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In this work TiNi-based nanocrystalline alloys and composite were produced by mechanical alloying process
with subsequent annealing at 750 ◦C for 0.5 h. Mechanical alloying was performed in a SPEX 8000 Mixer Mill.
TiNi alloy was chemically modi�ed by Ag elemental powder. Silver content equaled 5 wt%. X-ray di�raction
analyses revealed formation of TiNi main phase after annealing. Additionally, two minor phases Ti2Ni and TiNi3
were detected for unmodi�ed alloy. Crystallites of obtained powders were nanosized. Corrosion and electrochemical
measurements were performed in 6 M KOH solution. All synthesized materials were used as negative electrode
for Ni-MHx batteries. Ag addition positively a�ects on stability of discharge capacity of TiNi alloy during of
charge/discharge tests.
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1. Introduction
Titanium-based hydrogen storage alloys have been

considered as candidates for hydrogen storage and for
negative electrodes in Ni-MHx batteries. TiNi alloy ab-
sorb and desorb hydrogen at room temperature. This
alloy revealed a discharge capacity equaled 150 mAh/g
at a discharge current of 30 mAh/g. Application of mi-
crocrystalline TiNi material in metal�hydrogen systems
is limited due to poor absorption/desorption kinetics and
complicated activation procedure [1�3].
Chemical composition, microstructure of material and

size of alloy crystals are one of the most important fac-
tors in metal�hydrogen systems. Ti-Ni type alloys can
be produced by mechanical alloying (MA). This process
which consist of repeated fracturing, mixing and cold
welding provides formation of new nanostructured, non-
equilibrium alloys [4]. Nanocrystalline TiNi alloy ob-
tained by MA was studied by us in the past. Electro-
chemical discharge capacity was higher than for micro-
crystalline alloy and amounted 171 mAh/g. Improve-
ment of mentioned properties is caused by reduction of
powder size and creation of new clean surfaces [5].
Electrochemical properties of alloys for Ni-MHx bat-

teries can be also improved by chemical modi�cation.
Replacement of Ni element by transition metals may im-
prove activation properties of TiNi alloy [1, 2, 4]. Addi-
tion of Pd and multiwalled carbon nanotubes positively
in�uences electrochemical properties and improves cycle
stability of electrode [6].
Silver can be also used to ameliorate discharge ca-

pacity of Ni-MHx electrode. Shin et al. sintered
ZrMn0.6V0.2Co0.1Ni1.2 with Ag to form pellet. Discharge
capacity was also related to content of Ag in studied
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material [7]. Positive e�ect of silver addition was also
observed in La-rich AB5-type alloy. Ag a�ected on elec-
trochemical reduction reaction rate of oxygen and cycle
life of hydrogen storage [8].
In this work structure, agglomerate size and morphol-

ogy, corrosion and electrochemical properties in 6 M
KOH were measured. This paper is a continuation of
our previous work. To the best of our knowledge, there
are no reports on chemical modi�cation of TiNi alloy by
Ag element in order to improve electrochemical proper-
ties of electrode for Ni-MHx batteries.

2. Experimental details

All materials were synthesized under an argon atmo-
sphere by MA process performed in SPEX 8000 Mixer
Mill. Every powder milling lasted 8 h. The purity of Ti,
Ni, and Ag elemental powders used in MA was at least
99.9%. Detailed description of synthesis procedure was
described in our previous works [5, 6]. In this we syn-
thesized two materials: pure TiNi alloy and chemically
modi�ed TiNi alloy with 5 wt% of Ag added to elemental
powder mixture before MA. Performed synthesis leads to
formation of amorphous materials [5, 6]. Obtained pow-
ders were additionally annealed in argon atmosphere at
750 ◦C for 0.5 h to form TiNi CsCl-type structure. In or-
der to verify another way of chemical modi�cation TiNi-
based composite was produced. This composite was done
by 5 min mixing of MA and annealed TiNi alloy with 5
wt% of Ag in SPEX 8000 Mixer Mill.
To facilitate the reading of work obtained materials

were labeled as follows:

� TiNi alloy without changes is labeled as TiNi,

� TiNi with 5 wt% of Ag nanocrystalline alloy is la-
beled as TiNi+Ag,

� Composite of TiNi alloy with 5 wt% of Ag elemen-
tal powder is labeled as TiNi+(Ag).
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Structure, microstructure, and morphology of materi-
als were studied by X-ray di�raction (XRD) using CuKα

and scanning electron microscopy (SEM). Average crys-
tallite size were calculated using the Scherrer equation.
Based on SEM pictures particle size dimension distribu-
tion histograms were made. Each of histogram was made
by counting about one thousand of crystal agglomerates.
Corrosion resistance behavior was examined during po-

tentiodynamic tests in 6 M KOH solution with scanning
range and speed �1.5 to 1 V and 1 mV/s, respectively, on
Solatron 1285 potentiostat.
For electrochemical measurements obtained materials

were mixed with 10 wt% additional NI powder and cold
pressed under 800 MPa to form pellets. This pellets
were used as negative electrodes in Ni-MHx systems.
Electrochemical measurements were performed in 6 M
KOH solution using Multi-channel Battery Interface AT-
LAS 0461. Electrodes were charged and discharged at
40 MA/g. A cut-o� potential vs. Hg/HgO/6 M KOH
was �0.7 V. Cycle stability was evaluated by capacity re-
taining rate after 18th cycle

Rh =
C18

Cmax
× 100%, (1)

where C18 and Cmax are discharge capacities at the
18th cycle and maximum discharge capacity, respectively.
Fully description of activation procedure and electro-
chemical measurements were described in our previous
papers [5, 6].

3. Results and discussions

TiNi-based materials were characterized by XRD,
SEM, corrosion and electrochemical measurements.
8 hours of mechanical alloying of Ti and Ni elemental
powders lead to formation of amorphous phase without
creation of any new crystalline phase [6]. Addition of
Ag to mixture of elemental powders did not a�ect MA
process (not shown here). Amorphous powders were an-
nealed at 750 ◦C for 0.5 h. Figure 1 shows XRD spectra of

Fig. 1. XRD spectra of obtained powders of: (a) TiNi
alloy, (b) TiNi+Ag, (c) TiNi+(Ag).

obtained materials. The most intense peaks are related
to presence of TiNi phase. Additionally to this main
phase two minor phases were detected: Ti2Ni and TiNi3.
On XRD pattern assigned to TiNi+Ag small peaks as-
sociated with presence of Ag crystals are visible. The
same peaks were also visible on XRD spectra related to
TiNi+(Ag) composite (Fig. 1c). However, the intensity
of these peaks were much higher for TiNi based compos-
ite. Taking into account that both materials have the
same amount of silver, we think that part of silver in
TiNi+Ag alloy could react with Ti and Ni creating Ti-
Ni based phase (TiNi, Ti2Ni, TiNi3). Rest of elemental
Ag did not react with other elements which is visible on
XRD spectra. Based on XRD date, average crystalline
size were calculated using the Scherrer equation. Silver
addition does not signi�cantly a�ect the crystallite size
which equaled 26 and 28 nm for unmodi�ed and modi�ed
alloys, respectively (Table I).

TABLE I

Crystallites size and average particle size of TiNi-based
materials.

Composition

Crystallites size

of annealed powders

[nm]

Average agglomerates

size of annealed

powders [µm]

TiNi 26 25.5

TiNi+Ag 28 26.7

Figure 2 shows SEM pictures of TiNi and TiNi+Ag al-
loys. In both cases crystallite agglomerates had size from
a few to one hundred of µm. MA and annealed materi-
als had cleavage fracture morphology (Fig. 2a). Based
on SEM pictures particle size dimension distribution his-
tograms were made (Fig. 3). Most of agglomerates had
size less than 50 µm. Average size of agglomerates is
similar for TiNi and TiNi+Ag alloys and equaled a little
bit more than 25 µm (Table I). Particle size dimension
distribution of TiNi+Ag is more uniform.

Fig. 2. SEM picture of TiNi (a,b) and TiNi+Ag (c).
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Fig. 3. Particle size dimension distribution histograms
of: (a) TiNi, (b) TiNi+Ag.

The potentiodynamic polarization behavior of the un-
charged studied alloys is given in Fig. 4. Curves had a
very similar shape for all tested materials. Initially oc-
curring area of resistance is followed by active dissolution
of formed hydroxide layer. Then, the passivation process
is observed during which the hydroxide layer is rapidly
formed. The hydroxidation process has been disturbed
for some reason, resulting in a creation of new clean sur-
face. The surface was quickly hydroxidized to reach the
passive state. Corrosion current for all of the powders is
summarized in Table II. It is shown that Ag in TiNi alloy
and composite improves the corrosion resistance of ma-
terials in alkaline solution. The best corrosion resistance
was observed for TiNi+(Ag) composite. This slight im-
provement of corrosion properties probably resulted from
suppressed pulverization of electrode due to the anticor-
rosion e�ect of silver addition.

Fig. 4. Potentiodynamic curves of TiNi-based materi-
als in 6 M KOH solution.

Table II and Fig. 5 reports electrochemical properties
of studied materials. All electrodes are characterized by
good activation properties. The maximum discharge ca-
pacity of studied alloys and composite was obtained in
2nd or 3rd cycle. The highest discharge capacity showed
TiNi+Ag alloy � 173 mAh/g. MA and annealed TiNi-
based materials displayed higher discharge capacity than
that the arc ones [9]. Discharge capacities for all stud-
ied materials decreased during next cycles of charging
and discharging. It is probably caused by formation of

TABLE II

Maximum discharge capacity, capacity retaining rate af-
ter 18th cycle, corrosion current of TiNi-based materials.

Composition

Max. discharge

capacity

[mAh/g]

Capacity retain-

ing rate after

18th cycle [%]

Corrosion

current

[A/cm2]

TiNi 171 65 2.33× 10−2

TiNi+Ag 173 76 1.79× 10−2

TiNi+(Ag) 159 84 1.19× 10−2

Fig. 5. Discharge capacities as a function of cycle num-
ber of electrode prepared with TiNi-based materials (so-
lution 6 M KOH, room temperature).

oxides, hydroxides, and irreversible hydride phases. Cre-
ated hydroxide layer acted as a barrier for the atomic
hydrogen in and out di�usion and the materials electro-
chemical performance deteriorated with charge/discharge
cycles. A positive e�ect of Ag addition can be related to
creation of easy di�usion pathways trough the hydrox-
ide layer for atomic hydrogen. It could be also caused
by selective dissolving of hydroxide layer making it more
porous and less stable which is favorable for hydrogen
transport. TiNi+(Ag) is characterized by the best capac-
ity retaining rate after 18th cycle, which equaled 84%.

4. Conclusions

TiNi-based alloys and composites with Ag prepared by
MA and annealing were used as negative electrodes for
Ni-MHx rechargeable batteries. Based on this study the
following conclusions can be obtained:

� Chemical modi�cation of TiNi alloy by 5 wt% of Ag
element does not a�ect crystallite size and average
agglomerate size.

� Ag particles improves corrosion resistance of TiNi
alloy in alkaline solution.

� TiNi with 5 wt% composite is characterized by
the best cycle stability during electrochemical tests
which equaled 84% after 18 cycles.
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