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Abstract: We discuss optical properties of layered Lithium Nickel oxide (LiNiO2), which is an
attractive cathode material for realizing cobalt-free lithium-ion batteries, within the first-principles
density functional theory (DFT) framework. Exchange correlation effects are treated using the
generalized gradient approximation (GGA) and the strongly-constrained-and-appropriately-normed
(SCAN) meta-GGA schemes. A Hubbard parameter (U) is used to model Coulomb correlation effects
on Ni 3d electrons. The GGA+U is shown to correctly predict an indirect (system wide) band gap of
0.46 eV in LiNiO2, while the GGA yields a bandgap of only 0.08 eV. The calculated refractive index
and its energy dependence is found to be in good agreement with the corresponding experimental
results. Finally, our computed optical energy loss function yields insight into the results of recent
RIXS experiments on LiNiO2.

Keywords: LiNiO2; cathode materials; DFT; optical properties; RIXS

1. Introduction

With the current focus on clean energy, demand for more efficient batteries with greater
capacity and lighter weight is increasing rapidly. In this connection, lithium-ion batteries
(LIBs) are promising due to their higher power and energy densities, even though the
LIBs are less cost-effective than the conventional Pb-based batteries [1]. In fact, the LIBs
have been the key players for several decades for powering portable electronics and the
transportation sector [2,3].

The positive electrodes in LIBs often consist of layered transition-metal (TM) oxides
such as LiCoO2 (LCO), LiNiO2 (LNO) and LiMnO2 (LMO) [4]. Compared to other cathode
materials, LCO is attractive due to its high energy density and specific capacity [5], and it is
still the material of choice for commercial applications. These advantages of LCO, how-
ever, come with relatively high manufacturing cost, low thermal stability, and the limited
supply of the material. Therefore, interest has been growing in LNO as environmentally
more friendly cathode material, which offers higher discharge capacity and lower cost
compared to LCO [6]. Ni-rich cathode materials have been shown specific capacity close to
300 mAh/g [7], although LNO suffers stability problems at high potential [8].

In view of its stability concerns, it is important to understand the interplay between
the structural, electronic, and optical properties of LNO. For example, LNO in its ground
state is a small band gap insulator, whose band gap is driven by the presence of Jahn Teller
distortions [9]. Here, we examine the LNO ground state in-depth by using density func-
tional theory (DFT) based first-principles simulations. We compare results obtained with the
generalized gradient approximation (GGA) and strongly-constrained-and-appropriately-
normed (SCAN) exchange-correlation functionals, along with computations using the
DFT+U scheme [9,10], in order to gain a handle on the importance of correlation effects in
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LNO. Optical properties of LNO are computed, including the dielectric function, refrac-
tive index, and the absorption coefficient. Our theoretical predictions are compared with
the corresponding experimental results [11]. We also compute the energy loss function,
which is related to the resonant inelastic X-ray scattering (RIXS) cross Section [12,13]. RIXS
can provide a useful window on redox reactions in LNO cathodes as recently shown by
Li et al. [14].

2. Computational Methods

Calculations were performed using the Vienna Ab initio Simulation Package (VASP) [15,16]
and the Projector-Augmented-Wave (PAW) method [17]. The GGA computations employed
the Perdew, Burke, and Ernzerhof (PBE) scheme [18]. To account for effects of d electron
localization on the Ni atoms, GGA+U calculations with U = 4 eV [19–21] were also carried
out. Some calculations were repeated with the SCAN functional [22] using a reduced
value of U = 2 eV. Note that SCAN is generally expected to be more accurate for handling
correlation effects than the GGA [23]. To sample the Brillouin zone of the primitive unit cell,
a 4 × 10 × 4 Monkhorst-Pack [24] k-point grid was employed. For geometry optimizations,
total energies were converged within a tolerance of 1 × 10−6 eV. Gaussian smearing width
was set at 0.05 eV in density of states computations.

The dielectric function was computed by using the method by Gajdoš et al. [25] which
is based on the random phase approximation (RPA) without local fields. Dielectric function
calculations employed the “LOPTICS =.True” input tag, which mandates a reasonable
number of empty conduction band states: to fulfill this requirement, NBANDS was taken
to be 150. The PAW pseudopotentials were generated with the following atomic config-
urations: Li(1s22s1), Ni(3p63d94s1), and O(2s22p4). The plane-wave basis set used in the
calculations was determined by 520 eV kinetic energy cuttoff. Various optical properties can
be derived from real (ε1) and imaginary (ε2) parts of the dielectric function. In particular,
the refractive index n(ω), the absorption coefficient α(ω) and the loss function L(ω) of
LNO were calculated using the formulae [26]:

n(ω) =


√

ε2
1(ω) + ε2

2(ω) + ε1(ω)

2

1/2

(1)

α(ω) =
√

2
(√

ε2
1(ω) + ε2

2(ω)− ε1(ω)

)1/2
(2)

L(ω) =
ε2(ω)√

ε2
1(ω) + ε2

2(ω)
(3)

We will see below that the GGA+U scheme yields optical results in good agreement
with the corresponding experimental findings [11]. It also respects the F-sum rule [27].

3. Results and Discussions

We now discuss the equilibrium atomic positions, electronic structure, and optical
properties of LNO. SCAN-based results are also considered because SCAN is known to
yield an improved description of materials. Therefore, it is of interest to understand the
extent to which SCAN reduces the need for including a Hubbard correction given by
U. Devi et al. [10] have recently reported an analysis of Fe16N2 along similar lines.

3.1. Structural Properties

LNO assumes a variety of crystalline structures, including the rhombohedral (R3m),
orthorhombic (oP8) and monoclinic (mC8 and P21/c) structures at low temperatures [19].
Previous studies have mostly focused on the rhombohedral (R3m) phase where both
GGA+U and SCAN give reasonable results [28–31]. Our focus, however, is on the mono-
clinic mC8 structure of LiNiO2 because it is energetically the most stable phase according to
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GGA+U calculations [19]. The mC8 crystal structure, which is a distortion of the hexagonal
cell, is illustrated in Figure 1. In the interest of brevity, we refer the reader to Figure 7 in the
review of Bianchini et al. [8], which gives further details of the monoclinic unit cell. The
atomic coordinates are obtained from the Materials Project database [32]. Our equilibrium
lattice parameters after full relaxation and the volume per atom are given in Table 1. The
X-ray diffraction (XRD) pattern of the mC8 phase is presented in Figure 2. Here, two
XRD peaks with the highest spectral intensity have Miller indices of (003) and (104). Their
intensity ratio can be used to characterize the electroactivity of the samples investigated. In
particular, the samples with the highest integrated intensity ratios of I(003)/I(104) show the
highest discharge capacity as shown by Valikangas et al. [33].

It should be noted that some discrepancies between the theoretical and experimental
lattice parameters as well as the angle β can be seen in Table 1. However, geometry
optimization in LNO remains a challenging task due to the presence of dynamical Jahn-
Teller distortions in the system [34]. Among the various approximations considered, the
GGA gives the best agreement with the experimental volume per atom.

Figure 1. Crystallographic monoclinic (mC8) structure of LiNiO2 [ Li (green), Ni (blue), and Oxygen
(red)]. The image was obtained from DFT structure relaxation.
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Figure 2. X-ray diffraction pattern (Cu-Kα radiation) of the monoclinic (mC8) structure of LiNiO2

using the VESTA software.
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Table 1. Lattice parameters and the volume per atom after full relaxation with GGA, GGA+U with
U = 4 eV, SCAN, and SCAN+U with U = 2 eV. Experimental values are given [8].

Lattice
Parameters GGA GGA+U SCAN SCAN+U Exp.

a (Å) 4.839 4.799 4.779 4.749 4.99
b (Å) 2.799 2.789 2.778 2.765 2.83
c (Å) 5.109 5.129 5.093 5.054 5.07
β (o) 112.701 112.429 112.064 112.195 109.7

V (Å3/atom) 7.980 7.932 7.833 7.681 8.426

3.2. Electronic Structures

Figure 3 presents the partial density of states (pDOSs) associated with the Li-s, Ni-d,
and O-p states based on GGA (left column) and GGA+U (right column). 2p-O and 3d-Ni
states show strong hybridization in all cases in Figure 3. Results for the mC8, op8 and
P21/C crystal structures are compared in Figure 3. We focus on the results for the mC8
since this is the lowest energy structure of the LNO. The GGA here predicts too small a
bandgap. GGA+U with U of 4 eV, however, cures this problem and yields a (system wide)
bandgap of 0.46 eV for the mC8 structure, which is in agreement with the corresponding
experimental value of about 0.4 eV [9]. Interestingly, the SCAN+U functional also opens a
similar gap, but with a reduced Hubbard U parameter of 2 eV. Since the two approaches
give similar results, we will focus on GGA+U which is computationally less demanding
than SCAN+U.
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Figure 3. Partial densities of states (PDOSs) associated with the Li-s, Ni-d, and O-p states in various
LNO crystal structures based on GGA (left column) and GGA+U (right column). GGA based results:
(a) mC8, (c) op8, and (e) P21/C. GGA+U based results: (b) mC8, (d) op8, and (f) P21/C. The dashed
vertical line marks the Fermi level.

We find that the LNO mC8 phase becomes ferromagnetic [8] with a total magnetic
moment of 1.00 µB per Ni atom. Since we have neglected spin–orbit coupling effects, the
integer value of the magnetic moment is a direct consequence of the opening of the energy
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gap in the band structure of LNO. Note that opening of a band gap throughout the BZ at
the Fermi level will yield integral numbers of majority and minority spin electrons, and
hence an integral net magnetic moment.

The GGA+U based band structure along the high-symmetry directions of the BZ is
shown in Figure 4. For details of the BZ and the related symmetry points of the monoclinic
structure, we refer the reader to Ref. [35] in the interest of brevity. The energy difference
between the valence band maximum and the conduction band minimum, which lie between
the Y2 and Γ symmetry points, is 0.62 eV. However, if one considers all the k-points in
the BZ, the indirect (system wide) gap value is 0.46 eV as seen in the DOS: this value is
consistent with experimental results [9]. Notably, the smallest direct bandgap in Figure 4 is
seen to be located around the middle of the line joining Γ and M2 points.

Γ C ∣C2 Y2 Γ M2 D ∣D2 A Γ
Wave Vector

∣3

∣2

∣1

0

1

2

3

E
∣

E f
(e
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Figure 4. Band structure of LiNiO2. Solid and dashed lines denote the spin-up and spin-down band
structure, respectively.

3.3. Optical Properties

Optical spectroscopies [36] can probe particle-hole excitations that are involved in
battery charging and discharging processes [37]. To understand how the dielectric function
is connected with the potential-capacity characteristics of batteries, we consider a number
of representative plots to visualize the optical response.

Figure 5 illustrates the real (ε1) and imaginary (ε2) parts of the dielectric function,
which are connected by the dispersion relations [25]. These functions are given in units of
the dielectric constant in vacuum (ε0). The photon energy range is limited to 0–7 eV. The
static value of ε1(0) is 8.43, and it reaches a maximum value of 12.15 at 2.27 eV. With increas-
ing photon energy, it drastically decreases to a minimum negative value of −0.70 around
4.0 eV, although at higher photon energies it again starts to go above zero. Our analysis
indicates that the distinctive features (peaks) of ε2 are due to optical transitions involving
hybrid O-2p and transition-metal 3d orbital as is the case in LiCoO2 [38]. Interestingly in
LNO, the band transitions are observed without excitonic effects.

Many other optical properties can be obtained from ε1 and ε2. The refractive index
computed using Equation (1) is shown in Figure 6. The maximum refractive index value
of 3.56 occurs at 2.28 eV, and as expected, n(ω) decreases gradually beyond the optical
energies. We also consider the refractive index as a function of the wavelength to allow
for more direct comparison- with the experimental results. Interestingly, our calculations
reproduce the dispersion of the refractive index between the visible and infrared range
observed by El-Bana et al. [11]. Using the absorption coefficient α(ω), one can characterize
the optical bandgap [11]. Figure 7 shows the quantity αhν = A(hν− Eg)2 plotted against
photon energy, where A is a constant. The extrapolation given by these so-called Tauc plot
provides an estimated value of the optical bandgap of 1.69 eV. The energy loss function
shown in Figure 7 gives the energy loss resulting from dispersion or scattering [39,40].
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Figure 5. (a) The computed real part, ε1(ω), and (b) the imaginary part, ε2(ω), of the dielectric
function as a function of energy in LNO.
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Figure 6. The computed refractive index of LNO as a function of (a) energy and (b) wavelength.

The loss function L(ω) (Figure 7b) displays peaks at different energies. The first peak
corresponds to the bandgap. The plateau around 4 eV, can explain the redox potential
of LNO–it is consistent with RIXS experiment [14]. Craco and Leoni [37] have predicted
dramatic changes in the optical response when the LiFePO4 cathode is charged by re-
moving lithium. In particular, they observed that the peak corresponding to the redox
potential shifts to higher energies when the battery is charged. We expect a similar effect
here. These results indicate that optical and RIXS experiments can provide a window on
lithiation/delithiation processes [41]. The redox orbitals associated with the redox potential
could be extracted by considering the electromagnetic response ε(ω, q) beyond the optical
limit at zero momentum transfer (q = 0) [12,42]. In fact, one can obtain the momentum
dependent spectral function of a redox orbital in terms of the difference between two
X-ray Compton profiles measured for two lithium concentrations via tomographic tech-
niques [43]. In this connection, we are investigating nonstoichiometric LixNiO2 samples
that we have obtained by co-precipitation [33] for Compton scattering experiments at
the SPring-8 synchrotron facility in Japan. Some preliminary Compton scattering results
from LNO have been obtained by Chabaud et al. [44] at the ESRF synchrotron facility
in France.
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Figure 7. (a) The computed Tauc plot of (αhν)0.5 in units of (eVcm−1)0.5 and (b) the energy-loss
spectrum of LNO.

4. Conclusions

We discuss the structural, electronic, and optical properties (complex dielectric func-
tion ε(ω), absorption coefficient α(ω), and the energy loss spectrum L(ω) of LNO cathode
material using first-principles calculations. The theoretical energy bandgap results are com-
pared with the available experimental data, and the GGA+U functional is shown to yield
excellent agreement with experiment. The bandgap is found to be indirect with a GGA+U
based (system wide) value of 0.46 eV. The computed refractive index is 3.56. The com-
puted energy loss function is consistent with RIXS experiments and displays a maximum
related to the electronic states responsible for the redox potential of the LiNiO2 cathode.
Compton [43] and magnetic Compton [45] X-ray scattering studies will be valuable in
providing an atomic level reconstruction of the redox orbitals of LNO.
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Abbreviations
The following abbreviations are used in this manuscript:

BZ Brillouin Zone
DFT Density Functional Theory
DOS Density of states
GGA Generalized Gradient approximation
LIB Lithium-Ion Battery
LNO Lithium Nickel Oxide
PAW Projector-Augmented-Wave
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PBE Perdew–Burke–Ernzerhof
PDOS Partial density of states
RIXS Resonant Inelastic X-ray Scattering (RIXS)
SCAN Strongly constrained and appropriately normed
XRD X-ray diffraction
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