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EXAFS(Extended X-ray Absorption Fine Structure)
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Study of the Jahn-Teller Distortion in LiNiO,, a Cathode Material in
a Rechargeable Lithium Battery, by in Situ X-Ray Absorption Fine
Structure Analysis

Izumi Nakai,! Kouta Takahashi, Youhei Shiraishi, Tatsuji Nakagome, and Fumishige Nishikawa*

Department of Applied Chemistry, Faculty of Science, Science University of Tokyo, Kagurazaka, Shinjuku, Tokyo 162, Japan; and *Battery Development
Laboratory, Asahi Chemical Industry, Ltd., Yako, Kawasaki, Kanagawa 210, Japan
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FIG.2. The Fourier transforms of the Ni K-edge and Co K-edge EXAFS spectra of (a) Li; - \NiO, and (b) Li; - ,CoO, as a function of x. The Fourier
transforms are not corrected for the phase shifts.
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XAFS Study of Ti-Silicalite: Structure of Framework Ti(IV) in the Presence and Absence of
Reactive Molecules (H,0, NH3) and Comparison with Ultraviolet-Visible and IR Results

Absorption

J. Phys. Chem. 1994, 98, 4125-4132

S. Bordiga, S. Coluccia, C. Lamberti,' L. Marchese, and A. Zecchina®
Dipartimento di Chimica Inorganica, Chimica, Fisica e Chimica dei Materiali,

Via P. Giuria 7, I-10125 Torino, Italy
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Figure 2. Silicalite framework where [TiO,] is substituting for a [SiO4]
building unit. Inseta: [TiO4] unit surrounded by four [SiO4] units (the
Ti(IV) center is represented by a black ball). Inset b: after water
hydrolysis of a Ti-O-Si bridge shown in a inset a (black balls indicate
Ti(IV) and hydroxyl groups).

Figure 1. XANES spectra of Ti-silicalite: (1) [TSa) outgassed at 300
K; (2) [TSa] outgassed at 400 K. (The zeroof the energy scale was taken
at 4964.2 eV, which corresponds to the maximum of the first peak of a
titanium foil K edge.)
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Figure 4. XANES spectra of [TSa] outgassed at 400 K, the effect of
NHj adsorption and desorption: (1) [TSa] in vacuo; (2) after dosage of
NHj (equilibrium pressure of 104 Pa); (3) effect of pumping at room
temperature for 10 min (energy scale as in Figure 1); (4) TiO, (anatase).
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XAFS Study of Ti-Silicalite: Structure of Framework Ti(IV) in the Presence and Absence of

Reactive Molecules (H,0, NH3) and Comparison with Ultraviolet-Visible and IR Results

S. Bordiga, S. Coluccia, C. Lamberti,' L. Marchese, and A. Zecchina®
Dipartimento di Chimica Inorganica, Chimica, Fisica e Chimica dei Materiali,
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Figure 2. Silicalite framework where [TiO4] is substituting for a [SiO4]
building unit. Inseta: [TiO4] unit surrounded by four [SiO4] units (the
) Ti(IV) center is represented by a black ball). Inset b: after water
hydrolysis of a Ti~O-Si bridge shown in a inset a (black balls indicate
Ti(IV) and hydroxyl groups).
;
U | L L |
0.0 20,0 400 60.0 80.0 1000
Energy (eV.)

Figure 1. XANES spectra of Ti-silicalite: (1) [TSa] outgassed at 300
K; (2) [TSa] outgassed at 400 K. (The zeroof the energy scale was taken
at 4964.2 eV, which corresponds to the maximum of the first peak of a

titanium foil K edge.)
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Figure 4. XANES spectra of [TSa] outgassed at 400 K, the effect of
NHj adsorption and desorption: (1) [TSa] in vacuo; (2) after dosage of
NHj (equilibrium pressure of 104 Pa); (3) effect of pumping at room
temperature for 10 min (energy scale as in Figure 1); (4) TiO, (anatase).
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Enhanced protection of carbon-encapsulated magnetic nickel nanoparticles through a source-based synthetic strategy,
M.P. Fernandez-Garcia, P. Gorria, M. Sevilla, J.A. Blanco, J. Physical Chemistry C, 2013.




XAFS ARGKN)LDEEM
Ga-K
0.09- |
| EXAFS _
% 0.0 S R =B B4
£ SRR T E DR
= SEEETE
SEEETH
0.07- :
XANES
T T
0.06 |
| I

I10IIIIIIIII11I
AT XER(keV)



XAFSANRIKNLDEEHT
XANESAANT KL

JRFDNKREIZEL>TED D,

KR8 | = %K. BE. RE ...

IR15 ) = [RFREIEEEE. BoGZh., BCfutd. SLIRECE

BEMICITIKRTEFT S

ex. [RFRIEMNELLEMANENHS ]
EE A EDHENEDHAENS]

ZJR)EDE

DT, INR—2 BRI (ﬁ&bf%f)ﬁﬂﬁf%é EMNZLN,

Athena/Artemis Z{£D75% 5. Athena DSF

I=ESE

o



XAFS ARGKN)LDEEM
Ga-K
0.09- |
EXAFS o
= 008 >
% 0.0 S R (=B B4
B : EEaF AQOY:E
= SEEETE
SRR
0.07 |
XANES
b4 B8 (< BE S 2 1548
0.06} |
| I

I10IIIIIIIII11I
AT XER(keV)



XAFSANRIKNLDEEHT
EXAFSANIR)L

MRREE ] =%, $E. REV ..

BEFOMNEE I2&E->TEILT 3,
[IR15 | = [RFEIEEEE. Bofrs, BofLfE. SLIAECIE

T ZEITOICIE, TR FRIEEEE . BRI B E D/INTA—E3F
WUAATETEBSH X 1 Z L T T/INTA—BIT4YTAUTEITD
WELNH DB,

Athena/Artemis Z{E D755 . Artemis D HEF



v )L (Shell, 5%)

XAFSARIRIVIZEBEFETD
[EEEE | (213K FT HH. T ARIICITIKRFELLLY,

Fl—#E. FHEDRFOEE =)

///////// -o- —--~\\\\\
//// SN
V4 N
/? ,,,,,,, Q\
” P S ~ A\N
n / W
/4 / \\ A\Y
n / \ A\
n / \ 1
. L
] I 1
° I @ ] Q
i \ I H
“ \ ! I
n \ / I
L\ \ / b
A\Y \ / Vi
“\\ - y /7
“\ S 7 ////
N S __-"
N P
\\\\\\ _ R
\\\ ~~~~~~
- §~—.¢_— -

BSRFAENFELFLVAIT I IL
[F1 o)L T TIL]...

FRIEFAENESFLALE DI
2o o)LITEZRES DIV

EXAFSEEfTrE{T oD —Do N1 =vk,



vz )l (Shell, 5%)

-~ ~
//, \\\ //, \\\
// aaaaaaa \\ // fffffff \\
/ -~ S \ / -~ S \
/ 9/ ¢ / e &

/ / \ / / \

/ / \ \ / / AN \
I / \ \ I / \ \
[ . [ -

I | I 1
¢ 1 ® 19 o ® 19

\ \ J I \ ! I I
\ \ / I \ \ / I
\ \ / / \ \ / /

\ \\ /, / \ \\ /l !

\ LN o / \ o C/ K4
\ N Rd / N0 , %
______ / S /
N / N ’
N R N R
\\ PR \\\ -
~o - ~ -

—DDVIIVIZBTARFETHDEMNZVEL->TIVTE
BEDENIESZA T, —DO DI TILIEERLT,
EDHIE. RFLEENSUFALIZXLTWNSDT
[ELN 1R HLAELY
-BDOFIE. FRAMICEEN AL TLWADT, Z2D /LI
DT TEZRBHZELTEE,
D) BEFTOBENELTIDERMDELXX AL TEREFI=L\H
2) FDT=DOIZIEINSGA—2DEMNEZ TLESIBRFTDRBENTHB)
TA)yREZ T ANLND D



— DD x)UIZHT S EXAFS DE

I, (FRETDRAZ—HHR)

IR1E: AR .
B \4 1, B8 BT Re pa sk
(k) = -52 gy (2kzz/ T o(k)) exp(—20%k% — 220
X krORz Sin f )) exp(—20 \
FEMEDOHEETF R T
1L T 1HZEVLEE
FINATISEF: SHEI(EEY).
SIS DELNIZ LB
EEEE D EGBDIRF%& / EHBERITE: EFDEE
— 2N T)LIZHLAAT A & 0 B [ Z % ity
ZDEEERTS
(FEBEKRKEEZD)

ZFTILICRHLTEDOANEITS



SItHEF ?

BEEMNEIETEHDT
A Ao et

—TERELGL
WM@ ey \r—of—(w

e _
EEJJI:MAF—

— \r K
JRF#%a<TIE O)(%@h o%lgﬁl)
EHIRILEF—HDKELLD
BETFHRDKERITELGS

IImII

+ |

. _PDETLMERT TRES
2! BRI ORE I IKELALY

RATBHIEZTDIDIZKSUBELLH D
NBIRFNRFDERFD,



EXAFSARIRNILIZEENDIEER

HEE: ¥(R)

DY — 7N EIX

JRFEREERZ D H O Tid7auy, I

IRIE: BRLEK

& l JE,HH:/J??FEEJEE%E
R
(k) = 5l >|sm<2kR+/¢4 oxp(~27K" ~2)
(VR EIPSE

TINA D SEF: ENRI(EAEY).
BT EBEDIENICKSEE

Sal= EEI?‘_IE BFDEIE

A BEE6 E [ 2%t it




EXAFSARIRNILIZEENDIEER
HE: y(R) OB — 7 (il
JRREEEERZ D H O Tid7a vy, I

O(k) = Cy + Cik + Cok?... DFRIZ kK D1XRDIEH
O(k) IZEENBE, sin DR EIL.
Sln{Zk(R + Cl) + CO + Clk + Czkz} tfd:éo

x(k) = %

N R
S§ﬁ|f(k, )| sin(2kR + ¢(k)) exp(—2c72/c2 — ZX)

IREIDREEEA R + C, [TEH-=ZEIZHEHDT
T—)IEBLI-EZEDE—IUHREL R + ¢, DEEICXL S,



— DD ILIZHT S EXAFS OEMREX (BITDRF—FhR)

1N - 520 SR
x(k) =750 55| f (K, )| sin(2k R + ¢(k)) exp(—20°k" — 2-)
HTILIZHLTZDRMNETS
E-TEIRELTIEL,
x(k) = z AR, Element (K)
R, Element

Z<DIGE . EHIZLGYTES!



K2x(k) (A%

T—)IO4IILARA)T QET—IEH)

—NIELTED !
20171006-000-Std-Cu-01-f.dat in k space 20171006-000-Std- d‘ "
T T T T | E— T T T | 25 T T T T T

BHTESL!

Relx@] &2

6 8 10 12 14

18 0 2
Wavenumber (A")

R (B

R space

Wavenumber

20171006-000-Std-Cu-01

J—ITEB]LT e
il —Dor’b#D LI
E . X9 AEtEEEY

Radial distance (A)



— DD x)UIZHT S EXAFS DE

Al T

{ (BBFTDRAZ—MER)

() = 153 ool F(k, )] Sn(2ER + 6(k)) exp( 207K — 27)

k

R
A

f=ot-—DoDO o zJLIZFEBLEEIFT
CATRICZHDINGA—IANRH AR ZFE-T
EDVOTHETZITODOMN?




EXAFSARIRNILIZEENDIEER

[TR—BT IV 1T IS A=A
N l , R
S§ﬁ|f(/€, )| sin(2kR + ¢(k)) exp(—20°k* — 2

/! '
%ﬁ’fﬁ Al-F
R—BZT LIS A—AR &

D EF L TRIDRFERBEIRFORT | DFEEFIIRTET D,

1

x(k) =

D RERF L T[RFART7 IDNFELCGELMDRTE
EICEZEFED2EEZATRLY,



%’E:E*H’Jﬁfﬁﬁﬂz_ﬁﬂﬁﬁ*ﬁ
R
X (k) = —SO 73 |f( )| sin(2kR + ¢(k)) exp(—20°k* — 2

A)
XAFSOKIZEENLSKRIE
Sos Nofe R, D o, A

IEIDRIE THoDIZHMNASMIINDEILID,
a) PRINE

b) IREIDE—VDLELE

C) IIEEIJODIIEI/JODI:O—7O)T%_§IS

Ti foil K-edge EXAFS

10 —

5_

Ky(k) /A°

0

il

10 b I I I I I I I I

0 2 4 6 8 10 12 14 16
k/A




%%E*E’Jﬁﬂiﬁﬂz_ﬁ*iﬁﬂ*ﬁ
X(K) = 3 S8 gl (k. ) sin(2KR + 6(k)) exp(~20°K? — 2y

A)
XAFSOKIZEENLSKRIE
Sos Nofe R, D o, A

1EDAIETHoDIZHNAHIID=EID,

a) PRINE
S« N (R)

b) IREBIDE—YDLE
R.®D

o) IRENDE LR NDE—IUDES
fio. A (R)



%%E*Eﬁﬁ*%ﬂ*xﬁ*iﬁ#*ﬁ
X(K) = 3 S8 gl £k, m) sin(2K R + (k) exp(~20°K? — 2

A)
XAFSOKIZEENLSKRIE
Sos Nofe R, D o, A

22 BB WV, R BRED. o, 1 ERIZRE)ZHRITE,

a) IRIE
Sos N« (R)

b) IREIDE—VDLELE
R. D

) IREIDELXDE—IUDEFS
feos A (R)

2> Sy D fHVIRED,



%%E*Eﬁﬁ*%ﬂ*xﬁ*iﬁ#*ﬁ
X(K) = 3 S8 gl £k, m) sin(2K R + (k) exp(~20°K? — 2

A)
XAFSOKIZEENLSKRIE
Sos Nofe R, D o, A

[RE BV, R REN. o, 4 BHIZRE)ZRITE,
(Sor D fIETIRZEE IFAM TREFH)

a) Hx1E
Sos N, (R)

b) IRENDE—VDHE
R. D

) IREBDELXDE—VDFI
oo (R)

> N.R. f(JRFFE. BB)MRES,



EHERRER M SR

AE D EXAFS ARIMILEETIE 2R TV T

FIRTYT

P22 ARV, R: BERN. o, 2 BRITRE)ZBITE.
a) ¥x1E Sos No (R)
b) IRENDE—VDELE R, D
) IRENDBELKNDE—UDESE 1.0, (R)
> Sy D, fHRED,

FE2RTYT

[RENIFEFBWV, R: REN, o BRIZRE)ZBITE.
a) ¥ Sos No (R)
b) IRENDE—VDEE R, @

) REBDELXDE—HIDEE  f.0. (R)
> N R, f([&FF&E., #HEB)MRED,

Artemis ZfF5 &, FIRTYIELZaL— 3 (FEFF)T
BEITENTELNDT— R, F2RTYTLMEVEKIIZRZ D,



__C{E-T-E2 B & Artemis TEHEE B D Xt it
[ XAFSORICEFENSHRIME S, N. /R, D. o, ]
BT ILIZRLT

E=C e Athena TEIIRS

ZEHABcCconzs)
S¢ Y AMP, AMPI,...
N N 1 HENGEAL
ZEDIEBEZER ELT-FF
R AR delr, delrl,... AR = R — R,
a2 a? ss, ssl,...



Artemis [T T 58 2— DN EE R
Artemis TP D/\NTA—4% FEFF 2 {#>CstE I 555,
JOUSLDHRNIZRESE
1. Atoms IZREBEDFH(cif 771 ILF)EEL T
FEFF D ANT7714ILE1ES

2. FEFF TEtEZ1TL\. Artemis TED
B AELIRIE., (IEERFZ1F

ELVOFEIZHE S, CDT=8 . XAFSEHT D=6 1Z1%
HoMLOIMEEFHRIZ/AIDENHLAESCEHONLE,
FAEDIE. Atoms DERR X WHZE TITEL 111!
(EXAFSD R IZIT R [T H TKAMNILAREREIXTEFENLILY)

(R RF3E . TEREL IR FFE . [2]R FRIEERE (R D EE)

1Z17%Z V= FEFF D A D774V EEJKT nIE+ 57 11!
Atoms + FEFF (&, T L5 Athena Z{F>TAXNIKNILZE
fBEL TR A EEZITHELVEL LD,




0.09-

0.08-

IR YR 4% 2%

0.07}

0.06-

XANES {biRsEIBE T 2158

(x-ray absorption near edge structure)
NEXAFS(near edge x-ray absorption

Ga-K

EXAFS

(extended x-ray absorption
fine structure)

KSR A5

AR FETORER
iR IR 1R
SRR T3

fine structure)

—5

o
ASTX#ER (keV)



%%E*Mﬁ*%ﬁtﬂﬁﬁ*ﬁ
R

X(K) = 3 S gl (k. ) sin(2KR + 6(k)) exp(~20%k2 — 21)

(In,Ga,)As DAs FYDEEZHMYT=L>,
1) K LT GaAs, InAs ZE{EL . BIET S,
2) N(=4), R(As-Ga=2.45. As-In=2.62) [ZBL%N,

0(=0.05) XX TE o /(=0) [T HELR
2 Eﬁﬂ] Ti?f: SODfAs—In?fAs—Gaﬂ ¢As—1n9 As-Ga /j&ﬂfé

L]

EERFD InGaAs ZHIFET 5,

Sos fasins Sas-Gas Paseins Pas.ca WA MDD TNSD T,

JX(K) =X pasm(k) + (l-x) X As- Ga(k) EEZRTIMITAVITT5HE
2 X, NIn? NGa7 RAs In> As Ga ’;&ié

3)



XAFSEIE DERR

6. - B{K/EAH ¥
-ErAmminPOXAFS;HIE




M-V B LS ER~DErFIN
¥g—78h0 S— %M
OO O
_pgEee 2D e
e 0 daaerr
CECCCECO CECCECCO
- AREREICER L~ # :
ErEEDREN ErP/InP heteroepitaxy
‘ 1.5um:
RIERECB(E
RERERTE
- RFIEZEHE L/
R=E> DG EM
- R—/S— R—=E> I DRJFEM
) 0.58%




Semimetal/semiconductor heterostructures

Semimetal:
(RE)As, (RE)P: NaCl-type
ErP (a=0.5606nm, p =150u2cm)
ErAs (a=0.5732nm, p = 150uQ2cm)
Semiconductor:
II1-V semiconductors: zincblende-type
InP (a=0.5869nm)
GaAs (a=0.5653nm)
Mismatch:
Aa/a=-45% for ErP/InP
+1.4% for ErAs/GaAs

Applications:
Metal-base transistor
Hot-electron transistor
Resonant-tunneling transistor etc.

InP/ErP/InP heterostructure
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