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The ratio of performance to price of Lag;Ceq3Nis2Mng9Cugs hydrogen storage alloy was further
optimized by substituting Mn with commercial Mog4sFeoss alloy, rather than pure Mo and Fe.
Microstructures and electrochemical hydrogen storage properties of Lag7Cep3Nis2Mngg.
«CUo.3(M0g 4sFe€054)x(X = 0-0.20) alloys are investigated. X-ray diffraction and backscattered electron
results indicate that the pristine alloy is LaNis phase with a hexagonal CaCus-type structure, while the
alloys containing Moo 4sFeos4 consist of LaNis matrix phase and a trace of Mo segregate phase. The
lattice parameter a, ¢, c/a and V of LaNis phase decrease after the addition of Moy 4sF€eos4 alloy. As x
increase from 0 to 0.20, maximum discharge capacity of alloy electrodes monotonically decreases
from 332.5 (x = 0) to 310.2 (x = 0.20) mAh g™. The high-rate dischargeability the alloy electrodes at
the discharge current density of 1200 mA g™ first increases from 61.6% (x = 0) to 73.6% (x = 0.10),
while further increasing the value of x jeopardizes HRD1y00. This is consistent with the variation
tendency of hydrogen diffusion coefficient, which indicated that the electrochemical kinetic property is
dominated by hydrogen atoms diffusion process in the bulk of alloy. The cycling capacity retention
rate at the 100" charge/discharge cycle is decrease monotonously from 79.3 % (x = 0) to 62.6 % (x =
0.20) with increasing the content of Mo 4sF€0 54 alloy, which should be ascribed to the deterioration of
corrosion resistance of alloy electrode in the charging/discharging cycle.
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1. INTRODUCTION

In recent years, hydrogen-storage material has been widely used as electrode materials in the
nickel-metal hydride battery (Ni/MH). ABs-type hydrogen storage alloys, one of the most typical
material, has been successfully applied to Ni/MH battery for portable electronic products, electric tools,
electronic vehicles and power equipment owing to their high reversible hydrogen storage capacity,
good activation performance and favorable high-rate property. However, despite the fact that ABs-type
hydrogen storage alloys can match many criteria for the negative electrodes material in Ni/MH
batteries, the high cost of alloy clearly limits its applications to large-scale problems so that it cannot
meet the increasing demands of an emerging market [1-3]. Worst of all, Ni/MH battery is encountering
serious competition from high energy density Li-ion battery and lower price Ni-Cd battery. Therefore,
reducing the cost play a crucial role for the development of ABs-type hydrogen storage alloy.

To date, the Co-free high-Mn alloys were developed and commercially produced [4] because of
manganese element is an indispensable element for the electrochemical property of ABs-type hydrogen
storage alloys [5,6], especially for maintaining cycle stability [7] and high-rate dischargeability (HRD)
[8,9]. However, the high content of manganese element will raise the cost price of raw material and the
electrochemical performances, especially high-rate dischargeability are not yet satisfying. Therefore,
further reduce the cost and improve the overall electrochemical properties of Co-free high-Mn ABs-
type alloys is quite necessary and urgent. Out of the many methods for reducing the cost methods in
existence, element substitution is one of the most effective methods which is use a different cheap
commercial alloy or cost-effective substitute element to replace all or partial pure element. For
example, Mi et al. [10] and Yan et al. [11] utilized commercial ferrovanadium alloy as a vanadium
source to substitute the pure vanadium for reducing the cost of Ti-V based BCC alloy. Zhang et al.
[12-14] reported that the cost-effective AlMo alloy to replace pure nickel element in La-Mg-Ni
hydrogen storage alloy. The results showed that AIMo alloy can not only decrease the price of alloy
but also increase the electrochemical properties of La-Mg-Ni alloy with increasing the content of
AlMo to some extent. In our previous works [15,16], the commercial BFe and VFe alloys, rather than
pure B, V or Fe, was used to substitute the Co, which substantially reduces the cost of the alloys and
the electrochemical hydrogen storage performance was achieved.

Among the substitute elements, molybdenum element plays an important role in many aspects
because of its superior characteristic as hydrogen-absorption. For example, Diaz et al. [17] reported
that Mo has a positive effect for LaNi3 sCoo7Mn 4xAlg 3Mo0y alloys. After the replacement of Mn by Mo,
the alloy (2% wi/w) presents an excellent discharge capacity and high-rate dischargeability and a lower
charge-transfer resistance. Ye et al. [18,19] has also demonstrated that Mo-substitution can increase
the room temperature high-rate dischargeability due to the increase in the exchange-current density
without the degradation of the discharge capacity of alloy at low current density. Furthermore, Yeh et
al. [20] and Hsu et al. [21] researched that the replacement of Ni and Co by Mo in Lm(Ni, Mn, Co,
Al)sxMo, and Lm(Ni;xMoy)s alloys and found that the hydrogen storage capacities and equilibrium
plateau pressure of alloys at 313 K were improved. Obviously, molybdenum element is beneficial to
electrochemical properties of ABs-type hydrogen storage alloy, especially for the discharge capacity
and high-rate dischargeability.
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A commercial available Mog 4sFeg 54 alloy is selected to substitute pure Mn element in Co-free
high-Mn hydrogen storage alloy because of its cost-competitive and lower melt point compared with
pure Mo can increase the performance/price ratio and contribute to the homogeneity of the alloys.
More importantly, iron element is also beneficial for improving electrochemical properties of ABs-type
alloys [22,23], which due to its atomic radius, number of electrons, and electro-negativity being similar
to those of Ni and Co. For example, it was reported that Fe introduction in ABs alloy can remarkably
improve cycling stability due to the improvement in the anti-pulverization of the alloy electrode [24].

Here in, Lag7Ceq3Nis2MngoxCuo3(M0g 4sFeo54)x(X = 0-0.20) alloy is prepared by a vacuum arc
melting furnace. For the sake of clarifying the role of new incorporation of Mog4sFeoss, the
microstructures and electrochemical hydrogen storage properties of the alloys are investigated in detail.

2. EXPERIMENT DETAIL

2.1 Alloys preparation

Lag.7Ceo 3Nig2MnggxCuo3(MO0g 46F€0.54)x(X = 0-0.20) alloys were synthesized by arc melting in a
water-cooled copper hearth under Ar atmosphere. The pure metals (La, Ce, Ni, Mn Cu: 99.9% in
purity) and Mo-Fe alloy (46 at.% Mo and the other were Fe and trace impurities) were used as raw
materials. A slight excess of Mn was used due to the oxidized loss during the process. The cast ingots
were annealed at 1223 K for 6 h under Ar atmosphere with 0.8 MPa in the heat-treating furnace.

2.2 Microstructure characterization

The alloys of <400 mesh size obtained by hand grind in glove box (H20,02 less than 1 ppm)
were used for X-ray diffraction (XRD) measurements, which were performed on an X’pert PROMPD
XRD with Cu Ka radiation. The range of 20 was 20° ~ 90° and the scanning rate was 0.02° min-1.
Back scattered electron (BSE) images were measured by using HITACHI-4800 scanning electron
microscope with an energy dispersive X-ray spectrometer (EDS).

2.3 PCT measurements

A volumetric method on a Sieverts-type apparatus was used to study the PCT curves of the
alloys. Before the PCT curves measurement, the alloys were activated by the 5 hydring/dehydriding
cycles at 303 K. During activated process, the initial hydriding pressure is ~2 MPa and the dehydriding
one is ~0.001 MPa. The PCT curves were measured at 303K with the delay time of 180 s and the
maximum pressure of 2 MPa.

2.4 Electrochemical measurements

The preparation methods and the measuring conditions of alloy electrodes was similar to the
literature [15,16]. Electrochemical impedance spectrums (EIS), Tafel curves and potential-step
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discharging were performed on an electrochemical workstation (PARSTAT 2273) at 298 K. The EIS
were tested in the frequency range of 100 kHz to 10 mHz at 50% depth of discharge. The Tafel curves
were measured at 100% depth of discharge with the scanning range of -250 mV (vs. Open circuit
potential) to 250 mV (vs. Open circuit potential), and the scanning rate was 5 mV s-1. During the
potential-step discharging process, the electrodes is fully charged state, and the potential steps were
+500 mV (vs. Open circuit potential).

3. RESULTS AND DISCUSSION

3.1 Crystal structure

Fig. 1 shows the X-ray diffraction patterns of Lag 7Ce3Nis2Mngg.xCug3(MO0g 46F€0.54) (Xx= 0-0.20)
alloys and the lattice parameters and unit cell volumes of alloy phase are listed in Table 1. It can be
seen that all the alloys have a single the LaNis phase with the CaCus-type hexagonal structures. It is
noted that the a, ¢, c/a and V of the alloys decrease after the addition of Mog 4¢Feo 54 alloy. Fig. 2 shows
the BSE micrographs of the Lag7Ceg3Nis2Mng75Cup3(M0g4sF€os4)0.15 alloy. It can be seen that the
BSE micrographs of Lag7Ce3Nis2Mng 75Cuq 3(M0g.46F€0.54)0.15 alloy consists of a mass of black grey
area with sporadically distributed small quantity of white spots. Fig. 2 b-c shows EDS result of the two
different area in Lag 7Cep3Nis2Mng75CuUp 3(MO0g 46F€0.54)0.15 alloy. Combining the results of XRD, BSE
micrographs and EDS analysis can conclude that the black grey area is LaNis matrix phase and the
sporadic white spot is Mo segregate phase. The same result was found by Young [25].
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Figure 1. XRD patterns of Lag7Ceg3Nis2Mng g-xCug 3(M0g 54F€0.46)x alloys



Int. J. Electrochem. Sci., Vol. 12, 2017 5858

oua

S-3400 x1.00k BSECOMP

34 - Element wt.% at.% 14 - Element wt%  at%

o Mo 8275 8874 N Mo 0022  00.17

Ni 0723 1126 La 2468 13.27

27 - 1.2 - Ce 12.75 06.80

ta Mn 09.18 12.48

L Fe 0092 0123

20 7 29 7 Ni 4761  60.58

KCnt KCnt Cu 04.65 05.47
1.3 0.6 -
0.7 - Mo 0.3 -

Hi ” Fe Cu
0.0 - : NS N 0.0 -

1.00 2.00 3.00 400 5.00 6.00 7.00 8.00 9. d 2.00 3.00 4.00 5.00 6.00 1.00 8.00 9.0
Energy - keV Energy - keV

Figure 2. BSE and EDS results of Lag7Ceg3Nis2Mng 75Cug 3(M0g 54F€0.46)0.15 alloy (a) BSE (b) EDS of
white spots (c) EDS of black grey area

Table 1. Lattice parameters of alloys of Lag 7Ceo3Nis2MnggxCuo3(MO0g46F€0.54)x alloys

X a(A) c(A) c/a V(A9
0 5.0464 4.0835 0.8102 90.06
0.05 5.0344 4.0832 0.8111 89.62
0.10 5.0349 4.0804 0.8104 89.58
0.15 5.0307 4.0716 0.8094 89.24

0.20 5.0271 4.0703 0.8093 89.08
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3.2 Maximum discharge capacity and cycling stability

The electrochemical properties of Lag7Ceg3Nis2MnggxCuos(M0g4sFeoss)x (x= 0-0.20) alloy
electrodes are summarized in Table 2. It can be seen that all electrodes can reach the maximum
discharge capacity within four charge/discharge cycles, which indicated that the substitution of Mn by
Moy 46F€054 alloy plays a little role on the activation performance of alloy electrodes. The maximum
discharge capacity (Cmax) Of alloy electrodes monotonically decreases from 332.5 mAh g* (x = 0) to
310.2 mAh g* (x = 0.20) with the increment of x value. Similarly, as shown the PCT curves of
Lao,7Ce0_3Ni4,2Mno_g.xCuo,g(M00,46Fe0,54)x(x= 0-020) aIonS in Flg 3, which can be seen that the
hydrogen storage capacity and the plateau pressure gradually decrease with increasing the content of
Moy 46F€054 alloy. In general, maximum discharge capacity is related to the crystalline structure and
the electrochemical kinetics of the electrode. In this work, the lattice contraction of the alloys and the
plateau pressure gradually decrease after the substitution of Mog4sFeoss alloy for Mn, which are
detrimental to the maximum discharge capacity of the alloy electrodes. Since the smaller the lattice,
the more difficult the diffusion of hydrogen atom [26]. And the decrease of plateau pressure will
increase the stability of the hydrides. Worse still is that the increase in Iron content can make the
surface oxide film thicker, which not merely degrades the number of activity sites on the alloy surface
but also reduces the diffusion rate of hydrogen from the inner to the outer surface or vice versa.

Table 2. Electrochemical properties of Lag7Ce3Nis2Mngg.xCuo3(M0gssFeo.46)x alloy electrodes

X Cmax (MAh g™ Na HRD 1200 (%) S100 (%)

0 332.5 4 61.6 79.3
0.05 323.2 4 68.4 73.7
0.10 315.7 4 73.6 69.0
0.15 312.5 4 70.3 67.3
0.20 310.2 4 65.4 62.6
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Figure 3. PCT of Lag 7Cep3Nis2MnggxCuo 3(M0g s4F€0.46)x alloy electrodes at 303 K
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The cycle life is an essential performance index of Ni/MH battery, which directly related to the
rise and fall of Ni/MH battery development. The capacity retaining rates (S,) of the alloys at n"
charge/discharge cycles can be calculated by the following formula Eq (1):

Sn= Cn/Crnax X100% Eq. (1)

where C, is the discharge capacity after """ charge/discharge cycles at the cycle, Crax is the
maximum dischargecapacity. Fig. 4 shows the electrochemical cyclic stability curves of
Lag 7Cep.3Nig2Mng gxCuo3(M0g 46F€0.54)x(X= 0-0.20) alloy electrodes at a discharge current density of
60 mA g™ It can be seen that the cycling stability of Lag7Ceo.3sNis2Mng.oxClo3(MO0g.46F€q.54)x(X= O-
0.20) alloy electrodes present a monotonically deceasing trend with increasing the content of
Moo.4sF€oss alloy. Table 2 summarizes the value at 100™ charge/discharge cycles (Si0) of the alloy
electrodes. Obviously, Sigo Value monotonically decreases from 79.3% (x = 0) to 62.6% (x = 0.20). As
is known to all, the fundamental reasons for the capacity decay of the ABs-type alloy electrodes are the
pulverization and the oxidation of the alloys during charging/discharging cycles [27]. Therefore, the
decline of the cycling stability of Lag7Ceq3Nis2MnggxCuo3(M0g4sFeos4)x(X= 0-0.20) alloy electrodes
with the substitution of MogsFeoss alloy for Mn can be attributed to the following two dominant
factors. One is that, as mentioned above, the decrease in c/a ratio of the main-phase can go against
hydrogen atoms from going in and out of the crystal, which can strengthen the lattice stress during
charging/discharging cycles and then accelerate the pulverization speed of the alloy electrodes. What’s
worse, the pulverized alloy creates a fresh surface and then can be oxidized when it comes into contact
with KOH electrolyte, which can result in a poor connection among the particles and reduce the
electrical conductivity.
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Figure 4. Cycling stability of Lag 7Ceq 3Nis2Mngo.«Cuo 3(M0g s4Feo 46)x alloy electrodes at 298 K with
the charging/discharging current density of 60 mA g™
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Figure 5. Tafel curves of Lag7Ceq3Nis2Mngg-«Cuo 3(M0g s4F€0.46)x alloy electrodes at 298 K

The other one is that manganese element is an indispensable element in conventional
mischmetal based ABs-type alloy for maintaining cycle stability [5,7]. Worst of all, as mentioned
above, the oxide film formed by Iron can cause the loss of active material and prevents the hydrogen
diffusion. Therefore, the increase in iron content is adverse for the cycling stability of the alloy
electrodes. In order to further investigate the influence of the substitution of Mog 4sF€o 54 alloy for Mn
on the cycle stability of Lag7Ceq3Nis2MnggxCuosz(MogsFeoss)x(Xx= 0-0.20) alloy electrodes, the
corrosion behaviors were measured by the technique of potentiodynamic polarization which can be
expressed as Tafel curve. Fig. 5 presents the Tafel curves of Lag7CepsNisz2Mngs.
«CUo 3(M0g 46F€0 54)x(X= 0-0.20) alloy electrodes. Clearly, the corrosion potential of the alloy electrodes
becomes more negative and the corrosion current increases with increasing x value, which indicates
that Lap7Cep3Nis2MnooCuos alloy electrode has a better anti-corrosion ability than other alloy
electrodes containing Mog4sFeoss alloy. Therefore, based on the above reason, it is believed that the
decrease in corrosion resistance of alloy electrode is prominent for the degradation of cycling stability
in present work.

3.3 High-rate dischargeability and electrochemical kinetic characteristics

The high-rate dischargeability (HRD) behavior is a crucial parameter for practical application
of alloys as negative electrode materials of high-power Ni/MH batteries. Fig. 6 shows HRD curves of
Lag 7Cep3Nig2Mng 9xCuo3(Mog ssFe0 54)x(X= 0-0.20) alloy electrodes at various current densities and
Table 2 lists the values of HRD1,q0. It can be found that HRD of the alloy electrodes show a variation
of the pyramid with increase the content Moy 4sF€o 54 alloy and HRD1299 Obtain the peak value when x
=0.1(73.6 %).
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Figure 6. HRD at different discharging current density of Lag7Ceg3Nis2Mng 9.xCug 3(M0g 54F€0.46)x
alloy electrodes at 298 K

As is known to all, the high-rate dischargeability of Ni/MH battery is mainly dominated by
electrochemical kinetics of the alloy electrodes, including the charge-transfer reaction of hydrogen at
the alloy/electrolyte interface and the hydrogen diffusion rate from the interior of the bulk to the
surface of the alloy particles [28-30]. The two key factors can be evaluated by electrochemical
impedance, exchange current density (lo) and hydrogen diffusion coefficient (D) [31].

Electrochemical impedance spectroscopy can qualitatively reflect the ease and difficulty of
charge-transfer on the surface of the alloy electrode [32]. Fig. 7 displays that EIS of
Lag 7Ceo 3Nig2MnggxCuo3(MO0g 46F€0.54)x(X= 0-0.20) alloy electrodes at 50% depth of discharge and 298
K. Obviously, each EIS spectrum contains two semicircles and a straight line corresponding to two
different frequency regions. As elucidated by Kuriyama et al. [33], the semicircle in the high frequency
region corresponds to the contact resistance between the alloy powder and the conductive material,
while the semicircle in the low frequency region equates to the charge-transfer resistance on the alloy
surface. Moreover, the larger the radius of the semicircle in the low frequency region is, the larger the
charge-transfer resistance of the alloy electrode will be. Here, EIS was employed to study the Ry value
which is summarized in Table 3, and ZSimpWin 3.21 software was used to analyze the experimental
data. As shown in Fig. 5, compared to all the alloy electrodes, the radii of the semicircle of each alloy
electrodes in the low frequency region are close, which indicated the charge-transfer resistance of
Lag 7Cep3Nis2MngoxCuo3(Mog.ssFenss)x(X= 0-0.20) alloy electrodes has been less affected by the
substitution of Mn with Mog 46Feg 54 alloy. Corresponding lo value is calculated [34] and also listed in
Table 3. It can be found that the value of I, almost have no significant change, just like the value of R:.
It was reported that, to a certain extent, manganese element can enhance the charge-transfer process on
the alloy surface as well as molybdenum element [17,35]. Therefore, it is quite reasonable that the
value of R¢; and Iy are changed little due to the decrease in Mn and the increase in Mo with the increase
of MoFe content.
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Figure 7. EIS of Lag7Ceq3Nis2Mng 9.xCug 3(M0g s4F€0.46)x alloy electrodes at 298 K in the frequency
range of 100 kHz to 10 mHz

Table 3. Electrochemical kinetic characteristics of Lag7Ceo3Nis2MnggxCuo3(M0gssFeoss)x alloy

electrodes
X Ret (mQ) lo (MA g7 D (x10cm?s?)
0 94.4 272.0 4.20
0.05 91.1 281.8 4.99
0.10 92.7 277.0 5.34
0.15 90.7 283.1 5.26
0.20 93.6 274.3 4.40
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T T T T T T T T T T T T T T
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Time (s)

Figure 8. Semilogarithmic curves of anodic current vs. time of response of Lag7CepsNig2Mngg.
xCUo3(Mo0g s4F€0.46)x alloy electrodes at 298 K
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The hydrogen diffusion coefficient of Lag7Ceo3Nis2Mng.gxCuo3(M0g 46F€0.54)x(Xx= 0-0.20) alloy
electrodes can be calculated from the slope of the linear region according to the semi-logarithmic plots
of the anodic current vs. the time response, which was measured by the means of the potential-step
discharge technique and has been shown in Fig.8. The typical calculation method for the value of D
has reported in our previous article [36]. Table 3 lists D value of Lag7Ceq3Nis2Mngg.
«ClUo.3(M0g.sFeos4)x(x= 0-0.20) alloy electrodes. It can be seen that D first increases from 4.20x10™° (x
=0) t0 5.34x10™° cm? s™* (x = 0.10), while further increasing the value of x jeopardizes D.
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Figure 9. HRD at the discharge current density of 1200 mA g™ as a function of hydrogen diffusion
coefficient for Lag7Ceq3Nis2Mng 9.xCUp 3(M0g s4F€0 46)x alloy electrodes

As Iwakura et al. [29] reported that, if the electrochemical reaction on the surface is the rate-
determining factor, a linear dependence of the high-rate dischargeability on the exchange current
density should be observed. In contrast, if the diffusion of hydrogen in the bulk is the rate-determining
factor, the high-rate dischargeability should be constant, irrespective of exchange density. Fig.9 shows
that the HRD at 1200 mA g'1 as a function of hydrogen diffusion coefficient for Lag;Ceq3Nis2Mngg-
«ClUo.3(M0g 46F€054)x(X= 0-0.20) alloy electrodes. Clearly, HRDi,q0 Vvalue of alloy electrodes shows a
linear dependence on the value of D, which demonstrated that hydrogen atoms diffusion process in the
bulk of alloy plays a more important role in the electrochemical kinetics of the alloys than charge-
transfer process at the electrode surface.

4. CONCLUSIONS

The  microstructures and  electrochemical characteristics of  Lag7Ceg3NisoMngo.
«CUo 3(Mo0g 46F€0.54)x(X = 0-0.20) hydrogen storage alloys are systematically investigated. The following
conclusions can be drawn:

1. Analysis of X-ray diffraction profiles and backscattered electron results shows that the
pristine alloy is single LaNis phase with a hexagonal CaCus-type structure, while the alloys containing
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Moy 46F€0.54 CcOnsist of LaNis matrix phase and a trace of Mo segregate phase. The lattice parameters a,
¢, c/a and V of LaNis phase decrease after the addition of Mog 4sFeg 54 alloy.

2. The substitution of Mn by Mog4sFeoss alloy plays a little role on the activation
performance and all electrodes can reach the maximum discharge capacity within 4 charge/discharge
cycles. The maximum discharge capacity of alloy electrodes monotonically decreases from 332.5 (x=0)
t0 310.2 (x=0.20) mAh g*.

3. The high-rate dischargeability the alloy electrodes at the discharge current density of
1200 mA g™ first increases from 61.6% (x = 0) to 73.6% (x = 0.10), while further increasing the value
of x jeopardizes HRDiy00. This is consistent with the variation tendency of hydrogen diffusion
coefficient, which indicated that the electrochemical kinetic property is dominated by hydrogen atoms
diffusion process in the bulk of alloy.

4. The cycling capacity retention rate at the 100" charge/discharge cycle is decrease
monotonously from 79.3 % (x = 0) to 62.6 % (x = 0.20) with increasing the content of Moo 4sF€os4
alloy, which should be ascribed to the deterioration of corrosion resistance of alloy electrode in the
charging/discharging cycle.
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