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ABSTRACT

X-ray Compton scattering experiments along with parallel first-principles computations were carried out on LiNiO, to understand the effects
of W doping on this cathode material for Li-ion batteries. By employing high-energy x rays exceeding 100 keV, an insight is gained into the
fate of the W valence electrons, which are adduced to undergo transfer to empty O 2p energy bands within the active oxide matrix of the
cathode. The substitution of W for Ni is shown to increase the electronic conductivity and to enhance the total magnetization per Ni atom.
Our study demonstrates that an analysis of line shapes of Compton scattered x rays in combination with theoretical modeling can provide a
precise method for an atomic level understanding of the nature of the doping process.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0193527

I. INTRODUCTION at low cost.”” The physical and chemical properties of LiNiO,

(LNO) play a crucial role in driving the underlying redox reac-
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With a rich history spanning over a century, nickel (Ni)-based
cathodes have evolved from early alkaline rechargeable batteries
to the prominent Ni-rich variant in lithium-ion batteries (LIBs).!
Despite the initial dominance of LiCoO; in LIBs, Ni-based cath-
odes have come back in the mainstream battery industry due to their
unique ability to provide high energy density and storage capacity

tions responsible for the superior performance of LNO as a battery
material despite the challenges of structural and thermal stability.*
Improvements for large scale applications have been realized by
applying surface coating techniques and adjustments to the compo-
sition via atomic substitutions, which promise an enhanced battery
performance.’
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Recent investigations’ '~ have focused on the effects of tung-
sten (W) doping on nickel-rich lithium-ion battery cathodes in
LNO (WLNO) for improved energy density and overall battery per-
formance. W doping acts to stabilize the crystal structure of the
cathode, mitigate phase transitions, and improve longevity during
charge/discharge cycles. W also enhances the electronic conductiv-
ity and thus facilitates electron transport and actively participates in
oxygen redox reactions in nickel-rich cathodes to improve battery
safety and stability.

Here, we employ high-energy x-ray Compton scattering exper-
iments in combination with first-principles modeling to unravel
fundamental quantum mechanical aspects of W doping on LNO.
Through an analysis of the line shape of the Compton-scattered
x rays, we adduce an atomic level understanding of how W influ-
ences the electronic structure of the LNO cathode. Our study con-
tributes to the understanding of doping effects in LIBs for advancing
battery performance and efficiency.

Il. METHODS
A. Compton profiles

The Compton scattering profile is determined by the elec-
tron momentum density distribution, and within the impulse
approximation,'* it is given by the double differential cross section,

d*c

dQdE

F-J(pz), (1)

where an explicit form for F was obtained by Eisenberger and Platz-
man."” The double differential cross section is thus proportional
to the Compton profile J(p,), which is related to the ground-state
electron momentum density p(p),

16:) = [[ p(w) dps @)

wherep = (p,. pyp ,) is the electron momentum and p,, is taken to lie
along the direction of the scattering vector. The momentum density
of the occupied states under the independent particle approximation
can be expressed as'®

f %(r)e*"*"d%z, 3)

p(p) =2
J

where wj(r) are the Bloch wave functions or Kohn-Sham

orbitals'”'" that also give the valence contribution of the Compton
profile line shape.'”*" The core contribution can be obtained from
the tabulated Hartree-Fock data.”” See Ref. 23 for the details of the
methodology.

To calculate the electronic structure and the Bloch wave func-
tions of WLNO and LNO, we employed density functional theory
(DFT) as implemented in the Vienna Ab initio Simulation Package
(VASP),”* based on projector-augmented waves.” The Perdew,
Burke, and Ernzerhof (PBE) version of the generalized gradient
approximation (GGA) was employed to treat exchange-correlation
effects.”’” A plane wave basis set with a kinetic energy cutoff 0of 470 eV
was used. To account for strong electron correlation effects, a Hub-
bard parameter U = 4 eV was applied to Ni 3d electrons, consistent
with prior studies.”**’

pubs.aip.org/aip/ape

FIG. 1. (a) Layered LNO structure and (b) relaxed WLNO supercell for the 12.5%
case. VESTA has been used for plotting.>!

We simulated W dopings of 12.5%, 3%, and 1% using 2 x 2 x 1,
2x4x2, and 4 x4 x 3 supercells, respectively. For the pristine
LNO, we employed the monoclinic crystal structure with an 8-atom
primitive cell, characterized by a = 4.84/A,b=2.81/A,and c=5.12/A
(description here, how many atoms, lattice constants, crystal struc-
ture). The 12.5% case is illustrated in Fig. 1. The k-space grids used
in the relaxation and Compton profiles calculations had a density
of at least 0.02 27r/A. The density of states (DOS) was computed
with the tetrahedron method and with finer k meshes: for 12.5% and
39% cases as well as for LNO, we used 8 x 8 x 8, and for 1% case, we
used 3 x 5 x 4 grids. VASPKIT was employed for postprocessing the
VASP results.”

B. Synthesis of WLNO

Samples were synthesized using the method described by
Vilikangas et al.,”” which involved the following steps. Coprecipita-
tion of Ni(OH)a: Spherical Ni(OH); precursor was first synthesized
using alkali metal hydroxide (NaOH) coprecipitation in an inert gas
(nitrogen) atmosphere.’”” An inert gas was used to prevent the oxi-
dation of the precursor. Precipitation was done in a continuous-flow
stirred-tank reactor (CSTR) with a reactor volume of 3 1 at 50 °C
under vigorous agitation. Particle size growth during coprecipita-
tion was followed by determining the particle size distribution of
the slurry sampled from the reactor’s overflow tubing. The solu-
tion was heated to a precipitation temperature, and the pH was
adjusted to the desired level with a NaOH solution. The feeding
rates of nickel sulfate, Na;WO3, NaOH, and ammonia solutions
were adjusted to maintain the desired residence time. After copre-
cipitation, the precursor slurry was filtered in a vacuum, and the
precipitate was carefully washed with a sufficient amount of warm
deionized water. The synthesized 1 mol. % W-Ni(OH), precur-
sors were dried overnight at 60°C in a vacuum oven. Lithiation:
The 1 mol. % W-Ni(OH), precursor was mixed with LiOH using
a Li:Ni:W molar ratio of 1:1. This was followed by calcination at
690 °C. Excess LIOH was used to compensate for lithium loss during
high-temperature calcination and to ensure homogeneous lithiation.
The mixture was calcined with a 2.5 °C min™" heating ramp anda 5 h
holding time at 690 °C in an oxygen atmosphere and subsequently
milled and sieved to less than 40 ym under dry room conditions;
see Vilikangas et al.” for details. Inductively Coupled Plasma (ICP)
spectroscopy measurements of the WLNO samples found an excess
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of lithium with a Li/Ni ratio of about 1.02, but we estimate that this
ratio could be as large as 1.03 since excess of Li was used in our
synthesis process.

C. Experimental Compton profiles

The spherically averaged WLNO Compton profiles were mea-
sured at the high-energy inelastic x-ray scattering beamline BLOSW
at the Japanese synchrotron facility SPring-8"* with the same
experimental setup as in our previous LNO study” to maintain con-
sistency in analyzing the results. Circularly polarized x rays with
an energy of 182.6 keV, emitted from an elliptical multipole wig-
gler, were directed onto the sample. The incident x-ray beam at the
sample position had a cross-sectional area of 1 mm?. The Compton
scattered x rays were detected using a pure Ge solid-state detector.
The scattering angle was fixed at 178°, and the Compton profiles
were measured at room temperature. The overall momentum reso-
lution of the equipment was 0.5 a.u., sufficient to reveal the details of
valence orbitals in cathode materials.”> To suppress Compton scat-
tering by air, the sample was arranged in a vacuum chamber and the
measurements were performed under vacuum conditions. The sam-
ple structure was verified by XRD (Rigaku SmartLab) measurements
using CuKa radiation. The diffraction patterns of the sample display
a high integrated intensity ratio of I(003)/1(104), which confirms the
layered character of the crystal structure.’

I1l. RESULTS AND DISCUSSION

The experimental Compton profiles are shown in Fig. 2. The
explanation of the normalization of these curves is as follows: Ide-
ally, the pristine LNO profile is normalized to 47 electrons (core plus
valence) across the entire momentum range. However, in our case,
the momentum range is limited to a 10 a.u. cutoff. Therefore, the

12 T
" — Atomic |
{ EXP

.......

| —EXP:W doped LNO
o EXP:LNO

p(a.u.)

FIG. 2. Spherically averaged total experimental Compton profiles. The inset shows
the total Compton profile difference between the experimental and atomic WLNO
(W-doped LNO) and pristine LNO. The experiment shows the error bars. The curve
labeled “atomic” in the inset (solid line) refers to the Compton profiles based on
Hartree—Fock atomic orbitals.

ARTICLE pubs.aip.org/aip/ape

normalization should be smaller than 47. This number can be esti-
mated using the Biggs’ atomic profiles since these profiles become
exact at high momenta. For WLNO, the normalization on the com-
plete momentum range yielded 47.55 electrons, corresponding to 1%
W concentration (Z = 74) replacing Ni (Z = 28) and an excess of Li,
resulting in a Li/Ni ratio of 1.03, optimizing the shape of the Comp-
ton profile tail. In addition, for pristine LNO, the total number of
electrons is slightly lower than 47 due to a small deficit of Li atoms,
detected via ICP (see the supplementary material of Ref. 35), now
estimated at 2% through fitting with the Compton profile tails. The
inset of Fig. 2 shows AJ(p) defined as the difference between the
Compton profiles of the WLNO doped material and the Compton
profile of the pristine LNO material. The profile difference AJ(p)
facilitates the interpretation of electronic structure changes induced
by W doping because many irrelevant contributions are thus sub-
tracted out. Interestingly, the amplitude of AJ(p) can be explained
with a simple model of the Compton profile based on Hartree-Fock
atomic orbitals;*” see also Suzuki ef al.” for a discussion of Compton
profile changes due to lithiation in cathode materials.

Patel et al.”” observed that the atomic model used to describe
the Compton profile of LIBs can be refined by substituting the Li 2s
valence electron with an electron in the O 2p orbital. This replace-
ment reflects the transfer of one electron from the Li atom to a
neighboring oxygen atom, resulting in Li atoms becoming a cation
Li*. Here, we investigate whether a similar transfer occurs for the six

7 T T
0.1 W i EXP ]
6r l'\{ — =Atomic ]
= LA —Modified Atomic
S5k Q DFT W 1% 7

-1F ~

—

— -DFT S~ -
-2 o DFT:After removing Ni 3d orbital 7

— Slater orbital fitting curve
.

0 0.5 1 1.5 2 2.5 3
p(a.w.)

FIG. 3. Spherically averaged valence Compton profile differences, AJdy(p),
between WLNO and LNO (WLNO — LNO) calculated with DFT for a W concen-
tration of 12.5% (black dashed line). The black dotted line corresponds to the case
where the eight 3d electrons of Ni are removed by treating them as core electrons;
this curve can be fitted with the profile of a Slater O (2p) orbital (blue solid line).
The inset shows the total Compton profile differences as in the inset of Fig. 2;
the curve labeled “atomic” (red dashed line) refers to the computed profiles based
on Hartree—Fock atomic orbitals, while the curve labeled “modified atomic” (green
solid line) refers to an improved model in which the contributions from excess Li
atoms and W atoms are replaced by those for the Slater O (2p) orbital given in the
main figure. Finally, the curve labeled “DFT W 1%” (yellow solid line) incorporates
the results of the DFT calculation at 1% W concentration for the W-Ni valence
contribution.

APL Energy 2, 026102 (2024); doi: 10.1063/5.0193527
© Author(s) 2024

2,026102-3

9€:€G:/1 Y202 Jaquialdas gz


https://pubs.aip.org/aip/ape

APL Energy ARTICLE

valence electrons of W dopants in WLNO, leading to the formation
of W ion'? with W valence electrons moving into the O 2p orbital.
Recently, it has been shown® that the ionic charges in LNO can be
rationalized as Ni**, 07, and Li*. If the W impurity goes into a Ni
site, then a W* ion replaces a Ni** ion, and the four extra valence
electrons occupy the O 2p states. In our VASP calculation, Ni has 10
valence electrons, but eight Ni 3d electrons are more localized and
less active.* Therefore, the contribution of these eight atomic-like
3d electrons of Ni can be approximately removed from the Comp-
ton valence profile of Ni by using their Compton profile based on
atomic orbitals.”

To analyze the valence Compton profile differences AJ,(p)
between WLNO and LNO, we consider the case with a W concen-
tration of 12.5% since a simple picture emerges. In the main panel

(a) : —Ni
4t | — 0

: Li
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o I
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£ I
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of Fig. 3, we consider the profile in which the contributions of Ni
3d states are excluded by treating them as core states. In this case,
one can easily justify that the four extra valence electrons are trans-
ferred to the O 2p states since the curve can be fitted by the profile
of an O 2p Slater orbital used previously by Kothalawala ef al.>* In
this connection, we note that the sample is fully metallic at 12.5% W
doping and the LNO energy gap vanishes already with 3% W doping
as shown Fig. 4. Our results are consistent with the finding of Gao
et al.'” that W doping improves the conductivity of LNO. Finally, the
inset of Fig. 3 shows that the agreement between theory and experi-
ment AJ(p) shows an overall improvement if the contribution of the
Li excess and W is replaced by the Slater O 2p orbital. As expected,
the resulting “modified atomic model” (green solid line in the inset)
rationalizes the strong O 2p weight in the partial DOS (PDOS),

4 ' ;
) N
3 | —0 |
I Li
2 | —W
|
|

i
)

DOS (states/eV)
O =
‘ 2
5
—
?
}‘\

1
W
T

ES
[O¥]

|
NN

L
—

DOS (states/eV)

-3 -2 -1
Energy (eV)

o b= = — - — — — —

FIG. 4. Closing of the spin majority states’ energy gap with W doping. Total and partial density of states in (a) pristine LNO, (b) WLNO with 1% W doping, (c) WLNO with 3%
W doping, and (d) WLNO with 12.5% W doping. The upper and lower portions of all figures give up-spin (majority spin) and down-spin (minority spin) contributions to the

densities of states. The DOS are normalized to the formula units.
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FIG. 5. Magnetization density in 12.5% W doped LNO using an isosurface value
of 0.01 a.u.

Fig. 4(b) (red line); a significant Ni weight in the PDOS is also visible
due to a strong nickel-oxygen hybridization.’® If we incorporate the
results of the DFT calculation at 1% W concentration for the W-Ni
contribution instead of using the simple Slater O 2p orbital contri-
bution used in the modified atomic model, we observe an impressive
agreement with experiment also at low momenta.

Another DFT calculation®® involving W doping, which consid-
ers charge density changes in LNO, shows that the introduction of
W increases the charge density around O atoms more than around
Ni atoms. Our simulations reflect this trend since our Bader analysis
results show that the oxygen ions acquire on average 1.2 electrons
around Ni and 1.7 electrons around W sites. We thus infer that
the charge density around the O atoms plays an important role in
enhancing electron conductivity in WLNO by generating an increase
in the number of itinerant electrons.

Our calculations confirm the ferromagnetic phase of LNO
[Fig. 4(a)], which was reported by Goodenough et al. as far back
as 1958.” W doping increases the average magnetic moment per
Ni atom. Interestingly, the magnetization density distribution in
WLNO (Fig. 5) shows the appearance of significant magnetization
on the oxygen ions neighboring W impurities. In our calculations,
we determined that the total magnetic moment per Ni ion in LNO
amounts to 1 ,uB.‘“) 7 Upon introducing a 1% concentration of
W into the sample, this average magnetic moment increases to
1.02 p,. With a 3% concentration of W, the average magnetic
moment further rises to 1.08 y, per Ni ion. Interestingly, at a con-
centration of 12.5%, the magnetic moment reaches 1.29 u, per
Ni ion. Moreover, Fig. 5 shows that the magnetic moment mostly
changes on the oxygen sites, while remains similar on the Ni ions.

IV. CONCLUSIONS

Our first-principles calculations, coupled with Compton scat-
tering experiments, show that the substitution of W by Ni in

pubs.aip.org/aip/ape

LNO enhances the electronic conductivity and the ferromagnetic
phase. Hafiz et al*’ have pointed to the role of itinerant ferro-
magnetic phases for obtaining an improved battery performance.
Our analysis reveals that W valence electrons in WLNO undergo
transfer to the O 2p itinerant states and gives an insight into the
chemistry of W incorporation on LNO. Our study shows how, by
combining x-ray Compton scattering measurements with parallel
first-principles modeling, an atomic level understanding of dop-
ing effects can be obtained toward the rational design of battery
materials.
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