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Ni-rich layered lithium transition metal oxide materials, such as
LiNi;_x,Mn,Co,0, (NMC) and LiNi,_,_,Co,ALO, (NCA), are
used as cathode materials in lithium-ion Dbatteries [1-4].
Improvements in the energy density and reductions in Co cost
can be achieved by increasing the Ni content so that the com-
positions of these two materials invariably converge toward
LiNiO, (LNO). Recently, LNO has attracted increased attention
for compositional designs of next-generation low-/zero-Co,
ultrahigh-Ni layered oxides as alternatives to NMC/NCA.
However, the crystallographic and electronic structures of LNO
remain subjects of considerable controversy. LNO has been
experimentally reported to exist in the R3m phase [5-9] and
exhibit semiconductor behavior with a small band gap [10-15],
while theoretical studies have reported that stoichiometric R3m
LNO is a conductor and unstable [16-22]. Moreover, the Ni ions
in LNO are considered as Jahn-Teller (JT)-active Ni** with the
electronic configuration of ty’e,' [8,10,12,23]. Nevertheless,
extended X-ray absorption fine structure and neutron diffrac-
tion data have indicated that only local Jahn-Teller distortion
(LJTD) exist [8,24-26], implying the absence of long-range
collective Jahn-Teller distortion (CJTD), which is the ground
state of NaNiO, (NNO), a topologically equivalent compound of
LNO [23,27,28].

The discrepancy between the experimental and theoretical
studies has been explained based on phases other than R3m
[22,29-31], building possible orbital ordering patterns
[8,21,30,32], defective structures [33-35], time and ordering
averages of dynamic stabilization [29,36], and combining theo-
retical methods [16-20,22,37]; however, few such studies have
provided sufficient explanations. The most plausible explanation
for this discrepancy was provided by Petit et al [33]. They
established an extra-Ni-based model with a ~1 eV band gap by
substituting 25% of Li* with Ni** using the self-interaction-
corrected local-spin-density method [33]. However, this band
gap is extremely large compared with the experimental data of
~0.5¢eV, and no LJTD has been reported [11-14]. Moreover,
25% of the Li sites occupied by Ni** appears far-fetched, as
(Li;-xNiy)NiO, has been reported with an x of up to 0.14
[5,13,26,38-40].

In this study, we observed that when Ni/Li antisites are con-
sidered, the discrepancy between the experimental and theore-
tical results of R3m LNO can be solved. Some theoretical and
experimental studies have confirmed the existence of Ni/Li
antisites in NMC [41-44] and LNO [7,34], but the focus of these

studies was on the removal of Ni/Li antisites and not on the JT
effect [45,46]. The defect concentration of (Li;_,Ni,)(Ni,_,Li,)O,
was determined as ~3% by Kanno et al. [13]. Based on hybrid
density functionals of Heyd-Scuseria-Ernzerhof (HSE06) calcu-
lations, LNO with Ni/Li exhibited a band gap of 0.40 eV with
LJTD, which agreed with the experimental results. Further dis-
cussion on the Kanno’s model and our computational details
can be found in the Supplementary information (SI) Sect. A
(Fig. S1) and B.

We considered a trigonal structure (R3m) comprising layers of
NiO; slabs, with edge-sharing octahedra, separated by a lithium
layer (Fig. 1a). In the ideal structure, Ni ions occupy 3a sites and
Li ions occupy 3b sites. Two possible defective LNO types were
considered (Fig. 1a): a model with extra Ni (the previous model,
(Li26N1)3b(Niz7)3aO54 [5,7,39,40]) and a model with Ni/Li (the
model proposed herein, (LizsNi)sp(Nizeli)3,Os4). Some theore-
tical studies have focused on the P2,/c phase as it exhibits the
lowest energy of LNO among various phases [22,29-31]. How-
ever, it should be excluded owing to its inconsistency with
experiments. P2;/c is significantly different with R3m, as
reported by prior experiments [5-9]. Besides, defects were not
considered in these studies, which conflicted with the fact that
ideal LNO has not yet been synthesized [5,10,13,26,47,48]. The
calculated parameters of R3m LNO (a = b = 2896 A, ¢
=14.397 A) are closer to the experimental data (a = b = 2.883 A,
c=14.215 A) [7,49]. Although the magnetism of LNO is affected
by many factors, ferromagnetic (FM) is a common approxima-
tion [9]. Therefore, we considered LNO as FM for all calcula-
tions. Its lattice parameters match with the experimental data,
but NiOs octahedra in R3m LNO have identical Ni-O bond
lengths, contradictory to the varying Ni-O bond lengths
reported via experiments [8,24,26]. This discrepancy would be
explained based on defective models.

The density of states (DOS) of the ideal R3m LNO indicates
that the empty spin-down e, band and half occupied spin-up e,
band ensure the electronic configuration of t,,%,', correspond-
ing to Ni** (Fig. 1b). The spin-up e, band lies on the Fermi level
and exhibits a conducting behavior, which is consistent with the
previous theoretical studies and contrary to the experimental
semiconductor behavior [11-14,16-20]. The extra-Ni model
(LiNi)Niy;Os4 also exhibits a conducting behavior. In the
antisite model (LiyNi)(NizLi)Oss, the band gap of 0.40 eV is
consistent with the experimental data (0.2 eV [13] and 0.5eV
[14]). Models with different Ni/Li concentrations also exhibited
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Figure 1 (a) [lustration of defects in R3;, LNO. (b) DOS of various LNO.

band gaps of ~0.5eV (Table S1) instead of conducting beha-
viors. Since the defect concentration was experimentally repor-
ted as ~3% [13], we focused on (LiyNi)(NiyLi)Oss, whose
concentration was 3.7%. The antisite LNO (—333.09 meV f.u.™!
relative to R3m) is a thermodynamically stable structure since its
energy is lower than that of R3, LNO and close to that of C2/m
LNO (—419.38 meV f.u.™! relative to R3m), which is another
disputed possibility but exhibits CJTD [22].

Ni** bears the ty’e,' electronic configuration, which is JT
active. Fig. 2 profiles the Jahn-Teller distortion (JTD) of R3m
LNO without or with Ni/Li. The ideal LNO shows neither a
CJTD nor an LJTD. Chung et al. [8] suggested that LNO is in a
trimer ordering with three equivalent JTD directions, by neutron
diffraction. However, some theoretical and experimental studies
suggested that a local or mesoscale trimer structure may exist
but the possibility of a long-range trimer ordering should be
excluded since it is unstable [22,30,32]. As far as we are aware,
although the specific form of distortion is still under debate, no
report has denied that JTD occurs locally with three kinds of
oriented JT orbitals in LNO. This has been exactly observed in

a R3m

®

b R3m with NiLi

our antisite LNO. Besides, this is another reason to exclude P2,/c
LNO, which bears a zigzag JTD [22,29-31]. Only partial NiOg
octahedra of the antisite LNO distort with three kinds of
oriented JT orbitals, and CJTD is absent (Fig. 2b). (LieNi)
(NiyLi)Os4 possesses Q, and Q; symmetrized octahedral modes
(Fig. 2¢) [50]. Different bond lengths are grouped as long
(~2.08 A) and short bonds (~1.95 A), which are in good agree-
ment with the LJTD data obtained by the neutron diffraction
(long bond lengths ~2.05 A, short ones ~1.95 A) [8].

It is necessary to determine the charge state of Ni ions since
only Ni** is JT-active. Magnetic moments of nickel ions in
(LizeNi)(Nip6Li)Os4 are divided into three groups (Fig. 3a), and
the projected density of states (PDOS) of Ni ions corresponding
to the magnetic moments are illustrated in Fig. 3b. Ni ions with
magnetic moments of ~1.63 pg (25.93%), ~0.85 g (55.56%), and
0.00 g (18.52%) favor electronic configurations of t,°e,” (Ni**),
tayleg' (Ni**), and ty,%e,’ (Ni**), respectively. Ni ions in various
charge states contributed to the total charge balance. We
observed that Ni** ions correspond to JT ions or orbital order-
ings, while Ni** and Ni** correspond to charge orderings
(Fig. 3a). The competition between orbital ordering and charge
ordering has also been demonstrated by Chen et al. [22]. Ni**
and Ni** are products of the sharp distortion. The intense
interactions between Ni-3d and O-2p orbitals are triggered,
resulting in the variation of all Ni-O bond lengths in a NiOs
octahedron. Distortions in the Q, and Qs modes result in the
splitting of e, bands [51]. Both t; and ez bands will split under a
JTD, but t, is fully filled and below the Fermi level; therefore, its
splitting will not be discussed herein. Every Ni with a 0.85 yg
magnetic moment, namely Ni**, exhibits a normal JTD. Though
LNO exhibits partial JTD, every NiOs octahedron undergoes a
distortion, and local orbital ordering is the embodiment of
distortions to various extents. Moreover, JTD is not only a
characteristic of crystal structures but also the origin of elec-
tronic structures, since it causes the splitting of bands and cre-
ates band gaps. Besides, such a metal-semiconductor transition
along with the orbital ordering in LNO may be related to the
spin-Peierls transition, as reported by Hase et al. [52] for
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Figure 2 3D spin electron density maps of Ni ions in LNO (a) without and (b) with Ni/Li, respectively. The isovalues for the isosurfaces of the spin densities
are 0.05 A=, Arrows in (b) imply lengthened Ni-O directions. (c) Q, and Q; modes of JTD.
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Figure 3 (a) Magnetic moments and (b) PDOS for Ni-d orbitals of cor-
responding Ni ions for various magnetic moments of LNO with Ni/Li.

CuGeO:s.

The Ni/Li antisites consist of Ni?* at 3b sites (Ni?*3,) and Li* at
3a sites (Li*s,) (Fig. 1a). We compared (LiysNi)(NiyLi)Oss (with
Ni/Li) with the other two models: (LixNi)Niy;;Oss (with only
Ni**3,) and Liy;y(NipLi)Oss (with only Li*;,) (Figs S2 and S3).
Ni**3, and Li*s, affect the NiO, slabs via the size effect and
Coulomb interactions. The disturbance from Ni**y, is weak.
Based on the Shannon ionic radius [53], Li*, Ni**, and Ni** bear
ionic radii of 0.76, 0.69, and 0.56 A, respectively, and since the
ionic radii of Li* and Ni?* are close, the size effect of Ni**y, is
faint. Moreover, though Ni**;, carries more charge than Li‘s,
the Coulomb interaction can hardly be considered, as inter-
planar (NiOg)s, and (NiOg)s, octahedra are corner-sharing
(Fig. S3c) and the Coulomb repulsion between Ni**'3, and Ni*'3,
is screened by the shared O ion. Thus, (LixNi)Ni»;Os,4 has the
smallest JTD index (definition in the SI Sect. C) of NiOg4 octa-
hedra and exhibits conducting behavior (Figs S2b and S3d).
Next, the effects of Li*s, in R3m LNO was further confirmed by a
pure Li-doping model, Liy;(NiyLi)Oss. Li*s, will drastically dis-
turb NiO, slabs via both O and Ni ions (Fig. 4). Since Li* is
larger than Ni**, Li*;, disturbs neighboring octahedra via the
connected O ions. Then, Ni**;, witnesses a decrease in the
Ni’*3,—O bond lengths and an increase in the O-Ni**3,—~O bond
angle, as the intraplanar NiOg and LiOg¢ octahedra are edge-
sharing. Moreover, since NiO, layers consist of edge-sharing
octahedra, there is considerable Coulomb repulsion between the
cations. Li* carries less charge than Ni** and the exclusion is
weaker; thus, Ni**3, ions around Li*s, deviate from their original
sites. Therefore, Liy7(NiyLi)Oss has the largest JTD index
(Fig. S3d) and band gap. Li*s;, substantially affects the deter-
mining factors of the JTD and band gap in R3m LNO.

On the other hand, Li*s;, is rigid and will obstruct the coop-
eration of JTD. In LNO, NiOg octahedra share edges, and thus,
they do not independently distort [54]. When Ni/Li are intro-
duced in the ideal C2/m LNO, the rigid Li*3,05 octahedra reduce
the crystal symmetry; therefore, the correlation of individual
active Ni** centers is disrupted, and the elongations of Ni**Os
octahedra do not occur in a uniform direction; rather, three
distorted orientations are observed (Figs 2 and 4). The JTD
index of NiOs octahedra, particularly near the Ni/Li, are also
reduced (Fig. S4). Thus, the Ni/Li can trigger the JTD in R3m
LNO on one hand, but hamper the further evolution into CJTD
(C2/m LNO) on the other hand, by breaking the long-range
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Figure 4 Schematic of the Lis, effects.

interaction similar to the interfacial effects in LiMnO, as
reported by Zhu et al. [55], ultimately resulting in LJTD with a
subtle balance between the charge ordering and orbital ordering.
By contrast, unlike Ni/Li antisites in LNO, Ni/Na antisites in
NNO are not feasible from the thermodynamic perspective, and
the long-range interaction remains, leading to CJTD and a stable
C2/m state for NNO (detailed discussions in the SI Sect. D).

To summarize, using hybrid density functional calculations,
we demonstrated that Ni/Li antisites are responsible for the local
orbital ordering of Ni** in layered LNO, which is in excellent
agreement with the experimental data with regards to the LJTD
and the small band gap of ~0.5 eV. This can be attributed to the
competition between the charge ordering and orbital ordering in
LNO, which attains a subtle balance after the Ni/Li antisites are
introduced. Therefore, based on the results of this study, we
propose that Ni/Li antisites, which have been neglected for a
long time in theoretical calculations, deserve more attention in
future studies related to the properties of LNO.
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JEARLINIO, H [ fft B I il Jahn-Teller3 3
HRHR R, SHAEA, RS, A, B RS T AR

H%E LiINIO, (LNO)FEZA i 25 1 B TS5 M I W LISk AR A 5 586
SIS EA S 4. S5 BRI LN O 23 [N R3m 2K &
I HA REHgJahn-Teller (JT)WAE, (HELSTTHIHFNERZL T
BANEEIF AT TR A, A SCE T 2800 % Bz R E i
HSE06, B B 75 506 S 3] ¥k 4 (~3%) NI/ Li 2 A BB AT LN O
M, & IELRERER A UM PELNOH TR, FELNOH 5] ANI/LijZ
PLERbE e, HEERAAE T BEINITHAE, J+ HHAFBREZ K05 eV, X
e A sk AR SCAG NG AR W) . Ni/Li s (3 bR 428 250 B R FEAE A
F, BEREVS £ TTWEAS, REPHASIEAS 2 6] 19 Hr e V6 L 3k S A AE 3 C2/m,
T H = AR SR R I T AE. A SCHEH T — Pl i SR SR iR LN O L 45 iy
PREGERITI L 25 A T LASR I 408, %o H 3 i 2o Rop R 35 T
HEAEZEE L.
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