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Hydrogen absorption by nanocrystalline and
amorphous Fe-Ti with palladium catalyst, produced
by ball milling
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The effects of microstructure on hydrogen absorption in FeTi are reported. Powders of FeTi
with different microstructures (nanocrystalline and amorphous) were prepared by high-

energy ball-milling. FeTi powders were also modified with small amounts (less than 1 wt %)
of palladium catalyst to eliminate activation. Enhancements in hydrogen absorption for both

nanocrystalline and amorphous FeTi powders were observed.

1. Introduction

FeTi alloy is a classic material for hydrogen absorp-
tion [1]. FeTi absorbs hydrogen by the formation of
intermetallic hydrides: FeTiH (at a pressure of about
10 bar at room temperature) and FeTiH, with a high-
er but not well-defined plateau pressure. FeTi can also
retain a small amount of hydrogen in solid solution
(maximum 0.1 hydrogen atom per FeTi). However,
as-made FeTi does not normally absorb hydrogen
and so must be activated prior to hydrogenation.
Activation of FeTi (usually as a powder) involves
heating to 400-450°C in vacuum and subsequent
annealing in hydrogen at a pressure of about 7 bar,
followed by cooling to room temperature and expo-
sure to hydrogen at high pressure (35-65 bar). The
activation process has to be repeated several times to
obtain reproducible pressure—concentration iso-
therms. This complicated and energy-consuming ac-
tivation process is one of the disadvantages of this
material; a second problem is decrepitation of the
crystalline FeTi during absorption/desorption cycles.
To get around these problems with FeTi, different
approaches have been used. One is to use amorphous
FeTi, which may be made by sputtering [2], solid-
state reaction in thin films or ball milling [3, 4].
Amorphous FeTi does not decrepitate, but unfortu-
nately, the amount of usable stored hydrogen is re-
duced [4-7]. An alternative approach is to use nano-
crystalline FeTi, in the hope that it may combine the
absorption characteristics of the polycrystalline with
the mechanical characteristics of the amorphous alloy.
Nanocrystalline FeTi (with crystal sizes less than
10 nm) may be readily produced by ball milling [4]
starting either from elemental powder mixtures (iron
and titanium) or from the pre-melted intermetallic
FeTi. The mechanism of the formation of nanocrystal-
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line FeTi from elemental powders and the role of
oxygen content in producing an amorphous phase,
were recently presented [4]. Preliminary results of the
hydrogen absorption by nanocrystalline FeTi [§]
showed that the absorption mechanism was very sen-
sitive to microstructure of the material and could be
controlled by its modification (crystal size, amount of
amorphous phase, etc.). Activation of the ball-milled
FeTi powders was much easier than that for polycrys-
talline material [8]. Recently published results by
Aoki et al. [9] on hydrogenation of ball-milled FeTi
showed that FeTi absorbed hydrogen at room tem-
perature without activation, when the powders were
ball-milled in an inert gas atmosphere or in vacuum,
and were not exposed to air before hydrogenation.

2. Experimental procedure

Nanocrystalline and amorphous FeTi powders were
fabricated from elemental powders of iron (99.9%)
and titanium (99.9%) by high-energy ball-milling
technique. The milling was carried out using a high-
energy ball mill from SPEX (Spex 8000). Powder mix-
tures were sealed in the WC vial under an argon
atmosphere. Details of the experimental conditions for
the formation of nanocrystalline and amorphous pow-
ders are presented elsewhere [4].

The powders of nanocrystalline and amorphous
FeTi were modified with small amount of palladium
catalyst during the course of ball-milling. A similar
method for the fabrication of compositionally graded
amorphous metallic materials was proposed by Harris
et al. [10]. Ball-milled powders were characterized by
X-ray diffraction technique using Nicolet-Stoe
powder diffractometer (CuK, and MoK, radiation).
Transmission electron microscopy was performed
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with a Philips CM20 (200 kV) combined with an en-
ergy-dispersive X-ray analyser (EDAX 9900) with
a thin beryllium window. Hydrogen-sorption proper-
ties of the ball-milled powders and of the polycrystal-
line compound prepared by arc-melting were investi-
gated by an automated gas titration system controlled
by computer, similar to that described elsewhere [5].

3. Results and discussion
3.1. Role of microstructure in hydrogen
absorption

Hydrogen absorption is very sensitive to the micro-
structure of FeTi. Fig. 1 shows pressure-concentra-
tion isotherms at room temperature for FeTi powder
in three different states: polycrystalline, nanocrystal-
line and amorphous. The polycrystalline sample (pre-
pared by arc-melting and activated in the conven-
tional way) exhibits absorption of hydrogen into solid
solution not exceeding 0.1 hydrogen atom per FeTi.
At higher pressures, formation of FeTiH occurs, as
reflected by a plateau at p = 10 bar. The amorphous
sample exhibits a typical hydrogenation characteristic
for materials in the amorphous state [ 5-7]. Instead of
the well-defined plateau pressure, related to the forma-
tion of the FeTiH hydride in the crystalline alloy,
hydrogen absorption gradually increases with increas-
ing pressure. Nanocrystalline FeTi to some extent
combines the two above absorption characteristics
{(Fig. 1). Because the crystals arc as small as 6-7 nm
[4, 8], the number of grain boundaries becomes im-
portant. In this material, the grain-boundary regions

are highly disordered (or amorphous-like), as dis- -

cussed elsewhere [ 11]. These disordered regions cause
significant solubility of hydrogen which can be ob-
served at low pressures (below the plateau pressure).
Crystalline cores of the nano-grains give a plateau in
the pressure—concentration isotherm due to the
formation of the FeTiH hydride. The pressure of the
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Figure ] Room-temperature pressure—concentration isotherms
(measured on absorption) for FeTi. (a) Amorphous sample showing
continuous pressure increase, (b) nanocrystalline sample with crys-
tallite size ~ 67 nm, and (¢) intermetallic compound showing a pla-
teau at ~ 10 bar.
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plateau is, however, slightly lower than that for the
polycrystalline alloy, as discussed previously [12].

It is important to note that the activation procedure
prior to hydrogenation is much easier in the case of
the ball-milled materials (even after storing in air),
both amorphous and nanocrystalline, than that for
the polycrystalline material. A single anneal at 400°C
for 1h in vacuum was sufficient for nanocrystalline
samples and annealing at 300° C for 0.5 h for amorph-
ous samples. Easier activation of the ball-milled pow-
ders may be explained by the fact that ball-milling
constantly creates new surfaces and ball-milled pow-
ders exhibit a high surface-to-volume ratio which en-
ables the hydrogen to penetrate more easily.

3.2. Modification of FeTi with palladium
catalyst ,

To improve hydrogen absorption of the ball-milled
material, the powders were modified by introducing
small amounts of palladium during the course of ball-
milling. Microstructures of the powders were charac-
terized by TEM. Nanocrystalline materials showed
a particle size of about 0.5-2 pm. Each particle consis-
ted of an agglomerate of very fine crystals of about
6—7 nm in size (consistent with the X-ray diffraction
estimation from broadening of the peaks, after sub-
tracting a contribution from strain). The presence of
palladium was also revealed. Fig. 2 shows a transmis-
sion electron micrograph of the nanocrystalline ma-
terial with a small particle of palladium attached to

_ FeTi. The palladium particle consists of small (though

several times larger than FeTi nanograins) crystallites
of about 30 nm. It appears to be “mechanically at-
tached” (cold-welded), without any evident alloying
zone between palladium and FeTi. Analogously, pal-
ladium particles have been found on the surfaces of the
amorphous FeTi powders, as shown in Fig. 3. Fig. 4
presents EDX spectra for the FeTi powder and for the
palladium particle.

The addition of palladium to the ball-milled FeTi
significantly enhances its hydrogenation character-
istics. The FeTi amorphous or nanocrystalline pow-
ders (ball-milled and then stored in air) do not require
any activation annealing. The powders are able to
absorb hydrogen at room temperature with no need
for protection against oxidation during handling and
storing. Moreover, the kinetics of the hydrogen ab-
sorption are exceptional even during the first hydro-
genation cycle, as shown in Fig. 5. Absorption of more
than 0.3 hydrogen atom per FeTi is attained in 20s

~and the maximum capacity of the absorbed hydrogen

reaches 0.96 H/FeTi at a pressure of 12 bar. Pres-
sure—concentration isotherms for the as—ball-milled
nanocrystalline FeTi with palladium and for the pal-
ladium-free activated nanocrystalline powder (at
400°C, 1h) are shown in Fig 6. The absorption of
hydrogen by the as-ball-milled FeTi with palladium is
already high at low pressures, and the hydrogen up-
take is about 0.6 hydrogen atom/FeTi at pressures
lower than 1 bar. The origin of the absence of the
well-defined plateau for the nanocrystalline sample
with palladium is discussed elsewhere [11].



Figure 2 Transmission electron micrograph for nanocrystalline
FeTi powder with a particle of paltadium.

Figure 3 Transmission electron micrograph for amorphous FeTi
with a palladium particle.

Palladium also enhances hydrogen absorption in
ball-milled amorphous FeTi and eliminates the
necessity for activation. Fig. 7 shows pressure—con-
centration isotherms for the as-ball milled amorphous
FeTi with palladium (a) and without palladium (ac-
tivated before hydrogenation at 300°C for 0.5h, b).
For the as—ball-milled sample with palladium, the
pressure—concentration isotherm is shifted towards
a higher hydrogen concentration (by about
0.1 H/FeTi), which implies easier hydrogen absorption
at lower hydrogen pressures.

The microstructure of the powders was examined
by X-ray diffraction and TEM before and after hydro-
genation cycles to check for crystallization or grain
growth, caused by hydrogen absorption. No apparent
degradation of the material occurred. The amorphous
sample did not crystallize and the crystal sizes in the
nanocrystalline samples remained the same. The par-
ticles of palladium also remained unchanged (Fig. 8)
and could still be effective in the subsequent hydro-
genation cycles. The effects of relaxation on hydrogen
absorption in ball-milled FeTi with palladium cata-
lyst will be presented in a forthcoming paper [11].

AT %

ELEM INT ELEM
TIK 6.9 49.4
FEK 732 50.6
TiK,
] FekK,
| i J i 1 l L W
[ 5.00

l 5.00

Figure 4 EDX spectra for the FeTi powder and for the palladium
particle.
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Figure 5 Rate of hydrogen absorption in the first hydrogenation
cycle for nanocrystalline FeTi modified with palladium (room tem-
perature, p = 12 bar).

The mechanism of palladium catalysis may be con-
sidered as based on the “spillover” effect [13,14].
Palladium catalyses the dissociation of hydrogen mol-
ecules, and the adsorbed hydrogen atoms can then be
“gpilled over” on to the surface of the material. This
mechanism of palladium catalysis eliminates the prob-
lem of surface contamination, which typically poisons
the metal surfaces. Therefore, both preparation and
handling of the material can be undertaken without
too much concern about oxygen. The powders can be
stored in air without any protection against oxygen
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Figure 6 Room-temperature pressure—concentration isotherms for
nanocrystalline FeTi (a) in the as-produced state (with palladium)
and (b) annealed at 400 °C (without palladium).
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Figure 7 Room-temperature pressure—concentration isotherms for
amorphous FeTi (a) (O) in the as-produced state (modified with
palladium) and (b) (V) activated at 300 °C (without palladium).

contamination and humidity. More results on the
catalytic effects of palladium on the hydrogen absorp-
tion (also for different ball-milled materials: Mg, Ni,
LaNi;) are presented elsewhere [15, 16].

4. Conclusion
The pressure—concentration isotherms measured at
room temperature for FeTi powder in three different
states, polycrystalline, nanocrystalline and amorph-
ous, were compared. The results showed that the pres-
sure—concentration isotherms were sensitive to the
structure of the absorbing material, especially in the
hydrogen solubility range.

The catalytic effect of palladium gives an excellent
activity for hydrogen absorption without the need for
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Figure 8 Transmission electron micrograph of nanocrystalline FeTi
with palladium after hydrogen desorption.

activation prior to hydrogenation, in both amorphous
and nanocrystalline samples.

Enhancement of hydrogen absorption character-
istics was also found for palladium-free amorphous
and nanocrystalline FeTi powders in the as—ball-
milled state.
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