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3JI€RTPOXI/IMI/I‘ICCKI/IG NCTOYHHUKH SHCPINn

TonauBHbIii djaeMedT (Fuel Cell) - snekrpoxumuueckoe

yCTPOiicTBO, Mpeodpa3ymoilee IHEPIUI0 XUMHYECKOI peaknnu B
IeKTPUYECKYI0 JHEPTHI0 NMPH HCHOJb30BAHMIO TOJAOIIUXCSH

H3BHE TOILIMBA M OKHCJIUTEIS (OTKPBLITAS CHCTEMA).

karton: 0, +2e — O%

?‘ apon: O*+H,—> H,O +2¢

e-

ekTposuT - Y,0,/Zr0O,

aHoJI - CoZroO,
KaTO/ - La(Sr)MnQO,
barapen M aAKKYMVJSTOPbI - 3/1eKTPOXHMHYECKOe

YCTPOICTBO, B KOTOPOM 3JIEKTPOIHEPIHsi TeHEePHPYyeTCs MpH
NnpeodpPa30BaAHUN XUMHUYECKON IHEPTUHU C MOMOIIbBIO 00PaTHMBIX

redox peakmuii Ha 3JeKTpoAax (3aKpbIThbie CHCTEMBI ¢

0JIHOBPE€MEHHBIM XpPaHEHHEM M NPeo0pa3oBaHHuEM 3HeDFI/II/I).

Redox = reduction / oxidation = gain / loss of electrons

SOFC: TBepaookcuaHasi TONJIMBHASA
siyeiika. Padouyas Temneparypa: 600-

1000 C




discharge

I'padmr (Li,Cy) Aaextposant (LiPF) LiMO,

John B. Goodenough
USA, 1922

K.Mizushima, P.Jones, P.Wiseman,
J.B.Goodenough “Li,Co0, (0<x<-1): A
new cathode material for batteries of
high energy density”, 1980) 783-789

3apad

Co+ LiC0O,———— Li,C, + Liy,C00,

X =~ 0.5-0.6

Yepes 15 — 20 jeT aBroM0o0uIM OynyT
JJIEKTPUYeCKUMHU. B KauyecTBe HCTOYHHUKA TOKA

OyIyT HCMO/Ib30BaThCsl LI-akKKyMyJIsSITOPBI.

Cathode lead

_ Safety vent
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Nissan Leaf NP300

(3aexkTpoMoOnIbL KoHIepHA Nissan, cepuiiHo BbImyckaeTcs ¢ BecHbl 2010 roma)
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KiaaccHblil aBTOMOOMJIB BJIajieJ1 OJroaa, aJsi
ce0s1 yBH/1eJI TOJIBKO IUIKOChI, 3JIEKTPOMOOWIb 3TO
oynymee!!! Hukakoro macJsa, cBeuei, peMHe#,

TONJIMBHOM CUCTEeMbI, 0€H30-3aIPABOK!

Total weight

Li-ion battery weight
Stored energy

Power

Distance

Maximum speed
Charging time

Life time

Cathode material

Price

1521 kg
300 kg
24 KWh
120 h.p.
~200 km
150 km/h
8h (220 V, 8 h)
S years
LiMn,O,
~600,000 rub
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OcCHOBHBIEC MaTepHAaJIbI AJIs KAaTOAA

LiCoO, LiMn,O, (mnuHenb) LiFePO, (o1uBuH)

R-3m, a=2.8, c=14.0 A Fd3m,a=8.25A Pnma, a=10.3, b=6.0, c=4.7 A

C, =278 MA-4/T C, =148 MA-Y/T C, =170 MA-4/T
D =107 em?/c D =101 e¢m?/c D = 10" em?/c
LiMny5Niy5Coy50, LiMn, 5, Nigs M, O, Li,Co,,M,PO,F

Li, ,Mn,,Ni,;Co,,0, M = Mg, Al, Co, Cr, Ti M = Fe, Mn



Neutron scattering and electrochemistry

1) Good visibility of light elements and neighboring atoms
2) Strong magnetic scattering (magnetic structure)
3) Small absorption (high penetration depth)

Problems, which can be solved with neutron scattering:

< atomic and magnetic structures of new materials (ex situ)

< phase transitions in electrode materials (in situ)

« structural changes in electrodes in the course of redox-processes (in situ)
« structural processes in electrodes in real units (in situ)

< defect microstructure of electrodes

- Experiments can be performed in the model conditions using special
electrochemical cells and with real batteries;

- All studies can be performed in very large temperature range: 4 — 1300 K.




In situ neutron measurement techniques for LIBs studies

|. Continuous neutron sources 1. Pulsed neutron sources
LLNLS(T':(;arXe) |' LANSCE (USA)
= s( _“Strla "';) SNS (USA)
Q:oilizeriang) IBR-2 (Russia)

FRM Il (Germany)
HANARO (Korea)
NIST (USA)

Diffraction: atomic, magnetic and defect structures, micro-scale (~0.01 nm)

Reflectometry: multilayer composition, surface structure, meso-scale (~1 nm)

Small angle scattering: non-uniformity of materials, meso-scale (~10 nm)

Imaging: spatial distribution of migrated atoms, macro-scale (~10 pm)

All together, they provide multi-scale view of redox processes in LIBs
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Normalized intensity

NAC-cranaapt (Na,Al,CasF,,) na TOF- u A, -nudpakromerpax
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Light atoms and cations distribution in electrode materials

0.332(4)Co%:
0.309(2)Ni2+
0.024(5)Li*

0.978(5)L1™:
0.021(2)N12*:

0.000( 1)Co?*

LiMn,;3Niy3Co,,30, (R-3m)

Joint synchrotron and neutron
refinement. About 2% Ni displaced
Li from the (3a) site.

0.335(3)Mn*:

0.001(2)Mn*:

_100% Li

97% Li, 3% Ni 4h 40

\ ,

11% Mn, 24% Ni,
10% Co, 55% L.

J Mn ( 55% Mn, 33% Nl,
I 12% Co

Li; ,Mng 4Nij3C0, 1O,
Crystal structure of Li,MnO,type, C2/m,
a=4.982,b =8.562, ¢ =5.013 A, p = 109.24

from P.S. Whitfield et al., “Untangling cation ordering in
complex lithium battery cathode materials — simultaneous
refinement of x-ray, neutron and resonant scattering data”
Advances in X-ray Analysis Vol. 49, 2005
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Electrochemical cells for in-situ neutron diffraction
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TOP VIEW

Mylar foil

Spring

TiZr current collector

+ Li metal (negative electrode)
Separator

Gasket

TiZr container

Powder (positive electrode)

J.Bianchini et al., 2013

ILL, D20, 2 =1.547 A
m = 10 - 200 mg,
t, =10 - 30 min
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In-operando neutron diffraction at D20 (ILL): LiFePO,— FePO,
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ILL, D20, A =1.547 A
m = 200 mg, t, = 60 min

J.Bianchini et al.,

2013
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In Situ Neutron diffraction study of the a commercial
(CLEON Technologies Sdn Bhd) Li-ion cell, Wombat, ANSTO, Australia

electrochemical cycling. Cell is discharged to 3.2
V, followed by charging to 4.2 V and final

FEATURING: .
ACNS2014 at Knoxville, discharge.
Tennessee

ANSS Prizes and Fellows
Announced

N () Dfor Frones ND patterns collected as a function of time during

Volume 25, Issue 3
July/August/September 2014

Materials:
- LiCoO, type cathode
- graphite (Li,Cg) anode

- Al current collector

- electrolyte (background)

ND patterns of graphite and LiC, reflections.
Splitting and formation of stoichiometric LiCy is
shown near charged state of battery.

IN THIS ISSUE -
cattBking & ifidence on crystallography from Neeraj Sharma et al.,

J. Power Sources 195 (2010) 8258




In Situ ND at the IBR-2 reactor
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LiFePO, MRy | |||| (NI O TN
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60

Evolution of the neutron diffraction
patterns  measured during three
charge/discharge (~70 hours) cycles.
“Anode window” is marked.

Time (Hrs)
=

20

3D view of the “anode-window”
region for all three cycles of
charge/discharge processes

Enlarged chart of the LiC,,
initial (discharged) state _ \
with pure graphite line LiC,, =

(d=3.35A) and
stepwise appearance of
LiC,, (d=3.47 A) and
LiC,, (d =3.47 A).
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LiC,, phases as seen by neutron diffraction

Wombat (ANSTO),
LiCoO, « LIC,

A.Senyshyn et al. (2013)
ks SPODI (FRM 1), =254 A
e 18650 type cell, LiCoO, « LiC,

—
N
=)
e
o
|

(002)

d=335A

TOF-HRFD (IBR-2), LiFePO, « LiC,

39 40 41 42 43 44 4591 92 93

Angle 20, deg.




Electrodes: microstructure, defects

Improvement of conductivity:

Carbon coating
Size minimization

Optimization of morphology

,Microstructural analysis-

: = S
Single line analysis:

- Scherrer

- Stokes — Wilson

- Williamson — Hall
- Warren - Averbach

5

width and shape parameters

—> Top — Down approach: <4t—— \WPPE {

Rietveld

Pawley

WPPM (Scardi, Leoni)

“Pattern profile analysis:

Bottom - Up approach: v
parameters of physical meaning

EE




Microstructure by TOF technique: size and stress effects
(Williamson — Hall plot in d-scale)

W2=C,+Cxd?+Csd2+C,d*
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Normalized neutron counts

T
NiO, 1500 nm
293 K, HRFD
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Size effects in NiO nanopowders
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MSE, 2013
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Widths of nuclear and magnetic peaks in diffraction patterns
of NiO with 138 nm and 100 nm crystallite size

S4, 1500
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Diffraction patterns of NiO with 13 nm

and 138 nm crystallite size




Microstructure of nanosized NbC, , powders milled in 1, 5, 10, 15 hours
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model was used for the second pattern.
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Size distributions for 2 components
of NbC-5h. Average sizes are 25.6
and 70.6 nm.

Lattice constants, A
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Lattice parameter as a function of
milling time for x-ray data and
2 component neutron distribution.
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Ex Situ data
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In situ neutron reflectometry experiment
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Battery assembly for in situ NR

Upper 3” Si wafer with Li metal

700 pum thick viton gasket
Cu/Si/Al, O, thin film on

Reflected neutron beam
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A half cell of electron-beam evaporated Cu (5nm)/Si
(10nm)/Al,O4 (2nm) films on a Si substrate as the active
electrode, Li metal as the counter and negative
electrode, and 1 mol/L LiPF; in EC:DMC (1:1 by
volume) solution as the electrolyte.

o
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NR spectra at various charge states

from H. Wang et al. “In Situ Neutron Techniques
for Studying Lithium Ion Batteries”




In situ small angle neutron scattering (SANS) experiment

Separator

(b)

to detector

I Beam stop

Battery assembly for in situ SANS

The evolution of:

(@) current
(b) potential
(c) charge displacement

from H. Wang et al. “In Situ Neutron Techniques
for Studying Lithium Ion Batteries”

(d) integrated SANS intensity
during charge / discharge cycles

The variation of integrated SANS intensity upon cyclic
charge / discharge is due to the contrast variation
induced by lithiation/ delithiation. The excess scattering
at higher cycling rates could result from new surfaces
created due to fracturing of graphite particles.
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Main components of neutron
Imaging beam line

neutron beam

guide

In Situ neutron imaging of alkaline

AA cell

(Daniel S. Hussey, NIST, USA)

L 4

light-tight box

neutron source

Neutron tomogram slice through
the cell before discharge. The
anode center post has very low
neutron attenuation, while the
separator (with hydrogen) has a
strong attenuation.

Separator

After 175 h discharge at a
constant current draw of 50 mA.
There is increased attenuation in
the cathode, indicating migration
of hydrogen. The separator is
still visible, although it is losing
hydrogen.

sample

Cathode

mirror

N — =

scintillator

| Ltk

After 525 h discharge at a
constant current draw of 50 mA.
There is further increased
attenuation in the cathode. The
separator is no longer well
defined.

lens + intensifier + CCD

neutron monitor
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Neutron spectrometers on the IBR-2 reactor

cOLp

o "\ / \ Diffraction (7):

) HRFD, SKAT, EPSILON, FSD,
6

DN-12, DN-6, RTD, (FSS)

DIN-2PI

SANS (1):
YuMO, (SANS-C)

@.‘.\F& —
{/m —1

=55 DN 12

Polarized neutron reflectometry (3):
REMUR, REFLEX, GRAINS

Inelastic scattering (2):
NERA, DIN

Neutron imaging (1):
NR

1
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NBP-2: nanbHelnue mjianbl

“Real time - in Situ HeHTPOHHBII CTPYKTYPHBII aHAJIN3 MATEPHAJIOB H
MPOLECCOB B MAJIOTra0aPUTHHIX HCTOYHUKAX YIEKTPUYECKOI0 TOKA”
(ITpoext PH®, 2014 — 2016)
- 'LiIMPO,, M = Fe, Mn, Co, Ni u TBepble pacTBOPHI Ha HX OCHOBE
- Na’LiFePO,F,  ’Li,CoPO,F, 'Li,FePO,F
- ONTUMU3ANHS IEKTPOXUMHUYECKUX sTUeeK

“HeHTPOHHBIC M PEHTTEHOBCKHE (CHHXPOTPOHHBbIC) KOMILJIEMEHTAPHbIE
HCCJICIOBAHUSA PeaJIbHON CTPYKTYPbI KPUCTAIMYECKUX MATEPHAJIOB”
(ITpoexkt PO@OD®U-0pu_m, 2014 — 2016)
- WPPM meton, PM2K software — pa3surue n agantanusa K TOF-ganHbIM
- IPOIECCHI IerPaJalMU JIEKTPOIHbIX MATEPHUAJIOB

“Synchrotron and Neutron Studies for Energy Storage”
(ITpoexT PIIII, 2014 — 2017)
- MYPH, peduexromerpus, tuppaxkuus
- paguorpadus / tomorpadus

KBa3zuynpyroe paccessnue — ko3gpuumrentnl 1udpdy3uun???

26



You are invited for experiments at the IBR-2 reactor
In Dubna — a nice place at the Volga River
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Time, hrs
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In Situ data for commercial battery of 18650 type

Interplanar distances, A

LiCoO,/Graphite based
battery of 18650 type.
Statement capacity is
2900 mAnh.

Exposition time is 5
min.

Analysis of various

charge/discharge rates.
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