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Abstract: The Mg, 9Tig ;Ni;_.Pd, (x= 0, 0.05, 0.1, 0.15) hydrogen storage electrode alloys were prepared by mechanical alloying. The
main phases of the alloys were determined as amorphous by X-ray diffraction(XRD). The corrosion potentials of the alloys were
measured by open circuit potential measurements and the values are —0.478, —0.473, —0.473 and —0.471 V (vs Hg/HgO electrode) for
x=0, 0.05, 0.1, 0.15, respectively. The corrosion currents of the studied alloys were obtained by non-linear fitting of the anodic
polarization curve using Bulter-Volmer equation and Levenberg-Marquardt algorithm, which were obtained after different cycles.
The initial corrosion currents of the alloys are decreased with the increasing of Pd content. The increasing of Pd content in the alloys
inhibits the corrosion rates of the electrode alloys with the progress of cycle number. The electrochemical impedance
spectroscopy(EIS) was conducted after open circuit potential of the alloys stabilizing. The impedance data fit well with the
theoretical values obtained by the proposed equivalent circuit model. The corrosion resistances and the thickness of surface passive
film of the alloys, which were deduced by the analyses of EIS, are enhanced with the increasing of Pd content in the alloys, which are

consistent with the results of corrosion rates obtained from anodic polarization measurements.
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1 Introduction

MgNi-based amorphous hydrogen storage alloys
have drawn much attention in the last ten years.
Compared with ABs or AB, type electrode alloys, the
alloy candidates for the negative electrode of Ni-MH
batteries possess several advantages, such as higher
discharge capacity, lighter mass and lower cost[1, 2].

However the major hindrance of its practical
application is the rapid degradation of discharge capacity
due to the drastic oxidation of magnesium in KOH
solution. Therefore, the settlement of this corrosion
problem is very important for the application of
MgNi-based electrode alloys[3].

Up to now, many studies of MgNi-based amorphous
hydrogen storage alloys focused on improving its cycle
life by means of element substitution[4, 5]. Recently it

was found that partial substitution of Ti for Mg improved
the alloy’s cycle life significantly[6—8]. The latest study
found that partial substitution for Ti by Zr, Cr, and V in
the Mg35Ti;oNiss electrode alloy noticeably enhanced its
anti-corrosion properties and cyclic capacity retention
rate[9]. It was revealed that the combined passive films
formed on the surface of the alloys effectively inhibited
the corrosion induced by KOH. However, the passive
films blocked the charge transfer through the surface of
the alloy. The discharge capacity of the substituted alloys
is usually lower than that of the initial alloys.

Pd plays a protective role for the electrode alloys
from corrosion in alkaline solution. MA et al[10,11]
found that the corrosion inhibition properties were
greatly improved by modifying the surface and the bulk
of MgNi-based amorphous alloy with Pd. Their results
showed that the Pd addition inhibited the Mg(OH),
formation on the surface of the alloys. PARK et al [12]
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performed in-situ Pd deposition on nanocrystalline
Mg,Ni electrodes during the charge cycles and found it
improved the electrode properties. The growth of
Mg(OH), layer was retarded effectively, which enhanced
the cyclic stability and rate capability of the electrode
alloy in the Pd-added electrolyte. YAMAURA et al[13,
14] demonstrated that the Pd addition also improved the
cyclic stability of Mg,Ni-based alloys prepared by melt
spinning.

In our previous study[15], the substitution of Pd for
Ni in Mgy ¢Ti,Ni alloy significantly enhanced the cyclic
stability of the alloys during charge-discharge cycles. In
the present work, the corrosion behaviors of
MgooTip Nij—Pd, (x=0, 0.05, 0.1, 0.15) alloys in
stationary and cyclic charge-discharge conditions were
intensively studied. Several electrochemical techniques
such as open circuit potential test, anodic polarization
and electrochemical impedance spectroscopy(EIS) were
adopted to characterize the corrosion performance of
Mg, oTig Ni;— Pd, (x=0, 0.05, 0.1, 0.15) hydrogen
storage electrode alloys in KOH solution.

2 Experimental

Mg oTigNi;_Pd, (x=0, 0.05, 0.1, 0.15) alloys were
prepared by mechanically alloying(MA). The purity of
all metallic powders was higher than 99.5%. The powder
mixtures as designed stoichiometry were ground in a
planetary ball mill for 120 h under Ar atmosphere, with a
ball to powder mass ratio of 30:1. The structures of the
alloys were characterized by X-ray diffraction (XRD,
Rigaku D/max-2500, CuK,, 50 kV, 200 mA).

The tested working electrode was the pressed
mixture of 0.1 g alloy powder with 0.3 g electrolytic Cu
powder. The NiOOH/Ni(OH), electrode and Hg/HgO
electrode were used as counter and reference electrodes,
respectively. The electrolyte was 6 mol/L. KOH aqueous
solution. The charge-discharge measurements were
performed upon an automatic LAND battery test
instrument. The electrodes were charged for 3 h at a
current density of 300 mA/g, rested for 5 min and then
discharged to —0.6 V (vs Hg/HgO electrode) at a current
density of 100 mA/g.

The open circuit potentials of Mgg¢Tiy Ni;—Pd,
(x=0, 0.05, 0.1, 0.15) electrode alloys were recorded
immediately after inserting the electrode into KOH
solution for 10 h and the open circuit potentials of
electrodes became stable. The anodic polarization curves
were measured from 0 to 100 mV (vs open circuit
potential) at the end of 1st, 5th, 10th and 20th cycles.
The electrochemical impedance spectroscopy measure-
ments were conducted on the Zahner Elektrik IM6e

electrochemical workstation from 5 mHz to 10 kHz with
an amplitude of 5 mV (vs open circuit potential) after
open circuit potential measurements.

3 Results and discussion

3.1 Phase structure of alloys

Fig.1 shows the X-ray diffraction patterns of the
Mg oTigNi;_.Pd, (x=0, 0.05, 0.1, 0.15) quaternary alloys
after 120 h ball milling. For each alloy, a broad Bragg
peak is observed at approximately 26=42°. No secondary
phase or residual starting materials are observed, which
suggests that a single amorphous phase forms in these
alloys after 120 h ball milling.
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Fig. 1 XRD patterns of Mg, ¢Tig ;Ni;_Pd, (x=0, 0.05, 0.1, 0.15)
alloy powders after mechanical alloying for 120 h

3.2 Corrosion potentials of alloys

The corrosion potentials of Mg ¢Tig Ni;—Pd, (x=0,
0.05, 0.1, 0.15) electrode alloys were determined by open
circuit potential measurements. Fig.2 demonstrates the
variation of open circuit potentials of Mgy ¢Tiy ;Ni;—Pd,
(x=0, 0.05, 0.1, 0.15) alloys with time. The measure-
ments started immediately after immersing the alloys in
KOH solution. From this figure, one can see that the
stable corrosion potential of Mg, ¢Tiy Ni;—Pd, alloys is
—0.478, —0.473, —0.473 and —0.471 V (vs Hg/HgO
electrode) for x=0, 0.05, 0.1, 0.15, respectively. It is
obvious that the steady-state potential shifts towards
more negative direction with the decrease of Pd content.
This phenomenon indicates that the increase of Pd
content in the alloys is favorable to improving the anti-
corrosion performance of the alloys.

3.3 Corrosion rates of alloys
The effect of Pd content on the corrosion rates of
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Fig.2 Open circuit potentials of Mgg¢TigNi;—,Pd, (x=0, 0.05,
0.1, 0.15) electrode alloys after immediately immersing in
KOH solution

Mg oTiy Ni;_Pd, (x=0, 0.05, 0.1, 0.15) alloys was
investigated by anodic polarization measured after the
Ist, 5th, 10th and 20th charge-discharge cycles. The
obtained non-linearly  fitted with
Bulter-Volmer Equation using Levenberg-Marquardt
algorithm. The corrosion current /., and the Tafel
constant b,, b. are the fitted parameters in the
Bulter-Volmer Equation[16]:

curves  were

I=1,, [exp(2.303AE/b, ) — exp(~2.303AE/b, )] (1)

where [ and AFE are experimentally obtained current
and over-potential, respectively.

Fig.3 exhibits the fitted corrosion currents of
Mg oTiy Ni;_Pd, (x=0, 0.05, 0.1, 0.15) electrode alloys
during cycles. The order of initial corrosion current for
MgooTip Nij_Pd, (x=0, 0.05, 0.1, 0.15) alloys is as
follows: Mgy oTig Ni Mg oTigNigosPdoos MgooTigi-
Nig oPdo 1=Mgo ¢ Tig.1Nig s5Pdo.15.
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Fig.3 Corrosion currents as function of cycle number for
Mg oTig 1 Ni—Pd, (x=0, 0.05, 0.1, 0.15) electrode alloys at 303 K

One can see that the corrosion rates during
charge-discharge cycles vary greatly with the alloys
containing different Pd contents. For the alloys with
higher Pd content, such as MggoTip NigoPdy; and
Mg Ti¢.1NiggsPdg 15, the corrosion current increases very
slowly with the cycles. On the contrary, the corrosion
current increases progressively for the alloys with lower
Pd content or without Pd. It is demonstrated that the
corrosion rate decreases with the augmentation of Pd
content in the MggoTip Ni;—,Pd, (x=0, 0.05, 0.1, 0.15)
alloys. With the cycle proceeding, the discharge capacity
degrades to a stable value whereas the corrosion current
increases to a steady one. Therefore, the variation of
corrosion rates of the alloys coincides with the evolution
of the discharge capacities of the alloys reported by the
authors[15].

3.4 Electrochemical
alloys
The impedance data obtained after soaking the
Mg, oTig 1 Ni;—Pd, (x=0, 0.05, 0.1, 0.15) alloys for 10 h in
6 mol/L KOH solution are plotted in Fig.4. The Bode
plots of the studied alloys show two phase angle maxima,

impedance measurements of

which indicates that the presence of two time constants
denotes the electrode process. The impedance data were
analyzed with the proposed equivalent circuit as shown
in Fig.5. In the figure, the capacitive components labeled
by C are modeled as constant-phase elements(CPE) to
describe the depressed nature of the semicircles. R
denotes the electrolyte resistance between the MH
electrode and the reference electrode. R, and C
representing the semicircle in the low-frequency region
contribute to the charge-transfer reaction resistance and
the double-layer capacitance, respectively. The passive
film resistance and capacitance on the surface of the
alloy particles generate the parameters R, and Cpg
respectively. It can be seen that the proposed equivalent
circuit fits well with the present system since the
measured data and fitted curve are very close to each
other in Figs.4(a) to 4(d).

Fig.6 shows the relationship between the fitted
passive film resistance Ry and the reciprocal of Cy as a
function of Pd content in the alloys. The passive film
resistance R, increases with the Pd content increasing,
which agrees well with the results of open circuit
potentials and corrosion current measurements. The
passive film thickness, which is reversibly proportional
to Cpy, also increases with the Pd content increasing[17].
It is concluded that the film thickness and resistance
become stable when the Pd content increases to 0.1. It
should be noted that during cycles the corrosion rate is
also lowered to a stable value when the Pd content
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Fig.4 Bode plots of Mg ¢TiyNi;_Pd, (x=0, 0.05, 0.1, 0.15) electrode alloys after immersion in 6 mol/L KOH solution for 10 h:
(@) MgooTio.1Ni; (b) MgooTig 1Nig.osPdo 0s; (¢) MgooTio.1NigoPdo.1; (d) Mgo.oTip.1Nig gsPdo.15.
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Fig.5 Equivalent circuit used in fitting of impedance data
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Fig.6 Relationship between fitted Ry and 1/Cy as function of

Pd content in Mg, ¢Ti, ;Ni;—Pd, (x=0, 0.05, 0.1, 0.15) alloys

reaches 0.1. Therefore, the Pd content is a very important
factor that determines the corrosion behavior of the
alloys in KOH solution. The further corrosion of the
alloy particles is inhibited effectively when the Pd
content reaches 0.1.

4 Conclusions

The increase of Pd content leads to more positive
corrosion potentials. Pd plays an important role in the
anti-corrosion behavior of Mgy ¢TiyNi;—Pd, (x=0, 0.05,
0.1, 0.15) alloys. The corrosion of the alloys with Pd
content reaching 0.1 or more is retarded effectively. The
proposed equivalent circuit is suitable for the studied
system. The increase of Pd content also enhances the
corrosion resistances and decreases the corrosion rates of
the alloys during charge-discharge cycles.
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