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Simulation of Ni K-edge X-ray absorption near edge structure (XANES) spectra in LiNigsCog2Mng 30,
(NCM523) was performed. The structure of NCM523 was optimized by first-principles calculation based
on density functional theory and XANES spectrum simulation via the finite difference method. The
calculated Ni K-edge XANES spectra of NCM523 with Li amounts of 1.0 and 0.5 showed good
agreement with the measured spectra. The bond length between Ni and O shortened as the valence of
Ni increased. Distortion of the structure resulting from Jahn-Teller distortion was observed with Ni**.
The XANES spectra of the Ni K-edge of Ni?*, Ni**, and Ni** were calculated. In NCM523 with a Li
amount of 1.0, the spectrum of Ni** shifts towards the higher energy side compared to that of Ni*; at
a Li amount of 0.5 the absorption edge of Ni?*, Ni**, and Ni** shifts toward a higher energy as valence
increases. Even at the same Ni valence number, the XANES spectra were different when the Li amounts

were 1.0 and 0.5. Cation mixing of Li/Ni readily occurs at a Li amount of 1.0, more than that of 0.5
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change the position of the absorption edge of the Ni site Ni?* XANES spectrum; a difference in shape of
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Introduction

Lithium ion batteries are widely used in mobile phones, laptop
computers, electric vehicles, etc.'* LiCoO, has been widely used
as a positive electrode for lithium ion batteries. Since Co is
expensive and toxic, in order to achieve a higher capacity, lower
cost, and higher thermal stability, the ternary positive electrode
material LiNi,Co,Mn,O, (NCM) has often been used.”** In
NCM, the capacity increases as Ni content increases, but the
charge/discharge cycle degradation because of Li/Ni cation
mixing readily occurs, decreasing the thermal stability.>®
However, Mn improves the thermal stability of NCM.

In NCM, it is known that the atomic configurations of tran-
sition metals have ordered structures.”® Among various NCMs,
NCM523 best balances capacity, thermal stability, and cost.**
Because NCM523 has a large unit cell, many Ni, Co, and Mn
arrangements can be used. Dixit et al. used a combination of the
classical molecular dynamics method and first-principles
calculation for various models such as /3 x +/3, linear, and
random configurations to determine the most stable structure
of [V3 x /3] R 30° from among 256 different configurations.® In
NCM, the valence and electronic states of Ni and Co change
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and cation mixing effect of Li/Ni on the Ni K-edge XANES spectrum in NCM523 were clarified.

with the change in Li amount caused by the charge/discharge
cycle. Changes in valence and electronic states of transition
metals in positive electrodes can be analyzed using X-ray
absorption fine structure (XAFS) measurement in the energy
region of the X-ray absorption near edge structure (XANES)."***

In NCM, it is known that Li/Ni cation mixing occurs when
lithium is released/inserted by charge/discharge cycle."” There-
fore, the change in the valence and electronic states of the
transition metal because of the lithium in the transition metal
layer and Ni in the lithium layer (Li/Ni cation mixing) cause the
change in the XANES spectrum. Furthermore, the XANES
spectrum varies with valence state, bonding state, and the
coordination environment of Ni and Co depending on the
change in the amount of Li. The difference in the valence,
bonding state, and coordination environment of Ni and Co is
difficult to distinguished by simply comparing the XANES
spectra obtained in an experiment.’**° Therefore, to under-
stand the XANES spectral change in experiment, it is useful to
investigate the influence of valence, bonding state, and coor-
dination environment via XANES spectrum simulation based on
first-principles calculation.

There are three approaches to XANES spectrum simulation by
first-principles calculation: calculating from the band structure,
multiple scattering theory and finite difference method.**** For
XANES spectral simulation of positive electrode materials,
calculations of the Co K-edge for LiCoO, by the full potential
augmented plane wave (FLAPW) + local orbitals (lo) methods and
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projector augment wave (PAW) method; calculation of the Co K-
edge for LiCoVO, by multiple scattering theory; calculation of the
K-edge of Co, Ni, and Mn of the LiNi,;3C04,3Mn; 30, by FLAPW +
lo method; and calculation of the Mn K-edge for the LiMnO; by
PAW method are performed.***' In the XANES spectrum simu-
lation of Ca and S K-edge of CaS, finite difference method
calculation shows better agreement with the experiment than
FLAPW + lo method or multiple scattering theory calculations.*
Although it is possible to perform XANES spectrum simulation
via multiple scattering theory or finite difference method at high
speed, it is difficult to optimize the structure. Therefore, we
optimized the structure by first-principles calculation based on
density functional theory and performed XANES spectrum
simulation via finite difference method.

In this study, focusing on Ni in which a valence resulting
from charge and discharge occurs mainly in NCM523 with Li
amounts of 1.0 and 0.5, simulation of XANES spectra of the Ni
K-edge were performed to study the effect of the Li amount, Ni
valence number, a Li/Ni cation mixing on the change in the
XANES spectrum.

Calculation method

The structure of NCM523 was calculated using the Vienna ab
initio Simulation Package (VASP) code which is the first-
principle calculation code by the plane wave basis PAW
method.**** We used the DFT+U method for the Ni, Co, and Mn
3d electrons which treat the interaction between localized
electrons as on-site Coulomb interactions.*® The Hubbard U
value was set to 5.96 eV for Ni, 5.00 eV for Co, and 5.10 eV for
Mn.? For the electronic correlation, a generalized gradient
approximation was used.*” Brillouin zone sampling was per-
formed using the Monkhorst-Pack scheme with a 2 x 2 x 1
mesh.*® A supercell of 240 atoms, the unit cell of LiCoO, layered
oxides of 5 x 4 x 1, was used. As for the structure of NCM523,
structural optimization was performed with an initial arrange-
ment of Ni, Co, and Mn [y3 x / 3] R 30° as determined by Dixit
et al.” The antiferromagnetic arrangement of each element was
used as a magnetic structure.’® As initial values of magnetic
moment, Ni, Co and Mn were set to 2 uB, 0 uB and —3 uB,
respectively, and the final magnetic moment was determined by
structure optimization.

In Li0.5-NCM, with a Li amount of 0.5, the Li atomic
configuration was determined using the first-principles molec-
ular dynamics method. The first-principles molecular dynamics
calculation of 30 ps was performed with a time step 1 fs at
a temperature of 500 K after quenching to 0 K by 5 ps run based
on the configuration of 5 cases of 10 ps, 15 ps, 20 ps, 25 ps, and
30 ps snapshots. The structure based on 30 ps was the most
stable and was used as the structure of Li0.5-NCM523. Li/Ni
cation mixing was calculated at Li1.0-NCM523 with a Li
amount of 1.0 and Li0.5-NCM523.

XANES spectra were calculated using the FDMNES code
based on finite difference method.”” We used the atomic
configuration and magnetic moment of each atom obtained via
structure optimization using the VASP code. Configuration of d-
electrons of Ni, Co and Mn used in FDMNES code are shown in
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Table 1. The same value was used for Hubbard U as that for
structural optimization. A cluster radius of 7 A was used. The
quadrupole approximation was used. The XANES spectra were
calculated using 30 atoms, i.e. all the Ni atoms in the supercell.

Experimental method

NCM523 (Thank Metal Co., Ltd.) was used as a cathode mate-
rial, acetylene black (AB) (Denka Co., Ltd.) and vapor grown
carbon fiber (VGCF) were used as conductive additive materials,
and polyvinylidene fluoride (Kureha Co., Ltd.) was used as
a binder, as described elsewhere.”” The mixing ratios were
NCM523 : AB : VGCF : PVdF = 85 : 3 : 3 : 9 by weight ratio. The
mixtures were dispersed in N-methylpyrrolidone (NMP) and
coated onto metallic aluminum. The samples were dried at
100 °C in air atmosphere and at 85 °C under a vacuum atmo-
sphere. They were pressed and punched to 16 mm ¢ to prepare
the cathode. 1 mol L ™" LiPF, in ethylene carbonate : dimethyl
carbonate = 1:1 volume% was used as a liquid electrolyte.
Metallic lithium was used for the anode. A pouch-type cell was
fabricated by assembling the anode, liquid electrolyte, sepa-
rator, and cathode. Hard XAFS measurement was performed on
the cell using a transmission method with a beam lines, BL14B2
and BL16B2 at a synchrotron facility, SPring-8. The ion cham-
bers, 10 and I1 were filled with insert gases of 100% N, and 80%
N, + 20% Ar. XAFS spectra were obtained at cell voltage before
the charge-discharge test and 4.11 V at room temperature at
energy range between 8000-9830 eV. XAFS spectra were
analyzed to extract valence of Ni and Ni-O bonding distance in
NCM523 using the software Athena and Artemis designed to
process and analyze XAFS data.>® NCM333 and Li-0.5NCM523
were used as the reference materials of linear fitting analysis.**

Results and discussion

NCM523 structure and electronic state

The structures of Li1.0-NCM523 and Li0.5-NCM523 are shown
in Fig. 1. The atomic configuration of Li at Li0.5-NCM523 uses
the most stable configuration obtained via the first-principles
molecular dynamics calculation. The lattice constants ob-
tained by the calculation of Li1.0-NCM523 and Li0.5-NCM523
are shown in Table 2. The results show good agreement with
the results of other first principle calculations and experimental
results. Schematic diagrams of the d electron arrangement of
the transition metals Ni, Co, and Mn are shown in Fig. 2. As can

Table 1 Configuration of d-electrons of Ni, Co and Mn used in
FDMNES code

Up spin Down spin
Ni%* 5.0 3.0
Ni** 4.5 3.5
Ni** 4.0 4.0
Cco** 3.5 3.5
Co** 3.0 4.0
Mn** 1.0 4.0

This journal is © The Royal Society of Chemistry 2019
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Fig.1 The structures of NCM523 with a Liamount of 1.0 and 0.5. (a) Li
= 1.0 (b) Li = 0.5 (red: O, blue: Li, green: Ni, cyan: Mn, yellow: Co).

Table 2 The calculated a and c lattice parameters for NCM523 with Li
amounts of 1.0 and 0.5 (A)

Lattice parameter a c

Li1.0 This work 2.893 14.281
Calc1® 2.89 14.38
Calc2? 2.922 14.298
Exp1° 2.869 14.214
Exp2“ 2.872 14.241

0.5 This work 2.849 14.464
Calc1? 2.84 14.99

@ Ref. 9. ” Ref. 31. ¢ Ref. 52. ¢ Ref. 53.

be seen from Fig. 2, the valence of Ni, Co, and Mn in NCM523
can be determined by magnetic moment. In Ni, the magnetic
moment of Ni*" is 1.72 uB, Ni** is 1.15 pB, and Ni*" is —0.11 pB.
For Co, the magnetic moment of Co>" is —0.04 uB, Co*" is —1.32
pB, and Mn*" is —3.32 puB. When the Li amount is 1.0, the
valence state of Ni is Ni** and Ni**; Ni** is 63.3%, and Ni*' is
36.7%. This result agrees well with previous calculation
results.”??

For Li1.0-NCM523, Ni*" has 3 nearest Mn*", Ni** has 2
nearest Mn**, and it was found that the difference in the Ni
valence is a result of the number of nearest neighbor Mn.
Because Mn is Mn*", the Ni valence becomes Ni** for charge
compensation when the number of the closest Mn is large. The
valence number of Co was 100% for Co®>* and the valence
number for Mn was 100% for Mn*'. In Li0.5-NCM523, the
valence state of Ni was 6.6% for Ni**, 56.7% for Ni**, and 36.7%
for Ni**. This result also agrees well with the previous calcula-
tion results.®?* In Li0.5-NCM523, a correlation between the Ni

== €y -+ — € —_— €y

HHHtZQ H%H‘Qg ﬁHthg
Ni2* Ni3+ Ni4+

== €y —— €y _ €y
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Fig.2 Schematic diagrams of the d electron arrangement of transition
metals Ni, Co, and Mn in NCM523.
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valence state and the number of nearest neighbor Mn was not
evident. The valence of Co is 83.3% for Co®" and 16.7% for Co*",
which is partly Co*", but Mn does not change from 100% Mn**
at Li1.0-NCM523. The reason that the Ni valence changes from
Ni**/Ni** to Ni**/Ni**/Ni*" and the valence of Co changes from
Co*" to Co**/Co"" resulting from the decrease in the Li amount
is that the state of the valence band maximum is mainly from Ni
and Co 3d electrons. Because the d electrons of Mn*" are in the
deep level from the Fermi level, the Mn valence number does
not change from Mn*".**> The detailed charge compensation
schemes with the change of Li amount are shown in ref. 9.

The oxidation state of Ni in Li1.0-NCM523 was determined to
be 2.37 using the Ni*" ratio of 63.3% and the Ni** ratio of 36.7%.
On the other hand, the oxidation state of Ni in Li0.5-NCM523
was determined to be 3.30 using the Ni** ratio of 6.6%, the
Ni*" ratio of 56.7%, and the Ni*" ratio of 36.7%. In the experi-
ment, the oxidation state can be determined by linear combi-
nation fitting of the XANES spectra of reference materials.*>>*
When the spectrum of Li1.0-NCM523 was linearly fitted using
the XANES spectra of the experiments of Li0.5-NCM523 and
Li1.0-NCM333 as reference spectra, it was determined the ratio
as Li1.0-NCM333 : Li0.5-NCM523 = 0.775:0.225. Assuming
that the oxidation state of Li1l.0-NCM333 is +2.00 and the
oxidation state of Li0.5-NCM523 is +3.30, the oxidation state of
Li1.0-NCM523 is determined 2.29 using a ratio of 0.775 : 0.225.
This shows a good agreement with the calculated oxidation
state of 2.37.

The calculated bond length of Ni, Co, and Mn to O in
NCM523 with Li1.0-NCM523 and Li0.5-NCM523 are shown in
Table 3. In the case of Ni*" with a Li amount 1.0, all six coor-
dinates have bonding length longer than 2 A. Ni*"/Ni*', Co*"/
Co*", and Mn"" are inactive for the Jahn-Teller distortion, but
Ni*" is active. In Ni*", the occupation of eg and the degeneracy
of the occupied and unoccupied levels can be resolved and the
two bonds lengthen, such that the four bonds are shorter than 2
A, whereas the two bonds are longer than 2 A.*** In the case of
Ni** with a Li amount of 0.5, all six bonds are shortened to
approximately 1.9 A; it is understood that the bond shortens as
the Ni valence increases. Co®>*/Co*" and Mn*" are all inactive for
Jahn-Teller distortion, and six bonds are shorter than 2 A.

We analyzed the bond distance of Ni-O from experiments by
assuming six-coordinate oxygen around Ni by EXAFS. The

Table 3 Calculated bond length of Ni, Co, and Mn to six nearest
neighbor O atoms in NCM523 with Li amounts of 1.0 and 0.5 A)

Li1.0  Ni* 2.04 204 205 206 2.07  2.09
Ni** 192  1.92 192 197 207  2.09
Co*" 1.92 193 195 195 196  1.96
Mn** 1.92 1.94 1.95 1.95 1.96 1.96
Li/Ni Ni**(Niy) 2.02 2.05 2.05 2.08 210 2.5
Li0.5 Ni%* 1.97  2.00 2.02  2.02 207 2.08
Ni** 1.89 1.92 193 1.94  2.08  2.08
Ni** 1.86 1.86 1.88 1.89 1.89 1.91
Co** 1.91 191 191 192 194  1.96
Co** 1.84 1.89 190 190 194  1.97
Mn** 1.90 193 194 196 196  1.99
Li/Ni Ni**(Ni;)  2.05  2.06 2.07 2.09 212 221
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bonding distance of Ni-O in Li1.0-NCM523 was 2.04 A, and the
bonding distance of Li0.5-NCM523Ni-O was 1.90 A, which
showed good agreement with the calculation results.

XANES spectrum of the Ni K-edge in NCM523

Fig. 3 shows the XANES spectra of the Ni K-edge of Li1.0-
NCM523 and Li0.5-NCM523 via experiment and calculation.
The XANES spectrum of the calculation is a superposition of
spectra of all 30 Ni atom spectra in the supercell. The energy of
the calculation spectrum shifts adjusting to the experimental
spectrum. The spectra obtained via calculation for both Li1.0-
NCM523 and Li0.5-NCM523 agree well with the experimental
spectrum. This indicates that the ratio of Ni valence, bonding
state, and coordination environment in the structure of
NCM523 obtained by calculation well reproduces the experi-
ment. In addition, XANES spectrum calculation by finite
difference method using this structure is useful for analysis of
such information. Because the spectrum of each Ni atom is
calculated in the XANES spectrum simulation, the Ni Ni**/Ni**/
Ni*" spectrum can be individually shown. It is an advantage of
calculation that information on the difference of valence and
coordination environment can be obtained by calculating the
spectrum of Ni**/Ni**/Ni*" respectively. The K-edge spectra of Ni
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16 |[f----- Li1.0 Calculation
——Li0.5 Exepriment
12 L Li0.5 Calculation
>
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Fig. 3 XANES spectra of the Ni K-edge of Li-0.5 and Li-1.0 NCM523
via experiment and calculation.
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Ni**/Ni**/Ni** of NCM523 are shown in Fig. 4. In Li1.0-NCM523,
the absorption edge and peak of Ni*" are shifted to a higher
energy than that of Ni**. Furthermore Ni** has two shoulder
peaks at the absorption edge whereas Ni*" has one peak. The
spectrum of Li1.0-NCM523 in the experiment is a superposition
of absorption by all of the Ni atoms. At the Li amount of 0.5, the
peak of the absorption edge shoulder is large in the Ni** spec-
trum. As the Ni valence increases, the absorption edge shoulder
peak decreases and the absorption edge shifts to a higher
energy.

The Ni K-edge transitions from the 1s core electron to the
conduction band 4p electron; the partial density of the state of
the p electrons of Ni Ni**/Ni**/Ni*" and the nearest Li, O, Mn,
and Co at Li0.5-NCM523 are shown in Fig. 5. The peak of the
XANES spectrum at approximately 8350 eV in Fig. 4 corresponds
to the peak of the density of the states at approximately 18 eV in
Fig. 5. Because there is a state density peak of the p electrons of
Co and Mn at approximately 28 eV, it can be understood that
this main peak is caused by hybridization of Ni p electrons with
the nearest Ni, Mn, and Co p electrons. As the Ni valence
increases from Ni** to Ni*" and Ni*", the size of the peak of the
shoulder at approximately 18, 22, and 25 eV decreases. Fig. 5d
shows the partial density of the state of the Ni p electrons of Ni**
and the py, py, and p;, electrons of Li. Because the z direction is
the direction between the layers, p, electrons represent the
bond between Li and Ni. The shoulder peaks at 8, 12, and 15 eV
show large p, electron states for Li, indicating that these peaks
are caused by hybridization of Ni p electrons and Li p, electrons.
Because Ni*" and Ni** have a short bond length with oxygen
increasing the bond strength, hybridization with Li p, electrons
is relatively decreased and the shoulder peak decreased.

Li/Ni cation mixing

In NCM, Li/Ni cation mixing of in which Ni enters the Li site
(Niy,;) tends to occur as the Ni amount increases. The ratio of Li/
Ni cation mixing is 8.7(6)% for NCM 613, 3.34% for NCM523,
2.97% for NCM424, and 1.56% for NCM333.%** In the Ni;; K-
edge of the XANES spectrum in Lij goNj; 110, with 11% Li/Ni
cation mixing, a shift of the absorption edge does not occur
and the Ni valence does not change when the Li amount
decreases.” The formation energies of Li/Ni, Li/Co, Li/Mn
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Fig. 4 Calculated K-edge XANES spectra of Ni®*/Ni**/Ni** of NCM523: (a) Li1.0 (b) Li0.5.
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Fig.5 Partial density of the states of p electrons of Ni*/Ni**/Ni** and nearest Li, O, Mn, and Co at a Li amount 0.5 in NCM523: (a) Ni%* (b)Ni** (c)
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cation mixing in NCM523 are shown in Table 4. The formation
energies of Li/Co and Li/Mn cation mixing are larger than that
of Li/Ni. This shows Li/Ni cation mixing is more likely to occur
than Li/Co and Li/Mn cation mixing. In Li1.0-NCM523, the
formation energy of Li/Ni cation mixing is smaller than 0.4 eV;
the formation energy in Li/Ni** is very small at 0.03 eV. As
a result, it was found that Li/Ni cation mixing tends to occur
more easily in Ni*>* than in Ni**. However, the formation energy
of the Li/Ni cation mixing at a Li amount 0.5 is as large as 0.7 eV,
which shows that Li1.0-NCM523 more readily allows for Li/Ni
cation mixing than Li0.5-NCM523. This is consistent with the
experimental result that Li/Ni cation mixing occurs when the
amount of Li is large.” The formation energies of the site
exchange between Ni and Li vacancies for the Li amount of 0.5 is
larger than 2.50 eV, thus exchange with Li vacancies hardly

Table 4 Formation energies of Li/Ni, Co, Mn cation mixing in NCM523
(eV)

Ni2+ Ni3+ Ni4+
NCM523-Li 1.0 Li/Ni 0.03-0.38 0.24-0.40 —
NCM523-Li 0.5 Li/Ni 0.72-1.11 0.95-1.29 0.66-1.52
NCM523-Li 0.5 vacancy/Ni 2.50-2.94 3.52-0.3.77 2.92-4.57
co?* Mn*t
NCM523-Li 1.0 Li/Co or Mn 1.27-1.65 1.49-1.89

This journal is © The Royal Society of Chemistry 2019

occurs. Ni; was stable in Ni** antiferromagnetism. For Li/Ni
cation mixing in NCM, it has been reported that Ni*" antifer-
romagnetism is stable because of the super exchange interac-
tion in NCM333, NCM424, NCM505, NCM622, and NCM71515
where the amounts of Ni and Mn are the same.' In the case of
NCM523, such as NCM, the 180° arrangement of the antifer-
romagnetic Ni**~O-Ni*" is stabilized by a strong super exchange
interaction.

The Ni;; K-edges of the XANES spectra of NCM523 are shown
in Fig. 6. As shown in Table 3, the bond length between Ni;; and
O are longer than 2 A, approximately the same as the bond
length of Ni and O for Ni** at Ni site (Niy;>*). The Ni;;** K-edge
spectrum at Li1.0-NCM523 nearly agrees with the shape of the
Nini®" spectrum, but a pre-edge peak is observed at approxi-
mately 8335 eV. The Nig;*" K-edge spectrum at a Li amount of
0.5 was consistent with the Niy;** K-edge spectrum for the main
peak, but the shape of the shoulder was different. This was
because the bonding state with Li is different. The Ni;;** K-edge
spectrum at a Li amount of 0.5 also has a peak at the pre-edge.
Partial density of the states of p electrons of Niy; and nearest O
of Li0.5-NCM523 in pre-edge region were shown in Fig. S2.7 It
can be understood that pre-edge peak is caused by hybridiza-
tion of Ni p electrons with the nearest O p electrons. The small
peak at the pre-edge around 8330 eV in the experimental XANES
spectrum of Fig. 3 is considered to be due to the occurrence of
Li/Ni cation mixing.
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Conclusions

Simulation of the Ni K-edge XANES spectra in NCM523 was per-
formed. The structure of NCM523 was optimized by first-
principles calculation based on density functional theory and
performed XANES spectrum simulation via finite difference
method. The Ni K-edge XANES spectral shape of Li1.0-NCM523
and Li0.5-NCM523 via calculation agreed well with the experi-
ment. The bond between Ni and O shortened as the Ni valence
increased. Distortion of the structure resulting from Jahn-Teller
distortion was observed with Ni**". The XANES spectra of the Ni K-
edge of Ni**, Ni**, and Ni'" were calculated. In Li1.0-NCM523,
Ni** shifts towards the higher energy side compared to that of
Ni**, and at Li0.5-NCM523, the absorption edge of Ni**, Ni**, and
Ni** shifts toward a higher energy as valence increases. Even at
the same Ni valence number, the XANES spectrum shape is
different in Li1.0-NCM523 and Li0.5-NCM523. The main peak is
influenced by hybridization between Ni p and transition metal p
electrons, and the shoulder peak is a result of the influence of
hybridization between Ni p and Li p electrons. Li/Ni cation mixing
more readily occurs at Li1.0-NCM523 compared to Li0.5-NCM523
because of the super exchange interaction. Li/Ni cation mixing
becomes antiferromagnetic to Ni**; the Ni;** K-edge XANES
spectrum did not change the position of the absorption edge of
Ni ;*". A difference in the shape of the shoulder and the pre-edge
peaks appeared. From these results, the Ni valence, bonding
state, and the effect of Li/Ni cation mixing on the Ni K-edge
XANES spectrum in NCM523 were clarified.
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