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Hydrogen storage performance of the TiFe-based materials suffers from difficulties with hydrogena-
tion and sensitivity towards impurities in hydrogen gas reducing hydrogen uptake rates and decreasing
the cycle stability. In present work the surface modification of the sintered Ti; ;Feg9Oy and arc-melted
TiFe was performed using autocatalytic deposition of the Pd-based catalytic layers in order to achieve
improvement of the H storage characteristics. Pd deposition proved to be efficient in significant facilita-
tion of the hydrogenation ability of the materials at moderate H, pressures and room temperature, even
after their long exposure to air. Activation performance of the sintered Ti; 1 Fep 9Oy is superior than that
for the arc-melted TiFe. This effect was associated with the presence of the oxygen-containing suboxide
TisFe,01_y in the sintered sample acting as a hydrogen transfer catalyst. y-Aminopropyltriethoxysilane
pre-functionalization and subsequent Pd-P autocatalytic deposition onto the sintered Ti; ; Feg 9Oy inter-
metallic substrate resulted in a better hydrogenation kinetics compared to the samples prepared by the
conventional Pd deposition.
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1. Introduction

Recently experienced difficulties in achieving uninterrupted
supply of the Rare Earth metals and alloys, put a demand to develop
solid hydrogen storage materials alternative to the commonly used
ABs5 type alloys. Such alternatives first of all are within the alloys of
Ti, Zr and Mg.

TiFe intermetallic compound is a well-studied hydrogen stor-
age material known for more than 30 years [1]. Its reasonable
storage capacity (up to 1.9wt.% H), low pyrophoricity, abundance
and low cost [2] cause interest to its applications. Improvements
of the hydrogen storage performance of TiFe, including simplifi-
cation of its activation and modification of the thermodynamic
behaviours, can be achieved by a partial substitution of Fe with
other metals, first of all, by Mn and V [2-5]. Different techniques
used in the preparation of TiFe and its derivatives include smelting
of the constituent elements [2,6], mechanical alloying of (Ti+ Fe)
or (TiH, +Fe), followed if necessary by annealing [7-9] or sinter-
ing of (Ti+Fe) in hydrogen atmosphere [10-12]. Despite the listed
methods proved to be easily upscalable, however, special precau-
tions must be taken during the synthesis because of the ability of
the TiFe-based materials to easily pick-up oxygen, and the possi-
bility of the formation of TiFe, which does not absorb hydrogen

* Corresponding author. Tel.: +27 21 959 9314; fax: +27 21 959 9314.
E-mail address: mlototskyy@uwc.ac.za (M.V. Lototsky).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.11.063

under acceptable pressure-temperature conditions. To avoid these
complications, Ti is taken in 10-30% excess as compared to the stoi-
chiometric Ti:Fe ratio, and/or deoxidisers like rare-earth metals are
introduced. These modifications improve hydrogen storage perfor-
mance, in particular two hydrogen absorption-desorption plateaux
for Tij.+xFe are merged thus providing high hydrogen storage capac-
ities at reasonable hydrogen pressures [1,2,6], as well as having
a benefit of an easier activation of the Tij+ Fe/RE alloys [13,14].
Alternatively, the activation can be facilitated by the introduction
of oxygen, to yield Tij.+xFeOy (x=0.22-0.24, y=0.007-0.04) [6].

The main drawback of TiFe and its derivatives is in their poor
activation performances and low poisoning tolerance resulting in
the suppression of hydrogen absorption even by trace amounts
of added to hydrogen active gases like oxygen and water vapour
[15,16]. Attempts to address these problems included ball milling
of the parent alloy together with additives of H, dissociation cata-
lysts, Pd [17] and Ni [18]. Studies of the thin films TiFe + Pd showed
that Pd coating (20 nm) of TiFe (100-200 nm thick films deposited
on silicon) promotes the hydrogenation of TiFe; the rate of hydro-
gen uptake can be further increased by annealing of the Pd-capped
TiFe in air [19]. Most probably, the reason for that is in the forma-
tion of oxygen-containing phases (TigFe;01_y) which were shown
to easy absorb hydrogen at mild conditions [20-22]. The formation
of such phases was also observed in the course of arc-melting of
titanium, iron and iron oxide [6], or sintering of Ti and Fe powders
in non-purified hydrogen (99.8% H, +0.2% O,), to yield TiFe as a
major product [10].
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Fig. 1. XRD pattern of TiFe substrates: a — arc-melted TiFe; b - sintered Ti; 1 Feg9Ox; ¢ -

The improvement of activation and H sorption properties in
the modified Ti-based intermetallides, which are very sensitive
towards surface poisoning, will be more pronounced than in the
case of easier activated ABs-type materials [23]. Thus, TiFe-based
substrates are very relevant in studying the effects of their surface
modification. Taking into account the mentioned above sensitivity
of the activation performances of TiFe to the preparation routes, it
would be also important to reveal the effects of the surface modi-
fication of the TiFe substrates prepared by different methods.

This work presents experimental results on morphological and
hydrogen charging characteristics of the arc-melted and sintered
oxygen-containing TiFe alloy, both were surface-modified through
the autocatalytic deposition of Pd(P) [24-26]. The primary objective
was in the development of the Rare Earth-free hydrogen stor-
age materials with improved activation performance and increased
poisoning tolerance.

2. Experimental

TiFe intermetallide was prepared by arc-melting (Institute for Energy Technol-
ogy) of the high-purity metals (>99.99%) taken in equiatomic amounts (total mass
~5.0g) on a water-cooled copper crucible in protective argon atmosphere. Sub-
sequently, the prepared metal ingots were pulverised by ball-milling in argon for
10 min.

Sintered Ti; 1FegoOx was prepared by mixing Ti and Fe powders (Alfa Aesar,
purity 99.99%, particle size 44 wm) in 1.1: 0.9 atomic ratio, through grinding in a
mortar, and placing the mixture (~10g) into a quartz or tungsten sample hold-
ers positioned in a quartz tube inside a tubular furnace (South African Institute for
Advanced Materials Chemistry). The tube was flushed at room temperature with Ar
(Afrox Ltd., 99.999%, O, and H,O impurities below 10 ppm) for 1h to displace air.
This was followed by heating to 1000 °C, maintaining the high temperature for 1.0 h,
and cooling down to room temperature under Ar flow.

The excess of Ti (~22% as to the stoichiometric amount in the sintered mate-
rial) was chosen to (i) avoid a formation of inactive in hydrogenation TiFe; and (ii)
increase the Ti/Fe ratio to allow formation of TisFe,O,. From experiments (see next
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arc-melted TiFe after hydrogenation; d - sintered Tiy 1 Feg 9Oy after hydrogenation.

section, Fig. 1, Table 1) we have found that chosen content of Ti and sintering con-
ditions yielded a mixture of two hydride-forming constituents, TiFe and TigFe,0;_
formed in ratio of approximately 3:1.

Surface modification of the TiFe-based substrate was achieved by autocatalytic
deposition of palladium in hypophosphite-based baths. The materials were initially
sensitized-activated in a SnCl,-PdCl;, colloidal solution (30 min; 300 rpm; 20°C)
prepared by dissolving 0.3 g PdCl, in 2.15 g HCl and mixing with 25 g SnCl, 2H,0
dissolved in 14.45 g HCl and 8.75 g KCl dissolved in 80 mLHCI. The activated powders
were then accelerated in a 10% (w/v) solution of disodium ethylene-diamine-tetra-
acetic acid (Na2EDTA) for 10 min. The materials were further plated (pH ~9.0; 50°C;
30min; 300rpm) in an ammoniacal bath solution, which was constituted as fol-
lows: 1.0gL~! PdCly; 27 gL' NH4Cl; 160mLL~" NH40H; 40mLL-! HCl; 10gL!
NaH,PO,. A customized autocatalytic deposition technique allowing to use dilute
(< 1.0g/L) solutions of Pd salts with 100% utilization of Pd [25] was also utilized in
the surface modification of the sintered Ti; 1Fep9Ox based on the detection of oxy-
gen. The technique involved surface pre-functionalization of the sintered substrate
using 1.0 vol.% solutions of y-aminopropyltriethoxysilane ('y-APTES) to facilitate the
surface immobilization of Pd nuclei in the sensitization-activation process, result-
ing in increased densities of deposited Pd(P) particles and surface Pd loading on the
intermetallide compared to that prepared without the pre-functionalization step
[26].

The samples were characterised by XRD (Bruker AXS D8 Advance, Cu-Ka,
A1=1.5406A,\; =1.5444 A, A [A1 =0.5,20 = 20-85°), SEM (Zeiss Ultra 55, Norwegian
University of Science and Technology, 4.0 kV, secondary electrons), and volumetric
measurements of hydrogen absorption kinetics (T=20°C, Pp~30bar H, for 24 h).
Before the measurements of hydrogen absorption, the system was evacuated to not
less than 1.0 x 10~3 mbar at room temperature/T=400°C, for 1h.

All materials were allowed exposure to air (no less than two weeks) prior to the
experimental studies of their hydrogen absorption performances.

3. Results and discussions

Summary of the obtained data on the phase-structural compo-
sition of the samples is presented in Table 1 and is given together
with relevant reference information on the constituent phases
[20,22,27-31]. The XRD pattern of the initial alloys and their corre-
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Table 1
Phase composition of TiFe substrates?.

Arc-melted TiFe

Sintered Tiq 1 FepgOyx

Non-hydrogenated TiFe: a=2.9803(1)A

Hydrogenated (30 bar Hy, RT)

TiFe: 26(2) wt.%; a=2.9797(1)A

TiFeH: 59 wt.%; a=2.9776(9)A, b=4.545(1)A, c=4.404(2) A
TiFeH,: 15(4) wt.% a=7.059(6)A, b=6.262(4)A, c=2.811(1)A

TiFe: 64 wt.%; a=2.9848(1)A
TisFe;01_y: 25(3) wt.%; a=11.350(3) A
B-Ti(Fe): 11(2) wt.%; a=3.1878(8)A

TiFeH: 62 wt.%; a=3.0146(9)A, b=4.525(2) A, c=4.402(1) A
TiFeH,: 15(5) wt.%; a=6.675(9)A, b=6.218(9) A, c=2.671(4) A
TisFe;01_4Hy: 7(2) wt.%; a=11.558(6) A

TiH: 16(3) wt.%; a=4.339(3) A, c=4.534(6) A

*Reference data—TiFe: Space group Pm 3 m (221); a=2.976 A [27], TiFeH: Space group P222, (17); a=2.966 A, b=4.522 A, c=4.370 A [28], TiFeH,: Space group Cmmm (65);
a=7.029A,b=6.233 A,c=2.835A[29], TisFe;0,_,: Space group Fd3m(227); a=11.33...11.35A(x=0...0.75)[20,22], TisFe;01_sH,: Space group Fd 3m (227);a=11.4...11.9A
(x=04,y=1.3...5.6) [20], B-Ti(Fe): Space group Im 3 m (229); a =3.14A (Tig75Feg2s) [30], TiH: Space group P4,/n (86); a=4.21A, c=4.60A [31].
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Fig. 2. SEM micrographs for the studies samples. [A] Sintered Ti; 1 Feo 9Oy, [B] Sintered Ti; 1 Feo 9Oy after deposition of Pd, [C] Arc-melted TiFe, and [D] Arc-melted TiFe after

deposition of Pd.

sponding hydrides! were refined using the GSAS software and are
shown in Fig. 1.

Both arc-melted and sintered materials contained the bcc-TiFe
intermetallic as a major constituent. In addition, the sintered mate-
rial contained two extra phases including a suboxide m-TisFe;01_4
and a solid solution of iron in B-Ti. The hydrogenated samples
contain a mixture of 3-TiFeH and y-TiFeH; intermetallic hydrides,
most probably, because of a partial decomposition of unstable at
ambient conditions y-TiFeH; during the XRD measurements. A sig-
nificant fraction of a non-hydrogenated TiFe was observed during
XRD study of the hydrogenated arc-melted sample. The secondary
phases formed in the sintered sample formed two hydrides during
the hydrogenation, viz. n-TisFe,01_,Hy and TiH. In case of the sin-
tered sample, the formation of the Ti-enriched phases was caused
by an excess of Ti, ~22at.%, at compared to the stoichiometric
equiatomic Ti + Fe mixture. The formation of the oxygen-containing
mixed m-oxide originated from capturing trace amounts of oxy-
gen present in the used for the sintering argon gas and adsorbed
on the surface of starting metal powders during their exposure
to air. From EDS analysis, the amount of oxygen in the sample
was appr. 2.9wt.%. It corresponds to the formation of more than

1 First hydrogen absorption was followed by stabilisation of the hydrogenated
samples by their exposing to air at T=77 K, for 10 min.

50wt.% of the TisFe,O suboxide. This value significantly exceeds
the corresponding estimations derived from the XRD data (Table 1).
Most probably, the EDS data were overestimated and taken for
the oxygen-enriched thin subsurface layer (~1 wm) where the sec-
ondary X rays were generated, while the XRD data were collected
for the bulk sample.

The surface morphologies of the substrate alloys and surface-
modified TiFe-based powders were studied by SEM analysis (Fig. 2).

The substrate powder consisted of particles varying in size,
which generally exhibited irregular shape and relatively smooth
surfaces. All samples exhibited a little porosity. After the autocat-
alytic Pd(P) deposition, discontinuous surface layers of the fine
Pd-P particles were observed (Fig. 2B and D) with an average
particle size of the Pd particles about 70 nm. Atomic absorption
spectroscopy was used to determine the total Pd loading and
revealed Pd concentration of ~0.6 wt.%. It was also observed that
the Pd(P) layer on the surface of the arc-melted TiFe sample formed
a denser packing than the Pd(P) layer on the sintered Ti; 1 Feg gOx.
This observation indicates that significantly lower oxygen content
at the surface of the arc-melted sample facilitates improved auto-
catalytic deposition of Pd.

Studies of the hydrogenation performances of the unmodi-
fied and Pd(P) surface-modified samples were conducted after
pre-exposure of the sample materials to air, with and without
pre-activation by vacuum heating. Without vacuum activation, the
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Fig. 3. Hydrogen absorption at Py =30 bar and T=20°C for the samples of TiFe pre-
pared by arc-melting: 1,3 - unmodified TiFe; 2,4 - TiFe surface-modified by Pd(P)
deposition; 1,2 - hydrogenation #1 (no vacuum heating); 3,4 - hydrogenation #2
after vacuum heating to 400°C for 1 h.

arc-melted (Fig. 3) and sintered (Fig. 4) substrates absorb hydro-
gen infinitely slowly (curve 1). This is caused by presence of the
oxygen-containing layers on the surface, which inhibit transport of
atomic hydrogen into the bulk material.

After activation in vacuum by heating at 400°C, the sintered
Tiq 1Feg9Ox exhibited better hydrogenation kinetics as compared
to the arc-melted TiFe alloy, with an almost eradicated incubation
period (compare Figs. 3 and 4; curve 3). The first hydrogen absorp-
tion by the sintered material yielded a nearly saturated hydride
with H/(Ti+Fe)=0.9-0.95, as compared to a decreased hydrogen
activity of the arc-melted sample, which required several vacuum
heating - hydrogen charging cycles to attain maximum absorption

atom ratio H/(Ti+Fe)

'Trrrrrrrrrrrrrrrrrrrrrrrrrrrrrr//....luuuuuluuuuuluuu|||||||
0.00.20.40.60.8 5 10 15 20

Time [hours]

Fig. 4. Hydrogen absorption at P, =30 bar and T=20°C for samples of Ti; ;FegqOx
prepared by sintering: 1,3 - unmodified substrate; 2,4 - material surface-modified
by Pd(P) deposition; 5 — material surface-modified by y-APTES pre-functionalization
followed by Pd(P) deposition; 1,2 - hydrogenation #1 (no vacuum heating); 3-5 -
hydrogenation #2 after vacuum heating to 400°C for 1h.

capacity. These observations are in compete agreement with the
data of the XRD analysis (see Fig. 1c and d for the samples hydro-
genated after the first activation). Observed improvement of the
hydrogenation activity for the sintered Ti; 1 Feg 9gOx material should
be credited to the formation of easy hydrogenated Ti4sFe,01_, and
B-Ti acting as hydrogen transfer catalysts, as also observed in
[6,20,22].

The improvement of the activation performance of Tij5Fe
doped by 0.35-0.7 wt.% oxygen (introduced as Fe;03) was also
observed by Wakabayashi et al. [12].

The hydrogenation kinetics of the surface-modified materials,
carried out without activation by vacuum heating, was significantly
faster as compared to that of the unmodified material, albeit with
the presence of incubation periods (Fig. 3 and Fig. 4; curve 2). The
enhancement can be credited to the partial removal of the sur-
face oxide layers during the chemical treatment, as well as to the
enhanced activity of the modified surface towards the H; disso-
ciation, due to the presence of the Pd(P) nanoparticles catalyzing
H, molecule splitting. Similarly to the surface-modified ABs-type
materials [23], it facilitates subsequent diffusion of H atoms into
the bulk material and quick attainment of the maximum absorption
capacity (curves 2,4).

The sintered Ti; ;Fegg9Ox functionalized in 1.0vol.% y-APTES,
and subsequently encapsulated using Pd(P) autocatalytic deposi-
tion, exhibited slightly better kinetics of hydrogenation compared
to that prepared without the pre-functionalization step (Fig. 4,
curve 5). The pre-functionalization step increases the Pd-P den-
sity and surface loading thus increasing the surface activity of the
materials towards the molecular hydrogen.

4. Conclusions

e This work demonstrates that surface modification of the TiFe-
based materials by autocatalytic deposition of Pd(P) results in the
formation of discontinuous surface deposits of Pd nanoparticles,
causing significant improvement of the activation performances
and hydrogen absorption kinetics, despite a long-term expo-
sure of the initial samples to air. The effect was associated with
improved catalytic activity of the modified surface towards the
H, dissociation.

Sintering of Ti and Fe powder mixtures (1.1:0.9) yielded a for-
mation of TizFe,01_y, further to TiFe. The sintered Ti; 1FeggOx
was characterised by a better activation and kinetic performances
as compared to the arc-melted TiFe. The effect was associated
with the influence of the formed hydrogen transfer catalysts, viz.
oxygen-containing TisFe;0;_, and 3-Ti.

Surface modification of the sintered Tij1Fegg9Ox using a
pre-functionalization with water-soluble aminosilane caused
improvement of the kinetics of hydrogenation, as compared to
the samples prepared by the conventional Pd deposition.
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