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Abstract The electrochemical hydriding/dehydriding
under galvanostatic conditions of nanostructured Mg,_,Sn, Ni
(x = 0,0.1,0.3) were studied at different temperatures in the
range 28-45 °C. The discharge capacity, cycle life and elec-
trochemical impedance of the alloys were found to depend on
the presence of Sn. Tin decreases the maximum electro-
chemical capacity, but essentially improves the cycle life of
Mg,Ni. Intensive corrosion of surface Mg was found to take
place during the first 2-3 charge/discharge cycles to a much
larger extent for Mg,Ni, compared to the tin containing alloys.
Sn decreases the electron density around the Mg atoms and
therefore impedes magnesium oxidation. It was also found
that Sn hampers charge transfer but reduces the hydrogen
diffusion resistance in Mg,Ni based alloys.

Keywords Magnesium alloys - Tin - Nanocrystalline -
Ball milling - Electrochemical charge/discharge -
Impedance

1 Introduction

Mg,Ni-based alloys and composites are among the most
studied magnesium materials for hydrogen storage [1-7].
The hydriding properties of Mg,Ni based alloys depend on
the microstructure and the type and amount of the alloying
elements. The hydriding/dehydriding temperature of
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Mg,Ni alloy can be decreased by adding Al, V, or Mn
[8-11]. The cycle life of the alloys in electrochemical
charge/discharge tests can be increased by replacing part of
Mg with Ti, Al, Co, Ce, Cr or Sn [12-15]. Reducing the
particle and grain size of Mg-based alloys improves
the hydrogen capacity and hydriding/dehydriding kinetics
[3, 7, 16, 17].

Although the influence of different alloying elements and
microstructure on the electrochemical capacity, cycle life
and corrosion of Mg,Ni-based materials has been exten-
sively studied various questions concerning the mechanism
of this influence are still not explained. Our recent study
[15] revealed enhanced microstructural refinement of Sn
containing Mg,Ni alloys during ball milling combined with
improved cycle life of the electrode, prepared from Mg,_,
Sn,Ni. Thus, the aim of the present study was to investigate
the influence of Sn on the electrochemical hydriding/de-
hydriding characteristics of Mg, _,Sn,Ni (x = 0,0.1,0.3).

2 Experimental details

Mg, Sn,Ni (x =0, 0.1, 0.3) alloys were synthesized by
ball milling. The experimental conditions of the alloy
preparation were described previously [15]. The alloys
were characterized by means of SEM (JEOL JSM-5510),
X-ray diffraction with Cu-K, radiation, XPS and EDS.
Electrochemical hydriding/dehydriding experiments were
carried out in a three electrode cell with Hg/HgO as a
reference electrode and a counter electrode prepared from
Ni mesh. The metal hydride electrode was prepared by
mixing the alloy powder (100 mg) with 70 mg Teflonyzed
carbon black (VULCAN 72 10%PTFE) and pressing the
as-prepared mixture with a pressure of 1250 kg cm™.
Pellets with a diameter of 10 mm and thickness of about
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1.5 mm were obtained. The electrolyte was 6 M KOH
water solution. Electrochemical charging and discharging
was conducted at constant current of 0.1 A g' and
0.01 A g™', respectively. The cut off voltage was 400 mV
versus reference electrode. Electrochemical impedance
(IE) measurements were carried out with an Autolab
PGSTAT 30 in the frequency range 50 kHz to 0.01 Hz and
amplitude of 15 mV.

3 Results and discussion

The morphology and microstructure of the Mg,_,Sn Ni
(x =0, 0.1, 0.3 ) alloys studied were considered in our pre-
vious work [15]. Although at these concentrations Sn does not
result in a new phase formation its addition shifts the position
of the diffractions peaks to larger angles (Fig. 1), indicating a
reduction into the lattice parameters of the hexagonal Mg,Ni.
The average composition of the tin containing alloys was
determined using EDS analyzer and was found to correspond
to the nominal composition of the alloys.
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Fig. 1 XRD patterns of the ball milled (a) Mg,Ni, (b) Mg; oSng ;Ni
and (c) Mg; 7Sng3Ni alloys

The XPS spectra of Mg (Fig. 2) show that the binding
energy is shifted to a higher value for the Mg, ;Sny;Ni
alloy compared to Mg,Ni. Obviously, Sn decreases the
electron density around Mg atoms and it can be suggested
that charge transfer and oxidation of Mg on the alloy sur-
face is impeded.

3.1 Electrochemical hydriding/dehydriding

Figure 3a and b present hydrogen charge curves of elec-
trodes prepared from Mg,Ni and Mg ;Sny3Ni alloys at
28 °C. As will be shown later the electrochemical sorption
of hydrogen completes in the nonlinear part of the charge
curves. A visible difference in the shape of the charge
curves of the two alloys can be detected. For Mg,Ni a
stepped voltage increase is observed during charging,
whereas the charging curves of Mg, ;Sng 3Ni show a con-
tinuous potential increase. The amount of tin in
Mg, oSng Ni alloy is not enough to change the type of the
hydrogen charge curves and they look similar to those of
the Mg,Ni alloy; therefore they are not presented in Fig. 3.
The discharge curves of the alloys are shown in Fig. 4.
Mg, oSngNi showed highest discharge capacity of
359 mAh g'. The cycle life of the electrodes is presented
in Fig. 5. It can be concluded that the amount of absorbed
hydrogen decreases with cycle number. The increased Sn
and decreased Mg content improve the cycle life of the
electrode, as Mg 7Sng 3Ni possesses the highest corrosion
stability among the three alloys studied.

Mg,Ni and Mg 7Sny3Ni alloys were charged and dis-
charged at different temperatures. The capacity change
with the cycle number for the two alloys at different
temperatures is shown in Figs. 6 and 7. The discharge
capacity of Mg,Ni increases with temperature and at 45 °C
reaches 480 mAh g~'. At this temperature however a
drastic decrease in the corrosion stability of the alloy was
observed. Similar cycle life behavior with temperature
increase was observed for the Mg, ;Snq 3Ni alloy (Fig. 7).
The highest initial capacity for Mg,Ni was measured at the

Fig. 2 Mg 1s,2p spectra of
Mgle and Mg1.7Sn0'3Ni allOyS
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Fig. 3 (a) Charge curves of Mg,Ni (charged with 10 mA for 4 h). (b)
Charge curves of Mg, 7Sng3Ni (charged with 10 mA for 4 h)
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Fig. 4 Discharge curves of (a) Mg,Ni, (b) Mg;oSngNi and (c)
Mg, 7Sny 3Ni alloys
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Fig. 5 Cycle life of the electrodes prepared from (a) Mg,Ni, (b)
Mg 9SngNi and (¢) Mg; 7Sng3Ni alloys
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Fig. 6 Cycle life of the electrodes prepared from Mg,Ni at different
temperatures

highest temperature (45 °C) and at the same time the
cycle life was the worst. At lower temperatures (<35 °C) a
capacity maximum is observed around the 3rd charge/
discharge cycle. Generally, at all temperatures studied the
corrosion stability of the Sn-containing alloys is higher
compared to the pure Mg,Ni. This result is in agreement
with XPS analysis, indicating impeded oxidation of Mg on
the particle surface due to the presence of Sn.

However, the initial discharge capacity obtained at
45 °C for both alloys is higher than the maximum possible,
determined from the charge curves. This finding called for
a careful analysis of the discharge curves. Figure 8 shows
the first discharge curve of the electrode prepared from
Mg,Ni at 45 °C. Two distinct steps at different potentials
are clearly registered, revealing that two different processes
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Fig. 7 Cycle life of the electrodes prepared from Mg, ;Sng3Ni at
different temperatures

take place. Since the charge time was 4 h at a current
density of 0.1 A g™' if we assume that the whole amount of
electricity is consumed for the reduction of H" to H atoms
(i.e. 100% charge efficiency) then the maximum discharge
capacity appears to be 400 mAh g~'. The charge curve is
not presented in Fig. 8, because during the first charging
the electrolyte does not penetrate the entire electrode vol-
ume directly. Thus the effective area of the electrode
changes continuously, which has an influence on the volt-
age value measured. Therefore correct determination of the
amount of absorbed hydrogen is not possible. Taking into
account the above arguments it can be suggested that the
first step in the discharge process is the following reaction,
taking place on the alloy surface:
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Fig. 8 First discharge curve of the electrode prepared from Mg,Ni
alloy at 45 °C

@ Springer

Mg — 2¢ — Mg*" (1)

This process is irreversible in aqueous solution. The
magnesium ions on the alloy surface react with OHH" to
form Mg(OH),. Simultaneously, the reaction

2H — 2¢” — 2H (2)

takes place, but its contribution to the overall capacity in
this range of potentials is negligible. The next step in the
“U—t” curve is associated with reaction (2). This explains
the capacity above 400 mAh g, determined from the
discharge curve. Charge and discharge curves at the second
cycle for Mg,Ni are shown in Fig. 9. The amount of
absorbed hydrogen, determined from the charge curve,
corresponds to the discharge capacity. During the second
discharge the first potential step is almost missing, because
the larger part of Mg on the alloy surface is already
oxidized. For the Mg, 7;Snq 3Ni alloy two potential steps are
also observed in the discharge curve, Fig. 10. For this alloy
the charge capacity is about 120-150 mAh g~' and
the discharge capacity is 274 mAh g'. The observed
difference in this case also results from the above described
processes.

3.2 Electrochemical impedance spectroscopy

The kinetics of hydrogen transfer and hydrogen diffusion in
the bulk of Mg, _,Sn,Ni (x =0, 0.1, 0.3) alloys have been
investigated using electrochemical impedance spectroscopy.
Typical Nyquist plots of the three alloys at 100% and 0%
state of charge (SOC) are shown in Figs. 11 and 12. There
are three regions related to the electrochemical reaction
resistance (charge transfer) on the surface between the
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Fig. 9 Second charge curve (a) and second discharge curve (b) of the
electrode prepared from Mg,Ni alloy at 45 °C
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Fig. 10 Third charge curve (a) and third discharge curve (b) of the
electrode prepared from Mg; 7Sng 3Ni alloy

electrode and electrolyte (larger distorted semicircle),
hydrogen adsorption (second semicircle) and a linear region
related to hydrogen diffusion in the bulk of the alloys. The
resistance related to the charge transfer reaction increases
with increasing Sn content. Table 1 shows the angle coeffi-
cient calculated from the linear part of the Nyquist plot from
0.77526 to 0.02206 Hz. The angle coefficient (slope) for
Mg, 7Snq 3Ni alloy is the lowest compared to the other two
alloys, which indicates that Sn reduces the diffusion resis-
tance. Since a slight reductuion of the Mg,Ni lattice
parameters was detected when adding Sn (see Fig. 1) the
increased hydrogen diffusivity in Mg; 7Sng 3Ni compared to
that in Mg,Ni is most probably due to finer microstructure of
the former alloy.
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Fig. 11 Nyquist plot of Mg,Ni (charge 3), Mg; ¢Sng 1Ni (charge 4)
and Mg, 7Sn3Ni (charge 4) alloy at 100% SOC
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Fig. 12 Nyquist plot of Mg,Ni (discharge 2), Mg, ¢SngNi (dis-
charge 3) and Mg, ;Sn(3Ni (discharge 3) alloy at 0% SOC

Table 1 Slopes, calculated from the linear part of the Nyquist plot
(from 0.77526 Hz to 0.02206 Hz) in Figs. 11 and 12

Alloy ACZ"A ACZ"A
(Z') at 20 °C, (Z' at 20 °C,
100% SOC 0% SOC
Mg,Ni 1.23 + 0.04 6.34 £ 0.14
Mg, oSno Ni 1.59 = 0.05 5.15 £ 0.10
Mg, 7Sng sNi 0.85 = 0.07 3.82 £0.12

4 Conclusion

The influence of Sn on the electrochemical hydrogen
capacity, cycle life and electrochemical impedance of
nanocrystalline Mg,_,Sn,Ni (x =0, 0.1, 0.3) alloys was
studied. Generally, tin slightly reduces the discharge
capacity, but improves the cycle life of the alloys at all
temperatures studied (21-45 °C). An electron density
decrease around the magnesium atoms due to the presence
of Sn in the alloy was detected, which was assumed to
result in Mg oxidation impediment. Another possible rea-
son for the cycle life improvement of Mg,_,Sn,Ni could be
a change in the composition and structure of the corrosion
product on the electrode surface in the presence of Sn. It
was also found that Sn impedes the charge transfer, but
facilitates the hydrogen adsorption process and reduces the
hydrogen diffusion resistance in Mg,Ni based alloys.
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