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Cobalt is used in Li-ion batteries, but it is expensive and could be replaced by Nickel to deliver
better performance at a lower cost. With this motivation, we discuss how the character of
redox orbitals of LiNiO; can be ascertained through x-ray Compton scattering mea-
surements combined with parallel first-principles simulations. Our analysis reveals the
nature of hole states in Li-doped NiO resulting from the hybridization of O-2p and
Ni-3d orbitals. Our study also gives insight into the ferromagnetic ground state and
provides a pathway toward rational design of next-generation battery materials.

I. INTRODUCTION

Compton scattering with hard x-rays has proven to
be an effective probe of redox processes in battery ma-
terials [1, 2]. This bulk-sensitive spectroscopy is
less sensitive to defects and surfaces compared
to the related positron annihilation technique [3].
Both methods, however, provide unique windows
into the nature of the redox orbitals and how
their subtle characteristics, such as their localiza-
tion/delocalization properties, evolve during the
lithiation and delithiation processes.

The first Compton scattering study in cathode materi-
als by Suzuki et al. [4] examined the Li;MnyO4 (LMO)
cathode and showed that the change in the shape of the
Compton profile with increasing Li concentration is con-
sistent with the appearance of states of mainly O 2p char-
acter. These authors also noted a negative excursion in
the so-called “difference Compton profile” (i.e., the dif-
ference between the Compton profile of the cathode with
higher Li concentration and the cathode with lower Li
concentration) as a basis for adducing the presence of
signatures of Mn 3d electrons becoming more itinerant
(less localized) with increasing Li content. The mecha-
nism is that when electrons enter O 2p states, they hy-
bridize with the transition metal (TM) 3d states and in-
duce delocalization of the Mn 3d states. A similar study
in Li;CoO2 (LCO) [5] identified the aforementioned neg-
ative excursion as a descriptor for improved electrochem-
ical operation in cationic redox reactions. In fact, this
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descriptor, called the delocalization profile, was shown to
correctly point to the Li concentration range that ex-
hibits improved cathode operation in both LMO and
LCO cathodes. In high-capacity Li-excess systems [6],
such as Li,Tip4Mng 402 (LTMO) cationic redox reac-
tions are complemented by anionic ones [1]. The anionic
redox reaction in LTMO produces a positive tail in the
difference Compton profile spectrum at higher momen-
tum, called the Coulomb profile, as opposed to the de-
localization profile. This behavior implies that electrons
introduced into O 2p states repel other electrons in the
Mn 3d states resulting in the localization of both O 2p
and Mn 3d electrons.

Interestingly, a recent study by Menon et al.
[7] utilized high-resolution oxygen K-edge reso-
nant inelastic X-ray spectroscopy (RIXS) to in-
vestigate LiNip9sWg0202. This study provided
insight into the crucial role of oxygen ions and
presented evidence of anionic redox in this non-
Li-excess system. This finding is in contrast to
a previous x-ray Compton scattering study by
Chabaud et al. [8] in LiNiO; (LNO) that sug-
gested cationic redox. These contrasting results
have left the question of the nature of hole states
in Li-doped NiO controversial.

Here we address the oxygen character of the
redox orbital in LNO and the issues raised by
RIXS experiments [9]. In this connection, utiliz-
ing high-quality LNO samples [10, 11], we per-
formed x-ray Compton scattering measurements
along with parallel first principles modeling of
the associated electronic and magnetic structures.
Our analysis reveals the coexistence of orbital de-
localization produced by Ni-O hybridization and



the presence of a dominant O 2p character in the
redox orbital. Our study suggests that the elec-
tronic redistribution in LNO is favorable for Li-
ion battery applications and the development of
Ni-rich cathode materials for next-generation Li-
ion batteries [12].

II. METHODS
A. Samples

Spherical Ni(OH)s precursors were synthesized using
alkali metal hydroxide (NaOH) coprecipitation in an inert
gas (nitrogen) atmosphere, see Vilikangas et al. [10, 11]
and Zhou et al. [13] for details. Inert gas was used to
prevent the oxidation of Ni(OH)y precursor. Precipita-
tion was conducted in a stirred-tank reactor (CSTR) with
a reactor volume of 3 L at temperatures of 50°C under
vigorous agitation. Aqueous solutions of metal sulfate
NiSO4-6H>0O, NaOH, and concentrated ammonia were
fed into the reactor using peristaltic pumps. The am-
monia concentration in the solution was adjusted based
on the target ammonia concentration during the exper-
iment. Particle size growth during Ni(OH)y coprecipi-
tation was followed by determining the particle size dis-
tribution of the slurry sampled from the reactor’s over-
flow tubing. The solution was heated to a precipitation
temperature, and the pH was adjusted to a desired level
with NaOH solution. The feeding rates of nickel sulfate,
NaOH, and ammonia solutions were adjusted to main-
tain the desired residence time. After coprecipitation, the
precursor slurry was filtered in a vacuum, and the pre-
cipitate was carefully washed with an adequate amount
of deionized water. The synthesized Ni(OH)z2 precursors
were dried overnight at 60°C in a vacuum oven. The
material was milled and sieved 40 pym in dry room condi-
tions. Ni(OH)s precursors were mixed with LiOH. Non-
stoichiometric Li:Ni mole ratios from zero to one were
used. Correspondingly, samples denoted LNO,, were ob-
tained for x =0, z = 0.25, x = 0.5, x = 0.75, and = = 1.
The mixtures were calcined with a 2.5°C/min heating
ramp and 5h holding time at a temperature of 670°C
under an Os atmosphere. The sample with a lithium
concentration of x can be written as Li,Niy_,0O; as
confirmed by the comprehensive sample charac-
terization process discussed in the Supplementary
Information (SI). In particular, the measured x-
ray diffraction patterns are in excellent agreement
with theoretical predictions by Choi et al. [14].
Notably, Vilikangas et al. (2022) have demon-
strated that our fully lithiated samples exhibit
high capacity and excellent capacity retention.
Also, since we did not cycle the cathode mate-
rials in the current Compton study, there is no
Li/Ni disordering.

B. Compton profiles

The Compton profile, J(p,), can be calculated within
the impulse approximation [15, 16] using the formula:

1) = [[ oto)

where p = (pz, Dy, P2) is the electron momentum, and
p(p) is the electron momentum density that can be ex-

pressed as:
=Sl [ ot

The electron momentum density can be cast in terms
of natural orbitals ¥;(r), which are the eigenstates of the
one-particle density matrix of the many-electron system,
and their occupation numbers, n; [17]. Here, we con-
sider the independent particle model, where n; = 1 if the
state is occupied and n; = 0 otherwise. The magnetic
Compton profile Jp,q4(p;) is given by

mag pz // pT

where pt(p) and py(p) are the momentum densities
of the majority and minority spins, respectively. The
spin magnetic moment fipi, is obtained by integrating
Jmag(pz). We then calculate the spherical average
of the Compton profile using Monte Carlo sam-
pling coupled with linear interpolation.
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Theoretical Compton profiles were computed using
DFT and the tabulated values for the deep core con-
tributions [18]. In DFT, the electron momentum den-
sity p(p) was obtained from the Kohn-Sham orbitals fol-
lowing Makkonen et al. [19] using the Vienna Ab initio
Simulation Package (VASP) [20, 21] and the Projector-
Augmented-Wave (PAW) method [22]. The general-
ized gradient approximation (GGA) exchange-correlation
functional parameterized by Perdew, Burke, and Ernzer-
hof (PBE) was used [23] with a kinetic energy cutoff
of 520 eV for the plane-wave basis set. To account for
electron correlation effects, a Hubbard parameter U = 4
eV was applied to Ni 3d electrons following earlier stud-
ies [24-26]. The Brillouin zone of the supercell was sam-
pled using a uniform I'-centered 4 x 8 x 4 k-point grid.

Compton and magnetic Compton profiles were mea-
sured at high-energy inelastic scattering beamline 08W
at the Japanese synchrotron facility SPring-8 [27, 28].
Circularly polarized x-rays of 182.6keV emitted from an
elliptical multipole wiggler were irradiated to the sample.
The size of the incident x-ray beam at the sample posi-
tion is a 1 mm square. Compton scattered x-rays were
measured using a pure Ge solid-state detector. The scat-
tering angle was fixed at 178 degrees, and Compton pro-
files were measured at room temperature. For magnetic
Compton profiles, a magnetic field of £2.5T was applied
to the sample that was kept at 7K to obtain Compton
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FIG. 1. Experimental and theoretical total Compton profiles
(spherical averaged) for various z values. Theoretical profiles
are convoluted with a Gaussian of 0.5 a.u. full-width-at-half-
maximum. All profiles are normalized to the electrons per
nickel atom (i.e., Liy/(2—)NiO2/(2—3))-

scattered x-ray intensities, I, and I_, by flipping the
magnetic field every 60 seconds.

IIT. RESULTS AND DISCUSSION

We begin by examining the Compton profiles
of Li-doped NiO (FIG. 1). Theoretical profiles
for both LNO and NiO agree well with the cor-
responding experimental results, indicating that
the Kohn-Sham orbitals employed in our DFT
calculations accurately capture the electron mo-
mentum distribution in Li-doped Ni oxide.

We isolate the signature of the redox orbital
by subtracting the NiO> contribution from the
valence Compton profile of LiNiOs. The result is
given by

AJ(p) = JLNO (p) — JNO (p) (4)

where JLNViO2(p) is the spherical average valence
Compton profile for LNO while JNO2(p) is the
spherical average valence Compton profile for
NiOs. Since the experimental Compton profile
of NiO; is not available; this analysis only in-
volves our first-principles results (FIG. 2). As
discussed previously [1, 5] the difference profile
can be rationalized using a model with Slater or-
bitals, which involves two main contributions: the
atomic O-2p Compton profile and the so-called
delocalization profile. To model these contribu-
tions, we utilize the radial wave functions given
by Slater orbitals, characterized by effective ex-
ponents Z ¢ that are fitted to the DFT profile see
SI for details. Importance of the O 2p character
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FIG. 2. Theoretical difference valence Compton profiles

(spherical averaged) of LNO and NiO2, along with the corre-
sponding curve-fitting results (solid lines). Contributions of
O 2p and Ni 3d electrons are included. Inset gives delocaliza-
tion profiles of 3d Ni for two different values of Z.ss. The area
under the negative excursion of the profiles gives the number
of electrons delocalizing in the lithiation process.

has been previously observed in connection with
XAS experiments [29], while the existence of the
delocalization profile D(p) is necessary to explain
the negative excursion in the difference Compton
profile. The delocalization profile also allows us
to quantify the number of electrons delocalizing
in the lithiation process in terms of the integral
[ dp|D(p)|. We estimate this number to be 0.089
electrons per Li atom.

With the preceding results in mind, we are in
a position to provide a clearer explanation of the
significant new physics revealed by our study re-
garding LNO. Our VASP first-principles calcula-
tions clearly show that the number of electrons
in the interstitial region increases with increas-
ing lithium concentration while the number of
electrons on the nickel sites remains constant as
also shown by Genreith-Schriever and collabora-
tors [30]. A similar behavior was observed by
Suzuki et al. [4] in LMO. The number of electrons
within the oxygen muffin-tin spheres also remains
constant, although some of the additional charge
in the interstitial region belongs to the oxygen
atoms. These results strongly suggest a signifi-
cant delocalization of oxygen 2p character and a
dominant involvement of oxygen in the redox pro-
cess. This process also leads to redistribution of
Ni 3d electrons and results in a favorable orbital
delocalization that supports battery operation.

Goodenough and colleagues first observed the
ferromagnetic nature of LNO in 1958 [31]. This
intriguing ferromagnetic phase has since been
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FIG. 4. Magnetic Compton profiles (spherical averaged) for
z =1, and x = 0.5. The DFT calculation is for z = 1.

FIG. 5. Spin density in LNO using an isosurface value of 0.01
a.u. on Li(green), Ni(gray), and O(red).

confirmed by accurate Diffusion Quantum Monte
Carlo (DQMC) calculations [32] and further dis-
cussed in a recent review by Tranquada [33].
Leveraging ferromagnetism, we conducted mag-
netic Compton scattering experiments on LNO
samples with varying Li concentrations (z).
FIG. 3 shows magnetic moments as a function of z
so obtained along with the values we obtained us-
ing SQUID measurements. Although the SQUID
values exceed the values obtained via magnetic
Compton scattering, both sets consistently yield
an increasing magnetic moment with x. The dis-
crepancy between the two measurements arises
from the fact that SQUID measures the total mo-
ment (i.e., orbital and spin moment), while mag-
netic Compton scattering only provides the spin
moment.

Notably, the magnetic moment in our case did
not reach saturation under the field of 2.5 T,
which was used in both the magnetic Compton
scattering and SQUID experiments. This lack of
saturation is a significant factor contributing to
the discrepancy between our measurement and
our theoretical predictions, which give a magnetic
moment of 1 up for x = 1.

Magnetic Compton profiles for t =1 and x = 0.5
exhibit a remarkable similarity in that the two
profiles can be collapsed onto a single curve when
normalized to the same scale (FIG 4). It is impor-
tant to distinguish between the difference Comp-
ton profile and the magnetic Compton profiles,
as they offer complementary insights into the re-
dox and magnetic orbitals, respectively [34]. To
capture the shape of the magnetic Compton pro-
file, we employed a fitted model using a Ni 3d
Slater orbital with Z.;; = 3.8. Additionally, we
included a small magnetic contribution from O
2p orbitals with Z.;; = 1.1, reflecting the mixing
of a few percent due to the presence of a small
local magnetic moment on the oxygen site. This
fitted model is consistent with the LNO spin den-
sity calculated within the DFT, as shown in FIG
5. Interestingly, our findings indicate a positive
magnetization on the O atom, while the DQMC
[32] predicts a negative contribution because of
the approximate R3m crystal symmetry used in
the DQMC calculation.

IV. CONCLUSION

We utilize x-ray Compton scattering along with
parallel first-principles modeling to investigate
the electronic structure of LNO cathode mate-
rials to gain insight into the delithiation process
of going from LiNiO; to NiO,. By directly mea-
suring the electron density distribution (spheri-
cally averaged) of individual orbitals in momen-



tum space, we showcase the unique ability of the
Compton scattering technique to extract redox
and magnetic orbitals realistically. Our anal-
ysis reveals that the Ni charge in NiO, NiO,,
and LiNiO; is the same, while the occupation
of oxygen orbitals changes with lithiation, indi-
cating that O dominates the underlying charge-
transfer mechanism. These results help explain
oxygen loss in Ni-rich layered cathode materials,
reported in recent RIXS experiments [7]. Our
study also sheds light on the role of 3d electron de-
localization in the layered LNO chemistry, high-
lighting its importance in the redox processes.
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