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OUTLINE

How to measure hydrogen content in metal 
hydrides: static/dynamic experiments

Thin film experiments

Connecting surface and bulk:
The Two Layers model – derivation and thin 
film experiments

outlook



Hydrogen supply

Ar-glove box

Balance electronics
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Measurement principle to correct for buoyancy 
contribution to the sample mass. 

Gravimetric hydrogen sorption measurements

“Sieverts” Pressure automation
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Gravimetric pcT measurements on LaNi5



Non-equilibrium pcT-measurements

normality: up to months!



0.4 0.5 0.6 0.7 0.8

1.9

2.0

2.1

 

 

 p fast
 p slow
 pextra

pr
es

su
re

 (b
ar

)

xH (mass %)
1.6 1.8 2.0 2.2

-0.3

-0.2

-0.1

0.0

 

 

ra
te

 d
x H/

dt
 (m

as
s%

/m
in

)

applied pressure (bar)

Extrapolation to equilibrium?

physics?
mechanisms?

extrapolated Peq



splitting the H2 molecule 
ΔEdiss ~ 0…1 eV

diffusion into bulk
ΔEdiss > ΔEdiff ~ 0…1 eV

nucleation and growth

Mechanisms of Kinetics of Hydride formation



Hydrogen Diffusion

Dtx 6=

water in pasta:
1 mm in 5 min

H in NiMH batteries
~ 10 μm in min

Li in Li-ion batteries
~ μm in min

H in complex hydrides
∼ μm in days

Li in LiBH4
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Presentation Notes
H in V, Ta, Ni, Pd: H. Wipf, Diffusion of Hydrogen in Metals, Topics in Applied Physics, 73, p. 52 (1997)H in LaNi5: Schönfeldt, PRB 50, 853 (1994)H in NaH: S. Singh, PRB (2009), A. Borgschulte et al. APL 94, 111907 (2009).H in LiBH4: A. Borgschulte et al J. Phys. Chem. A, 2008, 112 (21), pp 4749; Corey et al. J. Phys. Chem. C, 2008, 112 (47), pp 18706Li in V2O5: Andrukaitis et al. J. Power Sources 136 (2004) 290–295Li in graphite: Itou et al., J. Nucl. Mat. 290 (2001) 281Li in LiBH4: Matsuo et al. APL 91, 224103 2007Nanostructuring complex hydrides: NaAlH4 incorporated into carbon aerogels (Schüth, 2003)



Surface mechanisms

A. Borgschulte et al. Journal of Catalysis 239 (2006) 263–271



Depicting reality: Thin metal hydride films

Switch. Mirrors: Pd-clusters, Y-oxide, YHx
LaNi5: Ni-clusters, La-oxide, LaNi5Hx
MgH2: Surface (additive), MgH2, MgH0

A. Borgschulte et al., PRB 78, 094106 (2008)



Huiberts et al. Nature 380 (1996) 231;

Gremaud et al. Adv. Mat. 19 (2007) 281.

Hydrogen in materials changes optical properties

Measurements 
of hydrogen 
content in thin 
films
Determination of 
thermodynamics 
and kinetics
Thin film setup 
for testing 
models

R. Griessen/
B. Dam



Temperature dependence of H-uptake in yttrium  
catalyzed by 

noble metal coatings

The higher the activation energy

The higher the rate?

A. Borgschulte et al. J. Catal. 239 (2006) 263–271

YHx

Pd, Ni, Cu, Ag



high rate = 
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small dissociation barrier
+ high negative heat of solution

A. Borgschulte et al. Journal of Catalysis 239 (2006) 263–271

What cluster material is the best?
The catalytic effect of noble metals on yttrium



Depicting reality: The two layers model

Constant plateau pressure: 
p(xae…xba) = ppl ~ const., ppl ≠ f(t)
One dissociation step
One diffusion step

A. Borgschulte et al., PRB 78, 094106 (2008)
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The chemical potential at the 
surface is equal to that 
under the surface:

SURFACE

Dissociation H- coverage



Diffusion through material

Model potential
In the diffusion
layer
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Model potential
in the hydride 
layer
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Dissolved hydrogen can diffuse through the diffusion layer to the metal hydride. As Ronald Griessen explained in the previous lecture, the chemical potential inside the material must be continuous. With this, the surface is tightly connected to the metal hydride. What remains is the  mathematical modeling of the used chemical potentials. In the diffusion layer, we are in the solubility regime as described by Siebert’s law. We repeat Ronald’s lecture and obtain Fick’s law.



Chemical Potential in NON-EQUILIBRIUM
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Chemical potential of hydrogen gas .... Chemical potential in metal hydride

dx
dLj μ

−=Rate is defined by
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In quasi-equilibrium, surface current and diffusion current are equal. With this, one obtains the concentration at x=0 and we have an analytical expression for the hydrogen sorption kinetics. It helps to depict the profile of the concentration/ chemical potential for absorption and desorption.



Analytical solution and approximation
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Pressure dependence

A. Borgschulte et al., PRB 78, 094106 (2008)
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Presentation Notes
Unfortunately, the approximations are only valid under certain experimental conditions as shown by the table. The characteristic pressure dependence changes drastically and with it the apparent activation energy.



Pressure dependence of Pd-capped MgyNi1-y thin films
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Hydrogen absorption of Pd-capped Mg2Ni thin films: 
pressure dependence

A. Borgschulte et al., PRB 78, 094106 (2008)
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Hydrogen absorption of Pd-capped Mg2Ni thin films:
activation energy
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A. Borgschulte et al., PRB 78, 094106 (2008)



Hydrogen absorption of Pd-capped Mg2Ni thin films: 
pressure dependence

A. Borgschulte et al., PRB 78, 094106 (2008)
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A. Borgschulte et al., PRB 78, 094106 (2008)

Hydrogen absorption of Pd-capped Mg2Ni thin films:
equilibrium pressure



Stability and Kinetics of LaNi5Hx

Literature values:
ΔH = -32 kJ/mol H2: H.H. van Mal, Phips Res. Repts. Suppl. 1 (1976);
ΔH = -32.1 kJ/mol H2: W.N. Hubbard et al., J. Chem. Thermodynam. 15 (1983) 785;
ΔH = -34.8 kJ/mol H2: J.J. Murray, M.L. Post, J.B. Taylor, J. Less-Common Met. 80 (1998) 81.
EA = 0.19…0.5 eV (several original Refs., see A. Andreasen et al., J. Phys. Chem. B 109, 3340 (2005)



Sorption kinetics in MgH2

R = f(p, xH, t)

nucleation @ plateau boundaries



SUMMARY

The knowledge of the hydrogen sorption 
mechanism is mandatory 

To extrapolate equilibrium values
To gain information on kinetics, i.e. barrier heights etc.

Analysis of kinetic curves
Qualitatively: nucleation, diffusion, dissociation
Quantitatively: Two-step model

Thank you for interest!
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