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High-flux Advanced Neutron Application ReactOr (HANARO)
- 30 MW Multi-purpose Research reactor since 1995
- Neutron Scattering, NAA, RI production, Irradiation Test, NTD

Black : Operational Red : Commissicing

* : Belongs to other Institute
+ : Belongs to other division at KAERI
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Neutron Science Division (~36)

~ + Principal Researcher: 12
e Senior Researcher: 3 _ :
01 Residual Stress Instrument 07 Guide Test Station
* Post-docs/masters: 5
. 02 Ex-core Neutron irradiation Facility 08 Vertical type REFlectometer
* Students: 5 03 Neutron Radiography Facility +09 Cold Neutron Activation Station
. eutron Kadiograpny rFaciil
* Engineers: 5, others: 6 .
Ph D *04 Bio-diffractometer with neutron image plate Camera(KRIBB) 10 40m Small Angle Neutron Scattering instrument
' o 05 Four Circle neutron Diffractometer 11 Disk-Chopper Time-of-Flight spectrometer

° PhyS I(.:S .3 . 06 High Resolution Powder Diffractometer 12 18m Small Angle Neutron Scattering instrument

° Matenal SClenC_e: 5 . *13 KIST Ultra-Small Angle Neutron Scattering instrument

+ Geology and Mineralogy: 3 sy 1:: KI'_\E:{I IPStlwmegtsi, W: 14 Bio-REFlectometer

° NUC|ear Englnee“ng: 1 QG opSIang MSnavey UReRRiIns 15 Cold neutron Triple-Axis Spectrometer

& | ° Mechanical Engineering: 2 9 instruments

~»  Chemical Engineering: 1
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Part Characteristic

Monochromator  Ge(331), Ge(335)
Wavelength 1.836A

_ Resolution Ad/d > 0.2%
< 2 Y o Neutron Fluxat  ~ 3.5 x 10° n/cm?/sec
Beam-part sample
Multi-detectors 32 He-3 proportional counters (tube: dia.
Scatterlng - 50mm)
T r_. T PSD (position 1-D (100mm 200mm and 200mm 100mm), 2-
Monochromati sensitive D (200mm 200mm)

detectors)

Neutron beam
—— Takeoffangle  90°
P =N Collimators In-pile RSC (rotating shutter collimator) : 20",
Beam size at-sample Pesitipn . 30, open(~50')
10 mm[vw'ﬂtﬁ]x o0 mnlj_[neight] SLE— I | FCU (first collimator unit) : 6', 10, 20,
-~ - N -8 Sy o open(~50")
e ‘ Second collimator : 30", open

Sample Low Temperature Option
environments -4KCCR:RTto4.5K
- Cryo furnace: 20K ~ 800 K
- Dilution refrigerator & Super conducting
magnet : ~50mK with 10 Tesla
High Temperature Option
- Furnace: up to 950 K
- ILL furnace: up to 1800 C
; 3 . (8 S . b & In-situ Option
Beam stopper -3 - ) ST oo o 3 O - Furnace + UGA(gas spectrometer)
| R T nadiif S > ' Svor % -l - Pressure cell: up to 10 Kbar
' : ~ ' - In-situ battery (18650)
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HANARO Operation Days

@® HANARO Operation Days and The Number of Users

900

m
x
goi
®
Q
®
Q

Reactor Operation
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Reactor regulation trip
Seismic Reinforcement & maintenance
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HANARO HRPD Research Area (Beam Time)

« HRPD Users (Beam Time, hours) « HRPD Research Area (Beam Time, hours)
HRPD 2 E}Q! HY 7 $42t (2018-2025) HRPD ' EFY HY’E £ OF (2022-2025)
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HANARO HRPD Research Area (Publications)

e Publications e 2008~2025

HANARO HRPD Research Papers (2008~2025)
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Layered Cathode Materials for Li-lon Batteries
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o w
Number of cycles

2) R-3m phase 3) R-3m + C2/m phase

(Li excess)

Chem. Eng. J. 2022, 448, 137685.

O, Partial Pressure

Adv. Funct. Mater. 2025, 2424823.
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Recycling of Spent Cathode Materials

1

@ Practical Approaches on Recycling of Spent Cathode Materials

Black powder

v

Recvcling or Uncvcling of Lavered Cathodes
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J. Mater. Chem. A 2023, 11, 21222.

diffraction

Korean Patents: 10-2024-0044960, Chem. Eng. J. 2025, 505, 159339.
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Garnet-Type Solid-State Electrolytes

@ Synthesis and Structure X-ray scattering
XXpAI2 2024'd 108 17% S 2% 009¥ &7 &
_ %Z]—ﬁ ] HHE-] E] LE %I_O] H""‘di  Structural Evolution during Co-Sintering
140k: ama I'.}%‘»} ‘
1 . Cathode Cathode Solid electrolyte
Toxb AR WSS A Gop) - : Layered structure (R-3m)  Cubic structure (la-3d)

. Solid electrolyte L., Nig sC0, ,Mn, 50, Lis ;sGay ,sLa,Zr,0,;

1 QA A AN B A

Intensity (a.

A717} HiElZ) HEE BAI7} TR
L =712, 52 viez]Ql FaA vy
or  EHErg @718 gEH(4E) fee
. _ - ) (=

v Phase purity (Precursor stoichiometry, SRR TAS WY YA
Syn. Temp., Heating/Aging/Cooling, Hol Al xR FuA diEe) @
- L . S8 E8+12 ¥l Y018 1351l
Grinding, Sieving, Atmosphere, Crucible) Aol S AABCH 168 Wol

C}.
T A HiEiEhe A Thd A&

Weight ratio
1:1

S. Hong et al Small, 2021, 17, 2103306.
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ANE2 ALgs) oFAMo) BAHE R} g»:q;qq ARRI0| DHRISHE BRI BA ARG 011 21T, tures of cubic-garnet solid electrolytes
AITh HREIZIOIRISH ol BETE
7} Wl a7EoR We WE/L  WA(YWRAN XNKVUH (Y BHOZ Aoje) o)A ek} YojLt
B2 AEV WS U Yo  HA) TAR WIIShs UAS WA A QE A SINL Excess L0 - #600 T JTera
= QICt. NHFSE dF+E St $ich EEEQ H4g Aojs) 23 d8Y "= HA vige] & Penetration depth: SO e —— [__]cubic
RloBE 718 9T MaE BY X Wl fY TAS Yokd AL E 991 ¥ Ao} 71 FEe W | e e
0t BT} Q8 DRI Ho2 A4 MECH 2] S-S WAIE §I8 7l
ZRECL, 7 ATTAU 71 By 28750} AKUAZ ¥e IR 2lle AAIS) & ZUoletD vtk
o YA UK YA HHEL Ol WEA0| Wot 83 O ATE IBIGERBAYR :
ATEe B4x Wos nAEs  F3ilo) Mt A7IA Qgdtel  IRPIeAisIse siyeiEn Pellet surface
v Pellet purity and density AFHIE R ZIE S S B 012 0|5 WIS 4EE = ETE APARI AQE wgton) 2
_ _ - T} 223 X-Ho THEsE ¥ Zishs A% SeIsich TRe oj=HiAL OfLIA] HEZIYS
(Inhomogeneity, Impurity, Crystallinity, © oot Aol IE FBFE el olol Cish LAESHE AZ TA0l ol 98 Reeloz F7ARCE %) ZTO pellet
void, cracks = lonic conductivity) T FEBIC M AES oEiE 4 Q=M 28 & BAR 2787149 (UNIST) _
i i ol IFHolN TAESNE BHadol A & ZRUC). FSIE BV o0} HE  I4E, R4% 10 14E, ol o L2 () JER) | | () IV |
v Polishing & Other treatment 80 218 931 o0t HE0| M2t 1 O KA BIE 458 58 BT 5 S8} I4HE JORTh ) 0 1 2 3 4 5 6§ 7
A B AETE QR E] 2 /|50 WA A8TA o ULE7IRt ky85@etnews.com Polishing depth (pm)
http://www.materiaI—sys.com/global/contentll/ By B al. Adv. Energy. Mater. 2025, 15, 2402666.
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Growth of the Global Battery Market

By region [&42]: GWh] By sector [£42]: GWh]
HMIEEI DI =& DI2
d1e= mo= msd B OENEe m EROE

3= B 7HENIE

; "
: 4
' ‘ n %‘ Fo "’ > ~4,700 -4,700
y 27% ik

-4 Per annum

OIXEHXI

oA = =

T
~700
GILIXIHE /A -
2030 2022 2025 2030
https://newsroom.posco.com/kr/2Xt - X| o - H+Z 2| E-A-FLE McKinsey & Company (2023)
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Li-ion Batteries for EIeciric Vehicles (EVs)

20144, 27 kWh, 12| &7 148 km
443kl

TR Z, "HMF2 AI|X 22 Al ALY A2 EV” 2014-03-29.
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Battery Cell/Pack degradation & Safety

90%
80%
70%

=
e
=1
%)
>
P
o 32} — 1st cycle
o I 2nd cycle
© sall =— 10th cycle
© “7[| ——30th cycle
> || ——50th cycle
2.4 -1 —— 100th cycle
------ — 150th cycle
2_0 4 1 1 1 L I L 1 L 1 L 1 f 1 i 1 L 1
0 30 60 90 120 150 180 210 240 270

Specific capacity (mAh g™)

http://it.chosun.com/news/article.html?no=2823515; https://www.survivalkit.com/blog/how-to-deal-with-lithium-ion-battery-fires/; ;
NEWSIS *Aef M7|XI 3HX{ © 4702 A 0|0] X|S}FX}EE Q& 284, 2024.08.21

S. H. Song et al. Adv. Energy. Mater. 2020, 10, 2000521.
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Degradation Mechanism in Li-ion Batteries

AcidicpH = Graphite

cu' Cu*, Cu?’ L] Li.Tison,
= Silicon = Li-metal oxides
“‘",, = Limetal = Li-metal polyanionic

Cathode
1

Copper
Eloctrolyle

Copper Dissolution
,/.,,,‘;"\

Uc

&d

“fa el e e s

LN

- e o &
. / Py
Pulveriza on & Electrical Structural
Isolation s . Disordering
Short circuit
f. Dendrite growth \
l. —— “"‘“;;/ £
-~ ierscracking i
Dendrites & SEI growth crocrackin
EXRSDST Electrolyte penetration
Chemical Crosstalk i sl Transition Metal
Oxygen Evolution & Dissolution
Gassing

R. Narayan et al. Adv. Energy Mater. 2022, 12, 2102652.
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Characterization of Battery Materials & Cells

@ O|XHHX| &XH/4 Hot 7122 BF

electron and nuclear i tion dynamics, ing/ lictificati damage
dynamics ing/ ing of bonds, phase e i nucleation/growth
ions, molecules, amorphous or surfaces, crystalline solids

I_I |-l-|--6-|_ = A'l IJ\ molecules clusters hierarchical structures interfaces
© 12y =49 /1= I
Y i

Structural
= Open Circuit Voltage (OCV), Galvanostatic tests, Linear Sweep Voltammetry (LSV), Cyclic Voltammetry (CV), b

Potential Stepping Test, Galvanostatic Intermittent Titration Technique (GITT), Potentiostatic Intermittent

Titration Techniques (PITT), Electrochemical Impedance Spectroscopy (EIS), etc. Chomical

@ X-d && 24 7=

= X-ray diffraction (XRD), Soft- and hard-X-ray absorption spectroscopy (XANES, EXAFS, RIXS), X-ray imaging (XRI)
= TXM, STXM, CXDI, XPDF, XRF, XPS, SAXS, etc. A

10 nm 100 nm 10 pm 100 pm

G. Gourdin et al. Cell Rep. Phys. Sci. 2021, 2, 100660.

1pm

© HXIY BE 24 7|z ’
= Scanning electron microscopy (SEM) / EDS, FIB, etc.
= Transmission electron microscopy (TEM) / EELS, cryo-TEM, STEM, LAADF, EDS, etc.

o (0 st o
Propcs Mostapre MM 0P NI kg TP TOR UV Naeall MM GONS LW Marm RAS CPWL BRR PR £D8 mva SIEM

© 41 &8 24 7=
» Neutron powder diffraction (NPD), Neutron Depth Profiling (NDP), Neutron imaging (NI) i
» Neutron Reflectivity, SANS, etc.

RS0 1 ERLE Eiseiraeheniury

: S i - Sew mikm B
© e ¢g M IS il e L
= Optical microscopy (OM), Raman, Fourier transform infrared (FTIR) spectroscopy ‘“" -:-’:: ‘;~ ‘iml ”l:- ;L :w
0 7Iet 82 #4712 52 o B s
= Nuclear magnetic resonance (NMR), Atomic force microscopy (AFM), Scanning electrochemical microscopy (SECM) = | L g S l g ik
= MRI, EPR, TGA-DSC, BET, ICP, TOF-SIMS, AES, etc. < e, EAG Laboratoris
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Diffraction for Battery Materials

10 20 30 40 50 60 70 80 ‘ 920
! o 20(deg.)
l_. b * Magnetic structure
74
A8 X de

* Preferred orientation / texture

Structural information «  Stacking fault

Unit cell Diffraction patterns - - — - - - _______ 1
I« Phaseindex I
50k | I
(003! (hkl) plane | 1 ¢ Crystal system & Space group |
- 40k - : * Lattice parameters :
w = I * Quantitative analysis of composites I
o § L (104) : e Atomic position (x, v, z) :
2 I« Atomic thermal motion I
0 Sakf (101) | . . . 1
© o'? @ | ¢ Atomicoccupancy in the lattice :
3 (006) (009)(018) I . . , .
" =l (012) (015) (107)(110)(113) : Phase transition at various conditions :
¢ m ! | j__. | * Particle size & strain :
O QTS TR T e . : * lonic conduction path [
|
I ¢ Valence state I
I I
I I
I I
I I
|
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Neutron Diffraction for Battery Materials

X-ray

/ neutron beam

. Mass

No Charge Spin 1/2 |

No charge

Wavelength A ~ nm
(Thermal & Cold Neutron)

Energy ~ meV

Spin =1/2

Interacts with nuclei

— Deep penetration

Atomic & Nanometer scale

Same magnitude as

basic excitations in solids
— Magnetic structure, dynamics
—» Contrast variation

(b, = -3.74fm, by = 6.67fm)

vacuum

beamstop

detector

Analysis of light elements

(Li, O, C, F, etc.)

X- ray cross section

H DC O Al Si

@0 0 o o
—_—
neutron cross section

Coherent Scattering Length, b_, (10™m)

—
(' Korea Atomic Energy
/KAERI Research Institute

Neighbor atoms in periodic table

(Mn, Fe, Co, Ni, etc.)

15 4 —o— bcan
1| * b, x (relative abundance) | »
HorD g H
10 l :
L= Ry,
| m_ra,,j\ o] HE
5+ ol a® o @ g
8 VAR IR 2
o R < t
0 i 11 Liiia e
:. @ ik
5] 1:| Li sty
10 1 T poss 1
o 20 60 80

40
Atomic Weight

Top Image Source: Emanuela Di Cola et al., Pharmaceutics 2016, 8(2), 10

Bottom Image: John Copley, NCNR
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Neutron Diffraction for Battery Materials

New electrode/electrolyte materials
- Structure characterization of battery materials

ks~ / - <
A
5. o\

A
A 4 N

PO, —
letrahedra

‘.h'"-‘.E_ﬁ_substi'h.J-l‘\m

Na oV eP @O0 @F
Sci. Rep. 2012, 2, 704.

J. Am. Chem. Soc. 2017, 139, 12054.

a® >b

J. Am. Chem. Soc. 2012, 134, 10369.

A

Visualization of Li diffusion motions

- Lidiffusion path in crystal structure of electrode materials
by Maximum entropy method (\VIEIM)

3\

J. Power Sources. 2020, 446, 227@ \ Adv. Energy. Mater. 2020, 10, 2000521.

Crystal structure change

- LI-TM disorders (intermixing) in crystal structure of
electrode materials

- Characterization of neighbor atoms in periodic table (Mn,
Fe, Co, Ni, etc.)

LiFePO4

Specific capacity (mAh g”)
0 30 0 s 120 150

5

o)

=z

£,

©

2’ ’_//_/m’fm

i g g

S . J

g :

g, F S S
‘ Li (% P 4.0 35 30 25 20 15 1.0 0s
®F 6o xinNa Fe (PO,)(P.O))

)
- Korea Atomic Energy

Nano Lett. 2012, 12, 3068. Chem. Mater. 2013, 25, 3614. J

Research Institute

3\

CrystEngComm 2016, 18, 7463. Epergy Environ. Sci. 2016, 9, 2902.

J. Power Sources. 2020, 446, 227333

In-situ neutron diffraction techniques

of crystal structure at various
conditions (high/low T, ch/dis, pressure)

eonl o

ra
@
<

(
g
-
ha
g
3
orr)

g

Temperature
g
2
ol. -
Gas Pressure (t

Time (hour)

Adv. Funct. Mater. 2022, 32, 2108790.

\
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3 New Electrode Materials for Li/Na-ion Batteries

Li,Na, : ,VOPO,F, Li,Na, Fe;(PO,),(P,0,) Li,Na, ,TM3(PO,); (TM=Fe or Mn)
Nal 5VPO4F1 5 Na4Mn Fes. x(PO4)2(P 0O,) Na,Fe; 46V5.96(PO4)3

V,0,F bioctahedra

Na layer

VO,F —
octahedra

PO,
tetrahedra

@

R. Shakoor et al., J. Mater. Chem. 2012, 22, 20535. H. Kim et al., J. Am. Chem. Soc. 2012, 134, 10369. J. Kim et al., Energy Environ. Sci. 2013, 6, 830.
Y. -U. Park et al., Sci. Rep. 2012, 2, 704. H. Kim et al. Chem. Mater. 2013, 25, 3614. J.Kim et al., J. Mater. Chem. A 2014, 2, 8632.
Y.-U. Park et al., Adv. Funct. Mater. 2014, 24, 4603. H. Kim et al. Energy Environ. Sci. 2015, 8, 3325. J. Kim et al., J. Mater. Chem. A 2017, 5, 22334,
Y. -U. Park et al., J. Am. Chem. Soc. 2017, 139, 12054. H. Kim et al. Chem. Mater. 2016, 28, 7241.

Na,VO(PO,),

L|2TMP207 (TM= Fe or CO) Na7V4(P207)4PO4 LlVPO40l XF Na3V(P03)3N

s

LY

|ﬁ \rQ \IQ \IQ

=] I JF i gl . )
v Yo Y S
o / - z
~ ~ ~

e \IIQ \:Q \;5

~eartiy St S S
e TS Y v
r A . .

L

& &
e I e I - v
oS s
_ (O Nat ©nNaz ) Na3
© TM(Feorco) ®0 U - P S. Y. Lim et al. Proc. Natl. Acad. M. K?m et al., Adv. Sci. 2016, 3, 1500366. J. K?m et al., Chem. Mater. 2017, 29, 3363.
H. Kim et al., Chem. Mater. 2011, 23, 3930. Sci. U.S.A. 2014, 111, 599. M. Kim et al., Chem. Mater. 2017, 29, 4690. J. Kim et al., Chem. Mater. 2017, 29, 7826.

(/KAEI'II

Korea Atomic Energy
Research Institute
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New Electrode Materials for Li/Na-ion Batteries

s Structural analysis of new mixed-phosphate compounds (NFPP)

. . 5
Crystal system : orthorhombic Atom x ¥ z Biso Experiment
77 7 - = - Calculation
Space group Pn21a Fel 0337703) 01383) 0.5042(9) 0.03(7)
. - : Na,Fes(PO,),(P,0,) Fel 0.1402(3) 0.624(3) 0.4886(8) 003N 4l
| ohseved Fe3 0.2440(5) 0358(4) 0.7469(11) 0.03(7) 2’ """"
- Observed-Calculated Pl 0.29350(6) 0.618(4) 0.502(2) 0.13(10) Q
Bragg position .
. NaFePO, P2 0.1772(5) 0123(5)  04018119) 013100 O 3
3 P3 0.5630(6) 0488(4)  0.7382(14)  0.13(10) §
= P4 0.4446(7) 01734  0732312)  0.13(10) >O 3
%‘ Nal  04923(13) 08224 0.984(2) 112) 2r8
e _ | Na2 0.2941(9) 0.868(4) 0.750(3) 1.102) !
E | me———— Na3 0304001  0459(4)  02686Q0)  11Q) gL Voget 7 .
- : . 1 2 3
A o " Nad  04681(12)  0.695Q)  0.5473(019) 112 .
o1 0.2417(8) 05903)  06136(16) 0.29(5) xin NaxFea(PO4)2(P207)
2 m 0 ™ 0 120 140 02 0.3563(8) 0.439(4) 0.4731(14) 0.29(5)
2theta (deg.) 03 0.3335(6) 0.814(4) 0.5351(12) 0.29(3) Spemflc capamty (mAh g )
Neutron diffraction 04 0.2414(7) 0.649(4)  0.3874(13) 0.29(5) 0 2 150
03 0.2335(7) 0.1384)  0.6097(12) 0.29(5) =5 - ' - -
NaFe;(PO,),(P,0,) 06 012587  -0071%)  05074(13)  0.29(5) 3
Observed 07 0.2299(7) 0.086(4)  0.3848(15) 0.29(5) e
—— Calculated - AGT =
_~ —Galoated euated 08 0.1352(7) 0302(4)  04674(12) 0.29(5) =l
s | Bragg position 09 0.4819(7) 0401(4)  0.7019(10) 0.29(5) 2
© ' NaFePO, 010 055107  0595()  08760(12)  0.29(5 > 5l
> o11 0.6225(6) 0326(3)  0.7502(18) 0.29(5) @
-"u;; o12 0.5816(5) 06344)  0.6339(12) 0.29(5) 31 L
5 - - i . - 013 0.4558(6) 01234)  0.8585(13) 0.29(5) ° "
| PR R A Ol 037007 oISl 068D 03) T geTEe T wo a5 a0 w5 1o us
T bbbt s 013 0.4915(7) 0026(3)  06515(10) 0.29(5) xin Na Fe (PO,) (P,O.)
20 40 100 120 140 :
2theta (deg ) H. Kim et al., J. Am. Chem. Soc. 2012, 134, 10369.

H. Kim et al. Chem. Mater. 2013, 25, 3614.
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New Electrode Materials for Li/Na-ion Batteries

Speclflc capaclty (mAh g )

12IJ

Na,Mn3(PO,),(P,0y) NaM ns(PO4)2(on7)

“\? ' ——First c;rcle
= Second cycle
;; 41
=z \\
g‘ 3+ o B s e R ‘“g
> e %Ws”-‘é?‘%'"“‘-‘f”"e-wﬁ@« . g
= , ::E: ® w0 g
% ;w Charge capacity w0 o
.E 40 » Dlacnarn? capa_ci‘)' 3
E gL 8] o Codomdianicensy w E
S '[8 3
> W O
Numberofcyclos
- 0
1
Fully charged xin Na Mn ,(PO,), (P o)
Atomic number (2) Neutron scattering length (b)
Fe =26; Mn =25 Fe =9.45fm; Mn=-3.73fm
Na4MnFez(PO4)2(P207) Na,Mn,Fe (PO4)2(P207)
« Dbsenved —g::‘fl\;‘:d Phase Site Atom Occupancy (A%
T et "1 ObsCal ™I fe 0.482(7)
Bragg position »  [Bragy position Mn 0.518(7)
—_ _ F 0.828(5)
g =] =1 ™2 M; 0.172(5)
. © F 0.725(6)
8 5 ™3 Mn 0.275(6)
Fe 0.171(7)
% D ; ™1 Mn 0.829(7)
c B Fe 0.406(7)
| | | § ! Wy 8 x=2 ™ o 0.594(7)
i . - _ - E A A A s A 0 10 E N T ||l;|||||||- ™ f;l g;g:ggg
| Wwﬁmwww - kol mtionirihdamiiadtohivarumsnetr
b c o ™1 O TM2 O ™3 1zo 140 20 40 60 80 100 120 140
Na ©O P O o 29 (deg ) 20 (deg.) H. Kim et al. Chem. Mater. 2016, 28, 7241

H. Kim et al., Energy Environ. Sci. 2015, 8, 3325-3335.

22




03

HRPD ZH-& O|XFHX| A% A7 = AL Atz 274

A
!

(g’KAElil Research Institute

-~ Korea Atomic Energy

New Electrode Materials for Li/Na-ion Batteries

-]
=]
T

Capacity (mAh g™)

w
-]
T

0
0

i i v

1C rate at RT
1M NaBF, in EC/PC
Na anode

GFF separator

NFP 721 ratio

o Charge capacity
o Discharge capacity
= Coulmbic efficiency

100

L
@
-1

L
o=
=]

n
-]

Gll)D 1Dl00 1SJOO
Number of cycles

So

201

@
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T

1M NaBF, in EC/PC
Na anode

I GFF separator

NFP 721 ratio
o Charge capacity
Discharge capacity
= Coulombic efficiency (%)

- 40

420

5;)0 1000 1500
Number of cycles

0
2000

60°C Na-ion cell

1M NaBF4 EC/PC
O Charge GFF separator
O Discharge Na metal
O Coulombic efficiency

100

- 90

480

470

- 60

1 L L 1 50
2000 4000 6000 8000 10000

Number of cycles

Coulombic efficiency (%) Coulombic efficiency (%)

Coulombic efficiency (%)

ooCell N162Ah

=8 TuTeT

nes -
— 20v=13V

EEaEE e

© 86021 5155-0306

m Index Markets

Shanghai Metal Market

News+Insights Price Center

{ Home = News = [SMM Sodium Battery Analysis] 100,000 mt Sodium Battery Cathode NFPP Project Put Into Operation in Z...

[SMM Sodium Battery Analysis] 100,000 mt
Sodium Battery Cathode NFPP Project Put Into
Operation in Zigong High-Tech Zone; Jiana First
Achieves Large-Scale NFPP Production Line of
10,000 mt

5y Dec 19, 2024, at 10:45 am

[SMM Sodium Battery Analysis: 100,000 mt Sodium Battery Cathode NFPP Project Put into Operation in
Zigong High-Tech Zone; Gana First Achieves Large-Scale NFPP Production Line of 10,000 mt Capacity] On
December 18, 2024, Gana's annual 100,000 mt polyanion sodium battery cathode active material project in
Zigong High-Tech Zone was officially put into operation.

e

A Q122+ 4953 218

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
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New Electrode Materials for Li/Na-ion Batteries

% Li-V-based compound analysis (NASICON, Li, ;Na, ,VPO,¢F,-)

V,0,F bioctahedra

Na layer
VOF — ol Vanadium is invisible from neutron diffraction
octahedra
Lithium is invisible from X-ray diffraction
PO,
tetrahedra

c

A

X-ray diffraction analysis

a a
3 — Li1.1Nau.4VPG4.aFu.r
= -
=S (1]
a- o
g + z
- w
2 o .
7] - ;
c = L b b
-.2 R TRTRER T AT IOE O R T T  T T LTt
30 60 90 120 150 10 20 30 40 50 &0 70 80
4]
20/° 20 () (A, i)
R. Shakoor et al, J. Mater. Chem. 2012, 22, 20535. Y. -U. Park et al., Adv. Funct Mater. 2014, 24, 4603.

Y. -U. Park et al., Sci. Rep. 2012, 2, 704.

)

< KAERI

Korea Atomic Energy
Research Institute
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)3

% Ni-Mn ordering in P2-type Layered cathode materials for Na-ion batteries

(e)
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—
.
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P2-NMNO, XRD

« Observed
—— Calculated
—— Difference
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New Electrode Materials for Li/Na-ion Batteries

. P2-NLMNO, XRD

s Observed
—— Calculated
—— Difference
| Bragg peak position

Ao

)

80
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. T - -‘ ]| : TI T

20 30 40 50
20 (degree)

Al
| il

60

10 70
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¢ Observed
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| Bragg peak position
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.I.“ .
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S Park et al. Energy Storage Mater. 2021, 42, 97.
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* Liin the lattice of Ni-rich NCM cathode materials

Li-excess Ni-rich layered oxide

XRD simulation

New Electrode Materials for Li/Na-ion Batteries

ND simulation

—N92 No2
- N92 Li=1.01 NO2 Li=1.01
o o ° ° ° — NOZLi=1.02 — N92Li=1.02
Li- Excess N2 Li=1.03 N92 Li=1.03
N92 Li=1.04 NO2 Li=1.04
= — N92Li=1.05 - N92 Li=1.05
3 N92 Li=1.10 3 -N92 Li=1.10
o ° ° o 5 — N92Li=1.20 S N92 Li=1.20
= z
[2) w
c < |
\ 3 2
= = | i ¥
- : : ‘ ‘J‘.—"*l. : }.f“@‘ : , M_‘Ll_Jf¥ } b -"\.’ﬂ\
° o ° ° e 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
26(deg.) 20 (deg.)
0 0 0 ° o ez
: — NBz
(104) N92 Li=1.01 i
—— N92 Li=1.02 B o
\ Li-excess i N92 Li=1.03 i mgg ::!‘1'83
\ - /0 = i=1.
7N\ et (003) N2 Li=104
- 7\ - N92 Li=1.05 L Nosi Bt
, . ) 3 \ —— N92 Li=1.10 ; o
. e ;o |/ p i 3 —— N92Li=1.10
/ / / / T \ L I | — N92Li=1.20 (006)
000 0 i | i
o % ‘ (012)
5 g
o (#] (o] o E = Y
© 0 0 0 O | | |
|
et i
1 1
442 20 30 40 50
26(deg.)
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New Electrode Materials for Li/Na-ion Batteries

% Liin the lattice of Ni-rich NCM cathode materials — Synthesis temperature & Li contents

7 /’/l 7
4,00 .
0 {-1!'2 Oz{g}] 6 e 6
3.75 ;| IL,0 - "
3,50 o o < "
4285 high-p or high p{0y) synthesis ™ O
/ -, PR,
=
3.00 NjM* | 1
275 0 2
spinel LithiED‘ 0.00 0.02 0.04 0.06 0.08 0.12 0.14
250 Li,0, NiO, (de¥intercalation X in Li(1.x){Nig 9200 04Mng 041102
Spinel Li,,NiO, / LiNi,O, )
2.26 1:800C [ Ni in Li site {1
150-200 °C sl 7% 2:750C [ Excessive Liin TM layer
3:700C -
2.00

Layered Li, ,NiO,

S

Ni in Li site (%)

Liin TM site (%)

0.00 0.02 0.04 0.06 0.08 0.12 0.14

N io xin Li(1+x)[NiD.QZCOO‘anO.M]H-X)OZ

Li,O Li ngz

M. Bianchini et al. Angew. Chem. Int. Ed. 2019, 58, 2-27 S. H. Song et al. Chem. Eng. J. 2022, 448, 137685.
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Structural Change after Electrochemical Cycling

 Li-Ni intermixing and metal dissolution in Ni-rich NCM cathode materials — Electrochemical cycling

i Site ¥ y z Biso Occ :
I 7 RIRRORIUNIOR | LSRRI sl SIS 7. 0824_ 1 Nidissolution
I INil 0 0 0.5 0.48 (8) 0.7286 1 1
! Tor ] e 7 R T SR | SeS 7T ) ERSRE 0.085 ~ :
/1 Mal 0 0 0.5 0.48 (8) 0020 |
: Li2 0 0 0.5 048(8) 00333 |
4.9V 50 cycled 0 0 : ; :
| = - . 1
sy : Lil 0 0 0 1.4 (8) 0.81 (1) :
g : INi2 0 0 0 14(8) 0038 | Niin Li layer
- 46V50cycled | 0 Nl T X 03 TosE® | :3.8%
P | Col 0 0 0.5 0.3 (1) 0.084 |
z ; Mal 0 0 0.5 0.3 (1) o020 |
o i Li2 0 0 0.5 0.3 (1) 0.02(1) |
= : 01 0 0 02402(4) 1.7(2) 1.0 ‘I
4.25V 50 cycled| i , - Beo 0|
I Lil 0 0 0 1.1(5) 090(2) |
: Ni2 0 0 0 1.1(5)  0.020() |
| | | . | | | Nil 0 0 0.5 09(1)  0.856(8) I
20 40 60 80 100 120 140 160 y = 2 " i i = B
) Mnl 0 0 0.5 0.9 (1) 0020 |
260 (deg.) I Li2 0 0 0.5 0.9 (1) 0.03(2) |
-/ A NN N {OMIN E 1O MU -

S. H. Song et al. Adv. Energy. Mater. 2020, 70, 2000521.
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From Li-ion to Solid-State Batteries: Safety

+*¢* Li-lon batteries

— (A)————— i Firetriangle

7 e
e ° Chargf
i Li*
oL e
S Li
https://www.siValkit.com/blog/how-to- . i O
deal-with-lithium-ion-battery=fires/ H i 51 Discharge
R H - o
P L+ .
oty 7, . Lit a H
gt A : :
eTed Tl T e : :
_ -‘,,ii_i’?ﬁ{;jf’ Li* conducting = . : ‘
. Liquid . .
. electrolyte H R
N (- b sersaanteesesssseannsa@Weneesd ; Joule heating
Co (Cobalt) H
: o o Cathode materials
. . ! P e i 4 : © L* (Lision)
¢ vehi Ies E o=t NEWSIS = ‘amgnoml :
enic e 5 e IIGI"KP“HQ ool 0000871 T ‘ Charge .
. LECGOZ + Cﬁ A Lll_xCOOZ + leCE
A
Discharge

* Non-flammable ceramic based solid electrolyte
—> Safety and high T operation (over 100 °C)

* Separator free, Usage of Li metal, Bipolar stacking
—> Large volumetric energy density (800 ~ 900 Wh/L)

OFaoaat 631 F 9or 2 2
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Solid Electrolyte Materials for LRBs

*) Liz LagZr, M,04, (LLZO) Li; 3Alo5Ti1 7(POy)s Li,Sn,,Sb,S,
I—iG-XPSS-xCI1+x

L Solid electrolyte (SE)

. Cathode material

. Anode material

*s,  Conductive additives
(e.g. carbon)

E. Chem Magazine Vol. 6, No1, 35

-1
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ey p . of : '€ L
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lonic conductivity
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¢ Li stoichiometry in LLZO solid electrolyte
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Solid Electrolyte Materials for LRBs
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<+ Maximum Entropy Method (MEM) analysis of LiMn,Fe,,;Co,,3PO,
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% Li-excess olivine with three dimensional Li-path
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Thermal Stability of Layered Cathode Materials

% Phase change in NCM cathode materials — High temperature of charged samples
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