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rupted Li/vacancy structure in Co,
Mg, and Al co-doped ultra-high Ni-rich cathodes†
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Michael Knapp, b Helmut Ehrenberg, b Feng Pan *a and Sylvio Indris *be
Li atoms are believed to rearrange during Li insertion/removal in

LiNiO2 cathodes in lithium-ion batteries, forming certain Li/vacancy

ordering structures. Substitution of Ni by dopants is considered to

hinder such orderings, which is related to a quasi-solid-solution

behavior in phase transitions and improved battery cyclability.

Previous studies investigate the disruptions by theoretical calculations,

however, direct experimental evidence is missing. Herein, the

disturbed Li/vacancy structures are first observed based on the ex situ
6Li nuclear magnetic resonance measurement.
The use of rechargeable lithium-ion batteries in electric vehicles
(EVs) has promoted the transfer from traditional fossil fuels to
green and clean electricity.1–4 The lifetime and specic capacity
of the electrode materials are strongly inuenced by the struc-
tural evolution during charging and discharging.5–7 Anisotropic
strain and stress are inevitably induced, yielding crystal struc-
ture fatigue, such as the formation of cracks.8–10 For the layered
LiNiO2 (LNO) cathode, the phase transition at high voltages
leads to microcracking and is correlated with rapid electro-
chemical performance decay.11–13 A doping strategy is oen
applied in LNO to obtain the commercialized cathode materials
for EVs, i.e. Ni-rich cathode materials (LiNixCoyMn1−x−yO2 or
LiNixCoyAl1−x−yO2).14–18 The dopants are believed to introduce
a quasi-solid-solution manner in phase transitions by disrupt-
ing the Li/vacancy orderings.19–23 Although theoretical calcula-
tions have been performed to simulate such disruption,19 the
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experimental ndings of how dopants are located and disturb
the Li ordering are still missing. Here the disturbed Li ordering
structures are rst revealed by analyzing the ex situ 6Li nuclear
magnetic resonance (NMR) spectra.

LiNi0.94Co0.03Mg0.02Al0.01O2 (LNCMA) and LiNiO2 (LNO) were
synthesized by using a typical co-precipitation method followed
by the annealing process (more information can be found in the
ESI†). The inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) proves that the dopants' atomic ratios are
well-matched with the designed formulae (Table S1†). Statistical
synchrotron-based powder X-ray diffraction (XRD) and rene-
ments (Fig. S1, Tables S2 and S3†) conrm that LNCMA and
LNO have a hexagonal a-NaFeO2-type layered structure
belonging to a space group of R�3m. The result of Rietveld
renement against XRD patterns shows a similar amount of Ni
in Li layers (1.7% for LNCMA and 2.2% for LNO).24 The z coor-
dinate of oxygen (z/c) increases aer doping, corresponding to
the motion of O2− closer to the Ni ions at (0 0 0). Such move-
ment induces a decreasing bond length of Ni–O and an
increasing bond length of Li–O. The valence state of Ni in
LNCMA and LNO is studied by an X-ray absorption near-edge
structure (XANES) experiment (Fig. S2†). The Ni K-edges of the
two materials nearly overlap with each other, suggesting the
oxidation states of Ni are predominantly +3. Fourier transform
(FT) of the extended X-ray absorption ne structure (EXAFS)
spectra (Fig. S3†) show that LNCMA has a slightly shorter Ni–O
distance than LNO, in line with the decreased Ni–O bond length
aer doping. The decrease in Ni–O bond length is induced by
the Mg2+, which slightly increases the average Ni oxidation state
for electroneutrality, leading to a motion of O2− (ionic radius:
Ni3+ (r = 0.56 Å), Ni4+(r = 0.48 Å)).

To investigate the phase transition behaviors of these two
cathodes, dQ/dV (Q is the capacity and V is the voltage) proles
are plotted in Fig. 1 (the cells were tested at a rate of C/10 and 25
°C). Four peaks correspond to the kinetic hindrance peak in the
H1 phase, the H1 to M, M to H2, and H2 to H3 phase transi-
tions, respectively.25–28 The peaks of LNCMA were greatly
diminished when compared to those of LNO, indicating Li
J. Mater. Chem. A, 2024, 12, 28711–28715 | 28711
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Fig. 1 The differential capacity (dQ/dV) curves of LNO and LNCMA.
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removal occurs in a quasi-solid-solution rather than a pure two-
phase reaction. Compared to electrochemical signals in dQ/dV
curves, diffraction characterization offers more precise conr-
mation of phase transitions. In situ synchrotron XRD experi-
ments were employed on LNCMA cathodes during the rst
charge period with a large voltage window of 2.8–4.7 V at
a current density of 18 mA g−1 (The detailed voltage proles are
provided in Fig. S4†). The contour plots of 003 reections of
LNCMA and LNO are displayed in Fig. 2 (more reections can be
found in Fig. S5†). The phase transitions of LNO were discussed
in detail in our recent paper.29 For LNO, a new 003 reection
appears above 4.1 V at an angle that is 0.3° higher than that of
the previous one. The co-existence of the two 003 reections
implies that in this period the Li removal occurs by a two-phase
reaction, where the new Li-poor H3 phase nucleates and grows
at the expense of the H2 phase.30,31 In sharp contrast, intro-
ducing dopants induces a route change to a quasi-solid-solution
manner, where only a single peak can be obtained during the
Fig. 2 The contour plot of the 003 reflection of the in situ XRD data (l
= 0.4130 Å). The left-hand subpanel shows the corresponding charge
profiles.

28712 | J. Mater. Chem. A, 2024, 12, 28711–28715
whole charging process. The corresponding changes in lattice
parameters are shown in (Fig. S6†). The suppressed phase
transitions in LNCMA result in greatly improved capacity
retention when compared with that of LNO and also of LNCO
(LiNi0.97Co0.03O2)(Fig. S7†). The Electrochemical impedance
spectroscopy (EIS) was also performed during the cycling
process (Fig. S8†).

Ex situ 6Li solid-state NMR experiments were performed on
LNCMA cathodes with different states of charge (SoC). A full
comparison between the spectra of LNCMA and LNO is dis-
played in Fig. S9 (the pristine state) and S10.† The data of LNO
was reported in our previous report where multiple Li/vacancy
ordering structures of LNO were discussed in detail.29 A
detailed discussion about the special features of LNO spectra is
provided in Note 1 (ESI†). As shown in Fig. 3, the two cathodes
exhibit different behaviors at high SoC: there is an obvious
increase in the NMR shi at SoC 75% for LNO and the peak
position remains almost unchanged for the last three spectra
(SoC 75–85%); in sharp contrast, the NMR signals keep moving
to lower shi values for LNCMA from SoC 65% to Soc 85%. Such
a difference indicates diverse Li local environments in these two
cathodes on Li removal. For Ni-rich materials, the 6Li chemical
shis are dominated by the Fermi contact interaction, which
originates from the delocalization of unpaired electron spin
density from Ni d orbitals to the Li nucleus via the bridging
oxygen atoms.32,33 The contribution from each adjacent para-
magnetic Ni ion is additive to the overall NMR shis and the
magnitude is highly correlated to the angle of the TM–O–Li
bond.34 Based on earlier experimental studies on LiNi0.3Co0.7O2,
a 90° and 180° Ni–O–Li bond can induce chemical shis of −15
and 110 ppm, respectively.35,36 Diamagnetic ions, including
Co3+, Mg2+, and Al3+, are believed to inducemuch smaller shis.

As displayed in Fig. 4a, two Li/vacancy structures (Li0.5NiO2

and Li0.25NiO2, corresponding to states of SoC 50% and SoC
75%) have been rst predicted by theoretical calculations and
later observed through NMR measurement.29,37–39 The
Fig. 3 Selected ex situ 6Li solid-state NMR spectra of LNCMA and LNO
cathodes with different SoCs.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Structural models of (a) LNO and (b) LNCMA cathodes at
different SoCs.
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simplied Li/vacancy distribution can be seen in Fig. 5.
Li0.5NiO2 features alternating rows of full and vacant Li sites.21,38

Each Li has six 180° and two 90° Ni–O–Li interactions and the
predicted NMR shi is 630 ppm. Regarding Li0.25NiO2, it is
formed by removing half of the Li in the full-lled Li rows in
Li0.5NiO2. The remaining Li is separated by vacancies. Since the
Fig. 5 A schematic image showing the Li arrangement in only one Li
layer.

This journal is © The Royal Society of Chemistry 2024
Li-vacancy ordering in the Li layer occurs concomitantly with
a Ni3+–Ni4+ ordering in the Ni layer,29,39 each Li is surrounded by
only six 180° Li–O–Ni3+ bonds, giving rise to a calculated shi of
660 ppm. The Li coordination situations are displayed in
Fig. 4a, where the Li, Ni at 180° and 90° bonds are marked with
yellow, light blue, and dark blue. When diamagnetic dopants
are introduced into the LNO lattice, they are believed to be
mainly placed at Ni rows in Li0.5NiO2 (Fig. 4b). The discussion
on dopant occupation sites is provided in Note 2 (ESI†). Each Li
is averagely coordinated by one 180° X–O–Li bond (X represents
dopant), thus decreasing the original number of 180° Ni–O–Li
interactions to ve. The overall chemical shi then changes
from 630 to 520 ppm for LNCMA at SoC 50%. Table 1 compares
the experimental and calculated shis for both LNO and
LNCMA. The experimental shi is compatible with that calcu-
lated from the Li/vacancy models if the difference in bond
length and bond angle between LNO and LiNi0.3Co0.7O2 (where
the reference values are obtained) is considered.36,39 Note that
the difference between experimental and predicted values is
indeed similar for all three cases.

On further Li removal from LNCMA of SoC 50%, the struc-
ture still tries to form the same arrangement of Li and vacancies
as in Li0.25NiO2, but that is impossible when Li at some specic
sites is anchored by inactive dopants (Mg and Al).20 That
anchoring effect was proposed by J. R. Dahn through their rst-
principle calculations: Li atoms tend to be located in vertex-
sharing sites relative to substituent sites of Mg and Al for the
lowest energy; for Mg, two such Li atoms are located in the
layers above and below Mg atoms and the number for Al is one;
these Li atoms are proven to be inactive during Li dein-
tercalation by the corresponding capacity penalty;20 since Mg
and Al are randomly distributed in the TM layers, nearby xed
inactive Li disturbs Li/vacancy orderings.

Note that Li in vertex-sharing sites just corresponds to the Li
featuring a 180° Li–O–Mg(Al) conguration. As displayed in
Fig. 4b, when half of the remaining Li is removed from the SoC
50% state of LNCMA, some Li atoms (labeled with orange color)
are anchored by the neighboring Mg/Al dopants. Such Li atoms
have one 180° Li–O–Mg(Al) bond (vertex-sharing). As a result,
the original ordering scheme in Li0.25NiO2 is disrupted by these
randomly distributed Li atoms (see Fig. 5). Some vacancies in
Li0.25NiO2 orderings are occupied by the pinned Li atoms; some
occupied Li sites are replaced with vacancies because these Li
have to be deintercalated to provide capacity. The phase tran-
sitions in LNO are believed to be correlated to the Li/vacancy
orderings.40 The Li0.25NiO2 ordering corresponds to the struc-
ture of the H2 phase.21 Upon further Li removal from LNO, the
Table 1 Comparison between the observed and estimated shifts for
the NMR spectra

Name SoC%
Observed shis
(ppm)

Estimated shis
(ppm)

Difference
(ppm)

LNO 50% 494 630 136
LNO 75% 548 660 112
LNCMA 50% 396 520 124

J. Mater. Chem. A, 2024, 12, 28711–28715 | 28713
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NMR peak stays at the same shi position with decreased
intensity (see the NMR spectra of SoC 80% and 85%), indicating
that the Li removal occurs through a two-phase reaction: Li is
continuously deintercalated from the H2 phase to form the H3
phase. In contrast, the NMR signal of LNCMA keeps moving to
lower ppm positions, suggesting a solid-solution manner,
where Li is removed from the whole lattice. S. Sicolo et al.
proposed that a disrupted Li ordering can suppress phase
transitions by element substitution, as evidenced via Monte
Carlo simulations at the Density Functional Theory level.19 Our
study veries this calculation and provides a detailed scheme of
how Li/vacancy orderings are disturbed. Note that defects of Ni
in Li layers can also inuence the Li/vacancy orderings, but this
issue does not inuence the comparison between LNO and
LNCMA, owing to their similar values of Ni in Li layers. The
thermal stability of charged electrodes is investigated by
Synchrotron-based in situ heating XRD (Fig. S11†). Similar
thermal behaviors are observed, indicating that a small number
of dopants could not induce a comparatively profound effect on
the thermal stability as their effect on the phase transition
behavior.

Conclusions

In conclusion, the Li/vacancy structures including dopant
occupation at highly charged states were described for Co,
Mg, and Al co-doped cathodes. Based on those structures, the
predicted chemical shis are in line with the experimental ones,
verifying the accuracy of the dopants' location. In the lattice,
some Li atoms are anchored by the neighboring dopants, which
disrupts the original Li/vacancy orderings. Such ndings
provide direct experimental support to previous assumptions
for the rst time and pave the way for further research.
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