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A. Charge/discharge galvanostatic curves at C/40 (1 Li" in 40 h) of the 40 nm LiFePO, (red line) compared with the two-

phase profile of the 140 nm LiFePO, (blue line);

B. In situ XRD measurements. A continuous shift of the diffraction peaks during the charge/discharge of this 40 nm LiFe-

PO, is characteristic of a solid solution. The red diffractogramm, which corresponds to the obtained material at the end of
the first charge, exhibits a cell volume of 0.273 nm’, close to those of the fully delithiated FePO, phase. XRD patterns

were recorded using Cu K radiation at a scan speed of 1 min™. Only one-fifth of the collected patterns are displayed here

for clarity.
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the Fourier transformed K-edge spectra as functions of charging!™!
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Fig. 7 A. Fe-L; XAS spectra collected on chemically prepared S1-S5 samples (thicker solid line), electrochemically prepared
LiFePO, (EC1) and FePO, (EC2) samples (dotted lines), hard XRS spectra of S1 and S5 are plotted as the thinner solid
lines; B. Fe-L; TEY XAS spectra of LiFePO, single crystal obtained for the electric field vector along the b-axis (red) and
c-axis (black), respectively, both TEY (solid lines) and TFY (dotted lines) spectra over the entire L-edge are shown in the

inset; C. Crystal structure of LiFePO /"

FH B W5 AR (Scanning Electron Mi-
croscopy,SEM) 7E 8 2§ Fi Wi F 58 T A T Iz 1
H. % & 55 SEM Y75 [a] 43 $E 0] DLk #) 10 nm, 58
R 73 B 23 50 0 5 F P R PR B s AR R B A G
SEM J2& ZRAIE F 3t A4 e} () J0RE /N | B S A AT

FL A A R B S v AR S AR 1 SO0
A% i 2SS SEM SEE AT DL B4 SEM % 2 T
EBH, B — 4 SEM & HIRE S & L 7E
FEMPHRMMBBERES THESES, AR
SEM Hi e i R, 75 BLas o Ar SR F TR G



o5 2

IR A LB AL 5 AR TR R AR HOR T 5 - 105 -

RS & XM AT DL aRE S RE A s

o] = S A BORE S A RS G0 AR IR M R AE T
KEEAE 7 i W o B P AR SR AR Ak, i L
7% THREMARBUE AR | RIRHA L T ALD 3 ALO;
J B ARIOK B A - 7 PR PP OK B A - T A AR Ak
FHOLL R iR B, ST T R A AR ek AR S
1) 24 25 i AL,

ARG L TR T 5 X 4 Ja 27 AR OULER (1)
F AL SR B AR T ZE BRI SEM I A R
WA ER SRR S B R — D &, BB
M 22 R 1) 4 Jm R PR AR TR S0, O RE AR AS A i A T
P A B T % FHRE L A SEM B S5 8 & 0
8T G @ AR Li A A R Ak e o 2 T fL
TR R i B8 i B, FL A T A e AR RIS i
XEFIES AL B2, DL KBRS i PR DT AR i AL
S (18] 8).

SEM nJ LA F #4855 75 2 R (Environmental Sc-
anning Electron Microscopy, ESEM) , 7& H: 1 Jji & H
e AR 5 5 A] DL SE B WS A AR A 4R il i
AT 4 [ 25 A DR A RS I A R O S 2
B AL HOLEE T Li-O, B8 [5 25 f b i i s v i
A S i A8 A0S, R R R SR T A AR AR —
J2 LiO VB [ R F i o, — R R Al 40 K 4 A
TE AR ) B — A5 B H S AT LR T 9 45 i Tk
FEL R 70 A G R R S AR, AT LA D M B A
B g oK A 5 A AR A A ik ) My, i R HR TR Y
AT, B W — A 1 um KN ERIR Y , 76 7
R (AT A R CRABOR AT Bl 4, 3F B2 i
GRAR T AN N CONT B2 12 i 1) 1l T 53 ik 33X 16
B LiO, B F B 7 H 3 S 45 i i 7= W 09 2E
NGl | N 2 R AR ] 20 BT A8 A A A TR
A 3% BRI T fig S 1l 3 4 ol 2D R

FHXT T SEM, TEM H A 5 & 1Y 73 Bk 3. I 4F
K, FH AT 4RGN B AL A b AT R TR R 7 PR
A Y A it it DA B PR35 A #E TEML HEL A5 i 44 v
AL DL 2 2% 22 A R A7 H b [R) A FE R R R A BT LA TR
Bf o ¢ i £ FE 1L X 4 263 (EDS) | HL ¥ fig fi 40 2K
i (EELS) | ¥ 1X B 7117 1 (SAED) £ Hf % 38 . %
BE(STM) | J5i 1 1 2 3 BT (AFM) (I 3 0l 2 21 1 4%
Sk VR Al T WG TE A AT DLtk — 25 U A e A
% I N T 4 ) A N A G R T o ML
JNE | 75 e 0] AR K B R R B Y 9 5 IR AE
T HE)

4 IKERERIPZAFEESNELR

D20mV=

k.

7ose ©or1000m

" C jé "
(A%

Pl 8 Li/Si Ha U o P HR A o 5 i R AR A o A T AR i
A6 (R % E N 6.4 mA-cm?)!

Fig. 8 SEM images showing morphology evolution of the

lithium electrode during lithium dissolution and de-
position in the Li/Si cell (the current density for
charging and discharging was 6.4 mA - cm?)!'”
A. 1st discharge to 20 mV; B. 1st discharge to 5 mV;
C. Ist charge to 1 V; D. 2nd discharge to 5 mV; E ~
F. The dendrite-like lithium which deposited in the
hole
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Fig. 9 Discharge and charge processes of the Li-O, battery™

A. Images captured at 0, 500, 1000, and 3000 s show the growth process of a spherical particle, which can grow up to 1.5

pm. -3 V was applied on SACNT vs. Li metal to initiate the discharge process. Yellow arrows indicate that the spherical

particle grew up at a CNT-solid state electrolyte-oxygen TPIL. Note that the CNT curved probably due to the sample drift.

B. Images captured at 0, 900, 1800, and 3200 s show the decomposition process of the spherical particle. 8 V was applied

on SACNT vs. Li metal to initiate the charge process. Red arrows indicate the position where the particle decomposed.

Note that the electron beam was on only during the image acquisition to minimize the irradiation effect.
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Fig. 10 STEM imaging of a three-phase coexistence region. Crystal structure (a) of spinel Li,Ti;0,, viewed from the [110] crys-

tallographic direction showing separated Ti and O columns. Til and Ti2 columns with different atom densities are repre-
sented by balls of different size. HAADF (b), ABF (c) images and ABF line profile (d) of Li,Ti;0,, (Li4) phase. Scale
bar, 1 nm. HAADF (e), ABF (f) images and ABF line profile (g) of Li;Ti;Oy, (Li7) phase. Scale bar, 1 nm. HAADF (h),
ABF (i) images and ABF line profile (j) of NasLiTi;0,, (NacLi) phase. Scale bar, 1 nm. ABF image (k) in the half electro-
chemically sodiated Li,Ti;0,, nano-particle. In ABF line profile, the contrast is inverted for a convenient visualization.

Scale bar, 2 nm. Line profiles (I, m) crossing the Li7/Li4 (line A) and Li7/Na6Li (line B) boundaries, respectively®
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Fig. 11 ABF micrographs showing Li ions of partially delithiated LiFePO, at every other row (note that Li sites are marked by

yellow circles and the delithiated sites are marked by orange circles)

A. Pristine material with the atomic structure of LiFePO, shown as inset; B. Fully charged state with the atomic structure

of FePO, shown for comparison; C. Half charged state showing the Li staging
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Fig. 12 A. ABF-STEM images of 70 nm LiFePO, viewed at the [010] zone axis (the staging area is marked by the dashed yellow

lines); B~D. Enlarged images of LiFePO, phase, FePO, phase and interfacial phase with staging structure, corresponding

to blue, green and red squares respectively in A; E~F. The line profiles from the ABF image corresponding to the differ-

ent colored dashed lines in D (note that in the ABF line profile, image contrast of the dark dots is inverted and showed as
peaks)t
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Fig. 13 Phase diagram of Li,,CoO, (0 < x < 0.50) nanopar-
ticle. Numerical symbols 0 ~ 4 represent the sample
points for STEM observation: (0) Pristine LiCoO,;
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Fig. 14 A. ABF electron micrograph of Li,MnO; synthesized at 800 °C viewed along the [110] orientation (inset: illustration of

the atomic configuration in a unit cell of Li,MnO;; B. ABF electron micrographs of: a) initial Li,MnO; ; b) Li,MnO;

charged to 4.8 V; and, ¢) Li,MnO; discharged to 2 V after being charged to 4.8 V; C. Pictures and corresponding line

profile of changes of Li ions in Li,MnO; after electrochemical lithiation and delithiation: a) pristine Li,MnO;; b) Li,MnO,
charged to 4.8 V; and, ¢) Li,MnO; discharged to 2 V after being charged to 4.8 V; D. Line profiles of LiMn, plane, O
plane, Li plane, O plane, and LiMn, plane in Li,MnO; samples at three different states: a) pristine Li,MnOs; b) Li,MnO,
charged to 4.8 V; and, ¢) Li,MnO; discharged to 2 V after being charged to 4.8 Vi
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Fig. 15 A. The full atomic resolution HAADF-STEM image for the delithiated particle viewed along the [110] zone axis (a), se-
lected areas (b, c¢) from the surface and the bulk, respectively; (d) and (e) are the average image intensity profiles of the

regions designated by lines in (b) and (c), respectively; B. The HAADF-STEM image for the discharged state viewed a-

long the [110] zone axis. (b) and (c) are the average image intensity profiles of the regions designated by line 1 (bulk) and

line 2 (surface), respectively™!
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Fig. 16 Three-dimensional plots for samples 3 and 4 (a and b, discharged to 0.05 V, 0.005 V, RT, VC free; c, discharged to
0.005 V and kept at 0.005 V for 48 h, VC free, RT; d~f, charged to 0.6 V, 1 V, 2 V, RT, VC free; g, discharged to 0.005
V and kept at 0.005 V for 48 h, 55 1C, VC free; h~j, charged to 0.6 V, 1 V, 2 V, RT, VC free; k, discharged to 0.005 V
and kept at 0.005 V for 48 h, RT, 2% VC, by mass; I~n, charged to 0.6 V, 1 V, 2 V, RT, 2% VC, by mass). Black sub-
strates indicate Li-Si alloys at different states, x and y axes give the coordinates, and the z axis gives the thickness of SEI
films. The color bar of 0~4 GPa shows Young’s modulus for the SEI films®
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Researches on In-situ and Ex-situ Characterization Techniques in
Lithium Batteries

LI Wen-jun, ZHENG Jie-yun, GU Lin, LI Hong"
(Institute of physics, Chinese Academy of Sciences, Betjing 100190, China)

Abstract: Electrochemical performance of Lithium batteries is directly linked to interfacial transports, reactions and storing be-
haviors of electrons and ions at bulk-surface interfaces. It is extremely important to conduct evolution studies from atomic level to
macro level in electron structures, crystal structures, microstructures and morphologies, chemical compositions and physical proper-
ties of battery materials at equilibrium and nonequilibrium in order to understand various structure-performance relations in lithium
ion batteries. Advanced in-situ and ex-situ characterization techniques have been used widely to clarify scientific and technological
problems in lithium batteries. This paper summarizes our efforts on battery researches using various experimental techniques, in-
cluding in situ X-ray diffraction (in-situ XRD), in situ X-ray absorption spectroscopy (in-situ XAS), quasi-situ/in situ scanning electron
microscopy imaging (quasi/in-situ SEM), high angle annular dark field/annular bright field-scanning transmission electron microscopy
(HAADF/ABF-STEM), scanning force curve, neutron diffraction, thermogravimetric-differential scanning calorimetry-mass spec-
troscopy (TG-DSC-MS), surface enhanced Raman spectroscopy (SERS), etc. Future research directions in advanced characterization
techniques for lithium ion batteries are briefly discussed.

Key words: lithium batteries; in-situ characterization; quasi/ex-situ characterization
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