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Abstract: Mg,Ni alloy and Mg,Ni—x wt% TiO, (x = 3, 5 and 10 wt %) composites are prepared by mechanical alloying.
The produced alloy and composites are characterized as the particles with nanocrystalline/amorphous structure. The
effects of TiO, on hydrogen storage properties are investigated using anodic polarization and electrochemical
impedance spectroscopy. It is demonstrated that the initial discharge capacity and exchange current density of
hydrogen are increased by adding Swt% TiO,, while the cycle stability and bulk hydrogen diffusivity don't change. It
is found that the charge transfer resistance of Mg,Ni—-5wt% TiO, composite is lower than that of Mg,Ni alloy. On the
other hand, the hydrogen oxidation during the discharge process proceeds more easily on the electrode surface

containing TiO, additive.
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1. INTRODUCTION

Rechargeable alkaline Ni-MH batteries use
hydrogen storage alloys as the negative electrode
due to their high energy density, great
electrochemical properties and non toxicity [1].
Magnesium-based alloys have been studied
because of their high hydrogen storage capacity
and low cost [2]. However, rapid degradation of
capacity in alkaline solutions and slow
charge/discharge kinetics prevent their practical
applications [3-6]. The attempts have been
focusing on improving the electrochemical
properties of Mg-based alloys in alkaline
solutions [7,8].

In spite of techniges such as casting and
powder metallurgy, promotion of appropriate
nano/amorphous structures and defects makes the
mechanical alloying (MA) as an exclusive
method to modify the structure and surface
characteristics of materials used in negative
electrodes [7,9]. Numerous works show that the
MA improves charge/discharge kinetics by
reducing the grain size to nanoscale dimension,
which consequently increases the specific surface
area. It creates many defects including fine
cracks on the surface, which are highly

permeable to hydrogen and thus facilitates the
activation of powders [10-15].

Some transition metal oxides could be used as
catalysts to improve the hydriding/dehydriding
kinetics of nanocrystalline Mg-based materials
[16,17]. The electrochemical performance of
nanocrystalline LaMg,,-Ni composite produced by
MA method was modified significantly with a small
amount of TiO, and Fe;0, additives [18]. Cui and
Luo [19] studied the electrochemical performance
of Mg,Ni-type hydrogen storage alloys and found
that the discharge capacity and discharge rate of
these alloys were greatly improved with metal
oxides addition such as RuO, and V,0;.

The surface modification obtained by milling
Mg-based alloy with an additive has been
adopted to improve the electrochemical cycle
stability of alloys [20]. Wang et al. [21] reported
that the cycle stability of La,Mg;,; + 200 wt% Ni
composite was improved by mixing of 1wt%
Bi,0; through ball-milling.

In this work, the effects of TiO, on the
electrochemical hydrogen storage properties and
charge/discharge kinetic behavior of
nanocrystalline  /amorphous Mg,Ni  alloy
produced by MA were investigated.
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2. MATERIAL AND METHODS

Mg,Ni alloy was prepared through MA. The
metal powders of Mg and Ni elements were
obtained from Merck and mixed in a planetary
ball-mill at stoichiometric ratio of 2:1 for 50 h,
under an argon protective atmosphere. The
rotational speed during the ball milling was 500
rpm and the ball-to-powder weight ratio was
20:1. Mg,Ni—xTiO, (x = 3, 5 and 10 wt %)
composites were also produced by ball-milling of
produced Mg,Ni and different amounts of TiO,
powders for 2 h, by similar process described
above. The crystalline structure of the produced
alloys was characterized by means of X-ray
diffractometer (XRD) (model Philips Xpert-
MPD). The surface configuration was
characterized by using transmission electron
microscope (TEM) (model Philips CM120) and
scanning electron microscope (SEM) (model
Philips XL30).

For preparing the working electrode, 1 g of
alloy powders  produced (Mg,Ni or
Mg,Ni—xTi0O,) was mixed thoroughly with 5 g Ni
powder and then compressed under 500 MPa
pressure into tablet of 16 mm diameter and 0.6
mm thickness.

The electrochemical measurements were
performed through an open tri-electrode
measurement system in 6 M KOH electrolyte at
298°K. The Pt and Hg/HgO electrodes were served
as the counter and reference electrodes,
respectively. Before the measurements, the
working electrode was activated in 6 M KOH
electrolyte for 1 h. The discharge capacitiy was
then measured as follows. The working electrode
was first charged at 100 mA g-! cathodic current for
9500 s. Then, it waited for 5 min and then
discharged by applying 100 mA g-! anodic current
until the potential reached to -0.5 V vs. Hg/HgO. In
order to measure the cyclic stability, a
charge/discharge current of 100 mA g-! was applied
for 8 cycles. Electrochemical impedance
spectroscopy (EIS) measurements were carried out
using voltage amplitude of 10 mV in the frequency
range of 100 kHz-1* mHz. The anodic polarization
curves of the electrodes were also measured with
the scan rate of 1 mVs-! from 0-1200 mV vs. open
circuit potential at fully-charged state.

3. RESULT AND DISCUSSION
3. 1. Structural Characterization

The surface area and particle size are the most
important factors influencing the hydridation
characteristic of particles. Ball-milling process
produces fine particles with fresh surfaces which
increase hydridation rate [10]. Fig. 1 shows XRD
patterns of Mg,Ni alloy and Mg,Ni—x wt% TiO,
(x =3, 5 and 10 wt %) composites. The peaks of
Mg,Ni phase have appeared after 50 h milling
and are wide in appearance. This may indicate a
nanocrystalline/amorphous structure of Mg,Ni
which is in agreement with the results obtained
by Yuan et al. [7]. As is seen in Fig. 1, the XRD
pattern has not been changed by introducing TiO,
particles. The average crystalline sizes calculated
by applying Williamson-Hall formula [22] using
XRD patterns are around 6 nm for both Mg,Ni
and Mg,Ni—x wt% TiO, specimens. It seems that
the crystal size of Mg,Ni has not been affected by
TiO, addition.

TEM images of Mg,Ni particles and 5%wt
TiO,-containing composite particles after 50 h
alloying are shown in Figs. 2 and 3. A feature
which consists of nanocrystalline grains
embedded in an amorphous matrix can be
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Fig. 1. XRD patterns of Mg,Ni alloy and Mg,Ni—x wt%
TiO, (x =3, 5 and 10 wt%) composites.
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Fig. 2. TEM image of Mg,Ni alloy: (a) light-field image (b) electron diffraction pattern.
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Fig. 3. TEM image of Mg,Ni—5 wt% TiO, composite: (a) light-field image (b) electron diffraction pattern.

recognized on bright-field images of both
specimens (Figs. 2a and 3a). As seen in Figs. 2a
and 3a, the average grain size is about 10 nm
which confirms the results obtained by XRD
patterns. The presence of halo rings in electron
diffraction (ED) patterns (Figs. 2b and 3b)
indicates the existance of amorphous structure
[14]. Also, the diffraction rings appeared around
the halo confirms the presence of nanocrystalline
grains coexisted with the amorphous phase. A
very similar results have been obtained for
Mg, ¢Tiy,Ni alloy after ball-milling [9] and the
melt-spun Mg,, LaNi,, (x = 2, 4) electrode
[23]. On the other hand, The diffracted spots
observed on the corresponding ED pattern (Fig.
3b) confirms the presence of micro size particles
related to TiO,.

3. 2. Electrochemical Characteristics
3. 2. 1. Discharge Capacity

Electrochemical galvanostatic charge
/discharge curves were used to evaluate the
hydrogen discharge capacity. For charging, water
break down was peformed in 6 M KOH solution
by imposing a 100 mA g-! cathodic current for
9500 s. The atomic hydrogen is absorbed into the
interstitial sites of Mg,Ni alloy and saturates it.
After that, a 100 mA g! anodic current was
applied on the hydrogen saturated Mg,Ni to
release the hydrogen. Fig. 4 shows the discharge
curves of Mg,Ni alloy together with Mg,Ni—x
wt% TiO, (x =3, 5 and 10 wt %) composites for
the first cycle. The discharge capacity was
calculated using the following Eq. (1).
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Qdischarge =1t (1)

where Q is the discharge capacity (mAh g-1), I
is the discharge current density (mA g-!) at cut-off
potential (-0.5 V vs. Hg/HgO), and t is the overall
discharge time (h). The first-cycle discharge
capacities of the samples with 0, 3, 5 and 10 wt%
TiO, were 62, 27, 80 and 66 mAh g,
respectively. It is seen that the TiO, addition
exerts no systematic effect on discharge capacity.
The lowest amount of TiO, (3 wt%) destroys the
discharge capability of the electrode strongly.
However, 5 wt% TiO, improves the discharge
capacity. On the other hand, the highest amount
of TiO, (i.e. 10 wt%) shows no significant
improvement as compared to pure Mg,Ni alloy.
This is in agreement with the results obtained by
Wang et al. [18]. They found that althogh 5 wt%
TiO, increased the discharge capacity of ball-
milled nanocrystalline LaMg;,—Ni alloy, a
decresae in discharge capacity was obtained by 3
wt% TiO,.

3. 2. 2. Cycle Stability

The cycle stability curves of Mg,Ni alloy and
Mg,Ni—x wt% TiO, (x = 5 and 10 wt %)
composites are shown in Fig. 5. From these
curves, the cycling capacity retention rates
expressed by Eq. (2) are calculated after 8 cycles
and listed in Table 1.

R, (%) = (G, /C;) X 100 (2

where C, is the discharge capacity at the first

Table 1. Maximum discharge capacity (Cmax) and
capacity retention rate (R8) of Mg,Ni alloy and Mg2Ni—x
wt% TiO, (x = 5 and 10 wt%) composites.

Sample Cmax(mAh g7) | Rg (%)
Mg,Ni 62 37
Mg;Ni—5 wt% TiO, 80 32
Mg;Ni—10 wt% TiO, 66 36
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Fig. 4. Discharge curves of the Mg, Ni alloy and Mg,Ni—x
wt% TiO, (x =3, 5 and 10 wt%) composites for the first
cycle.
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Fig. 5. The cycle stability curves of Mg,Ni alloy and
Mg,Ni—x wt% TiO, (x = 5 and 10 wt%) composites.

cycle and C, is the discharge capacity at the n-th
cycle (n is 8 for current study). As is seen in Fig.
5 and Table 1, no improvement in cyclic
performance has been obtained by adding TiO,
into Mg,Ni alloy. As reported in previous studies
[18-20], the addition of transition metal oxides
has not improved the cycle stability of Mg-based
alloys.

Cui and Luo [19] reported that the main reason
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Fig. 6. XRD patterns of the Mg, Ni alloy after the eighth
electrochemical charging/discharging cycle.

for capacity decay of Mg,Ni-type hydrogen
storage material during the charge/discharge
cycles is due to the surface oxidation of alloy
powder. This layer may inhibit the reduction of
hydrogen ions on the surface of electrode and
also acts as a diffusion barrier for the hydrogen
transport in the bulk of alloy [10]. On the other
hand, Wang et al. [18] reported that the
degradation of discharge capacity is ascribed to
the corrosion of Mg during the cycling in 6 M
KOH solution. It seems that TiO, addition have
no influence on degradation of the electrode
during the cycling processes.

XRD pattern of Mg,Ni alloy taken after the
eighth electrochemical charging/discharging

cycle is shown in Fig. 6. The peaks of Mg(OH),
which is due to the oxidation of Mg on surface
of the alloy particles, confirm the formation of
hydroxide layer on the alloy surface and the
subsequent loss of cycle performance. Another
factor responsible for the discharge capacity
degradation of Mg-based hydride electrodes is
the pulverization of this alloy due to the
expansion and contraction of cell volume during
charge/discharge cycles [24].

Fig. 7 shows SEM images of Mg,Ni alloy
before and after the eighth electrochemical
charging/discharging cycle. It is obvious that the
smooth surface of alloy particles has changed to
a rough one after the eighth cycling indicating the
pulverization of electrode.

3. 2. 3. Electrochemical Impedance Spectroscopy (EIS)

Fig. 8 shows the Nyquist plot of Mg,Ni alloy
and Mg,Ni—5 wt% TiO, composite in 6 M KOH
solution. The semicircle loop represents the
characteristic of charge transfer process at
alloy/electrolyte interface which gives rise to the
formation of adsorbed hydrogen and hydroxide
ions at the interface according to Eq. (3). On the
other hand, the straight line at low frequencies
with an angle near 45° against the real axis
represents Warburg diffusion behavior. The
Warburg behavior is due to the difficulties for
hydrogen diffusion in the bulk of alloy as
represented by Eq. (4). Therefore, the discharge
process of the alloy is controlled by both charge
transfer process at the electrode /electrolyte

W0, 2 um ‘_’

Fig. 7. SEM images of the Mg,Ni alloy before and after 8 charging/discharging cycles. (a) before cycle; (b) after 8 cycles.
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Fig. 8. Electrochemical impedance spectra (Nyquist plot)
of the Mg, Ni alloy and Mg,Ni—5 wt% TiO, composite.

interface and diffusion of hydrogen atom in the
alloy at the 0% depth of discharge [25].

M+Hyo+e  2M—Hys+0H™ (3

M —Hyys = MH 4)

The electrical equivalent circuit (EC)
determined by using the Zview software is shown
in Fig. 8. In the EC, R, is the charge transfer
resistance, Ry is the solution resistance, Z,, is the
Warburg impedance and CPE is the constant
phase element belonging to the high frequency
capacitive loops. The Warburg impedance (Z,,) is
observed whenever the reaction is under partial
or complete mass transport control by diffusion
[26]. The term is reserved for the special case of

semi-infinite linear diffusion. In the condition of
semi-infinite linear diffusion, Z, for a system at
equilibrium can be expressed by [26]:

0 0.5

Zyw = 0,0 " —jo,w” (5)

where o, is the Warburg constant, o is the ac
angular frequency. Z, can be considered as a
series combination of Warburg capacitance (C,,)
and a psudoresistance (R,), which are given by

the following equations [26]:

Cyy = Ot 02 (6)

Ry = 0,07 % (7

The impedance of CPE is considered as the
porosity, roughness and inhomogeneity of the
electrode surface and is expressed by the
following equation [25]:

Zq = [Y,(jw)™]™ (3)

where Z, is the CPE impedance (Q cm2), Y, is
the CPE admittance (€2-! sn cm-2). The parameter
n is a constant, which shows the degree of
deviation from ideal capacitive behavior.

The charge transfer resistance (R,) and its
values derived from proposed EC are given in
Fig. 8 and Table 2, respectively. It can be seen
that the radius of semicircle for Mg,Ni—5 wt%
TiO, composite is smaller than that of Mg,Ni
alloy. Thus, the charge transfer resistance of
Mg,Ni-5 wt% TiO, composite is lower than that
of Mg,Ni alloy. The exchange current density
(iy), which is a measure of electrocatalytic nature
of the alloy electrode, was calculated by Cui and
luo [19] according to Eq. (9).

Table 2. The impedance values and exchange current density (ij) for the Mg,Ni alloy and Mg,Ni—5 wt% TiO, composite.

R¢ CPE-T Z-R Z,-T i,
Sample CPE-P Z,-P
Qg | (Fgh @'Q's™) | (g'Q's™) (mAg')
Mg;Ni 0.06 1 070 | 53x10% | 5.1x10™ | 0.33 214
Mg;Ni-5% TiO, | 0.05 0.5 0.77 | 5.3x10® 5.x107° 0.30 257
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where R is the gas constant, T is the absolute
temperature, n is the number of transferred
electrons, F is the Faraday constant. Table 2 show
that the value of i, is increased (43 mA g!) by
adding 5 wt% TiO, which indicates higher
electrocatalytic nature of the electrode. By
adding TiO,, surface of the alloy powder is
covered with fine particles of TiO, , and thus, the
overpotential is reduced [19]. This accelerates
charge transfer on the surface of electrode. Thus,
electrocatalytic activity on alloy surface will be
improved by the presence of TiO,. This result is
in a good agreement with the maximum
discharge capacity obtained for Mg,Ni—5 wt%
TiO, composite.

In the Nyquist plot (Fig. 8) at low frequencies,
the similar behavior on Warburg diffusion
indicates that the diffusion coefficient of
hydrogen atoms is unchanged [18] in the
presence of TiO,.

3. 2. 4. Anodic Polarization

Fig. 9 shows the anodic polarization curves of
Mg,Ni alloy and Mg,Ni—5 wt% TiO, composite
at fully charged state. Because the hydrogen
diffusivity rate is almost the same in the bulk of
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~
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Fig. 9. Anodic polarization curves of the Mg,Ni alloy and
Mg,Ni-5 wt% TiO, composite after full charging.

both electrodes, the anodic peak current can be
attributed to the oxidation of absorbed hydrogen
according to Eq. (3) [19]. As is seen, the anodic
peak current density increases by the presence of
TiO, indicating that the hydrogen oxidation
reaction proceeds more easily on the surface of
this electrode. This result is in a good agreement
with the maximum discharge capacity obtained
for Mg,Ni—5 wt% TiO, composite sample.

4. CONCLUSION

Nanocrystalline/amorphous Mg,Ni alloy was
prepared by ball-milling and the effects of TiO,
additive on the electrochemical hydrogen storage
properties were investigated. The initial
discharge capacities of the composites with 5 and
10 wt% TiO, were larger than that for pure
Mg,Ni alloy. However, no improvement in cyclic
performance has been obtained by adding TiO,.
The charge/discharge kinetics of electrodes were
studied by using anodic polarization and EIS
techniques. It was shown that the exchange
current density, i0, which is a measure of
electrocatalytic nature of the alloy electrode was
greatly increased by adding 5wt%TiO,. This
would be wuseful in enhancement of the
charge/discharge rate. On the other hand,
hydrogen diffusivity in the bulk of alloy showed
no obvious variation by adding TiO,.
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