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Contents)

Ti based hydrides have been identified as potential hydrogen storage materials
due to their high volumetric H2 capacities. In addition to the technical
advantages, Ti hydrides have relatively low raw material costs as Ti is used as
structural material, and it is non-toxic. This experiment studies the desorption
and re-absorption of hydrogen in TiH2 in-situ under transmission electron
microscopy (TEM). In-situ TEM observation during hydrogen absorption and
desorption are vital in identifying the diffusion pathways of hydrogen and in
understanding the fundamental mechanisms of phase nucleation and growth.
However, due to the high vacuum environment in TEM, in-situ studies of
hydrogen storage materials are often limited to hydrogen desorption only. In
this study, in-situ TEM of H2 absorption of Ti based hydrides which have
equilibrium temperatures above 300°C has been achieved along with in-situ H2

desorption. It reveals the desorption mechanism of TiH2 involves the nucleation
of Ti at multiple sites in a TiH2 single crystal, while the absorption process
involves the growth of TiH2 in the existing Ti crystals.

実験
Experimental

Sample preparation:Approximately 3 mg of TiH2 powder (Sigma Aldrich,
hydrogen storage grade) was dispersed in 1.5 ml of ethanol in a sample tube by
placing in an ultrasonic bath for 10 min. To segregate the finer powder for TEM
observation, the suspension was placed in a centrifuge and spun at 3000 rpm
for 1 minute. The large particles are segregated at the bottom of the tube and
the top 1.2 ml of the suspension was moved to a second tube with a pipette.
The fine particles in the second tube were concentrated by spinning the tube at
6000 rpm for 1 minute and removing the top 0.8 ml of the suspension. A small
drop of the concentrated fine particle suspension was placed on the Si3N4

window on a bottom E-chip (Protochips Atmosphere) using a micropipette. The
E-chip was dried in a vacuum chamber overnight, before being assembled on
the in-situ heating gas environmental TEM holder. TEM Experiment:   The in-situ
holder was placed into a JEOL JEM-ARM200CF TEM, operating at an
accelerating voltage of 120 kV. Moisture in the assembled sample cell was
removed by heating the cell to 100°C under an Ar atmosphere of 10 kPa at a
flowrate of 1 sccm for 1 hour. Images of a selected TiH2 particle was obtained at
300°C (Point A), where the deposition of volatile organic compounds is minimal.
Electron diffraction pattern (DP) was also obtained to identify the crystal
structure of the sample. To perform in-situ hydrogen desorption, the Ar pressure
was reduced to 0.5 kPa and the temperature was increased to 650°C at a rate
of 4.8°C/min. Images and DP of the particle after hydrogen desorption (Point B)
was captured. Following this, the temperature was decreased to 450°C at
60°C/min. Images and DP was captured again (Point C) before 101.3 kPa H2

pressure with a flowrate of 0.1 sccm was introduced for in-situ hydrogen
absorption. Images and DP of the particle after hydrogen absorption (Point D)
was captured.



結果と考察
Results and Discussion

TEM image of the as-received TiH2 particle shows it is covered by an oxide skin
of approximately 20 nm in thickness. At 300°C (Point A), the sample comprises
of two single crystal particles, matching that of cubic δ-TiH2. As temperature
increased to 600°C (Point B), hydrogen begun to desorb from the TiH2 particle
with the following transformation sequence: Dehydrogenation of δ-TiHx →
transformation of δ-TiHx to β-TiHx → dehydrogenation reaction of β-
TiHx → transformation of β-TiHx to α-Ti → dehydrogenation of the α-Ti. The
concentric DP shows the particle becomes polycrystalline during the desorption
process, with lattice parameters matching that of α-Ti and β-TiHx.
As the temperature was decreased to 450°C no obvious change was observed
at Point C (Fig. 2). When a hydrogen pressure of 101.3 kPa was introduced
(Point D), hydrogen absorption is expected to follow the reverse sequence to
the desorption process. The crystallites grew into facetted grains at the end of
the hydrogen absorption. The DP confirms that the particle remained
polycrystalline. 
The technique elucidated the formation of Ti nano-crystallites during hydrogen
desorption, indicating that Ti nucleates at multiple sites in the TiH2 single
crystal. This was followed by the growth of facetted TiH2 from the existing nano-
crystalline Ti during the H2 absorption process.  
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Fig. 1. (a) TEM image and (b) electron diffraction pattern of an as-received TiH2
powder (Point A). (c) TEM image and (d) electron diffraction pattern of the TiH2
powder after H2 desorption (Point B). 
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Fig. 2. (a) TEM image and (b) electron diffraction pattern of an TiH2 powder at
Point C. (c) TEM image and (d) electron diffraction pattern of the TiH2 powder
after H2 absorption (Point D).  
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