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Characterization of Cathode Materials via Soft

X-ray Absorption Spectroscopy

AN
. V)
- . discharge
;, O = ® 00
- ® ® ® 00
. ’ charge
.g. cathode anode
3 2 &
-3 Redox behavior during
9 charge/discharge cycle?

Soft X-ray Absorption Spectroscopy (XAS) give us
direct information of valence electrons

 Transition metal (TM) L, ;-edges :2p - 3d, (4s)

« Oxygen K-edge :1s - 2p, 3p




Ab-initio Calculations of XAS

Input Quantum mechanics Theoretical spectra
e atomic numbers o ,
— Wi = — (U |T|U) 1 6(Es — E; — hw
« atomic coordinates HWV, = bWy fi = 7 (| TIW:) " o(Ey )
ZnO Zn K edge
No adeStable wurtzite
parameter .

9657

_o' ~ 7 zinc'biend
calc.
Theoretical fingerprints promog

Map local structure to a spectrum

9595 0605 9615
Transition energy (eV)

Mizoguchi et al., Phys. Rev. B 70, 045103 (2004). 3



Ab-Initio Methods for XANES/ELNES

No universal method for simulating all edges of all elements!

K-edge, L-edge [deep core]

independent particle approximation
Typical element » Supercell + DFT + core-hole
* Multiple scattering theory

K-edge, L-edge [shallow core (< 100eV)]

two-particle theory — strong excitonic effects
» Bethe-Salpeter Equation (BSE)

K-edge (main features)

Transition metal « Supercell + DFT + core-hole
Rare-earth » Multiple scattering theory

L. ;-edge, M, s-edge, K-pre-edge

many-electron theory — multiplet effects
» Configuration Interaction (Cl)




Multiplet Effects on TM-L, ; XAS

Ti-L2,3 XAS of SrT|O3

TM-3d

A\
AN

o

Strong correlations
core-hole & 3d electrons

Modifies spectral shape

Multiplet Effect

Relativistic effects

/ . . .
e.g. spin-orbit coupling
T™M-2p
clectrah o(r): eleptron cloud

~)O ----------

L ——

nucleus ——
A o>

DFT calc. fails

Ikeno et al., J. Phys.:

Condens. Matter 21 (2009) 104208.

Non-relativistic

Ti4+ (d9)
one-electron calc.
A 5 Relativistic one-
. electron calc.
i)
c
=}
o
—
W i
= | Relativistic
& | many-electron
£ | calc.

450

Energy (eV)



Go Beyond DFT!

Q: S \ Final states
~o ’ \
S~/

HVY(ry,...,rn) = EV(ry,...,ry)

Difficulties in calculations

* Many-body problem

* relativistic effect (core-levels)

« explicit inter-electron interactions Initial state

Erp ¥r

ho



Calculations for XAS using Model Hamiltonian

Charge Transfer Multiplet method

* Model Hamiltonian
 Fit spectra with adjustable parameters

Slater integrals: F*, G*
Crystal field splitting: 10Dg
Hubbard parameter: Ui Upa
Charge transfer energy: 4

Intensity

® Little predictive performance

1 I I T T T [ T T T T l T T 1 T I
@ Only for highly symmetric systems a0 550 a7 atg
the lower the symmetry, more adjustable Energy (eV)
parameters are required de Groot et al., Phys. Rev. B 42 (1990) 5459.

Development of a ab-initio approach has been

strongly desired
*+ No adjustable parameter
s Applicable to arbitrary atomic structures




Ab-Initio Multiplet Approach

HY(ry,...,rN) = E¥Y(r,...,rN)
Independent particle approximation (Hartree-Fock, DFT)
/ R p1(T1)  dp2(T1) ¢pN (T1) \
I o B Pp1(r2)  Ppa(re) dpn (172)
VUi(ry,...,rN) = —— VNI : : ' :
—— op1(rn)  Gp2(rN) - dpN(TN)
_._
\_ <I>I . {¢/(r)}: one-electron states .
Cl wavefunction - Linear combinations of Slater determinants
N ™
Wy (ry, ..
k D4 Do D3 /

Dynamical correlations between 2p and 3d electrons



Many-Electron Hamiltonian

H= Z<¢Z|B|¢J>a a; + 5 Z ¢z¢1|9|¢k¢l>a alak
©,]

7]7k7l

One-electron integrals

(@ilhlon) = [ 61)h(r)o, (r)dr
Kinetic energy, spin-orbit coupling, potentials from nuclei

CTM: adjustable parameters
Crystal field splitting (10Dq)

hopping integral (f)
Charge transfer energy (A)

Two-electron integrals

(6565161 1) / B (1) 81 (r2) (71, 72) by (72) by (r2)dra s

Inter-electron interactions CTM: Atomic value (HF)



Details of Calculations

» Solving Dirac equation with Local Density Approximation (LDA)
[ca-p +mc?B + Vet (1) + v (M) i () = €;¢;(1)

* Model cluster (one TM ion and coordinating ligand ions)

» Madelung potential

TiOg® cluster embedded in
SrTiO; unit cell the array of point charges

- +2(Sr) - +4(Ti) --2(0)
10



TM-L, 3 XAS of V,03, MnO, and FeO

V2,03 (d?)

MnO (d)

FeO (d6)

exp. | Gilbert et al., (2003)

T

~ Park et al., (2000)

Intensity (arb. units)

calc.

ngan et al. (2001)

.............

Energy (eV)

Energy (eV)

calc. 081 Toal I
0.56 |4l 0.75 {%*f 0.76 !
P 103} .
041 102 ]
0.2 : : 0.1 i ]
0 _ N ¥ i 0 I + t + t + t + t + t + t + i
g 4.0 40 b I_ | | -] 40 pm SouuEgERs <= 3~ 1
'..c—_U. i ] Mn 2p3/2 W 1 Fe 2p3/2
S 35 I S -
3 liXing . - # of core-hole
O 3.0 30k anmemummeet®®S_ | 3.0 F---- e O
O

.............

505 510 515 520 525 530 535 630 635 640 645 650 655 660 665 700 705 710 715 720 725 730 735

Energy (eV)

Branching ratio: Ls/(Ls+L5)



Theoretical Fingerprints of TM-L, ; XAS

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

JPCC 115, 11871 (2011).

Theoretical Fingerprints of Transition Metal L, s XANES and ELNES for
Lithium Transition Metal Oxides by ab Initio Multiplet Calculations

Hidekazu Ikeno,*" Teruyasu Mizoguchi,* Yukinori Koyama,§ Zenpachi Ogumi,§ Yoshiharu Uchimoto," and
Isao Tanaka™

"Fukui Institute for Fundamental Chemistry, Kyoto University, Takano-Nishihiraki, Sakyo, Kyoto 606-8103, Japan
*Institute of Industrial Science, The University of Tokyo, Komaba, Meguro, Tokyo 153-850S, Japan

SOffice of Society-Academia Collaboration for Innovation, " Graduate School of Human and Environmental Studies, and
‘Department of Materials Science and Engineering, Kyoto University, Yoshida, Sakyo, Kyoto 606-8501, Japan

ABSTRACT: With the ab initio multiplet method, transition metal
(M) L,;3-edge X-ray absorption near-edge structures (XANES) PHYSICAL REVIEW B 83, 155107 (2011)
and electron energy loss near-edge structures (ELNES) can be
predicted in detail. In this study, theoretical fingerprints, their

edicte : : : Ab initio charge transfer multiplet calculations on the L, ; XANES and ELNES
orientation dependences, and theoretical branching ratios of M L;- £3dt iti tal oxid ’

and L,-edges for LIMO, and Li-extracted MO, (M = Mn, Fe, Co, 0 ransition metal oxides

Ni) are obtained. The spectra are found to be strongly dependent ) ; ) )

on the oxidation state and spin state of M ions in all compounds, Hidekazu Ikeno,"” Teruyasu Mizoguchi,” and Isao Tanaka’

which proves that they can be unambiguously determined by VFukui Institute for Fundamental Chemistry, Kyoto University, Takano-Nishihiraki, Sakyo, Kyoto 606-8103, Japan
matching the experimental spectra with the theoretical ﬁngerprints_ zlnstitute ofIndustrial Science, The University OfTOkyO, 4-6-1, Komaba, Meguro, TOkyO 153-8505, Japan
The variation of the spectra with the crystal structure is small in 3Department of Materials Science and Engineering, Kyoto University, Yoshida, Sakyo, Kyoto 606-8501, Japan

LiMO,, whereas it is sensibly large in Li-extracted MO,. This can be .

(Received 13 January 2011; revised manuscript received 21 February 2011; published 11 April 2011)
as represented by the fraction of the O-2p in the molecular orbitals t

oxides. The Ly/(L; + L,) branching ratio is also computed systema The L,3 x-ray abs.o.rption near-edge st}'uctures (XANES) and electron energy loss near-edge structures
spin states of M ions but is insensitive to crystal structure. The effects (ELNES) of 3d transition .metal (T™M) (?xllde.‘,s are systemat.lcally calculatefi by the .ab initio. charge transfer
M3+ and Fett ( d*hi gh-spin state). The presence and orientation ¢ multiplet (CTM) method using fully relativistic molecular spinors on the basis of density-functional theory. The
the orientation dependence of the spectra, although the orientation electronic excitation from molecular spinors mainly composed of O-2p to those of TM-3d, that is, charge transfer,

is included by considering additional electronic configurations in the configuration interactions. The effects of
the covalency and charge transfer on the TM-L, ; XANES are investigated in detail. The power of the ab initio

CTM method to quantitatively reproduce the spectra is demonstrated. Meanwhile, limitations of the application
of the method are discussed.

PRB 83, 155107 (2()1 ]), DOI: 10.1103/PhysRevB.83.155107 PACS number(s): 78.70.Dm, 31.15.am, 71.15.Qe 19




Ni-L, ; ELNES of LiNiO, and Related Compounds

LiNiO,: Model cathode material with layered rocksalt structure

T. Ohzuku ef al., Electrochimica Acta 38 (1993) 1159.
Ni-O bond length, magnetic susceptibility
Ni3+, low-spin

L. A. Montoro et al., Chem. Phys. Lett. 309 (1999) 14.
Ni L, 3-XAS
Ni%*, charge transfer from oxygen to Ni

- TEM-ELNES measurements of Ni L, ;-edges
in LiNiO, and related compounds
(bulk sensitive)

 Ab-initio multiplet calculations Ni L, 5-edges

H. Ikeno, I. Tanaka, Y. Koyama, T. Mizoguchi, Phys. Rev. B 72, 075123 (2005).
Y. Koyama, T. Mizoguchi, H. Ikeno, I. Tanaka, J. Phys. Chem. B 109, 10749 (2005).
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Ni-L, ; ELNES of LiNiO, and Related Compounds

Intensity (arb. units)

Experiment Theory
T ' I T I T I I 1 I T I I
:' . Ni4+ low-spin
! > fl<
! @ . |
, 2 AL
! > |
! o : Ni3+ low-spin
: S !
! =
| )
X C
2
1 E 1
! > ||« Ni=+
! 1IN A\
| : | | L | L | | 'l | 1 | 1 |
850 860 870 880 850 860 870 880

Energy Loss (eV) Energy Loss (eV)

Theory: Ikeno et al., Phys. Rev. B 72, 075123 (2005).
Experiments: Y. Koyama et al., J. Phys. Chem. B 109, 10749 (2005).
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Redox on Li,MnO,; Cathode Material

Li,MnQO,: reference compound for Li-excess cathode material

Mn-redox mechanism

Li,Mn4 O, — Li* + e~ + LiMn5" 042
Mn-K (1s—4p) XAS
[Yu et al., J. Electrochem. Soc. 156, A417 (2009).]

O-redox mechanism

monoclinic
Li,Mn**O5 — Li* + e + LiMn**0,167- (G2/m)

DFT calculations
[Koyama et al., J. Power Sources 189, 798 (2009).]

Mn-L, ; XAS + Ab-initio calculations
direct information of Mn-3d states

Kubobuchi, Ikeno, Mizoguchi ef al., Appl. Phys. Lett. 104, 053906 (2014). 15



Normalized Absorption /a.u.

Mn'L2,3 XAS Of LlXMnO3

Experiment Ab-initio calculations
BL2@Ritsumeikan SR Liy goMnO3; (Mn4* and Mn>*)
raadaa s adl s g s sl sy sl a e el R T I M I A N I A A AN A AN A
B — Liy goMn0, é E — Lij ooMnO; 4+
— Liy 50Mn0,4 L — Lij ooMnO3 5+
— Li; goMn0, = i
K :
S
a
o
3
<
e}
()
N
© I
£ :
(@) 1
Z :
J o
rrr[rrrrrrrr[rrrrrrrrrj III||IIII|IIII|IIII|IIII|
640 645 650 655 660 640 645 650 655 660
Energy /eV Energy /eV

Mn ions are 4+ states in Li; (cMnO,

Mn4*/Mn>5*-redox mechanism cannot explain the results
Kubobuchi, Ikeno, Mizoguchi ef al., Appl. Phys. Lett. 104, 053906 (2014). 14



Mn'l_2,3 XAS Of LlXMnO3

Ab-initio calculations

Li,MnO3, x = 1.0,1.5,2.0 (Mn*+)
AN B AN AT A B AT AT AT BN AT A A A A

— Liy ggMnO3(Mn
—— Liy 50MnO3(Mn
— Lij goMnO3(Mn

4+)
4+)
4+)

Normalized Absorption /a.u.

The changes of spectral shapes are e R AR AR R RERE D
due to 640 645 650 655 660

« Changes of electrostatic potential Eneray feV
* Local distortion around Mn ions

Kubobuchi, Ikeno, Mizoguchi et al., Appl. Phys. Lett. 104, 053906 (2014). 47



Effects of the Jahn-Teller Distortion

Mn-L, ; XAS of LiMnO, (Mn3*, d4)

a-NaFeO, (r-LiMO,) m-LiMnO,

0.5 | LIMnO, i —— with JT distortion -
0.4 R without JT distortion
0.3¢
021
01t

0 L .
630 635 640 645 650 655 660 665
Energy (eV)

Space Group: R3m  Space Group: C2/m

PACS (1022 m?/atom)

D,,; Symmetry C,;, symmetry

H. Ikeno, et al., J. Phys. Chem. C 115, 11871 (2011). qg



Effects of the Jahn-Teller Distortion

Mn-L, ; XAS of LiMnO, (Mn3*, d*)

a-NaFeO, (r-LiMO,) m-LiMnO,

Space Group: R3m  Space Group: C2/m

g
%&' CX‘
b La a- b

D,,; Symmetry C,;, symmetry

JT distortion can be clearly
detected by measuring
orientation dependence

PACS (1022 m?/atom)

0.5
0.4
0.3
0.2
0.1

0
0.5
0.4
0.3
0.2

0

r-LiMnO, without JT distortion_

— E//c
— Elc

with JT distortion

ct

3 |
o
b i

m-LiMnQ,
—E//a

—E/b
—E//c

630 635 640 645 650 655 660 665

Energy (eV)
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Fe-L, ; XAS in Olivine

LiFePO, g_.,, FePO,
:-9\ t } t } | t } t : ; E:Xp. :_,U? ! t ! t ! } | }
S | HFePO, Fe>* HS (C,sym.)| 5| FePO, Fe3+ HS (C, sym.)
f% Distorted FeOs | £ Distorted FeOy
> >
2 2
S Calc.| & J‘/\\Calc.
E — e E —_ e S
FeO Fe2+ HS LaFeO; Fe3+ HS
(Op sym.) (Op sym.)
Calc. / Calc.
700 710 720 730 700 710 720 730

Energy (eV) Energy (eV)



Summary

Development of an ab-initio method for transition
metals L, ; XAS

 Full-relativistic MO calculation using cluster models

« Configuration interaction calculations for multiplet levels
« Applicable to arbitrary atomic & spin arrangements

* Quantitatively reproduce & predict experimental spectra

High quality XAS measurements
+ Ab-initio multiplet calculations
= Unique & powerful technique for the
characterization of TM in cathode materials
|dentify chemical states, spin states, local symmetries etc.
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