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Nominal Ti,Ni was synthesized under argon atmosphere at room temperature using a
planetary high-energy ball mill. The effect of milling time and Zr substitution for Ti on the
microstructure was characterized by XRD, SEM and TEM, and the discharge capacities of
Ti, xZ1:Ni (x = 0, 0.1, 0.2) were examined by electrochemical measurements at galvano-
static conditions. XRD analysis shows that amorphous phase of Ti,Ni can be elaborated by
60 h of milling, whereas Zr substitution hinders amorphization process of the system. The
products of ball milling nominal Ti,_,Zr,Ni (x = 0.1, 0.2) were austenitic (Ti, Zr)Ni and partly
TiO, despite the fact that the operation was carried out under argon atmosphere. By
comparing the SEM micrographs, it is found that the amorphous phase of Ti,Ni was formed
in the stage of cold-welding during milling, while with Zr substitution particles were flaky
and finer, inhomogeneous in size distribution with massive agglomeration. TEM analysis
was carried out and confirmed the observations via XRD. In the electrochemical tests,
amorphous Ti,Ni shows the best discharge capacity at 102 mAh/g at a current density of
40 mA/g. Without need of activation, it exhibits extraordinary cycling stability under room
temperature. On the other hand, the effect of Zr substitution on the electrochemical
property of Ti,Ni is tricky, as superficially the discharge capacity drops drastically with Zr
substitution, but with increase of Zr content (from x = 0.1 to x = 0.2), the discharge capacity
increases generally, which credits to larger unit-cell-volume provided by ZrNi compared to
TiNi. It is also found that the Ti—Ni system becomes significantly susceptible to oxidation
when Zr is introduced to the initial powders as mechanical alloying is deployed as a
synthesis method.
Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

As a well-known shape memory alloy, binary Ti—Ni alloy has
been studied extensively regarding its hydrogen storage
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properties [1,2]. Both TiNi and Ti,Ni can be used as hydrogen
carrier. It was first reported that hydride of Ti,Ni (Ti,NiH, o)
had an electrochemical capacity of 500 mAh/g in a gaseous
hydrogen absorption reaction [3]. Later the group of Luan
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et al. [4] prepared Ti,Ni alloy by arc melting, but a mere
160 mAh/g discharge capacity was achieved with poor cycling
stability. They concluded that the early capacity loss was due
to the formation of irreversible Ti,NiHgs. Most recently,
amorphous Ti,Ni alloy was investigated by Zhao et al. [5].
They found that amorphous phase of Ti,Ni helps to stabilize
cycling performance. In their experiment, the Ti,Ni alloy was
synthesized by solid-state sintering, and subsequent ball
milling was carried out to obtain mainly an amorphous
phase, which had a discharge capacity between 100 mAh/g
and 125 mAh/g. On the other hand, non-milled Ti,Ni (pre-
pared solely by solid-state sintering) reached its highest ca-
pacity of 280 mAh/g in the first cycle, but dropped less than
100 mAh/g after 50 cycles.

There were also efforts regarding elemental substitution
for Ti,Ni alloy, such as Ti,Ni;_»Aly, Ti;Ni; By [6, 7], but the
improvement was not satisfactory. Hiroyuki et al. [8] did a
research on the hydrogenation properties of the ternary
compound TiuNiLX (X = O, N, C). They found that these alloys
all had higher hydrogen desorption pressure compared to
Ti,Ni, and presented a hydrogen pressure plateau. Lately,
(Ti;_xVy)oNi featuring a quasi-crystalline structure was stud-
ied [9]. The alloys were synthesized by arc melting and sub-
sequent melt spinning. The discharge capacity reached
271.3 mAh/g when x = 0.3 and the cycling capacity retention
rate were as good as approximately 80% after 30 cycles.

In respect of elemental substitution, Zr substitution for
TiNiin order to improve the electrochemical properties is very
active [10—13]. In the same element group with Ti, Zr substi-
tution is quite a reasonable choice. It is reported that Zr is able
to take the place of Ti in both austenitic and martensitic TiNi
structure [10], and that ternary Ti—Zr—Ni alloys develop
austenitic structure by melt spinning and martensitic struc-
ture by induction melting. The TiNi austenite has a cubic B2
CsCl-type structure (space group (SG) Pm3m) [14]. The TiNi
martensite structure is monoclinic B19' P21/m [15]. TiNi alloy
that has an austenitic structure absorbs less hydrogen
(1.5 H/AB) than TiNi with a martensitic structure (2.6 H/AB),
and it does not present any plateau pressure when the
hydrogen pressures are between 0.1 and 10 bar [16]. It is found
that Zr substitution increases martensitic transformation
(MT) temperature for TiNi, and on the other hand non-
equilibrium technique such as melt-spinning decrease MT
temperature. Therefore, Zr substitution may stabilize TiNi
alloy in the austenitic phase at room temperature [17]. As for
Ti,Ni, Xiangyu Zhao et al. [5,18] have done a series of experi-
ments for the preparation of Ti,Ni. The procedure included
sintering, ball milling, and annealing. Zr substitution was also
implemented recently [19]. Ti, xZryNi (x = 0, 0.2, 0.4) were
alloyed by solid-state sintering, followed by ball milling and
subsequent annealing. They found Zr enhanced the discharge
capacity of non-equilibrium at electrolyte temperatures of
313 K and 333 K. For example, Ti;Zro4Ni had a stable
discharge capacity of about 210 mAh/g at 313 K.

In this work, we have synthesized Ti, ,Zr,Ni (x=0, 0.1, 0.2)
from pure elemental powders using mechanical alloying.
The microstructures and morphologies of the samples are
analyzed by XRD, SEM and TEM to study the effect of milling
time and Zr substitution. The cycle-life of the alloys as nega-
tive electrodes of Ni-MH batteries is presented.

2. Experimental

Commercial elemental powders of Ti (99.9% purity, particle
size < 150 pm, GoodFellow), Ni (99.5% purity, particle
size < 250 pm, GoodFellow) and Zr (particle size < 45 um,
Goodfellow) were stoichiometrically loaded into stainless
steel vials (volume 50 ml) with two stainless steel balls
(diameter 20 mm) in a glove box filled with argon. 2 wt%
alcohol was added as process control agent. The ball to pow-
der weight ratio is 3.3. The milling was carried out in a plan-
etary high-energy ball mill (Retsch PM 400) at 400 rpm under
argon atmosphere at room temperature. For the purpose of
dissipating heat that would otherwise give rise to high tem-
perature, the milling was interrupted every 30 min.

The XRD patterns of Ti, ,Zr,Ni were analyzed by a Bruker
D8 Advance X-ray diffractometer with Cu Ko radiation
(A = 0.15418 nm) filtered by nickel. The morphologies and
microstructure of the powdered samples were characterized
by scanning electron microscopy (SEM, JEOL JSM-5800LV) and
transmission electron microscopy (TEM, JEOL JEM-2100 oper-
ating at 200 kV accelerating voltage).

Electrochemical properties were investigated using Multi-
channel Battery Interface ATLAS 0461. The working elec-
trodes were prepared by compressing the milled powder and
10 wt% addition of Ni powder under a pressure of 326 MPa to
form a small pellet between nickel nets acting as the current
collector. The electrochemical properties of electrodes were
measured in an H-type shape glass cell. NiIOOH/Ni(OH), was
used as counter electrode to a cut-off potential of 0.7 V versus
the reference electrode Hg/HgO. Before test, the electrodes
were soaked in 6 M KOH electrolyte at room temperature after
that they had been soaked in the same solution for 1 h at
100 °C.

3. Results and discussion
3.1. Microstructures

Fig. 1 shows the XRD patterns of Ti,Ni as a function of milling
time. To our knowledge, this is the first time that nominal
Ti,Ni is being mechanical alloyed from elemental powders.
Comparing the patterns with the ones obtained by ball milling
Ti;Ni [19], the smooth peaks that appear in all samples at
around 42° corresponds to Ti,Ni phase. It can be seen that in
Fig. 1(a), 20 h of milling has already yielded amorphous or
nanocrystalline Ti,Ni, leaving some residual element peaks in
the meantime. The alloying is far from completion but the
produced Ti,Ni exhibits an amorphous/nanocrystalline form.
After 40 h of milling, the main Ti,Ni peak (42°) broadens even
more while the intensity of element peaks decreases, indi-
cating further amorphization process. When milling time
reaches 60 h, the peak corresponding to Ti,Ni becomes even
smoother and element peaks disappear. This implies that the
formation of amorphous Ti,Ni has completed.

The XRD patterns of Ti, »ZryNi (x =0, 0.1, 0.2) mechanically
alloyed 60 h is presented in Fig. 2. It is interesting to see that as
Zr is introduced to the initial powders, the peaks in (b) (c)
indicate crystalline phases. With further analysis, it is found
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Fig. 1 — XRD patterns of mechanical alloying Ti,Ni for different milling time: (a) 20 h, (b) 40 h, and (c) 60 h.

that the pattern consists of two main phases. One is ternary
(Ti, Zr)Ni austenitic. It is reported in Ref. [20] that austenitic
TiNi, a metastable phase at room temperature could be
formed by ball milling. As shown in Fig. 2, peaks that corre-
spond to (Ti, Zr)Ni shift slightly left to the ordinary TiNi
austenitic pattern (PDF card 18-0899). This is the sign that Zr
has replaced some Ti in the TiNi cubic structure, and an in-
crease of lattice constant has taken place. That Zr substitution
for Ti leads to cell-volume expansion was reported by Cuevas
et al. [17]. The other phase was identified as TiO. Since the
ratio of two initial elements Ti and Ni was 2:1, and because
only pseudo binary Ti(Zr)Ni was formed, it is reasonable that
the excess Ti had formed TiO. From using the XRD data,
average crystallite sizes for samples with Zr were estimated at
around 5 nm. It can be seen that Zr brought about two changes
to the system. First, oxidation becomes severe when Zr is
present. Similar result was also reported that additional Zr
facilitates the oxidation for the amorphous Ti,Ni alloy [19].
When ternary alloy Ti—Zr—Ni was heat treated under argon
atmosphere, oxidation occurred in spite of the protective at-
mosphere. In our case, the oxidation took place during the
milling process, when infiltration of air was possible due to
fluctuation of temperature of the vial. Since every 30 min
milling would be interrupted to prevent overheating, the
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Fig. 2 — XRD pattern of Ti,_,Zr,Ni with a fixed milling time
60 h: (a) TizNi, (b) Ti1.9Zr0.1Ni, and (C) Ti-_l_szro.zNi.

temperature in the vials could rise and drop repeatedly. As a
result, the air within the vials inflated and deflated. This is
also supported by the sound of a gust of air when unloading
vials from the valves, which implies the change of air pressure
inside the vials. It should be noted that the oxidized element
was Ti instead of Zr despite the fact that the electronegativity
number of Ti is higher than Zr. The following reactions are
deduced (be aware that oxygen and zirconium are relatively
scarce while titanium is abundant):

Zr + 02 i Zr02 (1)
Ti 4 Ni — TiNi )
Ti + ZrO, + TiNi — 2TiO + ZrNi 3)

Another change is that Zr obviously decreases the stability
of amorphous Ti,Ni. The mechanism of amorphization during
mechanical milling is however of great complexity. There are
two known models that seek to predict the possibility of
formation of amorphous phase for two given elemental
powders [21].

The possibility of forming amorphous phase for binary
systems Ti—Ni and Ni—Zr is listed in Table 1. It can be seen
that although the compositions of Ti—Ni in Ti; gZry,Ni and
Tij9Zro4Ni are 60 Ti (at%) and 63 Ti (at%), which are in the
range that Table 1 indicates (in both Miedema and CALPHAD
models), the ratios of Ni—-Zr do not fit (as Zr at% is 9).
Furthermore, itis confirmed experimentally that additional Zr
decreases the stability of amorphous Ti,Ni [19].

Fig. 3is the SEM micrographs of Ti, ,Zr,Ni that were milled
60 h. It can be seen that the morphologies changes greatly

Table 1 — Comparison of the predicted and observed

glass-forming ranges in mechanically alloyed Ti—Zr—Ni.

System  Amorphous phase-forming range (at% solute)
Miedema model CALPHAD Observed

Ti—Ni 23—76Ti 28—72Ti

Ni—Zr 22—63Zr 17—67Zr 24—85Zr
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Fig. 3 — SEM micrographs of Ti,_,Zr,Ni milled 60 h: (a) x = 0, (b) x = 0.1, (c) x = 0.2 x 500, and (d) x = 0.2 x 1000.

with increase of Zr content. All the samples that show in Fig. 3
are milled 60 h, but as Zr has an effect of slowing down the
amorphization process, the morphologies of (a), (b), (c) appear
to be in the different stages of milling (chronologically back-
ward). It is known that milling involves two major processes,
namely cold-welding and fracturing [21]. The dominating
process between the two is largely decided by particle sizes. In
Fig. 3a, the amorphous phase looks like a result of cold-
welding, which indicates that very fine particles had been
once obtained but were cold welded afterward. In comparison,
samples milled equally 60 h in Fig. 3b—d exhibit flaky and
inhomogeneous in size distribution, which implies the
outcome of fracturing. However, the obvious agglomeration
still suggests the inclination of cold-welding. To conclude, if
milling were prolonged, fracturing would continue until finer
crystalline is much more common, which is the prerequisite
for amorphous phase. In other words, by comparing Fig. 3a—d,
Zr apparently decelerated the progress of amorphization. In
Fig. 3c, d, where x = 0.2, large particles is found and size dis-
tribution is more inconsistent than when x = 0.1 as well. An
EDS analysis was followed to quantify the chemical compo-
sitions in different zones. As shown in Table 2, large particle
(zone 1 in Fig. 4 as an example) contains generally more Zr
than small ones (zone 2 in Fig. 4 as an example). This is yet the
other evidence that Zr is counterproductive for the refining
process.

Fig. 5a illustrates the bright field TEM image of Ti; 9Zr 1Ni
milled 60 h and the corresponding selected area electron
diffraction (SAED) pattern is shown in Fig. 5b. From the bright

field TEM image Fig. 5a combining the HRTEM image Fig. 5c, it
can be seen that crystallite size is in the range of 4—10 nm,
which is in agreement with estimation using the XRD data
(5 nm). The Debye-scherrer rings are indexed according to the
interplanar distances. (200) with d = 1.538 A and (110) with
d = 2.170 A reflections were found as originated from (Ti, Zr)Ni
(space group Pm3m). By comparing them with the parameters
of TiNi in space group Pm3m, an increase of d ((200) with
d = 1.496 A and (110) with d = 2.111 A from PDF card 18-0899) is
found again, which is ascribed to the increase of lattice con-
stant a as the result of Zr substitution for Ti. These results
obtained from TEM investigation are consistent with the
analysis by XRD.

3.2 Electrochemical hydrogen storage properties

Fig. 6 shows the discharge capacities for Ti,Ni mechanically
alloyed by ball milling 20 h, 40 h, and 60 h respectively as a
function of cycle number (at current density of 40 mA/g). Two

Table 2 — Quantitative analysis on the element
compositions of different zones.

Spectrum Content (at%)

Ti Ni Zr
Zone 1 (with a large particle) 61.07 33.37 5.56
Zone 2 (with fine particles) 61.51 34.52 3.97
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Fig. 4 — SEM with EDS analysis focusing on different zones.

characteristics can be concluded from the curve. First, the
discharge capacities apparently increase with milling time.
This seems to contradict to Zhao et al.’s result [19], in which
longer milling time decreases the discharge capacities of the
alloy. However, the difference is in that they ball milled the
Ti,Ni synthesized by solid-state sintering, while our samples
were alloyed by ball milling from elemental powders. Longer
milling time means more content of alloy produced. In Fig. 1,
Ti and Ni peaks are discernible for both (a) (milled 20 h) and (b)
(milled 40 h). This denotes incomplete alloying. However, 40 h
milled sample obtained more alloy since its element peaks are
vague and weaker than the ones milled 20 h. Second, the
mechanical alloyed Ti,Ni exhibits prominent cycling stability
and excellent activation properties. The samples milled 20 h
and 60 h hardly need activation to attain their stable discharge
capacities except for the sample milled 40 h, which was acti-
vated immediately after the first cycle. In other words, the
mechanical alloyed Ti,Ni exhibits outstanding electro-
chemical kinetics. The result is consistent with the one from
Zhao et al. [19], in which the amorphous Ti,Ni had good
electrochemical kinetics and steady cycling stability. The
advantage of amorphous Ti,Ni is ascribed to greater surface
area provided by ball milling. However, it should be noted that
the maximum discharge capacities are not as high as the Ti,Ni
alloyed by the as-sintered sample (278 mAh/gin the first cycle)

(Ti, Zr)Ni (110)
Y 4

Tio (111) — B -

4
(Ti, Zn)Ni (200)

g

R

Fig. 5 — TEM micrographs of Ti, ¢Zr, 1Ni: (a) bright field TEM image, (b) corresponding SAED pattern, and (c) HRTEM image.
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Fig. 6 — Cycling stabilities of Ti,Ni alloy milled 20 h, 40 h,
and 60 h.

[5], which unfortunately has the problem of severe capacities
loss during cycling. These evidences suggest that the capacity
loss of Ti,Ni is not caused by the formation of irreversible
Ti;NiHps as Luan et al. [4] concluded. The good electro-
chemical kinetic but lower initial capacity are attributed to the
structure of amorphous Ti,Ni that provides efficient paths for
the transportation of hydrogen, while it is in lack of storage
sites for hydrogen compared with as-sintered Ti,Ni.

Fig. 7 compares the cycling discharge capacities of
Ti, xZryNi (x = 0, 0.1, 0.2) with a fixed milling time of 60 h.
Substantial decrease in discharge capacities occurred when Zr
is added to the binary Ti—Ni system, but the cycling stability
remains in good shape. As shown in Table 3, the retaining rate
for Ti; gZro oNi reaches as high as 100%, and the small stan-
dard deviation figure suggests considerable steady discharge
capacity in the cycling test (capacity retaining rate calculated
as introduced in Ref. [23]. Ry = Cn/Cmax X 100%). Note that
despite decrease of capacity as Zr is introduced, when x in-
creases from 0.1 to 0.2, the discharge capacity increases again
in general. From the XRD pattern in Fig. 2, it can be seen that

120 +
100 + s . L L ] [ ] n [ "

80 = TiNi60h
Ti, ,Zr, ,Ni 60 h

60+ Ti, 4Zr, ,Ni 60 h

40+

204

Discharge Capacity (mAh/g)

T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12

Cycle Number

Fig. 7 — Cycling stabilities of Ti,_,Zr,Ni (x = 0, 0.1, 0.2)
milled 60 h.

Table 3 — Cycling stabilities for Ti,_,Zr,Ni with different

milling time and content of Zr.

Milling time (h) 20 40 60

Cmax (MAh/g) 74 86 102 39 39

Retaining rate (Ry) 97.3% 97.7% 97.1% 87.2% 100%

Standard deviation 0.6 25.5 3.1 3.2 2.7
(mAh/g)

Content of Zr x=0 x=01 x=02

austenitic (Ti, Zr)Ni is the only phase that serves as the
hydrogen carrier. Moreover, it is reported that Tiso_xZr,Niso
has merely a maximum discharge capacity of 85 mAh/g at a
discharging rate of C/10 (8.5 mA/g), but it does not suffer ca-
pacity loss in cycling [22]. Therefore, the steady performance
in cycling for (Ti, Zr)Niis expected. It could be inferred that the
amount of oxidized titanium is significant, since the initial
ratio of Ti/Ni is 2 but the final product is (Ti, Zr)Ni. This is the
other factor accounts for the severe capacity loss. The in-
crease of the discharge capacity (from x = 0.1 to x = 0.2) in-
dicates that the substitution of Zr for Ti leads to an expansion
in the unit-cell-volume.

In summary, all samples for Ti, ,Zr,Ni exhibit outstanding
cycling stability. The stability for Ti,Ni is ascribed to the
amorphous phase obtained by mechanical alloying. As for
Ti, xZryNi (x = 0.1, 0.2), the electrochemical properties is in
fact a reflection of austenitic (Ti, Zr)Ni phase, which is char-
acteristic of stable cycling performance and low discharge
capacity.

4, Conclusions

Amorphous Ti,Ni was realized by 60 h of ball milling from
pure elemental powders. Zr substitution decreases the sta-
bility of the amorphous phase of Ti,Ni, meaning that the
threshold of amorphization of Ti,Ni increases with the pres-
ence of Zr. SEM micrographs show that the morphology of
amorphous Ti,Ni milled 60 h is homogenous, whereas with
addition of Zr, the particles became flaky and inhomogeneous
in size distribution. Fine particles were obtained with addition
of Zr (4—5 nm in average), but massive agglomeration was
observed. The amorphization process was hindered by addi-
tional Zr. Both amorphous Ti,Ni and austenitic (Ti, Zr)Ni
exhibit appealing stable cycling performances. The amor-
phous Ti,Ni by ball milling 60 h reached a maximum discharge
capacity of 102 mAh/g at a current density of 40 mA/g under
room temperature. With Zr substitution, the products were
austenitic structure of (Ti, Zr)Ni (with TiO). There is a sub-
stantial capacity loss due to the poor performance of austen-
itic (Ti, Zr)Ni and oxidation of Ti. On one hand, Zr increases the
discharge capacity because of the expansion of unit-cell. On
the other hand, Ti—Zr—Ni system suffers severe oxidation
when synthesized by mechanical alloying. It is found that Zr
acts as catalyst to the Ti oxidation reaction. Therefore, it is
crucial to develop a new methodology in order to prevent se-
vere oxidation in the case of mechanical alloying Ti—Zr—Ni
from elemental powders, until then it may be possible to
obtain amorphous phase of Ti, »Zr,Ni.
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