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a b s t r a c t

Structural changes of commercial TiH2 were studied using interrupted temperature desorption spec-
troscopy and X-ray diffraction techniques to understand the mechanism of its degradation under
non-equilibrium conditions. Rapid cooling on different stages of temperature-programmed heating
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allowed to study the intermediate phase compositions that evolve upon cooling from the high-
temperature phase �Ti(H). The phase transformation sequence is described as a number of consecutive
reactions corresponding to the observed desorption peaks. Phases �TiH2−x, �TiH, and the solid solution
�Ti(H) were found to be intermediates in the �TiH2 → �Ti transformation when the latter is interrupted.
Additional evidence for the thermodynamic stability of �TiH is given.
hase stability
itanium monohydride

. Introduction

The development in metal-hydride technology requires a
etailed study of hydrogen interaction with metals and alloys [1].

n order to improve hydrogen absorption–desorption kinetics, the
harging and discharging procedures (i.e. hydride formation and
ecomposition) have to be carried out under non-equilibrium heat-

ng conditions. Temperature-programmed sorption/desorption
ay be successfully applied for this purpose.
The technique of thermal desorption spectroscopy (TDS) is

idely used in various modifications as an effective method for
quantitative description of gas–solid surface interactions [2–6]. It

s especially useful to test the key parameters of adsorption and
atalytic processes: properties and energy distribution of active
ites [7–11]. In this technique, the samples are heated, and the
ydrogen evolution from the sample is monitored simultaneously.
an et al. [12] were among the first who used thermal desorp-

ion spectra to study hydrogen desorption kinetics from MgH2
nd to determine the rate-controlling step. Nowadays, this tech-
ique is commonly used to demonstrate the effect of preparation or
reatment conditions on H2 desorption kinetics for different metal-

ydrides [13–20].

The decomposition of metal-hydride under non-equilibrium
onditions is a multi-stage process, the mechanism of which is
oorly studied. However, this knowledge is essential to attain the
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most important commercial requirement: to significantly acceler-
ate hydrogen sorption and desorption at lower temperatures.

For two reasons Ti-hydride is a perfect model compound for such
investigations: (i) it is widely used as a component of hydrogen
storage materials, and especially as foaming agent to produce metal
foams [21–23]; (ii) its interaction with hydrogen is studied in detail
[24–29].

In this work, we apply step-by-step heating in thermal des-
orption regime interrupted by a fast sample cooling to study
mechanisms of non-equilibrium decomposition of commercial
TiH2 by testing intermediate phase compositions. By doing this, the
different phases can be attributed to the different desorption peaks.
Furthermore, the thermodynamic stability of the titanium mono-
hydride �TiH is confirmed once again by testing long-term stability
of the detected phases. This has been disputed in literature for some
time [30–33], but is now consensus [26 and references therein].

2. Experimental

Commercial TiH2 powder (Aldrich, 99% pure, 325 mesh,
S = 0.32 m2/g) with an actual composition TiH1.92 was used. The
H2 desorption, i.e. TiH2 decomposition, was studied by thermal
desorption spectroscopy (TDS). TDS measurements were carried
out at a heating rate of 10.5–11.2 K/min from 293 to 1030 K under

flow conditions at a flow rate of 100 ml/min using pure Argon. A
quartz flow-reactor was charged with 0.1 g of TiH2 powder mixed
with ∼70 wt.% of quartz powder in order to minimize the tem-
perature difference between the sample and surroundings caused
by the heat of reaction and to prevent powder caking. The sam-

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:chris@ump.gwdg.de
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Table 1
TDS parameters for TiH2 calculated on base of Lorentzian fitting of TDS spectrum.

Peak H2 evolution [×10−4 mol] Tmax [K] Ea [kJ/mol]
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3.9 × 10−3 (19.5 at.%) 743 219.5 ± 6.5
1.23 × 10−2 (61.6 at.%) 817 229.7 ± 7.2
3.8 × 10−3 (18.9 at.%) 920 216.1 ± 7.3

le was heated up to the chosen temperature, these are namely
85, 838, 925, and 1030 K, and then rapidly cooled to room tem-
erature by transferring the reactor from the heater to ice water.
ach TDS run was carried out with fresh TiH2 powder. Hydrogen
mission was monitored continuously by a gas chromatograph. The
ydrogen portion being desorbed was calculated from the integral

ntensity of the TDS spectrum. The effective activation energy (Ea)
or different stages of TiH2 decomposition was estimated from lin-
ar Arrhenius plots constructed assuming that the H2 evolution
ate is proportional to the hydrogen concentration in the sam-
le. XRD patterns were recorded after each TDS experiment using
Dron-3 diffractometer with Cu K� radiation. The phase com-

osition of the respective powders was determined on base of
CPDS files provided by the International Center for Diffraction Data.
uantitative X-ray phase analysis was performed applying a fit-

ing procedure, where experimental spectra were approximated
ith a linear combination of the theoretical spectra of phases

nd of the background using optimized values of lattice param-
ters and parameters of broadening of the diffraction maxima of
hases. The respective hydrogen content of the samples was cal-
ulated on base of material balance. Samples heated to 756 and
38 K were reheated until total desorption of hydrogen to test the

ndependence of the desorption peaks and to be able to relate the
hase changes to the desorption peaks. In order to test the stabil-

ty of the phases, a sample heated to 838 K was studied by X-ray
iffraction and studied a second time after ageing for 48 h at room
emperature.

. Results

Fig. 1 shows a thermal desorption spectrum of the total
iH2 decomposition. It consists of one rather narrow main peak
Tmax = 817 K) and one low- and one high-temperature shoulder
Tmax ≈ 743 and 920 K, respectively). The process parameters calcu-

ated on base of Lorentzian fitting of the TDS curve are summarized
n Table 1. The Lorentzian fits of each peak are added in Fig. 1.

Hydrogen desorption observed during TDS is accompanied by
tructural transformations of the TiH2 up to total decomposition.

ig. 1. TDS spectrum of Ti-hydride: vertical lines point to temperatures of heating
nterruption.
Fig. 2. Structural evolution of TiH2 after TDS interrupted at 785, 838, 925 and 1030 K
as compared to the structure of original TiH2.

To establish a correspondence between the TD-spectrum and struc-
tural evolution during decomposition the phase composition of
powder was determined by XRD after different steps of TDS, which
are marked in Fig. 1. Table 2 summarizes corresponding TDS and
XRD data. Fig. 2 shows the XRD spectra of the original TiH2 com-
pared to the spectra recorded after TDS was interrupted at 785, 838,
925, and 1030 K, which correspond to the end of the first TDS peak,
the end of the main peak, the falling slope of the high-temperature
peak, and to the total TDS, respectively.

The original Ti-hydride containing 1.92 H/Ti was identified as
tetragonal � phase, JCPDS 25-983, space group I4/mmm with lattice
constants a = 0.447 nm, c = 0.441 nm. After TDS was interrupted at
785 K, the sample still contains 1.33 H/Ti. There are two Ti-hydride
phases: about 70 wt.% of cubic �TiH2−x (a = 0.440 nm), about 15 wt.%
of a new phase, which is most probably the orthorhombic phase
�TiH (JCPDS 44-1217) besides about 15 wt.% of the solid solution
�Ti(H). The composition of �Ti(H) solid solution is calculated as
Ti-8.5 at.% H from the hydrogen induced increase of the �Ti unit
cell volume, 0.28 nm3/H [34]. After TDS is interrupted at 838 K, the
sample contains 0.61 H/Ti. A remarkable elevated and jittery inten-
sity was observed in the interval 2� = 33.5–42.5◦, in which only two
peaks could be identified unambiguously. Due to this, the quanti-
tative phase analysis was troublesome. The following phases were
detected: �TiH2−x (a = 0.440 nm; less than 30 wt.%), the same �TiH,
and two hexagonal phases: �Ti (a = 0.295 nm, c = 0.468 nm) and
�Ti-6.3 at.% H solid solution (a = 0.297 nm, c = 0.476 nm). The phase
composition of the TDS product after heating up to 925 K consists
of about 15 wt.% of �TiH2−x (a = 0.440), and two hexagonal phases:
about 70 wt.% of �Ti (a = 0.295 nm, c = 0.468 nm) and about 15 wt.%
of �Ti-3 at.% H solid solution (a = 0.296 nm, c = 0.473 nm). Accord-
ing to material balance, the total system contains 0.18 H/Ti. The
TiH2 decomposition was completely finished at 1030 K. However,
besides the �Ti phase (a = 0.295 nm, c = 0.469 nm), some amount of
hexagonal phase with a = 0.296 nm, c = 0.474 nm was detected. Since
virtually the total H2 has evolved this leads one to assume oxy-
gen dissolution in Ti lattice because of extremely high Ti to oxygen
affinity at T > 1000 K.

Fig. 3 shows a comparison of TPD spectra of (1) the fresh TiH2

powder and (2) TiH2 powder heated up to 756 K in (a), cooled
rapidly and heated again in TPD regime; and a comparison of TPD
spectra of (1) the fresh TiH2 powder and (2) TiH2 powder heated
up to 838 K, cooled rapidly and heated again in TPD regime in (b).
It can clearly be seen that the left shoulder of the original spectrum
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Table 2
XRD parameters.

T [K] Residual H [H/Ti] Phase composition (JCPDS–Nr.) Portion [wt.%] Lattice parameters [nm]

293 1.92 �TiH1.92 (25–983) [100] a = 0.447; c = 0.441

785 1.33 �TiH2−x (07–370) [70] a = 0.440
�TiH (44–1217) [15] a = 0.297; c = 0.479
�Ti(H) [15]

838 0.61 �TiH2−x (07–370) [<30] a = 0.440
�TiH (44–1217) a = 0.297; c = 0.476
�Ti(H) a = 0.295; c = 0.468
�Ti

925 0.18 �TiH2−x (07–370) [15] a = 0.440
�Ti(H) [15] a = 0.296; c = 0.473
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s the imprint of an independent peak. The same holds for the right
houlder of the TD-spectrum.

To test the stability of the detected phases, a sample cooled from
38 K was aged at room temperature for 48 h and subsequently
-rayed again. An increase in �Ti, �TiH, and a decrease in �Ti(H)
ontent were observed. After 48 h, the phase composition remained
table.

. Discussion
Fig. 5 shows the phase diagram of the Ti–H system [25]. The Ini-
ial position, �TiH1.92, is marked with a star in the lower right corner.
he upward arrows denote the respective temperature/hydrogen

ig. 3. (a) TiH2 powder heated up to 756 K, cooled rapidly and heated again in TDS
egime; comparison of TD-spectra of (1) the fresh TiH2 powder and (2) TiH2 powder
eated up to 838 K, cooled rapidly and heated again in TDS regime. (b) As in (a), but
eated up to 838 K.
[70] a = 0.295; c = 0.468

[25] a = 0.296; c = 0.474
[75] a = 0.295; c = 0.469

content positions from which the quenches are performed. Already
at 785 K/1.33 H/Ti the sample is within the �Ti(H)–�TiH2−x two-
phase region. At 838 K/0.61 H/Ti, the sample is quenched from
pure �Ti(H). According to this phase diagram, there is no stable
hydride in the two-phase region �Ti(H)–�TiH2−x. In a recent re-
assessment performed by Manchester and San-Martin, however,
�TiH is included as a stable phase at H/Ti ratio of 1.0 in the temper-
ature range below 441 K [26].

The phase �TiH is face-centered orthorhombic, where the H
atoms occupy half of the tetrahedral sites in an ordered fashion.
While in early works, �TiH is supposed to be metastable [30,31],
recent first principle calculations performed by Xu and Van der Ven
[32] demonstrate that �TiH is a Ti-hydride stable relative to fcc-Ti
at low temperatures below about 450 K and “almost stable” rela-
tive to hcp Ti. This means that the formation energy of �TiH is just
above that of �Ti(H) + �TiH2−x. This finding is confirmed by exper-
imental results from Bashkin and co-workers [33], who find that
�TiH is stable at low temperatures below 473 K. Since the peritec-
tic transformation �Ti(H) + �TiH2−x → �TiH is hampered because of
slow diffusion and elastic stress [34], this phase is often not at all
observed in cooling experiments [e.g. 35]. The results presented in
this work confirm that �TiH is a stable phase at low temperatures:
after room temperature ageing of the sample quenched from 838 K
the amount of �TiH has augmented, corroborating the results pub-
lished by Manchester and San-Martin [26 and references therein].

The phase �TiH can mainly be identified by the peak at 36◦, cor-
responding to a lattice plane distance d = 0.25 nm. The other peaks
are either of very low intensity or they lie beneath peaks corre-
sponding to �TiH2−x or �Ti(H), which is also the reason why we
do not give lattice parameters for this phase. Of course the iden-
tification of a phase with only one peak that can unambiguously
be attributed to this phase is difficult. There are several other Ti-
hydrides listed in the JCPDS files with a prominent peak near 36◦,
but all of these except �TiH are stated to be metastable or are
not applicable either for thermodynamic reasons or because there
should be other prominent peaks not found in our spectra. Because
of the growth of this peak upon room temperature ageing point-
ing to thermal stability, we believe to indeed have found �TiH. As
can be seen in Fig. 2, the amount of �TiH found is only appreciable
in the samples cooled from 785 and 838 K, but not in the sample
cooled from 925 K. In the case of the sample cooled from 785 K, see
Fig. 5, a large proportion of the sample passes through the �TiH2−x
single phase region and leaves it at a temperature below the peri-

tectic temperature of �TiH. If our considerations are correct, this
proportion will directly transform into �TiH + �TiH2−x, where �TiH
is the minority component, corresponding to the 70 wt.% of �TiH2−x
and 15% of �TiH found in this sample besides 15% of �Ti(H). For the
sample cooled from 838 K, the greatest part of the sample passes
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ig. 4. Fragment of XRD patterns of powder heated to 838 K: (1) recorded immedi-
tely after the TPD run and (2) after 48 h.

he eutectoid point 571 K/42.5 at.% (0.74 H/Ti, data from [26]). Here,
he temperature difference between �Ti(H) and the peritectic tem-
erature of �TiH is only 130 K, which makes it probable enough
hat some proportion of the material transforms into �TiH, which
an in our case roughly be estimated as 10% from the experimental
ata, and which is given as 10% at most in literature [33]. In case of
he sample cooled from 925 K, only about 30% of the sample passes
hrough the eutectoid point as can be estimated by the lever rule. If
0% of this material transforms into �TiH, this cannot be detected
y XRD keeping in mind that there is peak broadening due to small
owder particle size.

As can be seen in Fig. 4, the phase composition immediately after
apid cooling is not completely in thermal equilibrium. It includes
he metastable hexagonal �Ti(H) solid solution, which decomposes
nto �Ti and �TiH. In terms of this result and on base of XRD data
he phase transformation sequence for TiH2 decomposition under
on-equilibrium conditions can be schematized as follows:

TiH1.92 → �TiH2−x → �Ti(H) → {�TiH2−x + �TiH+}�Ti(H) → �Ti,
here �Ti(H) as a high-temperature phase is not detected by XRD,
ut its existence is postulated from the phase diagram, see Fig. 5.
�TiH2−x + �TiH+} is put into brackets because this transformation
nly takes place when the thermal desorption process is inter-
upted and the sample cooled, but not when it is continued.

ig. 5. Ti–H phase diagram [25]. Stars (experimental points) mark heating interrup-
ion temperature and corresponding hydrogen content in the sample.
ca Acta 493 (2009) 80–84 83

The total decomposition process may be formally divided
into three parts corresponding to the three peaks of the TD-
spectrum. The first peak with Tmax = 743 K may be attributed to
the �TiH2 → �TiH2−x transition caused by H2 loss. Fig. 3a shows
that this shoulder completely disappeared from the TDS spectrum
(curve 1), after the sample was heated in thermal desorption regime
up to 785 K, then rapidly cooled and heated again (curve 2). The
second peak with Tmax = 817 K mainly reflects the transformation
�TiH2−x → �Ti(H), and the transformation �Ti(H) → �Ti(H) → �Ti
seems to be responsible for the high-temperature shoulder which
is formally the high-temperature Lorentzian peak, see Fig. 3b.

Thermal desorption of TiH2 has been studied in numerous other
groups; see, e.g. [21–23,36–38]. The results are not completely
consistent. Kennedy and Lopez, Lehmhus and Rausch as well as Fer-
nández et al. found two-peak spectra [21,22,36], Yang et al. found
four peaks [23], while von Zeppelin et al. and Bhosle et al. recorded
one-peak spectra [37,38], both with small pre-peaks. These dif-
ferent results cannot be due to the heating rate, as was shown
by Fernández et al.: heating rates between 5 and 20 K/min differ
only in peak positions, but not the peak structure [36]. However,
Lehmhus and Rausch showed impressively that the decomposition
spectra are quite sensitive to the atmosphere during decompo-
sition as well as to the atmosphere the powder was exposed to
before desorption study [22]. This, if not poorly resolved spec-
tra, might be the reason for the observed differences. Yang et al.
give values for activation energies Ea that can be compared to
the values found in this work, see Table 1. They found four peaks
(given in pairs of values Tmax[K]/Ea[kJ/mol]): 740/125, 852/184,
940/677, and 980/200. Our results yielded 743/220, 817/230, and
920/216. Obviously, correspondence is not given for the high-
temperature range, most probably for one of the reasons given
above.

To summarize, the results presented demonstrate that: (i) the
TDS peaks are independent and point to a well-defined reaction
each and (ii) �TiH is indeed a thermodynamically stable phase. The
latter result has been disputed in the past but is consensus since
the year 2000 at latest.

5. Conclusions

Interrupted TDS technique was successfully applied to investi-
gate the mechanism of TiH2 decomposition under non-equilibrium
conditions. The phases �TiH2−x, �TiH, and the solid solution �Ti(H)
were found to be intermediates in �TiH2 → �Ti transformation,
when the sample is cooled to room temperature at different inter-
mediate stages.

The phase proportions observed upon rapid cooling were found
to be metastable. The stabilization of phase composition went
through an increase in �TiH and �Ti, i.e. Ti-hydride and Ti metal,
and a decrease in Ti(H) solid solution.
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