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Herein, phase structure and electrochemical performances of Lag;Ce7NizsC0g7-
«Alg3sMng 35(Vo g1F€0.10)x hydrogen storage alloys were investigated. X-ray diffraction results indicate
that all alloys are LaNis phase with CaCus structure, and lattice parameter a, ¢ and cell volume V
increase with increasing x value. The activation property of the alloy electrodes is improved by
increasing VosiFeo19 content. Maximum discharge capacity of the alloy electrodes decreases from
351.5 mAh/g (x = 0) to 343.2 mAh/g (x = 0.20) with increasing x value. The high-rate dischargeability
at the discharge current density of 1200 mA/g of the alloy electrodes first increases from 58.5% (x = 0)
to 75.5% (x = 0.10), and then decreases to 66.7 (x = 0.20) when x increases to 0.20. Cycling capacity
retention rate decreases with increasing x value, which is ascribed to the degradation of corrosion
resistance of the alloy electrodes.
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1. INTRODUCTION

ABs-type alloys have attracted much attention due to their widespread applications in
rechargeable nickel/metal hydride (Ni/MH) batteries [1]. In order to broaden application field of
Ni/MH batteries and enhance their competition abilities, a realistic approach is to reduce the cost of
AB:s-type alloy [2]. The cost of cobalt is the highest among raw material of ABs-type alloy, and many
attempts have been made to decrease the cost of alloy by substituting Co with foreign metals, such as,
Fe, Cu, Si etc, whose raw cost was much cheaper compared with Co [3-5]. However, the performance-
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price ratio of the alloy electrodes is yet unsatisfactory. Consequently it is necessary to improve the
electrochemical properties with reducing the raw cost of ABs-type alloy.

Li et al. reported that the addition of V in Mm(NiCoMnAlV)s alloy also improved the
discharge capacity and Kkinetic properties [6]. The discharge capacity and activation of
LaNi3sAlg4C007Mng3Vy alloys can be improved by adding V if y is 0.02-0.1, and high-rate
dischargeability was also enhanced due to the increase in kinetic performance [7,8]. Obviously the
addition of V element is effective to enhance the activation performance and the high-rate
dischargeability. However, the price of pure V is very high and is similar to that of Co. Fortunately, the
price of commercial Vg giFeo 19 alloy is 90% less than that of pure V. Furthermore, the Fe addition in
ABs alloy can obviously modify the cycling stability due to the improvement of pulverization
resistance[9,10]. In addition, in our previous investigations [11-13], it has been proven that VgiFeo19
is successfully used as additive instead of pure V in ABs type alloys. Thus, it is feasible and promising
to substitute Co using Vo giFep .19 rather than pure V in ABS5 type hydrogen storage alloy.

Here, on the basis of the merits of VggiFep19 and the belief that the substitution of Co by
Vo.s1F€0.19 May result in some noticeable modification of hydrogen storage properties, microstructures
and electrochemical hydrogen storage properties of Lag7Ceq7Ni36C00.7-xAlo.3sMng35(Vo.s1Fe€o.19)x (X =
0-0.3) alloys have been investigated systematically.

2. EXPERIMENTAL PROCEDURES

Lag 7Cen.7Ni36C00.7-xAlo.3sMng 35(Vo.s1F€0.19)x (X = 0-0.3) alloys were synthesized by induction
melting of the metal elements (La, Ce, Ni, Mn, Cu: 99.9% purity and commercial VFe alloy contained
81.0 at.% V and the other were Fe and trace impurities.) in argon atmosphere and then were annealed
at 1223 K for 10 h under in atmosphere with the pressure of 0.08 MPa.

The phases of the alloy powders were determined by X-ray diffraction (XRD) using a Rigaku
D/max 2500PC powder diffractometer with Cu Ka radiation. The phase structures of the alloys were
analyzed using Jade-5 software.

All the alloy electrodes for test were prepared by cold pressing the mixture of 0.15 g alloy
powders of 200-400 meshes and 0.75 g nickel carbonyl powders into a pellet of 10 mm in diameter
under 15 MPa. Electrochemical measurements were performed at 298 K in a standard tri-electrode
system, consisting of a working electrode (metal hydride), a counter electrode (Ni(OH),/NiOOH), and
a reference electrode (Hg/HgO) with 6mol/L KOH solution as electrolyte. Each electrode was charged
for 7 h at 60 mA/g and discharged to -0.6 V versus Hg/HgO at 60 mA/g at 298 K. After every
charging/discharging, the rest time was 10 min. In evaluating the high-rate dischargeability, discharge
capacity of the alloy electrode at different discharge current density were measured. The high-rate
dischargeability HRD (%) was defined as Cy¢/Cmax x 100% , where C4 was the discharge capacity at the
discharge current density Iy (I = 60, 300, 600, 900 and1200 mA/g) and Cyax Was the maximum
discharge capacity at the discharge current density Iy = 60 mA/g.

The linear polarization curve and potential-step measurement were obtained by Advanced
Potentiostat/Galvanostat (PARSTAT 2273), respectively. At 50% depth of discharge (DOD), the linear
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polarization curve was obtained by scanning the electrodes from -5 to 5 mV (vs. open circuit
potential). For potential-step measurement, the electrodes in fully charged state were discharged with
potential steps of 0.5 V for 3600 s.

3. RESULTS AND DISCUSSION

3.1 Crystal structure

Fig. 1 presents XRD patterns of Lag7Ceq7Ni3C007-xAlo35Mno 35(Vo.s1Feo.10)x alloys. It can be
seen that all alloys are LaNis phase with CaCus structure. Calculated lattice parameters of LaNis phase
in all alloys are listed in Table 1. It can be seen that lattice parameter a, ¢ and cell volume V of LaNis
phase increase with the increase of x value, which may be ascribed to larger atomic radius of Fe (1.72
A) and V (1.92 A) compared with Co (1.67 A).
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Figure 1. XRD patterns of Lag7Ceq 7Ni35C007-xAlg.35Mno 35(Vo.81F€0.19)x alloys

Table 1. Lattice parameters of Lag7Ceq7Ni3.6C00.7-xAlo.3sMnNg 35(Vo.81F€0.19)x alloys

X a/A c/A VIA®
0 5.0839 4.0575 90.82
0.10 5.1112 4.0581 91.81
0.20 5.1531 4.0604 93.37

3.2 Activation property and maximum discharge capability

The number of cycles (N;) needed to activate the electrodes and maximum discharge capacity
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(Crmax) Of Lag7Ceo7NizsC00 7-xAlp3sMng 35(Vos1Feo.19)x alloy electrodes are given in Table 2. The N,
decreases with increasing x value, indicating the substitution of Co by VogiFep19 improves the
activation performance of the alloy electrodes. The V-dissolution makes the electrode surface of the
alloys containing V change to microporous surface, which is very helpful to hydrogen penetration so
that the fast initial activation occurs [6]. The increase in V content is beneficial to the activation
property of the alloy electrodes. However, Wu et al. [14] reported the oxidation film formed on the
surface of the electrode alloy increased the additive internal energy, which led to the poorer activation
performance. Due to the low surface energy of Fe, the increase in Fe makes the surface oxide layer
become thick and leads to the increase in internal energy, and then degrades activation property. Thus,
the activation performance of the alloy electrodes is mainly ascribed to the synthesized effect of V and
Fe. The Cpnax Of Lag7Cer7NiszsC007-xAlo3sMnoss(VosiFeo19)x alloy electrodes decreases with
increasing x value. In general, maximum discharge capacity is related to the crystalline structure and
electrochemical kinetics (charge-transfer reaction and hydrogen diffusion). The addition of V in the
ABs alloy contributed to the increase of discharge capacity [8]. The increase of V with increasing x
value is beneficial to the maximum discharge capacity. Moreover, Li et al. [6] reported that the charge-
transfer reaction can be speeded up by adding V in the ABs-type alloy, which contributed to the
charge-transfer reaction on the alloy surface. The increase in V content with increasing x value causes
the improvement in charge-transfer reaction, which is beneficial to the discharge capacity.
Unfortunately, the increase in Fe content with increasing x value makes the surface oxide layer become
thick, which degrades the charge-transfer reaction on the alloy surface and makes the hydrogen diffuse
from inner of the bulk electrode to the surface more difficultly. The decrease in electrochemical
Kinetics due to Fe introduction is unfavorable to the discharge capacity. It is reasonable to believe that
disadvantageous factors are prominent for the decrement of the Cnax Of alloy electrodes in present
work.

Table 2. Electrochemical properties of Lag7Ceq 7Ni3sC0g 7-xAlp.35Mng 35(Vo.81F€0.10)x alloy electrodes

X Crmax (MAN/G) | N5’ HRD1200" (%) | S100 (%)
0 351.5 4 58.8 87.5
0.10 345.4 3 75.5 84.2
0.20 343.2 2 66.7 83.1

% The high-rate dischargeability at the discharge current density of 1200 mA/g.
® The number of cycles needed to activate the electrode.

3.3 High-rate dischargeability and electrochemical kinetics

Fig. 2 shows the relationship between the high-rate dischargeability (HRD) and discharge
current density of Lag7Ceq 7Ni3C0q 7-xAlo35Mno 35(Vo.s1F€0.19)x alloy electrodes. The HRD of the alloy
electrodes first increases with increasing x from 0 to 0.1, and then decreases when x increases to 0.3.
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The HRD at the discharge current density of 1200 mA/g (HRD12q0) is listed in Table 2. It can be seen
that HRD 120 first increases from 58.8% (x = 0) to 75.5% (x = 0.1), and then decreases to 66.7% (x =
0.3).
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Figure 2. HRD of Lag 7Ce 7Ni36C00.7-xAlo.35sMng 35(Vo.s1F€0.19)x alloy electrodes

It is well known that the HRD of the metal-hydride electrodes is dominated by the charge-
transfer reaction at the electrode/electrolyte interface and the hydrogen diffusion rate within the bulky
alloy electrode, which are reflected in the value of surface exchange current density (lp), being a
measure of the catalytic activity of an alloy, as well as in the hydrogen diffusion coefficient (D), which
characterizes the mass transport properties of an alloy electrode [15].

Fig. 3 shows the linear polarization curves of Lag;Ceq7Ni36C007-xAlo.35Mno35(Vo.81F€0.19)x
alloy electrodes at 50% DOD and 298 K. The polarization resistances (R) is calculated through
estimating the slopes of linear polarization curves, and listed in Table 3. The R, values of the alloy
electrodes first decreases from 184.6 mA/g (x = 0) to 165.9 mA/g (x = 0.1), and then increases to 208.9
mA/g (x = 0.3). The Iy value can be calculated according to the following formula [16].

L RT (1)

FR,

where R, T, F, R, are the gas constant, absolute temperature, Faraday constant and the
polarization resistance, respectively. The |, values are calculated by Eq. (1) and listed in Table 3. It is
clear that the Iy first increases from 139.1 mA/g (x = 0) to 154.8 mA/g (x = 0.1), and then decreases to
122.9 mA/g (x = 0.3). As mentioned above, the increase in V content improves the charge-transfer
reaction on the surface of the alloy electrodes with increasing x value. On the other hand, Co
contributes to the charge-transfer reaction at the electrode/electrolyte interface due to excellent
electrocatalytic activity. the increase of Fe and decrease of Co will cause the increase of surface oxide
film and then degrade the charge-transfer reaction on the alloy surface.
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Figure 3. Linear polarization of Lag7Ceq7Ni36C00.7-xAlo.35Mng 35(Vo.s1F€0.19)x alloy electrodes

Fig. 4 shows the semi-logarithmic plots of the anodic current vs. the time response of
Lag 7Ceo3Nis2MngoxCuos7(VosiFeo19)x alloy electrodes. Zheng et al. [17] reported that in a large
anodic potential-step test, after a long discharge time, the diffusion current varies with time according

to the following equation:

) 6FD © D
lgi = lg(>—(C, ~C.) - ———t 2)
gi=lg( . (G, -Cy) 5303 2

where i is anodic current density (A/g), D the hydrogen diffusion coefficient (cm%s), d the
density of the alloy (g/cm?), a the radius of the alloy particle, Cq the initial hydrogen concentration in
the bulk of the alloy (mol/cm®), C, the surface hydrogen concentration of the alloy (mol/cm?) and t is
the discharge time (s). Assuming that the alloy powders have a similar particle distribution with an
average particle radius of 13 um, the D is calculated and summarized in Table 3. The D of
Lag 7Ceo.7Ni36C00.7-xAlp.3sMng 35(Vo.81F€0.19)x alloy electrodes first increases from 7.72 x10™ (x=0) to
8.89x10™ cm?/s (x = 0.1), and then decreases to 6.84 x10™* cm?/s (x = 0.3). Wang et al. [18] reported
that the process of dissolved element V in the bulk into the electrolyte forms a ‘path’ and the diameter
of formed ‘path’ is a little larger than hydrogen atom. This microporous surface caused by the V-
dissolution is very helpful to hydrogen penetration [8]. The increase in V content will contribute to the
improvement in hydrogen diffusion with increasing x value. On the contrary, Iwakura et al. [19] have
reported that the oxidation of Fe on the alloy surface limited the hydrogen transfer from the bulk to the
surface, which is detrimental to the hydrogen diffusion. As mentioned above, the increase of Fe
content causes the increase of surface oxide film, which will degrade the hydrogen diffusion.
Moreover, metalic Co on the alloy surface made the hydrogen diffuse from the bulk to the surface
more easily due to the good electrocatalytic activity and electrical conductivity. The decrease of Co
content is unfavorable to the hydrogen diffusion property.
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Figure 4. Semilogarithmic curves of anodic current vs. time of response of Lag;Ce7Ni3C0g7-
XA|0_35M n0_35(V0_81Fe0_19)X aIon electrodes

3.4 Cycling stability

The cycle stability is an extremely important factor for the service life of hydrogen storage
alloys. The cycling capacity retention rate is expressed as Sp(%) = Cp/Cmax x 100 (where C, is the
discharge capacity at the n™ cycle). The cycling capacity retention of Lag;Ceo7NizsC00.7-
«Alg3sMng 35(Vog1F€0.10)x alloy electrode as a function of cycle number is shown in Fig. 5. Cycling
stability decreases with increasing x from 0 to 0.3. The Sy is listed in Table 2. It can be seen that Sy
decreases from 91.2% (x = 0) to 84.8% (x = 0.3). Generally, the capacity decay of the alloy electrode is
ascribed to the pulverization and corrosion [20], as well as to the decrease of the electrochemical
kinetics at the surface [21]. The pulverization of the hydrogen storage alloy is induced by the strain
based on the lattice expansion in the charge process. Liu et al. [22] pointed out that the larger the unit
cell volume is, the interstitial hole size for hydrogen atoms to occupy is larger, the strain energy that
hydrogen atoms to go in and out the crystal is smaller. The V of LaNis matrix phase increases with
increasing x value, which lowers the strain energy and then strengthens anti-pulverization property of
the alloy electrodes. Unfortunately, V dissolves easily in the KOH, which leads to the loss of discharge
capacity. The increase in V content is unfavorable for the cycling stability of the alloy electrodes with
increasing x value. Meanwhile, Fe easily oxidized due to the lower surface energy, and coarse oxide
film easily forms. Thus, it is believe that the decrease in corrosion resistance of alloy electrode is
prominent for the degradation of cycling stability in present work.
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Figure 5. Cycling stability of Lag7Ceq 7Ni3C0q7-xAlo.35Mno 35(Vo.81F€0.19)x alloy electrodes

4. CONCLUSIONS

Microstructures and electrochemical characteristics of Lag 7Ceq7NizC0g 7-
Al 3sMng 35(Vos1Feo19)x hydrogen storage alloys were investigated. XRD results indicate that all
alloys are LaNis phase with CaCus structure, and lattice parameter a, ¢ and cell volume V increase with
increasing x value. The activation property of the alloy electrodes is improved by increasing Vo.g1F€o.19
content. Maximum discharge capacity of the alloy electrodes decreases with increasing x value. The
HRD of the alloy electrodes first increases with increasing x from 0 to 0.10, and then decreases when x
increases to 0.20. Sigo decreases from 87.5% (x = 0.00) to 83.1% (x = 0.20), which is ascribed to the
decrease of corrosion resistance of the alloy electrodes.
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