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renewable energy and electrochemical water splitting
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Atomistic |\/|Ode||iﬂ9 Ab-initio Molecular Dynamics (AIMD)

- System evolution with respect to
composition, time and temperature

’O.

1L-MO (-4.144 eV/0)

2L-MO (-4.547 eV/0) 2.4L-MO (-3.244 eV/0) 3L-MO (-1.951 eV/0)

Oxide layer growth on the TiFe (110) surface with increasing oxygen content Interaction of H, with oxidized TiFe surface at 600 K
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Atomistic Modelling

Crystal structures of Li, Mg, Al and LiH,MgH, and AlH,

encut = 700 [eV], temperatures = 298.1 [K]

200 A
L4
175 1 /.
4
S e
150 ot
,I
125 A ,’,
’I
XC
100
,” ® opth86b-vdw
75 ’!/ ® optpbe-vdw
S ® pbe
0 / . pbe-d3
3 /’ pbesol
7’
’ pbesol-d3
251 ° ,/ pw91l
If ® scan
0 17 e ® scan-rwlo0

0 25 50 75 100 125 150 175
AHrexp)

Hydrogenation enthalpies for
LiH,MgH, and AlH,

(a)

2 06
- '
E & :o.ssaev
» '
2 1 HOry —POrn
0.0 P i i i J
1.0 20 30 40 50
(b Diffusion coordinate (A)

Energy (eV)

s

1
2o F 12272V

Energy (eV)

1
0.5 : H:O14 —PMrs
1

1.0 20 30 40 50 6.0
Diffusion coordinate (A)

H atom path through oxidized TiFe

Thermal Expansion (1/K)
o
L

o
1

-

=
1

w
1

~
1

L

x10°®

T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Temperature (K)

Calculated thermal expansion of TiFe and TiFe oxide

Density Functional Theory (DFT)

» Structures of extended systems
» Finite-temperature effects

« Hydrogenation enthalpies

» Reaction pathways

« Surface and interfacial energies
« Simulation of spectroscopy
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Experimental and simulated IR spectra of CsNH, and
0.5 CsNH, + 0.5 CsH

TiFe hydride interface model
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Material
development

Amide and
Borohydride based
RHCs

8 Materials Development

Influence of the
additives and their
morphology on the

nucleation and
growth properties

Leitung der Experimentalgruppe
Dr. habil. Claudio Pistidda

Thermodynamic
tuning of the Amide
based RHCs by
composition
modification



X-rays compared to neutrons

« X-ray is an electromagnetic radiation

« Mainly interacts with electrons Atomic number,
* Low interaction with hydrogen 1 5 6 8 22 26 28 82
» Higher spatial resolution
c 0o 00000
* Neutrons are electrically neutral
particles

Hydrogen Boron Carhon  Oxygen Titanium Iron Hickel Lead

* |Interacts with atomic nucleus

 High interaction with hydrogen
« Lower spatial resolution

Attenuation characteristics of selected materials for neutrons and X-ray

https://www.psi.ch/en/niag/comparison-to-x-ray




Reactive Hydride Composites (RHCs)
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Barkhordarian et al. Journal of Alloys and Compounds 440 (2007) L18-L21
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Li-RHC: 2LiBH,+MgH,

2LiBH, + MgH, = 2LiH, + MgB,, + 4Hy 1

predicted: one step reaction /

Exp. observ. two step reaction
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Li-RHC: 2LiBH,+MgH,

2LIBH,() + MgH,() + 0.1NDF¢ o) = xLiH,) + yMgB, () + Nbx + zH, T

o first des. of 2LiBH,+MgH,
o first des. of 2LiBH,+MgH,+0.1NF,

Time [h]
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X-ray Absorption Spectroscopy (XAS)

Norm. absorption [norm. units]
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Information on local environment & chemical state
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EXAFS Data Fit
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Karimi et al. RSC Adv., 2021, 11, 23122-23135 | 23123 @ hereon



Small-Angle Scattering

ASAXS
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—0O— AM_Li-RHC+0.1NbFg
© 1DES_Li-RHC+0.1NbFg
£ 1ABS_LI-RHC+0.1NbF5

Intensity(a.u.)

10°

AM_Li-RHC+0.1NbF

o Total scattering curve

©  cross resonant scattering curve
© resonant scattering curve
model-fit

Average size of NbB, 15 nm

dz/do [em™sr]

Karimi et al. Adv. Eng. Mater. 2021, 23, 2100294
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Kinetic model

MgB -rmucleus

T T
2D-growthof MgB. phase
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Hydrogen Distribution by NCT

scintillator screen (ZnS)
CCD-camera

total volume element
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Hydrogen Distribution by NCT
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Formation of solid solution via anion substitution: KNH,-KH systems

0.5KNH,-0.5KH e

In-situ Synchrotron PXD
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Correlation between amide and hydriae

M.= KNH, (P2,/m), ¢ = =KNH, (P4/nmm), ¥ = KNH, (Fm3m) ﬁ i
A = KH (Fm3m), % = K(NH,),sH, s (Fm3m)

8 6 4 2 0 -2 -4 -6ppm

N Santoru A., Le. T.T., et al. Chem. Commun. 2016, 52, 11760 @ hereon



Thermodynamic and kinetic improvement of the
system Mg(NH,),-LIH

New Amide-Hydride
State of art Amide- Systems
Hydride System with superior

Thermodynamic-Kinetic
Prnpnr’rlpg

2Mg(NH,),+4LiH [1] 6Mg(NH,),+9LiH+xLiBH, [2-3]
Two step reaction Single step reactions
x=0.5 x=1 X=2
1° step = 4.2 wt.% H,; - 40 kJ/molH, gt
2° step = 1.3 wt.% H,; - 44 kJ/molH, 4.0 wt.% H,
. _ L
Dehydrogenation: 170 °C 1 bar H,; =2 h Dehydrogenation: 170 °C 1 bar H,; = 90 min
Re-hydrogenation: 170 °C 70 bar H,; = 2 h Re-hydrogenation: 170 °C 70 bar H,; = 5 min
- Reduced reaction enthalpy
(high energy efficiency)
- Fast reaction kinetics
[1] Source: J. Alloys Compd. 2004,381,284 - 287 [2] J. Mater. Chem A 2014, 2, 15816 - 15822 7
5 [3] Chem Asian J. 2017,14,1758 - 1764 hereon

Helmholtz-CAS Joint Research Groups (HCJRG) project REVHY
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Thermodynamic and kinetic improvement of the
system Mg(NH,),-LIH

New Amide-Hydride Systems
State of art Amide- with superior
Hydride System Thermodynamic-Kinetic
Properties
2Mg(NH,),+4LiH [1] 6Mg(NH.,),+9LiH+xLiBH, [2-4]
Two step reaction Single step reactions
x=12
1° step = 4.2 wt.% H,; - 40 kJ/molH, gt
2° step = 1.3 wt.% H,; - 44 kJ/molH, =2.0 wt.% H,
. L
Dehydrogenation: 170 °C 1 barH,; =2 h
Re-hvd tion: . bar Ho: = 2 h -~ Reduced reaction enthalpy
e-hydrogenation: 170 °C 70 bar H,; = (high energy efficiency)
- Operation possible at temperatures
lower than 100 °C

[1] Source: J. Alloys Compd. 2004,381,284 - 287

[2] J. Mater. Chem A 2014, 2, 15816 — 15822
[3] Chem Asian J. 2017,14,1758 - 1764

[4] Adv. Energy Mater. 2017, 7, 1602456
6 @ hereon

Helmholtz-CAS Joint Research Groups (HCJRG) project REVHY



Thermodynamic and kinetic improvement of the
system Mg(NH,),-LIH
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State of art Amide-
Hydride System

2Mg(NH,),+4LiH [1]

Two step reaction

1° step = 4.2 wt.% H,; - 40 kJ/molH,
2° step = 1.3 wt.% H,; - 44 kJ/molH,

Dehydrogenation: 170 °C 1 barH,; =2 h
Re-hydrogenation: 170 °C 70 bar H,; =2 h

[1] Source: J. Alloys Compd. 2004,381,284 - 287 @ hereon

Helmholtz-CAS Joint Research Groups (HCJRG) project REVHY



State of art Amide-
Hydride System

Thermodynamic and kinetic improvement of the
system Mg(NH,),-LIH

New Amide-Hydride
Systems
with superior

Thermodynamic-Kinetic

2Mg(NH,),+4LiH [1]

Two step reaction

1° step = 4.2 wt.% H,; - 40 kJ/molH,
2° step = 1.3 wt.% H,; - 44 kJ/molH,

Dehydrogenation: 170 °C 1 barH,; =2 h
Re-hydrogenation: 170 °C 70 bar H,; =2 h

Prnpnr’rlpg
6Mg(NH.,),+9LiH+xLiBH, [2-3]

Single step reactions

x=0.5 x=1 X=2
L5
4.2 W% H,, -36 kJ/molH,
<5

Dehydrogenation: 170 °C 1 bar H,; = 90 min
Re-hydrogenation: 170 °C 70 bar H,; = 8 min

- Reduced reaction enthalpy
(high energy efficiency)

[1] Source: J. Alloys Compd. 2004,381,284 - 287 [2] J. Mater. Chem A 2014, 2, 15816 - 15822 7
3 [3] Chem Asian J. 2017,14,1758 - 1764 hereon

Helmholtz-CAS Joint Research Groups (HCJRG) project REVHY



State of art Amide-
Hydride System

Thermodynamic and kinetic improvement of the
system Mg(NH,),-LIH

New Amide-Hydride
Systems
with superior
Thermodynamic-Kinetic

2Mg(NH,),+4LiH [1]

Two step reaction

1° step = 4.2 wt.% H,; - 40 kJ/molH,
2° step = 1.3 wt.% H,; - 44 kJ/molH,

Dehydrogenation: 170 °C 1 barH,; =2 h
Re-hydrogenation: 170 °C 70 bar H,; =2 h

Prnpnr’rlpg
6Mg(NH.,),+9LiH+xLiBH, [2-3]

Single step reactions

x=0.5 x=1 X=2

L
4.3 Wt.% H,

< -

Dehydrogenation: 170 °C 1 bar H,; = 90 min
Re-hydrogenation: 170 °C 70 bar H,; = 12 min

- Reduced reaction enthalpy
(high energy efficiency)

[1] Source: J. Alloys Compd. 2004,381,284 - 287 [2] J. Mater. Chem A 2014, 2, 15816 - 15822 7
4 [3] Chem Asian J. 2017,14,1758 - 1764 hereon

Helmholtz-CAS Joint Research Groups (HCJRG) project REVHY
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Intensity(a.u.)

am_Li-RHC+0.1NbF_

———E1=18540 eV
E2 = 18838 eV
~———E3=18939 eV
E4 = 18951 eV
ES = 18976 eV
—— E6 = 18990 eV
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Scale-bridging Computer Simulations of Metal Hyride Materials
Establishing a Digital Twin to the Experimental Activities

Classical MD & MC Phase-field modeling ™

DFT/AIMD

: . Nucleation kinetics
Surfacefinterface chem:stry Microstructure evolution
Transport properties

Atomistic structure
Bonding analysis

Experimental validation:

« Microscopy « DSC/TGA
o STXM/STEM » PCI
« X-ray/Neutron scattering -« Sievert’s apparatus

« NMR
« FTIR
« XRD, XAS, XES, XPS

10™m 10%m 10°m 10*m 10°m
Computational spectroscopy  Bulk thermodynamics /

Computational methodologies ranging from the
atomistic scale (A) to the mesoscale (mm)

Close interaction with experimental group
offers easy access to measured data directly
from the lab to inform theoretical models and
provide validation

Simulations provide deep insights into
underlying physico-chemical processes and
suport novel material design and
characterization

Development of digital workflows to enable
easier utilization and linking of various
approaches and software tools

Outlook: Interface to larger scale simulations
(system-size via FEM)



Thermodynamics and Mesoscale Modelling

Phasefield Simulations

- Hydrogen absorption/desorption kinetics

« Microstructure evolution
« Nucleation growth
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Thermodynamics and Mesoscale Modellina

Calphad

- Phase stabilities via free energy calculations
» Simulation of PCI diagrams for
(de)hydrogenation processes

OpenCalphad 6.025 : with GNUPLOT T=Y, P=50000000, N=1, X(H)=X,
T T |
X(GAS,H)
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Calculated FeTi-H temperature-composition phase diagram

31

Pressure [Pa]

8 OpenCalphad 6.025: 2022-04-27 : with GNUPLOT T=313, P=Y, N=1, X(H)=X,
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Simulated TiFe (de)hydrogenation using DFT and experimental data
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