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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

Neutron Science Division (~36)
• Principal Researcher: 12
• Senior Researcher: 3
• Post-docs/masters: 5
• Students: 5
• Engineers: 5, others: 6
Ph. D.
• Physics: 3
• Material Science: 5
• Geology and Mineralogy: 3
• Nuclear Engineering: 1
• Mechanical Engineering: 2
• Chemical Engineering: 1
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Monochromatic
Neutron beam

Scattering

Beam size at sample position
10 mm(width) x 50 mm (height)

ST2
Beam-port

Part Characteristic

Monochromator Ge(331), Ge(335)

Wavelength 1.836Å

Resolution Δd/d > 0.2%

Neutron Flux at 
sample

~ 3.5 x 106 n/cm2/sec

Multi-detectors 32 He-3 proportional counters (tube: dia. 
50mm)

PSD (position 
sensitive 

detectors)

1-D (100mm 200mm and 200mm 100mm), 2-
D (200mm 200mm)

Take off angle 90°

Collimators In-pile RSC (rotating shutter collimator) : 20' , 
30' , open(~50')
FCU (first collimator unit) : 6', 10', 20', 
open(~50')
Second collimator : 30' , open

Sample 
environments 

Low Temperature Option
- 4K CCR : RT to 4.5 K 
- 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
In-situ Option
- Furnace + UGA(gas spectrometer)
- Pressure cell: up to 10 Kbar
- In-situ battery (18650)
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• HRPD Users (Beam Time, hours) • HRPD Research Area (Beam Time, hours)
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• 2008~2025

• 2018~2025

• Publications

16.61
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10명 3명
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• O2 Partial Pressure

Adv. Energy Mater. 2020, 10, 2000521.

Excess Li
: 1 ~ 6%

Nat. Energy 2020, 5, 26 Chem. Eng. J. 2022, 448, 137685.

• Nano- Micro- Structure Design

• Li Stoichiometry & Temperature

• High Voltage Operation

Adv. Funct. Mater. 2025, 2424823.Adv. Funct. Mater. 2024, 34, 2306654.
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One Earth, 2019, 1, 413-415. Energies 2022, 15, 1086.

• Recycling of LiFePO4 Through Selective Lithium Leaching

• Recycling or Upcycling of Layered Cathodes
Black powder

J. Mater. Chem. A 2023, 11, 21222.

Korean Patents: 10-2021-0104289, 10-2022-0050043, 10-2022-0127163, 10-2022-
0140951, 10-2024-0044960, 10-2024-0043425

Korean Patents: 10-2024-0044960, Chem. Eng. J. 2025, 505, 159339.
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http://www.material-sys.com/global/content11/

E-Chem Magazine 2015, 6, 35.

S. Hong et al Small, 2021, 17, 2103306.

Li-poor impurities

Crucible

Sintering
condition

Polishing Treatments

 Phase purity (Precursor stoichiometry, 
Syn. Temp., Heating/Aging/Cooling, 
Grinding, Sieving, Atmosphere, Crucible)

 Pellet purity and density 
(Inhomogeneity, Impurity, Crystallinity, 
void, cracks  Ionic conductivity)

 Polishing & Other treatment

• Structural Evolution during Co-Sintering

• Regulation of the surface structures of cubic-garnet solid electrolytes

S. Hong et al. Adv. Energy. Mater. 2025, 15, 2402666.
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McKinsey & Company (2023)https://newsroom.posco.com/kr/2차전지의-필수품-리튬-왜-중요할까/ 
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네이버검색: 테슬라모델3

2014년, 27 kWh, 1회 충전 148 km

4천만원대

전자신문, ＂제주도전기차보급시범사업 ‘소울 EV’” 2014-03-29. 
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S. H. Song et al. Adv. Energy. Mater. 2020, 10, 2000521. 
http://it.chosun.com/news/article.html?no=2823515; https://www.survivalkit.com/blog/how-to-deal-with-lithium-ion-battery-fires/; ; 

NEWSIS ‘청라전기차화재＇ 4개월전이미지하주차장위험우려, 2024.08.21
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InsideEVs EVPOST “배터리폼팩터전쟁: 왜테슬라만원통형배터리를쓰나?” 2022. 09.15

R. Narayan et al. Adv. Energy Mater. 2022, 12, 2102652. 
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이차전지 소재/셀 평가 기술의 종류

X-선 활용 분석 기술

전자빔 활용 분석 기술

중성자 활용 분석 기술

광학 활용 분석 기술

기타 중요 분석 기술

전기화학 분석 기술

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

Eurofins, EAG Laboratories
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Unit cell Diffraction patterns

결정구조 정보
Structural information

(003)

(101)

(006)
(012)

(104)

(015)

(hkl) plane

(009)
(107)

(018)
(110)

(113)

• Phase index 
• Crystal system  & Space group 
• Lattice parameters
• Quantitative analysis of composites
• Atomic position (x, y, z) 
• Atomic thermal motion
• Atomic occupancy in the lattice
• Phase transition at various conditions
• Particle size & strain
• Ionic conduction path
• Valence state
• Magnetic structure
• Preferred orientation / texture
• Stacking fault
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Top Image Source: Emanuela Di Cola et al., Pharmaceutics 2016, 8(2), 10
Bottom Image: John  Copley, NCNR

Analysis of light elements
(Li, O, C, F, etc.)

Neighbor atoms in periodic table
(Mn, Fe, Co, Ni, etc.)
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New electrode/electrolyte materials Crystal structure change

Visualization of Li diffusion motions In-situ neutron diffraction techniques

- Structure characterization of battery materials 
composed of light elements (Li, Na, O, P, etc.)

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

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

- Li diffusion path in crystal structure of electrode materials 
by Maximum entropy method (MEM)

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

Sci. Rep. 2012, 2, 704.
J. Am. Chem. Soc. 2017, 139, 12054.

J. Am. Chem. Soc. 2012, 134, 10369.
J. Power Sources. 2020, 446, 227338. Chem. Mater. 2013, 25, 3614.Nano Lett. 2012, 12, 3068.

CrystEngComm 2016, 18, 7463. J. Power Sources. 2020, 446, 227338.Energy Environ. Sci. 2016, 9, 2902.
Adv. Funct. Mater. 2022, 32, 2108790.

Adv. Energy. Mater. 2020, 10, 2000521.
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R. Shakoor et al., J. Mater. Chem. 2012, 22, 20535.
Y. –U. Park et al., Sci. Rep. 2012, 2, 704.
Y. –U. Park et al.,  Adv. Funct. Mater. 2014, 24, 4603.
Y. –U. Park et al., J. Am. Chem. Soc. 2017, 139, 12054.

LixNa1.5-xVOPO4F0.5 LixNa4-xFe3(PO4)2(P2O7)
Na4MnxFe3-x(PO4)2(P2O7)

H. Kim et al., J. Am. Chem. Soc. 2012, 134, 10369.
H. Kim et al. Chem. Mater. 2013, 25, 3614.
H. Kim et al. Energy Environ. Sci. 2015, 8, 3325.
H. Kim et al. Chem. Mater. 2016, 28, 7241.

Na1.5VPO4F1.5

J. Kim et al., Energy Environ. Sci. 2013, 6, 830.
J. Kim et al., J. Mater. Chem. A 2014, 2, 8632.
J. Kim et al., J. Mater. Chem. A 2017, 5, 22334.

Li2TMP2O7 (TM= Fe or Co)

H. Kim et al., Chem. Mater. 2011, 23, 3930.

Na2Fe1.96V0.96(PO4)3

LixNa2-xTM3(PO4)3 (TM=Fe or Mn)

Na7V4(P2O7)4PO4

S. Y. Lim et al. Proc. Natl. Acad. 
Sci. U.S.A. 2014, 111, 599.

LiVPO4O1-xFx

M. Kim et al., Adv. Sci. 2016, 3, 1500366.
M. Kim et al., Chem. Mater. 2017, 29, 4690.

J. Kim et al., Chem. Mater. 2017, 29, 3363.
J. Kim et al., Chem. Mater. 2017, 29, 7826.

Na4VO(PO4)2
Na3V(PO3)3N
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Crystal system : orthorhombic
Space group : Pn21a 

First principles calculations Neutron diffraction

Na4Fe3(PO4)2(P2O7)

NaFe3(PO4)2(P2O7)

H. Kim et al., J. Am. Chem. Soc. 2012, 134, 10369.
H. Kim et al. Chem. Mater. 2013, 25, 3614.

 Structural analysis of new mixed-phosphate compounds (NFPP)
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NaMn3(PO4)2(P2O7)Na4Mn3(PO4)2(P2O7)

H. Kim et al. Chem. Mater. 2016, 28, 7241
H. Kim et al., Energy Environ. Sci. 2015, 8, 3325-3335.

Na4MnxFe3-x(PO4)2(P2O7) Neutron scattering length (b)
Fe = 9.45 fm;  Mn = -3.73 fm

Atomic number (Z)
Fe = 26; Mn = 25

Na4MnFe2(PO4)2(P2O7) Na4Mn2Fe (PO4)2(P2O7)

TM2

TM3

TM1
TM2

TM3

TM1
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Neutron diffraction analysis X-ray diffraction analysis

Y. –U. Park et al.,  Adv. Funct. Mater. 2014, 24, 4603.

Vanadium is invisible from neutron diffraction

Lithium is invisible from X-ray diffraction

 Li-V-based compound analysis (NASICON, Li1.1Na0.4VPO4.8F0.7)

R. Shakoor et al., J. Mater. Chem. 2012, 22, 20535.
Y. –U. Park et al., Sci. Rep. 2012, 2, 704.
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 Ni-Mn ordering in P2-type Layered cathode materials for Na-ion batteries

S Park et al. Energy Storage Mater. 2021, 42, 97.
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 Li in the lattice of Ni-rich NCM cathode materials

XRD simulation ND simulation

Li-excess 

(104)

(003)

(006)
(012)
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 Li in the lattice of Ni-rich NCM cathode materials – Synthesis temperature & Li contents

S. H. Song et al. Chem. Eng. J. 2022, 448, 137685.M. Bianchini et al. Angew. Chem. Int. Ed. 2019, 58, 2-27
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 Li-Ni intermixing and metal dissolution in Ni-rich NCM cathode materials – Electrochemical cycling

S. H. Song et al. Adv. Energy. Mater. 2020, 10, 2000521.
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http://it.chosun.com/news/articl
e.html?no=2823515

https://www.survivalkit.com/blog/how-to-
deal-with-lithium-ion-battery-fires/

Fire in Kona EV (2020. 10) from Yonhap News

 Li-Ion batteries

Fire triangle

Joule heating
Cathode materials

Flammable electrolyte

Inorganic solid electrolyte

• 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)

NEWSIS ‘청라 전기차 화재＇ 4개월 전 이미
지하주차장 위험 우려, 2024.08.21
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E. Chem Magazine Vol. 6, No1, 35

J. Awaka et al., Chem. Lett. 40 (2011) 60

Li7-xLa3Zr2-xMxO12 (LLZO) Li1.3Al0.3Ti1.7(PO4)3 Li4Sn1-xSbxS4
Li6-xPS5-xCl1+x

H. Kwak et al. J. Power Sources 2020, 446, 227338.
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H. Kwak et al. J. Power Sources 2020, 446, 227338.

Ionic conductivity
Crystal structure Neutron powder diffraction

BVEL
Activation energy
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S. –K. Jung et al. Nat. Commun. 2022, 13, 7638

 Li stoichiometry in LLZO solid electrolyte
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34
S. –K. Jung & H. Kim et al. Adv. Funct. Mater. 2022, 32, 2108790.

 Phase change in NCM cathode materials – High temperature of charged samples
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