
Vol. 126 (2014) ACTA PHYSICA POLONICA A No. 4

Proc. of the International Conference on Mechanochemistry and Mechanical Alloying, Kraków, Poland, June 22�26, 2014

The In�uence of Chemical Modi�cation
by Silver on Hydrogen Storage Properties

of Nanocrystalline Ti2Ni Alloy

M. Balcerzak
*
and M. Jurczyk

Institute of Materials Science and Engineering, Pozna« University of Technology,

pl. M. Skªodowskiej-Curie 5, 60-965 Pozna«, Poland

In this study mechanical alloying process with subsequent annealing at 750 ◦C for 0.5 h were used to produce
Ti2Ni-based nanocrystalline alloys and composite. To improve electrochemical properties, Ti-Ni-based alloy was
chemically modi�ed by 5 wt% of silver powder. X-ray di�raction analyses showed formation of nanocrystalline
Ti2Ni main phase. Electrochemical studies revealed a positive e�ect of chemical modi�cation by silver on Ti2Ni
alloy. All synthesized materials were used as negative electrodes for Ni-MHx batteries. The highest discharge
capacity equaled 303 mAh/g, at 40 mA/g discharge current. All electrochemical measurements were done in 6 M
KOH solution.
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1. Introduction

Ti2Ni alloy have been recently examined for negative
electrode in Ni-MHx batteries. Theoretical electrochemi-
cal capacity of Ti2Ni hydride equals 500 mAh/g [1]. First
experimental studies on this alloys were performed by
Luan et al. [2�4]. In this works arc melting was used
to obtain this alloy. The highest discharge capacity ob-
tained by mentioned group was just 160 mAh/g which
was caused by accumulation of irreversible metal hydride.
Electrochemical properties can be improved by chang-

ing size of alloy crystals. Mechanical alloying (MA) is
novel method for production of nanocrystalline hydro-
gen storage materials. This process which consists of re-
peated fracturing, mixing and cold welding provides for-
mation of new nanostructured, non-equilibrium alloys [5].
In our previous work we studied Ti2Ni alloy produced
by MA process. Maximum discharge capacity for this
system was 253 mAh/g. This improvement of electro-
chemical properties was due to creation of new clean
surfaces, greater speci�c surface area and reduction in
powder size [6].
Another way to improve mentioned properties is chem-

ical modi�cation of alloys for Ni-MHx batteries. Elemen-
tal substitution of Ni by other metallic or non-metallic
elements can improve cycle stability and decrease metal
hydride stability [7�10]. Silver is one of element which is
used for chemical modi�cation of hydrogen storage ma-
terials [11, 12].
In this paper which is a continuation of our previous

work, structure, agglomerate size and morphology, cor-
rosion and electrochemical properties in 6 M KOH were
measured. To the best of our knowledge, there are no
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reports on chemical modi�cation of Ti2Ni alloy by Ag el-
ement in order to improve electrochemical properties of
electrode for Ni-MHx batteries.

2. Experimental details

MA process was used to produce all of studied mate-
rials. In our work SPEX 8000 Mixer Mills were used.
All synthesis and handlings were done in an argon atmo-
sphere. Every powder milling lasted 8 h. Ti, Ni, and Ag
powders which were used in our work had at least 99.9%
purity.
Detailed description of synthesis procedure was de-

scribed in our previous works [6, 13]. In this work two
materials were synthesized. First one was pure Ti2Ni al-
loy and the second one was chemically modi�ed Ti2Ni
alloy with 5 wt% of Ag added to elemental powder mix-
ture before MA. As a result of 8 h MA amorphous ma-
terials were obtained [6, 13]. In order to obtain Ti2Ni-
type structure MA powders were annealed in argon at-
mosphere at 750 ◦C for 0.5 h. Additionally Ti2Ni-based
composite was produced by 5 min milling of MA and
annealed Ti2Ni alloy with 5 wt% of Ag.
To facilitate the reading of work, obtained materials

were labeled as follows:

� Ti2Ni alloy without changes is labeled as Ti2Ni,

� Ti2Ni with 5 wt% of Ag nanocrystalline alloy is
labeled as Ti2Ni+Ag,

� Composite of Ti2Ni alloy with 5 wt% of Ag elemen-
tal powder is labeled as Ti2Ni+(Ag).

X-ray di�raction (XRD) and scanning electron mi-
croscopy (SEM) was used to study structure, microstruc-
ture, and morphology of obtained materials. Based on
XRD data average crystallite size were calculated using
the Scherrer equation. SEM pictures were used to made
particle size dimension distribution histograms.
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Corrosion resistance behavior was examined during po-
tentiodynamic tests. Measurements were made in 6 M
KOH solution. Scanning range was from �1.5 to 1 V.
Scanning speed equaled 1 mV/s.
Obtained materials in mixture with 10 wt% of Ni pow-

der were used as negative electrodes in Ni-MHx systems
(electrochemical measurements). This mixtures were
cold pressed under 800 MPa to form pellets. Electrodes
were charged and discharged at 40 MA/g. A cut-o� po-
tential vs. Hg/HgO/6 M KOH was �0.7 V. All electro-
chemical measurements were performed in 6 M KOH so-
lution. Cycle stability of materials was evaluated by ca-
pacity retaining 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.
Description of activation procedure and electrochemi-
cal measurements were described in our previous pa-
pers [6, 13].

3. Results and discussions

Ti2Ni-based materials were characterized by XRD,
SEM, corrosion and electrochemical measurements. Ad-
dition of Ag to mixture of elemental powders did not
a�ect MA process (not shown here). After MA pro-
cess, amorphous powders were heat treated at 750 ◦C for
0.5 h. Figure 1 shows XRD spectra of annealed materials.

Fig. 1. XRD spectra of annealed powders of: (a) Ti2Ni
alloy, (b) Ti2Ni+Ag.

Almost all of peaks are related to presence of Ti2Ni phase.
Small amount of minor phase was also detected: hexago-
nal TiNi. Small peaks related to presence of Ag crystals
are visible on Ti2Ni+Ag alloy and Ti2Ni+(Ag) composite
(not shown here) XRD patterns. Intensity of Ag peaks
was much higher for composite material. Comparing
both patterns of materials which had the same amount
of silver, we think that most of silver in Ti2Ni+Ag alloy
reacted with Ti and Ni creating Ti-Ni based phase. Small
part of Ag did not react with other elements � residue
is visible on XRD spectra (Fig. 1a). Based on XRD date,
average crystalline size were calculated using the Scher-
rer equation. Silver addition does not a�ect the average
crystallite size of alloy. For unmodi�ed and modi�ed al-
loy it equaled 32 and 31 nm, respectively (Table I).
SEM pictures of Ti2Ni and Ti2Ni+Ag alloys are shown

in Fig. 2. Both of them had crystallite agglomerates in

TABLE I

Crystallites size and average particle size of Ti2Ni based
materials.

Composition

Crystallites size

of annealed powders

[nm]

Average agglomerates

size of annealed powders

[µm]

Ti2Ni 32 45.3

Ti2Ni+Ag 31 49.6

Fig. 2. SEM picture of Ti2Ni (a,b) and Ti2Ni+Ag (c).

size from a few to one 150 µm. Materials after MA and
additional annealing had cleavage fracture morphology
(Fig. 2a). Based on SEM pictures particle size dimen-
sion distribution histograms were made (Fig. 3). Most of

Fig. 3. Particle size dimension distribution histograms
of: (a) Ti2Ni, (b) Ti2Ni+Ag.

agglomerates had size less than 100 µm. Average size of
agglomerates is similar for Ti2Ni and Ti2Ni+Ag alloys.
It equaled less than 50 µm (Table I). Particle size di-
mension distribution histogram of Ti2Ni+Ag seems to be
more uniform. Figure 4 shows potentiodynamic polar-
ization curves of the uncharged studied alloys and com-
posite. All curves have a very similar shape. Initially
occurring area of resistance is followed by active dissolu-
tion of formed hydroxide layer. Subsequently passivation
process was observed. During this process the hydroxide
layer is rapidly formed. In case of Ti2Ni and Ti2Ni+Ag
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Fig. 4. Potentiodynamic curves of Ti2Ni-based mate-
rials in 6 M KOH solution.

TABLE II

Maximum discharge capacity, capacity retaining rate
after 18th cycle, corrosion current of Ti2Ni-based
materials.

Composition

Max. discharge

capacity

[mAh/g]

Capacity retain-

ing rate after

18th cycle [%]

Corrosion

current

[A/cm2]

Ti2Ni 256 31 1.15× 10−2

Ti2Ni+Ag 294 14 1.25× 10−2

Ti2Ni+(Ag) 303 13 0.72× 10−2

the hydroxidation process was disturbed for some reason
which resulted in a creation of new clean surface. The
surface was then quickly hydroxidized to reach the pas-
sive state. This situation was not observed for studied
composite where passivation process proceeded contin-
uously. Corrosion current of all measured materials is
summarized in Table II. Ag element in Ti2Ni alloy and
composite improved the corrosion resistance of materi-
als in 6 M KOH solution. The best corrosion resistance
was obtained for Ti2Ni+(Ag) composite. Observed slight
improvement of corrosion properties may be caused by
suppressed pulverization of electrode due to the anticor-
rosion e�ect of silver addition.
Electrochemical properties of materials are shown and

summarized in Fig. 5 and in Table II. The best activation

Fig. 5. Discharge capacities as a function of cycle num-
ber of electrode prepared with Ti2Ni-based materials
(solution 6 M KOH, room temperature).

properties had Ti2Ni alloy. Both materials with Ag in
their composition showed almost zero discharge capacity
in �rst charge/discharge cycle. The maximum discharge
capacity of studied alloys and composite was obtained in
2nd or 3rd cycle. The highest discharge capacity showed
Ti2Ni+(Ag) alloy � 303 mAh/g. However both Ti-Ni-
Ag materials had much higher maximum discharge ca-
pacity. Decrease of discharge capacity during cycles was
observed for all of materials. This situation can be due to
formation of oxides, hydroxides and irreversible hydride
phases. The mentioned decrease of discharge capacity
is much bigger for Ti2Ni+Ag alloy and for Ti2Ni+(Ag)
composite than for unmodi�ed Ti2Ni alloy. The best ca-
pacity retaining rate was obtained for Ti2Ni material �
31% after 18th cycles.

4. Conclusions

Ti2Ni-based alloys and composites with Ag were used
as negative electrodes for Ni-MHx rechargeable batter-
ies. Based on this study the following conclusions can be
obtained:

� Chemical modi�cation of Ti2Ni alloy by 5 wt% of
Ag element did not a�ect crystallite size and aver-
age agglomerate size.

� Ag particles improves corrosion resistance of Ti2Ni
alloy in alkaline solution.

� Ti2Ni with 5 wt% composite had the highest
electrochemical discharge capacity which equaled
303 mAh/g.
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