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Fast ionic conductivity in B-based complex hydrides 

High ionic conductivity at high Temp.

Matsuo & Orimo , Adv. Ener. Mater. 1 (2011) 161 -172.
Appl . Phys . Lett . 91 (2007), 224103
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�‡ Lightweight materials

�‡ Low melting point

�‡ High thermal stability

�‡ High electrochemical stability

L. Duchene ,  et al .  Energy Storage Materials 25 (2020) 782

Fast ionic conductivity in B-based complex hydrides 

Challenge: low ionic conductivity at RT



Z. Zhang  et al . Energy Environ. Sci., 2018, 11, 1945

Ion conduction mechanism 

Z. Gao, et al. Adv. Mater. 2018, 30, 1705702

n:  concentration of ions 
q: ion  charge
�Ë��mobility of ion 
Ea: activation energy for 
ion hopping/migration

�1  depends strongly on 
crystal Structure

Thermally activated 
jump of ion defects



Conduction enhancement mechanisms

L. Duchene , A. Remhof , H. Hagemann , C. Battaglia .   Energy Storage Materials 25 (2020) 782

L. M. de Kort, V. Gulino, P. E. de Jongh, and P. Ngene, Journal of Alloys and Compounds 901 (2022): 163474.



Approach: Interface engineering-Nanocomposite electrolytes

D. Blanchard, P.E. de Jongh et al., Advanced Functional Materials 25.2 (2015): 184-192.
L. M. de Kort, V. Gulino, P. E. de Jongh, and P. Ngene, Journal of Alloys and Compounds 901 (2022): 163474.

130 % pore filling 

Ngene, de Jongh et al, JPCC,114, (2010), 6167



Conductivity enhancement in nanocomposite electrolytes 

J. Maier J. Electrochem. Soc. 1987 , 134, 1524;   Z. Zou, et al. Chem. Rev. 2020, 120, 9
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Space charge 

freezing point of H 2O nanoconfined in SiO 2



LiBH4/SiO 2 

bulk LiBH 4 

LiBH4/SiO 2 nanocomposites

~3 order of magnitude increase in conductivity

Blanchard, de Jongh, et al ., Adv. Func. Mater. (2015), 25, 184.
Blanchard, Ngene, de Jongh, et al. J. Electrochem . Soc. (2016), 163, A202

55 °C, 0.3 C 



50 nm
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LiBH4/Oxide: Effect of different metal oxides 

V. Gulino, L. Barberis, P. Ngene, M. Baricco, P. E. de Jongh., ACS Applied Energy Materials 3.5 (2020): 4941-4948.

25 v/v %

R. Zettl, L.M. de Kort, Ngene P. et al . Journal of Physical Chemistry C 124.5 (2020): 2806-2816.
L.M. de Kort, de Jongh P., Ngene P., et al . Journal of Materials Chemistry A 8.39 (2020): 20687-20697
L.M. de Kort, Ngene P., et al . Advanced Functional Materials 33 (2023) 2209122
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Na- ion conduction in complex hydride/oxide nanocomposites 

�‡ About 10000 x increase in conductivity 
upon nanoconfinement

�‡ Applicable to Li, Na, and ion-substituted 
hydrides (LiBH 4-LiNH 2,)

�‡ The nature of the oxide influences ionic 
conductivity

�‡ A complex interplay between the properties 
of hydride and the oxide insulator

R. Zettl, L.M. de Kort, Ngene P. et al . Journal of Physical Chemistry C 124.5 (2020): 2806-2816.
L.M. de Kort, de Jongh P., Ngene P., et al . Journal of Materials Chemistry A 8.39 (2020): 20687-20697
L.M. de Kort, Ngene P., et al . Advanced Functional Materials 33 (2023) 2209122



What is the conductivity enhancement mechanism?

J. Maier J. Electrochem. Soc. 1987 , 134, 1524;   Z. Zou, et al. Chem. Rev. 2020, 120, 9

Space charge layer 



DSC measurement, 20 bar H 2, 5K/min

�‡ Depressed transition but not to RT

�‡ �1�D�Q�R���D�Q�G���³�E�X�O�N- �O�L�N�H�´���S�K�D�V�H�V

NanoconfinedBulk LiBH 4

Static 7Li NMR to probe Li +  translational mobility

M. Verkuijlen et al., J. Phys. Chem. C 2012, 116, 22169.
S. Lambregts et alJ. Phys. Chem. C 2019, 123, 25559, ACS Appl. Energy Mater. 2022  (in print) 

Conductivity enhancement: Phase stabilization? 



Nanoconfinement effects: interface reaction?

�‡ DRIFTS: Surface -OH groups disappear after confinement

�‡ NMR: Strong change in Si environment in nanocomposites

�‡ B and Li remain largely unchanged. 

R. Zettl, et al.  J. Phys . Chem. C 2020, 124, 5, 2806., ACS Applied Mat. & Interfaces 2020 12 (34), 38570
P. Ngene, P.E de Jongh et al. PCCP 2019, 21 , 22456 

S. Lambregts, et al. ACS Appl. 
Energy Mater. 2022  



Probing the interface with Xray Raman Scattering XRS) 

Absorption of a photon with energy equal to the binding energy of the 
core electron ( element specific )

For low absorption edges (Li, C, B, Na, F, N, Mg) soft XAS is used

Soft XAS : requires complicated experimental conditions  

�‡ Thin samples 
required

�‡ High vacuum (all 
components)

�‡ Not in-situ 

�‡ Concentrated 
samples due to low 
sensitivity

�‡ Mostly surface  
information   (< 50 Å)hole

X- ray absorption



Interface composition: Xray Raman scattering (XRS)

Superb for light elements, 
overcomes experimental 
challenges of Soft XAS�‡ Similar to Raman scattering in optics

�‡ Core electron excited to continuum 
while a photon changes its energy 
from E i to E a 

�,�I���©�(�����(i-Ea)= BE �:  sample info.

Scattering probability is 
angular dependent

U. Bergmann et al.  Microchemical Journal 71 (2002) 221 �±230
S. Huotari , Ch. J. Sahle et al.  J. Synchrotron Rad. (2017). 24, 521 �±530

Absorption of a photon with 
energy equal to the binding 
energy of the core electron 

Analyzer (fixed energy)

�©�(�����(i-Ea)= BE 
�:  sample info
10,540-10000=  540 eV
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OutputMeasurement cell Raw data

Intensity maps from
12 or 60 detectors

Kapton

Sample

Compton scan

Normalized spectra

Addition of ROIs
of one scan

Addition multiple scans
and background substraction

B-edge

Na-edgeB-edge

Based on Sahle, C. J., et al. J.  synchrotron radiation 22.2 (2015): 400-409.

XRS measurements overview (DESY and ESRF)  



XRS: LiBH 4/SiO 2 nanocomposites

Tetragonal 
LiBH4

Trigonal 
LiBO2, B 2O3,BF3 BH 3, 
B(OH) 3

L. M. de Kort, et al. Adv. Energy Mater.2024, 2303381



�‡ Presence of B-O bonds in 
the nanocomposites

�‡ Not completely oxidic B 
because LiBO 2, is not 
conductive 

�‡ Si-O-BH xLi?  Interface 
composition  depends 
strongly on the oxide used

XRS: Effect of the oxide 



XRS: Sodium based nanocomposites 

Evidence of N-O-like bond for NaNH 2 (NaNO 3)

Remove, inse



XRS: What have we learned? 

Surface or interface interaction 
is crucial



XRS: LiBH 4/oxide nanocomposites

Conductivity is proportional to the amount of the trigonal B !

L. M. de Kort, M. Lazemi, A. Longo, V. Gulino, H. P. Rodenburg, D. Blanchard, C. Sahle,M. Sundermann, H. Gretarsson, A. M. J. van 
der Eerden, H. Elnaggar, F. M. F. de Groot, P. Ngene, Adv. Energy Mater.2024, 2303381

V. Gulino, A. Longo, L. M. de Kort, H. P. Rodenburg, F. Murgia, M. Brighi , R. �ý�H�U�Q�ê, C. J. Sahle, M. Sundermann, H. 
Gretarsson, F. de Groot, P. Ngene, Small Methods 2024, 8, 2300833.



Influence of oxide surface chemistry?

�‡ Drying changes the silanol density and influences ion conductivity.
�‡ Surface interaction matters!!

P. Ngene, S. Lambregts, P.E de Jongh et al. PCCP 2019, 21, 22456 - 22466



Conclusions

24/15

Complex hydrides are a promising class of solid electrolytes for all-solid-state 
batteries (Li, Na, �0�J�����&�D�����D�Q�G���.�«������

Interface effects, especially interphase formation, play a crucial role in ion 
conductivity and in battery applications

The exact composition of the interphase is quite complex/highly defected 

XRS is powerful for probing interface composition

Making nanocomposites with different scaffolds allows us to study the nature 
and impact of interfaces.

 �����W�K�H�U�H���L�V���V�W�L�O�O���D���O�R�W���W�R���X�Q�G�H�U�V�W�D�Q�G�«��
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