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1. Introduction: Interaction of Hydrogen with materials
2. Experimental methods “Surface science / thin film
Various hydrogen beams point of view”
Nuclear reaction analysis: H depth profiling & site analysis
3. Results and Discussion
- Metal oxides
Perovskite: SrTiO,, High-entropy alloy, ReNiO,
TiO,: rutile vs. anatase
- Metal: metastable hydrides of Pd and Pt
4. Summary



Interaction of Hydrogen with materials

» Hydrogen is a clean energy (no CO, emission)

H, +%o2 Sy H,0 +Q(286 ki/mol)

Chem. Rec. 17, 233 (2017).

Catal. Lett. 152, 1583 (2022). Produce
: : hoto/electro-
v" Hydrogeneration / de-hydrogenation P 2;:;;?;0
reactions at surfaces
v Hydrogen in-diffusion & hydride formation Store H2 Use
liquid fuel cell

hydride combustion

» Control of physical properties by hydrogen

v Switchable mirrors: YHx Hydrogen gas sensing
v Superconductivity: LaH, (Tc~240 K) (J.N. Huiberts et al., Nature 380, 231 (1996))

etc. E. Snider et al., Nature 586, 373 (2020)



Hydrogen beam

Molecular H, / Atomic H
(thermal: E,~80 meV)
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Characterization by
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H. Ueta et al., PRB 102, 121407(R)
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Nuclear Reaction Analysis

BN+IH —-12C+ a + y (4.43MeV)
Resonance at E,=6.385 MeV  Resonance width= 1.8 keV

Depth profiling
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M. Wilde & KF, Surf. Sci. Rep. 69 (2014) 196.
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Nuclear Reaction Analysis

BN+IH —-12C+ a + y (4.43MeV)
Resonance at Ex= 6.385 MeV  Resonance width= 1.8 keV

Depth profiling Channeling Site analysis
- 1SN ion v 9
E+AE %ﬂ% % +0, B y \ /
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M. Wilde & KF, Surf. Sci. Rep. 69 (2014) 196. 0



Analysis of H location: TiH,,_,
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Outline

3. Results and Discussion
- Metal oxides
Perovskite: SrTiO,, High-entropy alloy, ReNiO,
TiO,: rutile vs. anatase
- Metal: metastable hydrides of Pd and Pt



Perovskite metal oxide: SrTiO, (001)
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Pt (20nm) / SmNIO;H, (70 nm) / LaAlO,
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High-entropy perovskite oxide (HEPO)

© o Pulsed laser deposition on SrTiO4(001)
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y-ray yield (cts./nC)

Atomic-H dosage to HEPO film
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rutile-TiO,, (110)

Y —ray vield (counts/ i C)

K. Fukada et al., JPSJ 84, 064716 (2015): PRB 105, 045424 (2022)

30

20

10

Atomic H dosage to TiO,

Depth (nm)
0 5 10

[ = heating up to 800 K
i\W 0.47 £ 0.1 ML _

- 140 K _
-=— heating up to 400 K _

6.40 642
"N beam energy (eV)

Surface adsorption & little absorption

y-yield [counts/uC]

anatase-TiO, (101)

Depth [nm]

0 10 20 30
T T | T

0.48 + 0.12 ML

300 K

60 -

6.38
N ion energy [MeV]

6.40 6.42 6.44



H Depth profile: diffusion analysis in TiO,
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DFT. energy diagram
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Hydrogen ion irradiation at low T

Depth (nm)
H concentration: TiIO,H, (x=1.2)

J. Am. Chem. Soc. 146, 32013 (2024)
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Pd: H, gas exposure and ion irradiation
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Partial occupation of metastable T site

E=6.42MeV: Line scan Before & after annealing at 80 K
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Temperature dependence of hopping rate

Ea

H/Pd : ~0.14 A0 @/Pg)

O-site

1) T>80 K: Arrhenius
Thermal over-barrier

3 T<30 K: nearly T-indep

Quantum tunneling
(@ 80 K>T>30 K: slightly T-dependent

: : v'Dressed electron
Phonon-assisted tunneling

electron-proton coupling
T. Ozawa et al., JVSS 62 (2019) 492; submitted.



Summary

Hydrogen (atom and 1on) interaction with metal oxides and metals
Characterization by NRA

1. Metal oxides

SrTiO,: surface adsorption Insulator — metal
ReNiO;: adsorption + in-diffusion metal — Insulator
HEPO: adsorption + in-diffusion remain insulating

TiO, : near-surface accumulation by H ion irradiation
faster diffusion in anatase than rutile due to polaron effects

2. Metals

Metastable hydride formation by H ion irradiation,
Pd: T(50%) and O(50%) site occupation
Pt: mostly stable T site occupation



Atomic H dose at high T

Temperature dependence
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QMS ion current [nA]
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H diffusion: classical to guantum crossover
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Effects of O site occupation

i @ DOS by DFT
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Isotope effect: effects of ZPE
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