 C = 280 mA g−1) 
between 2.8 and 4.3  V at room temperature. The charge–dis-
charge potential curves and the corresponding differen-
tial capacity as a function of voltage (dQ/dV vs V) profiles of 
selected cycles are presented in Figure 3a–d. For the first three 
formation cycles, the LNO-OS electrode delivers a high dis-
charge capacity of ≈215  mAh  g−1 (see Figure  3e). However, a 
severe capacity fading is pronouncedly observed in the LNO-OS 
cathode during extended cycling. Specifically, only ≈56% of its 

Figure 3.  The electrochemical performance of two cathodes. The charge-discharge voltage profiles a) LNO-DS and b) LNO-OS cathodes from 1st to 
40th cycle; the corresponding dQ/dV plots of c) LNO-DS and d) LNO-OS cathodes; the cyclability of two electrodes between 2.8 and 4.3 V at a current 
density of e) 0.1 C and f) 1 C.
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initial capacity can be retained after 40 cycles. All peaks in the 
dQ/dV curves reflect the multiple phase transitions according 
to previous reports,[16,40] as described below for the in situ 
synchrotron-based X-ray diffraction (SXRD) results of the 
LNO-OS electrode. For the first charging, the H1 and H1+M 
peaks merge to one at higher potentials (≈3.7  V) because of 
the slow Li-ion transport at the beginning of de-lithiation. The 
peaks progressively move to higher potentials upon charging 
and lower potentials upon discharging in subsequent cycles. 
The area under each peak in 40 consecutive cycles gets suc-
cessively smaller compared to those of the first two cycles, 
indicating a decreasing electrode activity and a rapid fade of 
the capacity. Compared to the LNO-OS electrode, the LNO-DS 
electrode delivers a more monotonous charge/discharge profile 
(Figure  3a), hinting at a quasi-solid-solution reaction during 
the Li-ion deintercalation and intercalation, as described below 
for the in situ SXRD results of LNO-DS electrode. During the 
first ten cycles, a subtle increase in the discharge capacity of 
the LNO-DS cathode (attaining a value of 198  mAh  g−1 at the 
10th cycle) is visible with increasing cycle number. Such a 
continuous activation process is often observed in surface-
modified cathode materials.[41–43] Around 99% of the discharge 
capacity of the LNO-DS cathode is maintained for the subse-
quent 30 cycles (Figure 3e). Except for the first cycle, the dQ/dV 

curves of the selected cycles are almost completely overlapping 
(Figure 3c), which demonstrates the good cycling performance. 
Furthermore, the long-term cyclic stability of two cathodes 
was measured at 1  C for 100 cycles, as shown in Figure  3f. 
After 100 cycles, the discharge capacity of LNO-DS cathode is 
178  mAh  g−1, retaining 89% of its initial capacity, which are 
higher than those of LNO-OS cathode (113 mAh g−1 and 53%).

To figure out the underlying mechanochemical mechanism, 
TXM-XANES was performed on the both electrodes in the dis-
charged state after 40 cycles, as depicted in Figure 4. The mor-
phology of the cycled particles is to a large extent maintained 
when compared with the apparent shape of pristine LNO-DS 
and LNO-OS particles, see Figure 4a,c and Figures S15 and S16 
(Supporting Information). Macropores are obviously formed in 
the inner region of fatigued LNO-OS particles (see Figure 4d), 
whereas no hierarchical macroporous architecture is observed 
in the fatigued LNO-DS electrode (Figure  4b). The 3D ren-
dering for the pores with diameters above the spatial resolution 
(21 nm) within a secondary particle of two cycled electrodes are 
shown in Figure  4e,f and Video S1 (Supporting Information). 
Excitingly, the area percentage of meso- and macropores of 
the cycled LNO-DS electrode is ≈0.3%, which is much smaller 
than that of the cycled LNO-OS electrode (≈1.7%), as shown 
in Figure S17 (Supporting Information). The generation of a 

Figure 4.  Mechanochemical degradation of two cathodes in the discharged state after over 40 cycles at 0.1 C. a) One secondary particle of fatigued 
LNO-DS electrode measured with 3D nano-tomography TXM, b) internal view and the corresponding cross-sectional view of the selected particle; 
c) rendering of one secondary particle of cycled LNO-OS electrode, d) internal view and the corresponding cross-sectional view of a fatigued particle, 
showing the formation of porous architecture inside LNO-OS crystallites caused by release of oxygen upon cycling; visualization of the pore size and 
their physical distribution within e) LNO-DS and f) LNO-OS cathodes after 40 cycles.
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macroporous architecture in the fatigued LNO-OS cathode is 
supposed to result from the oxygen release during repeated 
Li-ion extraction/insertion.[44,45] These 3D macroporous archi-
tectures would expose the interior of the secondary agglomer-
ates to the liquid electrolyte, promoting the formation of fresh 
active cathode electrolyte interphase (CEI) films on the primary 
particle surface, which, in turn, causes more side reactions to 
occur and strongly deteriorates the electrochemical perfor-
mance of the LNO-OS electrode.[12,46] Although the formation 
of mesopores cannot be totally excluded since they are possibly 
smaller than the spatial resolution of the reconstructed image, 
the absence of macropores in cycled LNO-DS particles provides 
strong evidence that introducing a thin lattice-coherent surface 
protection layer could effectively mitigate oxygen release in 
LNO cathodes.

In-depth analysis of the Ni valence state of fatigued par-
ticles for LNO-DS and LNO-OS electrodes are shown in 
Figure 5. Color-coded mapping demonstrates that the Ni 

valence distribution in the cycled LNO-DS particles is rela-
tively homogeneous (see Figure 5a–d) when compared with the 
cycled LNO-OS particles (Figure 5e–h). Representative few-pixel 
XANES spectra of fatigued LNO-DS and LNO-OS particles ran-
domly selected from various regions are respectively depicted 
in Figure 5i,k. Only a small portion of Ni2+ (red color) is visible 
on the surface of the LNO-DS’s secondary particles, the pre-
vailing oxidation state of nickel is still 3+ in fatigued LNO-DS 
particles, proving a robust oxygen lattice structure framework 
and a stable 3D architecture of LNO-DS cathode over cycling. 
Importantly, there is no Ni2+ signal emerging from inside the 
selected particle of the fatigued LNO-DS electrode (Figure 5c,d). 
In contrast, TXM-XANES spectro-images of the cycled LNO-OS 
electrode reveal the presence of macropores inside the sec-
ondary particles. Evidently, the oxidation state of Ni ions in 
the near-surface area of primary particles is largely reduced to 
close to 2+ throughout the whole agglomerates (Figure  5g,h), 
whereas the inner region of primary crystallites still displays 

Figure 5.  Spatial distribution of the Ni oxidation state in two cathodes after 40 cycles at 0.1 C (discharged state). a–d) Visualization of Ni’s valence state 
distribution of fatigued LNO-DS particles and i) the corresponding Ni K-edge XANES spectra over ROIs in (c); e–h) visualization of Ni’s valence state 
distribution and k) the corresponding Ni K-edge XANES spectra of fatigued LNO-OS particles over the ROIs in (g), providing unambiguous evidence 
for the surface inhomogeneity in the whole secondary spherical particles.

Adv. Funct. Mater. 2022, 2211515
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a Ni valence state of 3+ (light blue color). The reduction of Ni 
ions within the surface layer of the fatigued LNO-OS cathode 
further illustrates the oxygen release from the primary particle 
surface. Thence, an inferior cyclic property of LNO-OS cathode 
upon prolonged cycling is ascribed to the intrinsic chemome-
chanical degradation in secondary particles.

Considering that the phase transitions and oxygen release 
occurring during repeated lithiation/delithiation play a key 
role in the safety issue and electrochemical performance of 
LNO cathode materials, investigating the structural evolution 
of LNO-OS and LNO-DS electrodes is, therefore, fundamen-
tally important. In situ SXRD experiments were carried out 
to further investigate the crystallographic changes of the two 
electrodes during cycling (2.8–4.3 V), the diffraction patterns of 
three selected angular regions along with the voltage as a func-
tion of reaction time are shown in Figure 6a,c. In order to clearly 
visualize and determine the phase transitions, the 3D maps of 
the evolution of the 003h reflection are shown in Figure  6e,f. 
It is clear that the structural evolution of the two electrodes is 
quite different. There is a series of new reflections emerging in 
the LNO-OS electrode during the first charge/discharge cycle, 
reflecting a typical phase transition mechanism. The sequence 
of phase transitions observed during the first charging process 
(i.e., H1 → M → H2 → H3) is in good agreement with the 
three wide potential plateaus in the charge–voltage profile of the 
LNO-OS electrode (see Figure 3b). In contrast, the continuous 
variation of position and intensity of reflections upon cycling 
suggests a quasi-solid-solution reaction in the LNO-DS elec-
trode, corresponding to the relatively short voltage plateaus and 
the broadening of dQ/dV peaks in Figure  3c. Besides, in situ 
XRD experiments[47] were also performed on both cathodes, see 
Figure 6b,d. The in situ XRD results of two electrodes collected 
at two different experimental setups were almost identical, 
manifesting that the SXRD analysis are accurate and reliable.

Each SXRD pattern of LNO-OS electrode acquired during 
the first cycle was fitted using Rietveld refinement with the 
rhombohedral structure model (R3m) and/or the monoclinic 
structure model (C2/m). The resultant lattice parameters 
are represented in Figure  6g. In the initial stage of charge, 
all reflections in the SXRD patterns of the LNO-OS electrode 
could be assigned to a rhombohedral layered structure in 
hexagonal setting (R3m, H1 phase). Upon the first charging, 
the pristine H1 phase remains unchanged until the state-of-
charge (SoC) reaches up to ≈30%, see Figure  6c,f. As the de-
lithiation of the LNO-OS electrode proceeds, a new monoclinic 
(M) layered phase starts to occur and grows at the expense 
of the H1 phase, as evidenced by a decreased intensity of the 
101h reflection and the appearance of new reflections 201m 
and 110m. Such a two-phase coexistence region in the LNO-OS 
electrode exists between the SoC of 30% and 45%. If there is 
no distortion, the monoclinic structure can be deduced from 
the hexagonal cell setting via the following transformation: 
bm  = ah  = bh, am  =  √3bm, and cm  = 1/3 × sin β  × ch).[16,40] The 
single M phase is getting more distorted in the SoC region of 
45–55% before it converts to the second H2 phase. It is worth 
mentioning that these phase transitions are accompanied by 
different Li/▫ (▫ for vacancy) ordering arrangement triggered 
by Jahn−Teller (JT) distortions,[16,48,49] as proposed by Arroyo y 
de Dompablo et al.[49] (see Figure S19, Supporting Information). 

Upon further de-lithiation, the remaining Li ions would rear-
range and redistribute forming the Li/▫ orderings in the lay-
ered structure, which could stabilize the Li-poor structure. 
Among these layered structures, the 180° LiA–O–Ni–O–LiB 
configurations are always retained with a JT active Ni3+ center. 
The JT effects are more pronounced when the charge is local-
ized at the Ni3+ center, especially for the ▫–O–Ni–O–▫ con-
figurations. Thus, the distorted monoclinic structure is formed 
during charging because of the enhanced JT effect promoted by 
the increased number of Li vacancies. When SoC is above 60%, 
the remaining lithium ions are not capable of maintaining 
these special 180° configurations, leading to the generation of 
the H2 phase. As more Li ions are deintercalated from the lay-
ered structure (SoC > 80%), the unit cell displays a rapid con-
traction in the c direction, with the concomitant formation of 
the H3 phase. Since the LNO-DS electrode experiences a quasi-
solid-solution reaction mechanism upon cycling, the SXRD 
patterns of LNO-DS electrode were fitted using a single rhom-
bohedral layered structure model (R3m). Lattice parameter 
changes of the LNO-DS electrode are comparable to those of 
the LNO-OS electrode. However, the c/a ratio of the H3 phase 
for the LNO-DS electrode is 4.81(3) and higher than that of the 
LNO-OS electrode of 4.73(3), evidencing a more stable layered 
structure in the LNO-DS electrode.[19,50,51] During the first lithia-
tion, the changes of these lattice parameters for both electrodes 
take place in the reverse direction. The difference in unit-cell 
volume V of LNO-DS electrode before and after charging is 
−8.93(5) Å3. The absolute change in unit volume of LNO-DS is 
smaller than −10.38(6) Å3 for the LNO-OS electrode. After the 
electrodes were cycled at a current density of 1C for 100 cycles, a 
severe lattice distortion is clearly observed in the LNO-OS elec-
trode, whereas the layered structure of LNO-OS electrode can be 
basically maintained (see Figure S20, Supporting Information). 
These results unambiguously confirm that the Li/Ni disordered 
layer on the surface of LNO-DS could effectively suppress the 
variation of unit-cell volume during cycling, providing a clear 
evidence that the lattice-coherent surface protection layer can 
stabilize the structural stability of the whole LNO-DS cathode.

To further confirm the enhanced structural stability of LNO 
with a disordered surface layer, the electrochemical properties 
of two electrodes were conducted within a voltage window of 
2.8–4.7  V at 0.1  C (Figure S21, Supporting Information). It is 
clear that the discharge capacity of LNO-OS cathode declines 
faster than that of LNO-DS cathode. After 45 cycles, ≈79% of 
its first discharge capacity can be maintained for LNO-DS 
electrode, which is much higher than that of LNO-OS elec-
trode (58%). In situ and ex situ SXRD results of two electrodes 
(Figures S22–S24, Supporting Information) during high-voltage 
cycling demonstrate that the structural collapse of LNO-OS 
cathode in the c direction at the SoC above 80% is more serious 
than that of LNO-DS cathode. These data indicate that the Li/Ni 
disordered layer on the surface of LNO primary particles could 
effectively mitigate structural fatigue even under the harsh 
operating condition of high voltage. The in situ SXRD analysis 
of two cathodes at different operating voltages, i.e., 2.8–4.3  V, 
and 2.8–4.7 V, unambiguously prove that the LNO-OS electrode 
suffers from a relatively large unit-cell volume change during 
cycling, which would trigger a successive loss of oxygen from 
surface lattice of primary particles.[15,52]
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Overall, the partially disordered layered Li1-xNi1+xO2 (R3m) 
in the primary particle surface achieves the following targets. 
First, the ordered LiNiO2 that takes up most of the particle 
volume contributes to high capacity due to its high reactivity of 

the Ni3+/Ni4+ redox couple. Meanwhile, the epitaxially coherent 
Li-poor disordered phase near the surface contains Ni–O–Ni 
and Li–O–Ni configurations, and the 180° Ni–O–Ni super 
exchange chains prevent oxygen ions from escaping into the 

Figure 6.  Crystallographic changes of both electrodes upon the Li+ insertion/extraction process. Contour plot of in situ SXRD patterns of a) LNO-DS 
and c) LNO-OS electrodes during the first cycle between 2.8 and 4.3 V at 0.1 C, right figures show the corresponding charge-discharge voltage curves; 
the corresponding 3D maps of intensity and positions of the 003h reflections for e) LNO-DS and f) LNO-OS electrodes, revealing that the (de)lithiation 
of these two electrodes occurs via different mechanisms. In situ XRD patterns (Ag Kα1 radiation) of b) LNO-DS and d) LNO-OS cathodes during the 1st 
charge–discharge process between 2.7 and 4.3 V. g) The variation of lattice parameters of two cathodes, derived from the fitting of full SXRD patterns, 
as a function of SoC (state-of-charge) and SoD (state-of-discharge) during the first Li-ion extraction/insertion process.
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electrolyte (see Figure S25, Supporting Information). Essen-
tially, the partially disordered surface can be regarded “immu-
nized” against oxygen loss upon electrochemical cycling, as 
evidenced by the absence of macroporous architecture within 
the fatigued LNO-DS particles and the mitigation of lattice dis-
tortion (see Figure 5a–d; Figure S20 and Video S1, Supporting 
Information). Second, the coherent disordered surface could 
efficiently preserve the mechanical integrity of the secondary 
particles since the oxygen cannot easily trespass the “immu-
nized” disordered surface and flee into the electrolyte. Third, 
the detrimental H2 ⇋ H3 phase transition can be suppressed 
by the surface antisite defects because of an alleviated oxygen 
release at higher voltage regions (>4.1  V). As a consequence, 
the unit-cell volume change of LNO-DS cathode over cycling is 
relatively small (Figure  6; Figures S22 S23, Supporting Infor-
mation), thereby, resulting in significantly improved cyclic sta-
bility. Accordingly, a necessary prerequisite for developing LNO 
cathode materials for EV applications is protecting the interior 
regions of secondary particles from electrolyte attack by sup-
pressing generation of large pores (i.e., oxygen release).

3. Conclusion

In summary, synchrotron-based nano-resolution spectro-tomo
graphy techniques are employed to acquire in-depth under-
standing of the chemomechanical degradation and capacity fade 
in LiNiO2 cathodes at the nano-to-micro-scales, providing 3D 
morphological and chemical information on the pristine and 
fatigued particles. A macroporous architecture is discovered in 
the LNO-OS electrode in the discharged state after 40 cycles at 
0.1 C between 2.8 and 4.3 V. 3D full-field TXM XANES imaging 
demonstrates a reduction of Ni ions at the inner and outer sur-
face of cycled LNO-OS particles because of the oxygen release 
upon the Li+ insertion/extraction process. Such chemomechan-
ical fatigue can be effectively mitigated through introducing 
Li/Ni antisite defects on the primary particle surface. Both the 
microstructure and the nickel oxidation state of LNO-DS are 
well retained after cycling because the coherent disordered 
surface layer is intrinsically stable in the lattice framework to 
mitigate the oxygen release. In situ SXRD results reveal that the 
LNO-DS electrode shows a quasi-solid-solution reaction during 
the process of Li-ion intercalation/deintercalation, in sharp con-
trast to the phase transition mechanism in the LNO-OS elec-
trode. Moreover, small changes in the unit cell volume of the 
layered structure for the LNO-DS cathode upon cycling are also 
favorable for enhancing the structural and cyclic stability. As 
a consequence, the capacity retention of LNO-DS electrode is 
≈89% after 100 cycles at 1 C, which is much higher than that 
of LNO-OS electrode (≈53%). Thereby, this work offers a viable 
approach for suppressing oxygen loss in order to accelerate the 
practical use of the high-energy LiNiO2 and very Ni-rich cath-
odes with long-term stability.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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