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Abstract

The cyclic hydrogen absorption—desorption characteristics of TiCrV and Tip gCrq oV alloys are investigated. Experimental results show
that the cyclic hydrogen capacity increases with increasing hydrogen-desorption temperature for both TiCrV and Tip gCry,V alloys. The
Tig.gCry2V and TiCrV alloys can maintain steady cyclic hydrogen capacities of about 2.5 wt% and 2.0 wt%, respectively, even after 15 cycles
with hydrogen absorption at 25 °C and hydrogen desorption at 400 °C. The hydrogenation for both TiCrV and Tip gCr; 2V alloys includes the
processes of first saturated solid-solution and then forming TiCr; gHs 3 and TiHy hydrides. The TiCrj gHs 3 hydride has better reversibility

than TiH, hydride during the hydrogen absorption—desorption.

© 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogen is a clean, low polluting, renewable energy source
[1-3]. It is considered to be a solution to replace the diminishing
fossil fuels and beneficial in the protection of the global envi-
ronment. From the application point of view, hydrogen storage
is one of the keystones to “Hydrogen Economy”. There are var-
ious methods for storing hydrogen [4], including high-pressure
compressed gas, low-temperature liquid hydrogen and solid
storage of metal hydrides in hydrogen storage alloys (HSAs).
Of these methods, metal hydrides have recently attracted much
attention due to their small volume, low equilibrium pressure
and high safety.

Ti—Cr-V alloys have recently been investigated as impor-
tant HSAs [5—14]. These alloys exhibit a BCC solid solution
structure and their hydrogen storage capacity is larger than that
of intermetallic alloys. Maximum hydrogen absorbing capac-
ity of these alloys can reach about 3.7 wt%. However, their
rechargeable hydrogen capacity is limited, especially at lower
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temperatures of hydrogen desorption. In the past decade, many
researchers have strived to improve the hydrogen storage char-
acteristics of these Ti—Cr—V alloys. It has been understood that
the hydrogen storage properties of these Ti—Cr—V alloys are
significantly influenced by the melting methods and thermal
history [15-17], heat-treating condition [18], chemical compo-
sitions and additional elements [19-24]. In the present study,
the TiCrV and TiggCrj 2V HSAs are selected, because of their
optimal representation of these Ti—Cr—V alloys. The cyclic
hydrogen absorption—desorption characteristics of TiCrV and
TipgCri 2V alloys are systematically investigated. The crys-
tal structures of hydrogenated and dehydrogenated TiCrV and
Tip.gCry 2V alloys with different amount of hydrogen absorp-
tion and with cyclic hydrogen absorption—desorption will also
be studied.

2. Experimental procedure

The TiCrV and Tig gCr; 2V HSAs were prepared by vacuum
melting. The as-cast alloys were analyzed using inductively
coupled plasma atomic emission spectroscopy (ICP-AES).
Their chemical compositions, being presented in Table 1, were
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Table 1
ICP-AES measured chemical compositions of TiCrV and TipgCrj 2V alloys

Alloy Element (at%)

Ti Cr \"
TiCrV 32.76 33.75 33.49
TiggCri oV 28.01 39.47 32.52

found to be virtually the same as the nominal ones. The as-cast
alloys were crushed below a 150 mesh and then their crys-
tal structures were identified by utilizing the Philips PW1710
X-ray diffractometer under the conditions of Cu Ku radiation,
40kV tube voltage and 30 mA current. The surface morpho-
logies of the alloy particles were inspected by field emission gun
scanning electron microscopy (FEG-SEM). The characteristics
of hydrogen storage were analyzed using a computer-controlled
automatic “PCI Monitoring System” (GFE, Germany) with
an accuracy of 1%. During their preparation, the TiCrV and
Tip gCr1 2V particles will readily form the surface passivation
layers [25], including the metal-oxide, hydride and surface
contaminants of CO, H;O, etc. Thus, an activation process is
necessary for TiCrV and TiggCr; 2V alloys to efficiently ab-
sorb hydrogen gas. The activation treatments were as follows
[23]. The alloy particles were individually put into testing ves-
sels and evacuated at 400 °C for 2 h. High purity hydrogen gas
was introduced into the vessels up to a pressure of 5MPa at
25°C and then evacuated at 400 °C. After the activation treat-
ments, these alloy particles were executed by the experiments
of cyclic hydrogen absorption—desorption. Each cycle of hy-
drogen absorption—desorption is carried out as follows. They
were purged into hydrogen gas with 5 MPa pressure at 25°C
for 30 min, and then dehydrogenated by vacuum pumping at a
set temperature (25-400°C) for 1 h.

3. Results and discussion

3.1. Cyclic hydrogen absorption—desorption characteristics of
TiCrV and TiygCr1 2V alloys

Fig. 1(a) and (b) shows the cyclic hydrogen capacities for the
TiCrV and Tip gCr 2V alloys, respectively, which are subjected
to cyclic hydrogen—absorption at 25 °C and hydrogen desorp-
tion at various temperatures. As shown in Fig. 1(a) and (b),
the saturated capacities of first hydrogen absorption at 25°C
can reach 3.54 and 3.20wt% for TiCrV and TipgCri,V al-
loys, respectively. However, these values are significantly re-
duced to be 0.98 and 2.02 wt%, respectively, in the second
hydrogen absorption. These phenomena can be explained as
below. It is known that Ti atom has a bigger radius than the
Cr atom (Ryj = 2.00A, Rc, = 1.85A). The TiCrV alloy has
more Ti atoms and less Cr atoms than the TipgCr;,V alloy.
This will make TiCrV alloy have a bigger lattice constant, i.e.,
a wider spacing of crystal planes. Hence, TiCrV alloy is able
to absorb more H atoms to form the metal hydride during the
first hydrogenation process, and its saturated capacity of first
hydrogen absorption is higher than that of TigpgCr;,V alloy.
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Fig. 1. The cyclic hydrogen capacities for the (a) TiCrV and (b) Tip gCry 2V
alloys. These alloys are subjected to cyclic hydrogen absorption at 25 °C and
hydrogen desorption at various temperatures.

However, the Ti—H bonding is stronger than Cr—H bonding in
their hydrogenated state at 25 °C. Meanwhile, more Ti—H bond-
ing will occur for TiCrV alloy due to its higher Ti/Cr ratio.
These features demonstrate that less quantity of H atoms within
the TiCrV alloy can release out during the dehydrogenation
process at 25 °C. Hence, the saturated capacity of the second
hydrogen absorption of TiCrV is lower than TipgCr; ,V alloy.

In Fig. 1(a) and (b), one can also find that the cyclic hy-
drogen capacities for both alloys increase with increasing
hydrogen-desorption temperature. Meanwhile, the hydro-
gen capacities decrease rapidly with increasing hydrogen
absorption—desorption cycle if the hydrogen-desorption temper-
ature is lower than 300 °C. However, both alloys can have stable
cyclic hydrogen capacities at hydrogen-desorption temperature
of 400 °C. When comparing the cyclic hydrogen capacities at
400 °C in Fig. 1(a) and (b), the Tig gCr; 2V alloy exhibits a bet-
ter performance of cyclic hydrogen absorption—desorption than
TiCrV alloy. The TipgCr;,>V and TiCrV alloys can maintain
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Fig. 2. The SEM surface morphologies of TiCrV and Tig gCry 2V alloys. (a) TiCrV, as-crushed, (b) TiCrV, after 15 cyclic hydrogen absorption—desorption,
(c) Tip.gCry 2V, as-crushed and (d) TipgCry 2V, after 15 cyclic hydrogen absorption—desorption.

steady cyclic hydrogen capacities of about 2.5 and 2.0 wt%,
respectively, after 15 cycles with hydrogen absorption at 25 °C
and hydrogen desorption at 400 °C.

Fig. 2(a)—(d) shows the SEM surface morphologies of TiCrV
and TipgCr oV alloys in the states of as-crushed and after 15
cycles of hydrogen absorption—desorption, respectively. As can
be seen in these SEM micrographs, the particle sizes have re-
duced from 50-150 to 10-120 pm after 15 cycles. The lattice
expansion due to the occupation of hydrogen atoms leads to
the splitting of the alloy particles into finer ones, referred to
as pulverization [26,27]. Carefully examining the SEM surface
morphologies in Fig. 2(b) and (d), the pulverized TiCrV and
Tig.gCry 2V alloys exhibit different shapes of platelet and polyg-
onal particles, respectively. This phenomenon has not been
clearly understood, but these different shapes of pulverized par-
ticles of TiCrV and TiggCr; oV alloys are considered to have
important effects on their cyclic hydrogen capacities.

3.2. Crystal structures of hydrogenated and dehydrogenated
TiCrV and Tiy3Cr1 2V alloys with different amount of
hydrogen absorption

Prior to discuss the crystal structures of TiCrV and
Tig.gCry 2V alloys with cyclic hydrogen absorption—desorption,
it is valuable to understand more the crystal structures of these
alloys with different amount of hydrogen absorption. Fig. 3(a)
and (b) shows the XRD patterns of TiCrV alloy in hydro-
genated and dehydrogenated states, respectively, with various
amounts of hydrogen absorption at 25 °C. In Fig. 3(a) and (b),

it can be seen that both as-crushed TiCrV and TipgCri2V
alloys exhibit a crystal structure of single BCC phase. The
addition of V into TiCr alloy shall reduce its transformation
temperature and inhibit the formation of Laves phases during
the casting process [21], and hence both TiCrV and Tip gCri 2V
alloys exhibit a single BCC phase. In Fig. 3(a), the TiCrV
alloy with 1.02 wt% hydrogen absorption still exhibits a BCC
structure, which is similar to that of as-crushed alloy. Whilst,
the corresponding XRD peaks shift to lower 20 positions for
the 1.02 wt% hydrogenated alloy. This indicates that the solid
solution of hydrogen atoms will increase the spacing of lattice
planes. The lattice constant increases from 3.0568 to 3.1658 A
and leads to a volume expansion [(ag — af’) /a% x 100%] of
11.09%. When the hydrogen absorption rises up to 1.50 wt%,
a little FCC hydride of TiCrj gHs 3 appears in the XRD pat-
terns. With increasing the hydrogen absorption up to 2.02
and 2.49 wt%, more TiCrj gHs 3 hydride and less BCC solid-
solution phase are found in the hydrogenated alloy. When the
hydrogen absorption reaches a saturated value of 3.55 wt%,
the BCC solid-solution phase completely disappears and an-
other BCC hydride of TiH; forms, which coexists with the
TiCr; gHs 3 hydride. The main XRD peak position of TiH»
hydride, 20 = 39.9°, is found to nearly overlap with that of
the BCC solid-solution phase. As reported in a previous paper
[24], the Ti—-Cr-V alloy with high V content will prohibit the
formation of TiH, hydride during the hydrogenation process.
This phenomenon can demonstrate why the TiH, hydride only
appears after the saturated formation of TiCry gHs 3 hydride,
as shown in Fig. 3(a).
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Fig. 3. XRD patterns of TiCrV alloy in (a) hydrogenated and (b) dehydro-
genated states, with various amounts of hydrogen absorption at 25 °C.

As calculated from the XRD patterns in Fig. 3(b), the lattice
constant and volume expansion of the dehydrogenated TiCrV
alloy with 1.02wt% hydrogen absorption are 3.1573 A and
10.43%, respectively, which are only a little lower than those
in the hydrogenated state. It indicates that the dehydrogena-
tion of BCC solid-solution phase is not obvious. For the dehy-
drogenated TiCrV alloy with 1.50 wt% hydrogen absorption, a
BCC solid-solution phase is still observed but the TiCr gHs 3
hydride has disappeared, as compared to those XRD patterns in
Fig. 3(a). It indicates that the TiCr| g§Hs 3 hydride can exhibit a
good reversibility during the hydrogen absorption—desorption.
Even the quantity of hydrogen absorption rises up to 2.02 and
2.49 wt%; there is only a little residual TiCrj gHs 3 hydride
in the dehydrogenated state. For the TiCrV alloy with satu-
rated hydrogen absorption of 3.55 wt%, a lot of TiCr; gHs 3 and
TiH; hydrides reside after hydrogen desorption, as shown in
Fig. 3(b).

Fig. 4(a) and (b) shows the XRD patterns of TiggCry,V al-
loy in hydrogenated and dehydrogenated states, respectively,
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Fig. 4. XRD patterns of Tig gCry 2V alloy in (a) hydrogenated and (b) dehyd-
rogenated states, with various amounts of hydrogen absorption at 25°C.

with various amounts of hydrogen absorption at 25°C. The
XRD patterns in Fig. 4(a) have similar results as those shown in
Fig. 3(a) for the TiCrV alloy. The increment of lattice constant
and volume expansion are also clearly found from the 26 peak
positions in the 1.03 wt% hydrogenated alloy. In addition, the
TiCrq gHs 3 hydride forms if the hydrogen absorption is higher
than 1.33 wt%, and both TiH, and TiCr; gHs 3 hydrides coex-
ist in the 3.19 wt% hydrogenated alloy. In Fig. 4(b) for the de-
hydrogenated states of TipgCr; 2V alloy, one can find that all
TiCr; gHs 3 hydride disappears even though this alloy has been
subjected to a saturated hydrogen absorption of 3.19 wt%. This
feature indicates that the reversibility of TiCr; gHs 3 hydride in
Tig gCr1 2V alloy is better than in TiCrV alloy.

3.3. Crystal structures of hydrogenated and dehydrogenated
TiCrV and TiggCr12V alloys with cyclic hydrogen
absorption—desorption

Fig. 5(a) and (b) shows the XRD patterns of TiCrV al-
loy in hydrogenated and dehydrogenated states, respectively,



4970 H.C. Lin et al. / International Journal of Hydrogen Energy 32 (2007) 4966—4972

a
¢ : TiH,
o: T1Crl sHs 3
V:
o (o}
WN=4
-~ o
= ¢ N N N=2
= o
&
]
= o
AN N=1
v
J A A
— A A as-crushed
T T T T T T T T T T T T T T T T T 1
10 20 30 40 5 60 70 80 90 100
20
b
¢ : TiH, o s
0 : TiCr; gHs 5 0 Vo o
V:BC N=4
[
H‘ ﬂ\? *0 2
'”M,/L}J \‘»W,WM\MMIMMMM N=2
';:\ o
&
2 o
‘é W o o
- *
E WAL Y e AL o N=1
v
v v
as-crushed

10 20 30 40 50 60 70 80 90 100

26
C
V:BCC v
f
v v
. J\ N=15
—_ N=8
: i\
<
= ) N=4
I
= st AN N=2
i
A Mao as-crushed
T T T T T T T T T T T T T T T T T 1
10 20 30 40 50 60 70 80 90 100

20

Fig. 5. XRD patterns for the (a) hydrogenated and (b) dehydrogenated TiCrV
alloys, which have been subjected to cyclic hydrogen absorption—desorption at
25°C. (c) XRD patterns for the dehydrogenated TiCrV alloy, which has been
subjected to cyclic hydrogen absorption at 25 °C and hydrogen desorption at
400°C.
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Fig. 6. XRD patterns for the (a) hydrogenated and (b) dehydrogenated
TiggCry1 oV alloys, which have been subjected to cyclic hydrogen
absorption—desorption at 25°C. (c) XRD patterns for the dehydrogenated
Tig.gCry 2V alloy, which has been subjected to cyclic hydrogen absorption
at 25°C and hydrogen desorption at 400 °C.
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with cyclic saturated hydrogen absorption—desorption at 25 °C.
As shown in Fig. 5(a), there is no obvious variation of XRD
peak intensities of both TiCrj gHs 3 and TiH, hydrides after
cyclic saturated hydrogen absorption—desorption at 25°C. In
Fig. 5(b), although the XRD patterns also exhibits the coexis-
tence of TiCry gHs.3 and TiH» hydrides in the dehydrogenated
states, the TiH,/TiCr gHs 3 ratios are higher than those in the
hydrogenated states. It indicates that the TiCr| gHs 3 is easier
than TiH; to release the hydrogen atoms during the dehydro-
genation process. More TiH, hydride resides with increasing
cycles of saturated hydrogen absorption—desorption, and hence
TiH,/TiCr; gHs 3 ratio also increases with increasing cycles, as
shown in Fig. 5(b).

Fig. 5(c) shows the XRD patterns of dehydrogenated TiCrV
alloy, which has been subjected to cyclic hydrogen absorption
at 25 °C and hydrogen desorption at 400 °C. The XRD patterns
in Fig. 5(c) only exhibit the existence of BCC matrix, and their
20 positions are nearly the same for the as-crushed and dehy-
drogenated TiCrV specimens even after 15 cycles. This means
that the performance of hydrogen desorption at 400 °C is quite
excellent. No hydrides reside and even very few irreversible H
atoms exist in the BCC matrix.

Fig. 6(a) and (b) shows the XRD patterns of TipgCri»V al-
loy in hydrogenated and dehydrogenated states, respectively,
with cyclic saturated hydrogen absorption—desorption at 25 °C.
As shown in Fig. 6(a), the TiCrj gHs 3 and TiH; hydrides co-
exist in the hydrogenated TiggCr; 2V alloy. With increasing
cycles of hydrogen absorption—desorption at 25 °C, the ratio
of TiCrj gHs 3/TiH; decreases due to the easier dehydrogena-
tion of TiCrgHs 3 hydride. In Fig. 6(b), the XRD patterns
exhibit that only BCC matrix, but no hydrides, exists in the
dehydrogenated Tip gCr 2V alloy even after a few cycles. It in-
dicates that the Tip gCry 2V alloy can still have fair performance
of dehydrogenation from the hydrides at 25°C. The shift of
XRD peaks to lower 26 positions means that the BCC matrix
comprises some H atoms, which exhibits a lattice expansion.
After 8 cycles, the XRD peaks of TiCrj gHs3 and TiH, hy-
drides begin to appear in Fig. 6(b). This feature indicates that
the TiCrq gHs3and TiH; hydrides have been accumulated to
enough amounts to be detected by XRD analysis.

Fig. 6(c) shows the XRD patterns of dehydrogenated
Tip.gCry 2V alloy, which has been subjected to cyclic hydrogen
absorption at 25°C and hydrogen desorption at 400 °C. The
XRD patterns in Fig. 6(c) only exhibit the existence of BCC
matrix, and their 20 positions are nearly the same for the as-
crushed and dehydrogenated TipgCr; 2V specimens even after
15 cycles. These phenomena are similar to those shown in
Fig. 5(c) for TiCrV alloy. Namely, both TiCrV and TipgCri 2V
alloys can have excellent performance of hydrogen desorption
at 400°C. These results are consistent with those shown in
Fig. 1(a) and (b).

4. Conclusions
1. The cyclic hydrogen capacity increases with increasing

hydrogen-desorption temperature for both TiCrV and Tig g
Cr12V alloys. TiggCry,V alloy has a better performance

of cyclic hydrogen absorption—desorption than TiCrV
alloy. The TipgCri2V and TiCrV alloys can main-
tain steady cyclic hydrogen capacities of about 2.5 and
2.0wt%, respectively, after 15 cycles with hydrogen
absorption at 25 °C and hydrogen desorption at 400 °C.

2. The hydrogenation for both TiCrV and TipgCri,V al-
loys includes the processes of first saturated solid-solution
and then forming TiCrgHs3 and TiH, hydrides. The
TiCr; gHs53 hydride has better reversibility than TiH;
hydride during the hydrogen absorption—desorption. The
accumulation of residual hydrides will reduce the alloy’s
cyclic hydrogen capacity.
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