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EFFECTIVE THERMAL NEUTRON FLUX

Pulsed reactor
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Pulsed reactor IBR-2
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What can we study? How to do this?

discharge— € —» o

Neutron diffraction!

-Atomic structure of
electrodes,

-crystal phase transitions,
-microstructure.
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Advantages of ND over X-ray:
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-Study of light elements; ]
-Distinguish of elements with close By iy % Wy B W

atomic numbers;
-Huge penetration capability 200°




Diffraction experiment

Y123-Cu/Fe HRFD"™"

High resolution Ad/d~0.001
0.1%

Y123-Cu/Fe DN-2
Low resolution Ad/d~=~0.01
1%
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The peak intensities give the information about an atomic structure (and texture) of a sample.
Displacement of peaks on pattern - about symmetry and average parameters of an unit cell

Peak widths — about average block sizes (crystal grains) and unit cell parameter dispersion
(microstrains). Sample can be multiphase. Phase analysis.



In-situ study —investigation of electrodes in
operating time
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Study of battery materials by neutron diffraction

A model cell emulates work of a real battery.
65 mm It is ideal for experiments but it does not work

N\ N\ \/' one to one as real battery
N =
= -
| 3"% kﬁ w/(’
} { 53mm
b { 73 mm

I { 90 mm
Figure 1
Cross section of the assembled device: (1) cell top, (2) spring with piston,
(3) negative current collector, (4) cell body, (5) compartment for the

active material and entry window for neutrons, (6) positive current
collector.

A real power cell consists of many
“duty” phases.




Analysis of charging/discharging processes in
Li-ion batteries by neutron diffraction

C=2900mAh, U= 2.8-4.2V, m=46g
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HRFD, Low Resolution mode, exp time is 5 minutes, ~C/10, ~C/5



Analysis of charging/discharging processes in
Li-ion batteries by neutron diffraction

£ |1 2 i . ; B 7 = TR P . - -

linear

it it O AR et

QLT ———

TNl 1 1 )

P sy

LiCoO, part LiC, phases



Analysis of charging/discharging processes in
Li-ion batteries by neutron diffraction

(a) OTE (b) 12TH (c) 12TV (d) 12TR
With no Horizontal 12 T Vertical 12 T Rotating horizontal
magnetic field magnetic field magnetic field magnetic field

Yamada et al. APL Mater. 1, 042110 (2013)



Analysis of charging/discharging processes in
Li-ion batteries by neutron diffraction

Joumal of Power Sources 258 (2N 4) 356364

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

Structural evolution in LiFePO4-based battery materials: In-situ and ®m.,,,m
ex-situ time-of-flight neutron diffraction study

LA. Bobrikov **, AM. Balagurov®, Chih-Wei Hu"*, Chih-Hao Lee ™*, Tsan-Yao Chen",
Sangaa Deleg", D.A. Balagurov*®

* Frank Laboratory of Newmon Phiysics, Joinr Instnee for Neclear Research, Dibna 141980, Russia

® Deparrment of Engineering and System Science, Narional Tring Hua University, Hainchy 30013, Tahwan

© Natonal Synchnomon Radiation Research Center, 107 Hsin-Ann Road, Hsinchu Science Park, Hsinchu 30076, Tabwan
4 nstinete of Physics and Technology, Mongalion Academy of Sciences, Ulaanbaatar 270651, Mongalia

HIGHLIGHTS GRAPHICAL ABSTRACT

» Time-of-flight m-situ neutron  pow- TAE sell LFFV cathade
der diffract a5 lied to stud PO
_Lr r?L on was applie . o study B F.'.".ﬁl.'.l ni | . -
commercial Li-ion batteries, oy ta 43 1

« Comparative study of the behavior of
LiFeP0s- and V-added LiFePOs-based
batteries in charge —discharge cycling g
was carried out £
o Detailed tracing of the multistage t

nracmee Al icinesrtinn intn erachite




Voltage (V)

3.0} z
—— LiFePO,:V 1_

-.---- LiFeO i

25} 4 i
i

1

2.0 ' , '

0 20 40 60 80 100 120 1:40 160
Specific capacity (mAhg™)

Vanadium Substitution of LiFePO, Cathode Materials To Enhance the
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Electrochemical properties

LiFePO,+V
(shortly LFPV)
V=1%

Unknown
displacement of
V.(Vis
considered to
substitute Fe.)

Ne1

Pure LiFePO,
(shortly LFP)

Anode is
graphite for
both cells
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Experiments
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Diffraction pattern evolution for cell with LiFePO, + V

10Ah cell, LFPV cathode
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Structural phase transition FePO,<——LiFePO,




Phase content for cathodes

Weigh parts of FePO, and LiFePO, phases (in %) in batteries at
different states of charge (SOC).

Battery Nel (LFP only, C=2Ah) | Battery N22 (LFPV, C=10Ah)
SOC, %
FePO, LiFePO, FePO, LiFePO,
0 43(9) 57(5) 37(9) 63(9)
45(5) 66(9) 34(4) 68(8) 31(3)
100 93(13) 7(3) 100(11) 0

Typically 30-50 nm

Cutoff voltage is the same for X
both cells — 2.5 and 3.8 V |

Proportion between cathode and
anode is the same for both cells
(~2:1). And real capacity of
cellNe2 is ~11Ah

SEl Interface: Electrolyte

Graphite Particle i m intercalation into Graphite




Anode -negative electrode. LiC_phases.

10Ah cell, LFPV cathode
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Anode -negative electrode.LiC_ phases.
Evolution of graphite diffraction peak.

(cell Ne1, where a cathode isLiFePO,) (cell Ne2, where there is LiFePO,+V)

High intensive graphite peak (1, d = 3.35 A), lithium-intercalatedphases of
graphite LiC.,, (2, d = 3.47 A), LiC,, (3, d = 3.52 A)and LiC, (4, d = 3.70 A)



Anode - negative electrode. LiC phases.
3D evolution of graphite diffraction peak.

Graphite

Anode for cell Nei, Anode for cell Ne2, where

where cathode is pure cathode is LiFePO, +V
LiFePO,



Relative content

Anode -negative electrode. LiC_ phases
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ND investigation of cathode materials in
ex-situ mode (stationary conditions)
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Normalized neutron counts

ND investigation of cathode materials in ex-
situ mode (stationary conditions)
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There are evidences of defects decreasing coherent block size (~crystallites)



Summary

From in-situ:
1) In general LFPV (LiFePO,with V) operates similar to
LFP (pure LiIFePO,).

2) But LFPV works effectively LFP:
- more volume of cathode operates in LFPV battery,
- anode of LFPV battery has more Li-reached LIC,
phase.

3) Addictive of V in LFP increase guantity of defects
decreasing effective size of crystallites (from ex-situ).

4) Decreasing of the crystallite sizes helps to improve Li
migration inside of LFP-like cathode.



1)

2)

3)

4)

General conclusions

TOF diffraction at the IBR-2 (HRFD station) is a promising
technique for studying the materials that make up Li-batteries,
as well as transition processes in them.

The acquired diffraction data allowed detailed tracing of the
multistage process of Li insertion into graphite followed by the
formation of several LIC, phases. In the battery Ne2 based on the
LFPV-cathode a ~10% larger part of the anode material passes into
LiC, state if compared with LFP-based battery.

LiFePO, <~ FePO, transitions are clearly seen and quantifiable.
From obtained data one can see that in cell with LFPV all volume of
cathode works if compared with LFP-based battery.

Ex-situ study has shown that inserting vanadium into the LiFePO,
structure, a significant (from a few thousand to about 400 A)
decrease in the typical size of coherent neutron scattering domains
occurs. This effect can be interpreted as a considerable increase in
the density of defects.



Right now

We do experiments with model cell. We have one model
cell with vanadium windows (vanadium does not
make neutron diffraction peaks).

We try to make another one with Si windows.

Thank you for your attention!




ND investigation of cathode materials in ex-situ
mode (stationary conditions)
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dPypbe AU pPaKTOMETP BbICOKOro paspeLueHus

Y123-Cu/Fe ozt

High resolution
0.1% i

I W D mIErwrneeener e oen | 1
T T l T T | T T | T T I T T | T

Y123-Cu/Fe ﬁ

Low resolution ;

1% r.

| [ (1T (W (NN (N II:I [ UT T ]II [N |
| T T PSS AT T T

0.7 10 13 1.6 19 22 25
d A

than

0-01'“IIII”III”IIIIIII”HI”HI“T(I]II::?IIIHS'
(Lag sPry75)p :Cap ,Mn'*0, ] -
T L A LR L B L B g v i ]
A HRFD 0.008 ]
Y T=203K ] ]
=] ] ]
] 0.006 HRPT .
33 — 1 g
= - 4 -
=) T N 1 ]
g | 08 09 10,11 12 13 14 0.004 1 -
= ]
: f 0.002 HRFD HRPD
S ‘H__L’L“Ll N n E | j____l } ] —_—
N g 1 1 " 0 T T T LIS I B LB B B L B B L L B
P RO A Sy da
g -".'"T' T I: T T T T T |.-|"'-'I T T D l 2 3 4_ 5 6 ? 8
08 10 12 14 16 18 20 22 24 16 28 d. A
oy




icchepoBaHMe akKymynaTopos Ha LiCoO,
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icchepoBaHMe akKymynaTopos Ha LiCoO,
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MATERIALS SCIENCE
MECHANICAL PROPERTIES
MATERIALS CHEMISTRY

Visualizing the chemistry and structure
dynamics in lithium-ion batteries by in-situ
neutron diffraction
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