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and Jinkui Zhao*

Abstract: High-voltage ultrahigh-Ni cathodes (Li—\
Ni,Co,Mn,_, ,O,, x>0.9) can significantly enhance the
energy density and cost-effectiveness of Li-ion batteries
beyond current levels. However, severe Li—Ni antisite
defects and their undetermined dynamic evolutions
during high-voltage cycling limit the further develop-
ment of these ultrahigh-Ni cathodes. In this study, we
quantify the dynamic evolutions of the Li—Ni antisite
defect using operando neutron diffraction and reveal its
coupling relationship with anionic redox, another critical
challenge restricting ultrahigh-Ni cathodes. We detect a
clear Ni migration coupled with an unstable oxygen
lattice, which accompanies the oxidation of oxygen
anions at high voltages. Based on these findings, we
propose that minimized Li—Ni antisite defects and
controlled Ni migrations are essential for achieving
stable high-voltage cycling structures in ultrahigh-Ni
cathodes. This is further demonstrated by the optimized
ultrahigh-Ni cathode, where reduced dynamic evolutions
of the Li—Ni antisite defect effectively inhibit the anionic
redox, enhancing the 4.5 V cycling stability. )

Introduction

The rapid electrification of the automobile industry calls for
Li-ion batteries (LIBs) with both high energy density and
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affordable costs."!" Ni-rich layered oxides LiNiM;_ O,
(M=Co, Mn, Al etc., x>0.5) have emerged as promising
LIB cathodes due to their energy density and cost
advantages.” Increasing the Ni content to an ultrahigh level
(Ni>0.9) further enhances these advantages but exacerbates
the issue of Li—Ni antisite defects (i.e., Li—Ni intermixing).”!
Over the past few decades, extensive studies have been
conducted on Li—Ni antisite defects, focusing on their
driving forces and tuning methods.”) Although the optimal
degree of Li—Ni intermixing within a pristine structure
remains debatable, there’s consensus that these defects
significantly affect electrochemical performance.” Quantum
mechanical calculations suggest that Li—Ni antisite defects
are dynamic, with Ni migrations occurring upon cycling.’
However, suitable characterization techniques to quantify
these dynamic evolutions have been limited, leaving the
dynamic influence of these defects on cycling structure
stability an open question, hindering further structural
optimizations of ultrahigh-Ni cathodes.

Additionally, most research has focused on intermixed
Ni in the Li layer, neglecting intermixed Li in the transition-
metal (TM) layer.” Intermixed Ni in the Li layer is reported
to slow Li-ion diffusion and brace the structure, whereas
intermixed Li in the TM layer can form a Li—O-Li
configuration (Figure 1).**! The nonbonding oxygen p-
orbital (O2p) state along this configuration triggers anionic
(O*) redox activity (Figure 1), making anions compete with
cations for charge compensation, particularly at high
voltages.”! Anionic redox, however, often leads to oxygen
release, resulting in structural degradation and electro-
chemical failure (Figure 1).**') The formed oxygen vacan-
cies (V) can theoretically facilitate Ni migrations from the
TM layer to the Li layer, exacerbating the antisite defect.!'
Notably, V—O-Li and V—O—V; configurations can form
alongside Ni migrations and Li extractions, promoting
anionic redox and destabilizing the oxygen lattice.'””? This
scenario becomes more pronounced at higher charging cut-
off voltages. Therefore, an in-depth understanding of the
dynamic coupling process between Ni migrations and
anionic redox is essential for developing high-voltage (e.g.,
4.5V) ultrahigh-Ni cathodes.

Neutron powder diffraction (NPD) is a powerful tool for
analyzing the Li—Ni antisite defect. Compared to X-rays and
electrons, neutrons are sensitive to light elements such as Li
and O, and they can distinguish neighboring TM elements
like Ni, Mn, and Co."®! When combined with the operando
method, dynamic TM migrations and coupled structure
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Figure 1. Two aspects of antisite defect’s impact on the structure of ultrahigh-Ni cathodes: (1) the inter-mixed Ni in the Li layer can slow Li-ion
diffusion while bracing the structure; (2) the inter-mixed Li in the TM layer can trigger high-voltage anionic redox, leading to unfavorable structure
evolutions such as O, release, coupled TM migrations, irreversible phase transitions, and particle microcracks.

evolutions associated with the oxygen lattice can be
precisely quantified using neutron diffraction.

To avoid the high neutron absorption of the Li isotope,
we designed the LiNijqCoysMnyos0O, (NCM90) model
compound using the "Li isotope. Through operando neutron
diffraction, we discovered a sudden increase in Ni migrations
at high voltages coinciding with anionic oxidation, providing
direct evidence for the strong coupling between Li—Ni
antisite defects and anionic redox. Next, we reduced the
pristine-structure Li—Ni intermixing of NCM90 using a dual-
site Mg doping strategy, which decreases Li—O-Li config-
urations and constructs new Li—~O—Mg configurations, there-
by lowering anionic redox activity.'"! The modified NCM90
showed suppressed Ni migrations, which further inhibits the
anionic redox. It demonstrated superior 4.5V cycling
performance and thermal stability. This work highlights the
importance of tuning dynamic Li—Ni antisite defects in
developing high-voltage Ni-rich cathodes.

Results and Discussion
Dynamic and Coupled Structural Evolutions

To evaluate the dynamic structure evolutions upon cycling,
a single-layer pouch cell with an NCM90 cathode and
graphite anode was designed for operando neutron diffrac-
tion measurements (Figure 2a). As expected, samples syn-
thesized with the "Li isotope yielded good neutron diffrac-
tion data with high signal-to-noise ratios (Figure 2b and 2c),
greatly facilitating subsequent data analysis. The refinement
of neutron diffraction data indicated a 2.2 % Li—Ni intermix-
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ing in the pristine NCM90 sample (Figure 2b and Table S1).
Such inevitable Li—Ni antisite defects can lead to Li—-O-Li
configurations with nonbonding O2p states, triggering
anionic redox reactions (ARR) in the NCM90 cathode
(Figure 1). The ARR process readily causes oxygen release,
weakening Ni—O coordination bonding and facilitating Ni
movements. Meanwhile, the produced oxygen vacancies
reduce the energy barrier for Ni migrations through the
oxygen plane (Figure 2e). As revealed by the refinement
results of the operando neutron diffraction patterns, during
the Li de-lithiation process, there are dynamic Ni migrations
from the TM layer to the Li layer, particularly at high
voltages when oxidation of lattice oxygen is involved in
charge compensation (Figure2c and the left panel of
Figure 2d). Notably, the increased Ni migration can induce
the formation of V—O-Li and V\—O—V|; configurations,
further enhancing anionic redox reactivity at high voltages
and destabilizing the oxygen lattice framework. The in-
creased instability of the oxygen lattice is supported by the
refined oxygen-atomic isotropic temperature factor (Uy,), a
parameter closely correlated with oxygen thermal motion.
Generally, the higher the oxygen-atomic isotropic temper-
ature factor, the more unstable the oxygen lattice. The
middle panel of Figure 2d indicates a sudden increase in the
oxygen-atomic temperature factor associated with a severe
rise in Ni migrations. Additionally, increased lattice stress
unfavorable for cycled structure stability is observed at high
voltages (right panel of Figure 2d). The consistent variation
trend of lattice stress with dynamic Ni migrations and the
oxygen-atomic isotropic temperature factor indicates that
the sudden increased stress is strongly associated with
activated anionic redox and dynamic Ni migrations (Fig-
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Figure 2. (a) Schematic of the operando neutron diffraction experiment and illustration of advantages of the neutron diffraction technique; (b)
Neutron diffraction patterns and refinement results of the NCM90 powder sample; (c) Stacked neutron diffraction data collected during the
operando electrochemical cycling (left panel) and the corresponding initial charge/discharge curve of the NCM90/graphite pouch cell (right panel);
(d) Evolution of Ni migrations (left panel), oxygen U, (middle panel) and structural stress (right panel) upon cycling. The results are observed
based on the refinements of operando neutron diffraction data; see also lattice parameter evolutions in Figure S2; (e) Schematic illustration of
coupling relations among antisite defect, anionic redox, and dynamic structure evolutions. A high Li—Ni antisite defect facilitates anionic redox at
high voltages, which readily causes oxygen release and further induces Ni migrations. This leads to an increase in nonbonding oxygen states
(Vni—O—Li and V—O-V/; configurations), which in turn trigger anionic redox and aggravate irreversible structural reconstructions.

ure 2d). Overall, the coupled anionic redox, Li—Ni antisite
defects, and dynamic Ni migrations destabilize the cycled
structure, leading to structural degradations and inferior
cycle lifespan of the high-voltage NCM90 cathode.

The above analysis also leads to a reassessment of the
role of Li—Ni antisite defects in ultrahigh-Ni cathodes. For
low-voltage (such as 4.3 V) ultrahigh-Ni cathodes, a moder-
ate Li—Ni antisite defect is reported to be favorable for
cycled structure stability due to the pillar role of intermixed
Ni in the Li layer.P*%*%>141 Although the nonbonding O2p
states caused by Li—Ni antisite defects can increase oxygen
band energy, a high enough charging voltage is also required
to activate anionic redox. Usually, for low-voltage ultrahigh-
Ni cathodes, charge compensation is mainly provided by TM

Angew. Chem. Int. Ed. 2024, 202410326 (3 of 9)

cationic redox, with less participation from oxygen anionic
redox. The positive effect of the Li—Ni antisite defect
outweighs its negative one. For high-voltage ultrahigh-Ni
cathodes, however, the scenario is reversed. Therefore,
controlling Li—Ni antisite defects, particularly dynamic Ni
migrations, is essential for developing high-voltage (such as
4.5V) ultrahigh-Ni cathodes.

Tuning Antisite Defects and Optimizing Electrochemical
Properties

To control the Li—Ni antisite defect, various elements with
different electronic structures (Na, Mg, Al, Cu, Fe, Ti, Zr,

© 2024 Wiley-VCH GmbH

85U9D17 SUOLUWIOD dAIERID) 3|cedljdde ay) Ag peusenob afe sapie YO ‘esn Jo s 1o Afeiqiauluo 3|1 UO (SUOIPUOD-PUe-SWLBY/LI0D A8 1M Aelq 1jpul|uoy//:Sdny) SUONIPUOD pue SWS 1 8yl 8es *[yZ0z/60/7T] uo Ariqitauliuo As|im ‘uorde Aydi@ Jequisl-<yie oqqius> Aq 9ZE0TY20Z ©1Ue/Z00T OT/I0p/iod" 8| 1m Aleiq 1 jpul|uoy//sdiy wolj pepeoumod ‘0 ‘€L/ETZST



GDCh
=

Ru, Nb, Mo, W, Ta, and Y) were introduced as dopants for
synthesizing NCM90 samples (Figure 3a). Heterogeneous
elements have been reported to optimize Ni-rich cathodes,
but few studies focus on 4.5V ultrahigh-Ni cathodes, and
systematic studies of their effects on Li—Ni antisite defects
are lacking.'”! To evaluate the dopants’ role in reducing the
Li—Ni antisite defect and improving electrochemical proper-
ties, we optimized the doping content for each element
(Figure S3-S29). Figure 3b-3d show the results using the
optimal doping levels. The degree of Li—Ni intermixing is
reflected in the intensity ratio between the (003) and (104)
X-ray diffraction peaks.'"! A higher ratio indicates a lower
Li—Ni antisite defect. Among all the dopants, Mg demon-
strates a significant advantage in reducing the intrinsic
Li—Ni antisite defect (Figure 3b). As expected, the Mg
dopant enables the NCM90 cathode to achieve outstanding
high-voltage electrochemical performance, including the
highest initial reversible capacity (234 mAhg') and the
highest residual capacity after 100cycles at 1C
(215mAhg™") (Figure 3c and 3d). The effects of other
dopants on Li—Ni antisite defects and electrochemical
properties are briefly discussed in the supporting materials.

To gain a deeper understanding of the Mg dopant‘s
influence on high-voltage NCM90 cathodes, we conducted
systematic electrochemical and structural measurements.
The optimal molar ratio for Mg doping was determined to
be 0.5% (based on TM content). Therefore, for subsequent
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measurements, we selected the 0.5% Mg-doped NCM90
(denoted as 0.5Mg-NCM90) cathode as the model com-
pound.

Due to reduced Li—Ni intermixing, the 0.5Mg-NCM90
cathode shows enhanced Li diffusion kinetics (supported by
Galvanostatic Intermittent Titration Technique data in Fig-
ure S31) and improved rate capability (Figure S32). In
addition to increased capacity retention, the voltage decay is
also suppressed via the control of Li—Ni intermixing. After
100 cycles at 1 C, the average voltage attenuation rate of the
0.5Mg-NCM90 cathode is 0.017 % (i.e., 0.407 mV per cycle),
much lower than the 0.035% (i.e., 0.824 mV per cycle) of
the NCM90 cathode (Figure S33). The superior 4.5V
capacity and voltage retention of the 0.5Mg-NCM90 cathode
are attributed to its structural stability upon Li de/intercala-
tion, as reflected in dQ/dV curves (Figure 4a and 4b).

During the charging process, ultrahigh-Ni cathodes
usually undergo three phase transitions: the original layered
structure (H1) transforms to the monoclinic phase (M), then
to the second hexagonal phase (H2), and finally to the third
hexagonal phase (H3). This H2-H3 transition causes detri-
mental lattice shrinkage along the c-direction, resulting in
volume changes and local stress accumulation."” It has also
been reported that the cycling structure stability of ultra-
high-Ni cathodes is closely associated with the reversibility
of the H2-H3 transition. As indicated in Figure 4a and 4b,
compared with the NCM90 cathode, the 0.5Mg-NCM90
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Figure 3. (a) Heterogeneous elements selected in this work; (b—d) Properties for these elements: (b) The normalized (003) and (104) X-ray powder
diffraction (XRD) peak intensity ratios; The normalized discharge capacity at 1 C for optimal doping after (c) initial and (d) 100 cycles. The
corresponding XRD patterns and more detailed electrochemical data are presented in Figure S3-S29.
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Figure 4. The differential capacity (dQ/ dV) vs. voltage curves upon cycling at 1 C for the (a) NCM90 and (b) 0.5Mg-NCM90 cathodes; (c) The high
temperature (55°C) cycle performance at 1 C for the NCM90 and 0.5Mg-NCM90 cathodes; (d) The pouch-cell cycle performance for the 0.5Mg-

NCM90 cathode.

cathode shows a more reversible H2-H3 transition after
100 cycles.

The long cycle properties at 55°C were studied to
explore the role of lowered Li—Ni intermixing in the thermal
stability of 0.5Mg-NCMO90. The initial reversible capacities
of NCM90 and 0.5Mg-NCM90 electrodes were 232 and
260 mAhg™', respectively, and then decayed to 158 and
218 mAhg™" at 1 C after 100 cycles. These data correspond
to capacity retention values of 68 % and 84 %, respectively,
indicating that there is an optimized thermal structure
stability of the 0.5Mg-NCM90 (Figure 4c, Figure S34). For
further practical-application evaluation of the 0.5Mg-
NCMO90 cathode, a single-layer pouch cell was assembled.
The charging and discharging tests for the pouch cell were
performed in the voltage range of 2.75-4.45 V (vs. graphite)
at 1 C at room temperature. The 0.5Mg-NCM90 pouch cell
shows a notable capacity retention rate of up to 80 %
(Figure 4d). Meanwhile, the energy density of 0.5Mg-
NCM90 electrode is improved remarkably at 1 C in the
voltage of 2.8-4.5V (Figure S35), and the above excellent
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electrochemical properties are attributed to the reduced
pristine-structure Li—Ni intermixing and maintained robust
structure stability.

Reduced and Stabilized Oxygen Redox

We conducted high-resolution neutron powder diffraction
measurements to further quantify the Li—Ni intermixing in
0.5Mg-NCM90. Diffraction data refinement results indicate
a reduced Li—Ni antisite defect (only 1%) for 0.5Mg-
NCMOI0 (Figure S36 and Table S2). Interestingly, we found
that Mg ions are doped not only into the TM layer but also
into the Li layer. This may be because Mg®" and Li* have
similar ionic radii. The Mg in the Li layer can act as a pillar,
stabilizing the cycled structure similarly to the intermixed Ni
in the Li layer. Although introducing Mg into the TM layer
can create new Li-O—Mg configurations with nonbonding
O2p states, the resulting anionic redox activity is weaker
than that of the Li—O—Li configurations. Thus, the high-
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voltage 0.5Mg-NCM90 cathode with reduced Li—Ni antisite
defect is expected to exhibit lowered ARR activity upon
cycling. Density-function theory (DFT) studies further
determined that introducing Mg increased the Li—Ni
exchange energy (Figure S37-S39).

To demonstrate the inhibited ARR activity and stable
oxygen lattice framework in 0.5Mg-NCM90, we collected ex
situ O K-edge sXAS data in TFY mode which is sensitive to
the bulk electronic structure (Figure 5a and 5b).'! The pre-
edge features near 532 eV are related to the transition from
Ols to 2p, and their intensity is related to the density of
unoccupied TM 3d-O 2p t,, hybridized states. The peak at
the higher energy of 545 eV represents a hybrid state of TM
3d-O 2p e, electron orbitals. When discharged to 2.8 V, the
shape of the pre-edge peak for the NCM90 cathode
significantly changes due to strong ARR activity, accompa-
nied by an unstable and irreversible ARR process of oxygen
gas release.”” For the 0.5Mg-NCM90 cathode, the ex situ
pre-edge peak shows almost no change, demonstrating
relatively weak ARR activity and a reversible ARR process.

The reduced and stable ARR activity in the 0.5Mg-
NCM90 cathode is further demonstrated by ex situ EPR
measurements (Figure 5c). During the charging process, the
observed EPR peak at 3280-3360 G is associated with the
oxidation of oxygen ions. The higher the peak intensity, the
higher the ARR activity and the more superoxide products.
Excessive superoxide can cause the release of oxygen, which
is detrimental to the oxygen lattice stability.’”! As indicated
in Figure 5c, compared with the NCM90 cathode, the 0.5Mg-
NCM90 cathode exhibits a lower peak intensity at high-
voltage charging states, suggesting the inhibited ARR
activity.’] The DFT data support the EPR results (Fig-
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ure 5d). For both the 4.5 V-charged calculation models of
NCM90 and 0.5Mg-NCMY0, there is an obvious accumu-
lation of O2p DOS around the Fermi level. However,
compared with NCM90, the Mg-NCM90 model shows a
lower O2p DOS intensity around the Fermi level, indicating
decreased ARR activity.*

Additionally, operando DEMS measurements provide
more direct evidence for the inhibited ARR activity and
stable oxygen framework in 0.5Mg-NCM90. As indicated in
Figure Se and 5f, the produced O, gas in the 0.5Mg-NCM90
cathode is much lower than that of the NCM90 cathode. The
above conclusions that inhibited ARR activity in 0.5Mg-
NCM90 are further verified by NPD refinement data (Fig-
ure S43). The reduced O, release also suppresses surface
side reactions of the 0.5Mg-NCM90 cathode, as revealed by
the semi-quantitative analysis of the ex situ X-ray photo-
electron spectroscopy data (Figure S44 and S45, Table S7).
The cathode electrolyte interphase (CEI) has been an
indicator of the degree of surface-side reactions. For
example, at a 4.5 V-charged state, the CEI layer’s thickness
of the 0.5Mg-NCM90 cathode is 4 A, thinner than the 8 A
value of the NCM90 cathode (Figure S46). The inorganic
component LiF is an excellent electronic insulator, which
can prevent electron tunneling and hinder the decomposi-
tion of the electrolyte. LiF is generally considered a
favorable CEI component. The thinner CEI layer and more
abundant LiF content of 0.5Mg-NCM90 indicate a more
stable surface structure upon cycling.”*”!
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Figure 5. The ex situ O K-edge soft X-ray absorption spectroscopy (sXAS) data in total fluorescence yield (TFY) mode collected at pristine, C-4.5V,
and Dc-2.8 V states for the (a) NCM90 and (b) 0.5Mg-NCM?90 electrodes; (c) The ex situ electron paramagnetic resonance (EPR) data collected at
various states of charge and discharge during the initial cycling process of NCM90 and 0.5Mg-NCM?90 electrodes; (d) The calculated projected
density of states (DOS) results for the Li-extracted NCM90 and 0.5Mg-NCM90 models (corresponding to the C-4.5 V state). The operando
differential electrochemical mass spectrometry (DEMS) results for the () NCM90 and (f) 0.5Mg-NCM90 electrodes.
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Suppressed Dynamic Ni Migration

The dynamic Ni migration in the 0.5Mg-NCM90 is also
suppressed, as further confirmed by neutron diffraction data
collected at the 4.5V charged state (C-4.5V). The refine-
ment results show that the Li—Ni intermixing for the C-4.5V
NCM90 cathode is 20 %, which is much higher than the 9 %
for the C-4.5V 0.5Mg-NCM90 cathode (Figure 6a and 6b,
Tables S5, S6). Compared with the pristine state, after
charged to 4.5V, there is about 18 % Ni migration into the
Li layer for the NCM90 cathode, while only 8 % Ni migrated
into the Li layer for the 0.5Mg-NCM90 cathode (Figure 6¢
and 6d). The suppressed dynamic Ni migration is closely
associated with the low Li—Ni antisite defect and reduced
ARR activity. As supported by DFT calculations (Figure 6i,
Figure S49 and S50), the Ni migration energy barrier for the
4.5V charged Mg-NCM90 model (4.68 ¢V) is higher than
that for the NCM90 model (2.74 eV). Meanwhile, due to the
severe Ni migrations in the NCM90 cathode, inevitable
structure reconstructions, such as rock-salt NiO impurity
phase, were observed by the high-resolution neutron
diffraction measurements (Figure 6a). Additionally, there is
an obvious increase in the oxygen atomic temperature factor
and structure stress after charging to 4.5V for the NCM90
cathode, while the 0.5Mg-NCM90 cathode shows no obvious
change (Figure 6e and 6f, Figure S51, Table S5 and S6). The
increased oxygen atomic temperature factor and stress in
the NCM90 cathode is not favorable for the oxygen lattice
structure stability. As revealed by the neutron diffraction
data, there are more oxygen vacancies for the 4.5 V charged
NCM90 cathode than for the 4.5V charged 0.5Mg-NCM90

@
(1}
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cathode (Figure 6g and 6h). This result is consistent with the
operando DEMS measurements. The higher formation
energy of oxygen vacancies (1.32eV) based on DFT
calculations once again supports the more stable oxygen
lattice of the 0.5Mg-NCM90 cathode (Figure 6j). Both the
suppressed Ni migration and well-preserved oxygen lattice
framework enable the 0.5Mg-NCMO90 cathode to show
enhanced high-voltage long cycling stability. As directly
uncovered by high-resolution transmission electron micro-
scopy (HRTEM) and scanning electron microscopy (SEM)
images collected after 100 cycles, obvious lattice distortions/
breaks and a large area of secondary particle breakages
were observed in the NCM90 sample, while a layered
structure with straight fringes and relatively complete
particle morphology is observed in the 0.5Mg-NCM90
sample (Figure S52 and S53).

Minimized Li—Ni Intermixing Stabilized High-Voltage Cycling
Structure

The multiple types of characterizations in this work not only
highlight the role of low Li—Ni intermixing in improving the
high-voltage ultrahigh-Ni cathode but also demonstrate the
strong coupling relationships among Li—Ni antisite defects,
dynamic Ni migrations, anionic redox, and high-voltage
cyclic structure stability. Mg dual-site (TM & Li layer)
doping resolves the high-voltage cycling structure instability
of ultrahigh-Ni cathodes. As illustrated in Figure 7, the
introduction of Mg reduces the Li—Ni antisite defects, thus
decreasing the Li—O—Li configurations, which are the main
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©
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Figure 6. Refinement results of neutron powder diffraction data for the (a) NCM90 and (b) 0.5Mg-NCM90 electrodes collected at the C-4.5 V
charge state. See also Figure S47 and S48 for the in situ XRD data of NCM90 and 0.5Mg-NCM90 electrodes collected during the initial cycling
process; The inter-mixed Ni in Li layer, oxygen U, and oxygen occupation for the C-4.5 V (c,e,g) NCM90 and (d,f,h) 0.5Mg-NCM90 cathode based
on the refined neutron diffraction data; (i) The DFT-calculated migration energy of Ni to Li layer and (j) DFT-calculated oxygen vacancy formation
energy for the Li-extracted NCM90 and 0.5Mg-NCM90 models (corresponding to the C-4.5 V state).
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Figure 7. Schematic illustration of Mg doping in enhancing the cyclic structure stability: dual-site Mg doping lowers Li—Ni intermixing, inhibits
anionic redox, suppresses dynamic Ni migrations, and thus leads to a robust ion-storage structure.

origin of anionic redox activity at high voltages. The
Li—O—Mg configurations induced by Mg doping in the TM
layer can also result in anionic redox, but their trigger
requires a higher charging voltage than that of the Li-O—Li
configurations. Thus, the positive role of Mg doping in the
TM layer outweighs its negative role. The intrinsically
reduced anionic redox activity can preserve the oxygen
lattice and inhibit Ni migrations, avoiding the vicious cycle
of structural instability (such as oxygen release and lattice
reconstruction, Figure 2¢). In addition, doping Mg into the
Li layer can compensate for the absence of intermixed Ni in
the Li layer, which has been reported to act as a pillar to
stabilize the cyclic structure. The unique advantages of Mg
doping make it an effective modification approach to
stabilize high-voltage ultrahigh-Ni cathodes. Although nu-
merous elements such as Na, Cu, Al, and Zr can also reduce
Li—Ni antisite defects in NCM90 material (Figure 3b), they
do not possess advantages as unique as Mg.

Conclusion

In summary, the dynamic evolutions of the Li—Ni antisite
defect in the NCM90 model compound are quantified using
state-of-the-art operando neutron diffraction measurements.
It is demonstrated that there is a strong coupling relation-
ship among Li—Ni antisite defects, Ni migration, and anionic
redox at high voltages. Specifically, the Li—-O—Li config-
urations resulting from the Li—Ni antisite defect can increase
anionic redox activity and promote Ni migrations. The
migrated Ni can, in turn, enhance the anionic redox. Thus,
reducing pristine-structure Li—Ni intermixing and inhibiting
cycled-structure Ni migrations can control anionic redox and
enhance high-voltage structure stability. Among the various
elements with different electronic structures explored to
tune the Li—Ni antisite defect and high-voltage electro-
chemical performance of NCM90, the Mg dual-site doping
approach has been demonstrated to be most effective.
Compared to 165mAhg' for the NCM90 with a capacity
retention of 81 % after 100 cycles, a discharge capacity of
218 mAhg ! with a capacity retention of 92 % was observed

Angew. Chem. Int. Ed. 2024, 202410326 (8 of 9)

in the 0.5Mg-NCM90 cathode at 1 C. Combined with multi-
ple in situ and ex situ characterizations, including XAS,
DEMS, EPR, and NPD, as well as DFT calculations, we
show that the superior 4.5 V high voltage cycling property is
ascribed to inhibited anionic redox and dynamic Ni migra-
tions enabled by lowered Li—Ni antisite defect.
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odes is proposed.
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