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The effects of substituting Cu for Sn on the microstructure, hydrogen storage capacity of

La0.7Mg0.3Al0.3Mn0.4Sn0.5�xCuxNi3.8 alloys (where X ¼ 0.0, 0.1, 0.2, 0.3, and 0.5) alloys were

investigated with X-ray diffraction (XRD), scanning electron microscopy (SEM), energy

dispersive X-ray spectroscopy (EDS), and pressure-composition isotherms (PCIs). The alloys

were mainly composed of three phases: LaNi5, MgNi2, and LaNiSn. However, the La0.7M-

g0.3Al0.3Mn0.4Cu0.5Ni3.8 alloy (X ¼ 0.5) exhibited a (La, Mg)Ni3 phase when studied with SEM.

The PCI tests showed that increasing the Cu content increases the maximum hydrogen

storage capacity.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Over the years, LaNi5-based alloys have been the subject of

many studies. One successful application of these alloys is as

the active material in the negative electrodes of NieMH bat-

teries. The ability of AB5 alloys to absorb hydrogen at room

temperature is their main advantage. When used in NieMH

batteries, the LaNi5-based alloys have been partially modified

by replacing certain elements to improve the kinetics of the

hydrogen absorption and desorption processes, increase the
lodoaldo Pontes Pinto, 76
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cycle life, improve corrosion resistance, etc. Co, Al, Mn, and

Mg are invariably present in such alloys [1e4].

The wider use of NieMH batteries has become a concern in

recent years because of the high cost of some of the elements

employed to create the negative electrode. However, some

researchers have been investigating low-Co and Co-free al-

loys. Both Ni and Co have been replaced with other elements,

including Fe, Cu, and Si, to obtain the same hydrogen ab-

sorption properties but with low-cost alloys [5e7]. The use of

Nb as a replacement has been reported for the La0.7Mg0.3Al0.3
Mn0.4X0.5Ni3.8 alloys (X¼ Co, Nb). However, themicrostructure
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of the Nb-doped alloys contained the NbNi3 phase, which is

associated with a decrease in the discharge capacity of a

battery [8]. Recently, the effects of substituting Sn for Co in

AB5-type La0.7Mg0.3Al0.3Mn0.4Co0.5�xSnxNi3.8 hydrogen storage

alloys have been reported. It was found that a new phase,

LaNiSn, was formed as the Sn content increased [9].

Cu has been successfully introduced to LaNi4.7Al0.3 metal-

hydride electrodes by using Cu-coated alloy powders during

the fabrication process [10]. Furthermore, it has been shown

that substituting Cu for Ni affects the hydrogen storage ca-

pacity of the cast and quenched La0.7Mg0.3Co0.45CuxNi2.55�x

alloys, but it significantly improves their stability [11]. In this

study, the microstructure, phase composition, and hydrogen

absorption properties of AB5-type La0.7Mg0.3Al0.3Mn0.4Sn0.5�x-

CuxNi3.8 hydrogen storage alloys have been systematically

investigated.
Fig. 1 e XRDpatternsoftheLa0.7Mg0.3Al0.3Mn0.4Sn0.5¡xCuxNi3.8
hydrogen storage alloys, where X¼ 0.0e0.5.
Experimental details

The nominal composition of the alloys studied can be repre-

sented by the following general formula: La0.7M-

g0.3Al0.3Mn0.4Sn0.5�xCuxNi3.8, where X ¼ 0.0, 0.1, 0.2, 0.3, and

0.5. The purity of all the elements used was at least 99.9%. The

alloys were prepared by induction heating in a water-cooled

Cu crucible under an Ar atmosphere. The ingots were re-

melted twice to achieve homogeneity.

For the pressure-composition isotherm (PCI) and X-ray

diffraction (XRD) measurements, the alloys were mechani-

cally pulverized in an agate mortar and sieved through a 200-

sizemesh (particle size <75 mm). The PCI tests were conducted

with a gas reaction controller from Advanced Materials Cor-

poration. Prior to eachmeasurement, a samplewas placed in a

vessel that was then evacuated at 30 �C for 1 h with a rotary

vacuum pump, which was activated for 5 cycles. The PCI tests

were performed at 30 �C until a hydrogen pressure of 3 MPa

was reached. The hydrogen gas (purity¼>99.99%) was sup-

plied from a cylinder. The hysteresis between the hydrogen

absorption and desorption processes was measured to eval-

uate the reversibility of the hydriding process. The PCI hys-

teresis factor (Hf) was calculated with Equation (1):

Hf ¼ ln

�
Pa

Pd

�
(1)

where Pa and Pd are the absorption and desorption equilib-

rium pressures at a hydrogen storage capacity of 50%,

respectively. The slope factor (Sf) can be used to quantify the

plateauing hydrogen absorption performance. The Sf value is

calculated by taking the ratio of the capacities between the

middle region (defined as between 0.01 and 0.5 MPa) and the

entire reversible region.

The phase identification was performed with a GBC MMA

X-ray diffractometer using Cu Ka radiation at 40 kV and

25 mA. The scan rate was 0.25� per min, with a step of 0.02�

from 10� to 100�. The phases present were identified with the

Crystallographica Search-Match software (CSM, PDF release

2002). The Rietveld refinements were performed with Mate-

rials Studio 4.3. The microstructure and composition of the

alloys were examined with a scanning electron microscopy
(SEM) setup equipped for energy dispersive X-ray spectros-

copy (EDS).

For the electrochemical measurements, the alloys were

firstly mechanically pulverized and sieved through 200 mesh

(<75 mm). All test electrodes were prepared by mixing alloy

powder and nickel powder (<3 mm) with a weight ratio of 1:4.

Themixture was cold pressed in nickel gauze (40mesh) under

a pressure of 15 MPa (about 1 cm2 in area and 0.1 mm in

thickness). The discharge capacity of each electrode was

measured in a flooded cell configuration using Ni(OH)2/NiOOH

as the counter electrode and 6 M KOH solution as the elec-

trolyte. The system was charged at 100 mA/g for 5 h followed

by a 10 min rest and then discharged at 50 mA/g to the cut-off

potential of 0.8 V.

High rate dischargeability (HRD) represents the kinetic

property of hydrogen storage alloy electrodes and was calcu-

lated using the following formula:

HRD ¼ Cd

Cd þ C50
� 100% (2)

where Cd is discharge capacity with a cut-off potential of

0.8 V at the discharge current density Id; and C50 is the residual

discharge capacity with a cut-off potential of 0.8 V at the

discharge current density I ¼ 50 mA/g after the electrode has

been fully discharged at Id. HRD values were calculated when

each electrochemical cell became active.
Results and discussion

Microstructure and phase composition

The XRD patterns of the La0.7Mg0.3Al0.3Mn0.4Sn0.5�xCuxNi3.8
hydrogen storage alloys,where X¼ 0.0e0.5, are shown in Fig. 1.

These patterns show that the alloys are mainly composed of

LaNi5 (with a CaCu5-type hexagonal structure), MgNi2, and

LaNiSn phases. The X ¼ 0.5 alloy exhibits a (La, Mg)Ni3 phase,

which has a PuNi3-type rhombohedral structure. The lattice

parameters, unit cell volumes, and abundance of each phase

http://dx.doi.org/10.1016/j.ijhydene.2016.07.107
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in the various alloys tested are listed in Table 1, which were

obtained from the Rietveld refinements of the XRD patterns. It

can be seen that the a and c parameters, as well as the unit cell

volume, of the LaNi5 phase decrease with increasing Cu con-

tent. This is because the atomic radius of Cu (1.28 �A) is smaller

than that of Sn (1.45 �A). The LaNi5 content increases from

53.42% (X ¼ 0.0) to 78.30% (X ¼ 0.3), and then decreases to

55.65% (X ¼ 0.5). This final decrease can be explained by the

formation of the (La, Mg)Ni3 phase. The LaNiSn content de-

creases from 18.96% (X ¼ 0.0) to 5.16% (X ¼ 0.3), and obviously

there is no evidence of this phase in the X¼ 0.5 alloy, where Sn

has been completely replaced by Cu.

The SEM micrographs of the La0.7Mg0.3Al0.3Mn0.4Sn0.5�x-

CuxNi3.8 hydrogen storage alloys (X ¼ 0.0e0.5) are shown in

Fig. 2. By combining these SEMmicrographswith the results of

the EDS analysis, which are given in Table 2, it was possible to

identify the composition of each phase present in the XRD

patterns. The La- and Ni-rich phase (light grey regions) is the

LaNi5 phase, while the second phase is mostly composed of

Mg and Ni (MgNi2 phase, dark regions). High concentrations of

Sn were found in the white regions of the microstructure. In a

previous study, a similar phase appeared when Sn sub-

stitutions were made, and as the Sn content gradually

increased, more of these fine grains were found [9]. This cor-

responds well with a previous study on LaNi4.0Al0.2Fe0.4-
Cu0.4�xSnx alloys [12]. In the Sn-free alloy (X ¼ 0.5,

La0.7Mg0.3Al0.3Mn0.4Cu0.5Ni3.8; Fig. 2(e)), the pseudo-binary

phase (La, Mg)Ni3 is present; there is no evidence of this

phase in the other alloys. De Negri et al. investigated the

ternary phase diagram of the LaeMgeNi system and reported

a microstructure for the La8.5Ni76.5Mg15.0 alloy that is quite

similar to that found in this work [13].

PCI tests

The PCI curves of the La0.7Mg0.3Al0.3Mn0.4Sn0.5�xCuxNi3.8
hydrogen storage alloys (X ¼ 0.0e0.5) at 30 �C are shown in

Fig. 3. The maximum hydrogen storage capacity, Hf, and Sf

values calculated for each alloy from the PCI curves are shown
Table 1 e The compositional and structural characteristics of t
hydrogen storage alloys, where X ¼ 0.0e0.5.

Sample Phases Space group
(no.)

Parameter of
fit (%)

Phase

X ¼ 0.0 LaNi5 P6/mmm (191) Rwp ¼ 7.8

MgNi2 P63/mmc (194)

LaNiSn Pnma (62)

X ¼ 0.1 LaNi5 P6/mmm (191) Rwp ¼ 8.2

MgNi2 P63/mmc (194)

LaNiSn Pnma (62)

X ¼ 0.2 LaNi5 P6/mmm (191) Rwp ¼ 8.3

MgNi2 P63/mmc (194)

LaNiSn Pnma (62)

X ¼ 0.3 LaNi5 P6/mmm (191) Rwp ¼ 9.2

MgNi2 P63/mmc (194)

LaNiSn Pnma (62)

X ¼ 0.5 LaNi5 P6/mmm (191) Rwp ¼ 6.7

MgNi2 P63/mmc (194)

(La, Mg)Ni3 R3 m (166)
in Fig. 4. As can be seen, the maximum hydrogen storage ca-

pacity (wt %) of the alloys increases from 0.85 wt.% (X ¼ 0.0) to

1.32 wt.% (X ¼ 0.5), which can be explained by the decreasing

concentration of the LaNiSn phase in the alloys; Jiangyuan

et al. reported similar results [12]. In a previous study, the (H/

M)max of the La0.7Mg0.3Al0.3Mn0.4Co0.5Ni3.8 alloy (a fully Co-

doped alloy) was 1.48 wt.% [9]. Compared to the hydrogen

capacity of the La0.7Mg0.3Al0.3Mn0.4Cu0.5Ni3.8 alloy (X ¼ 0.5,

1.32 wt.%) in the present study, these values support the hy-

pothesis that optimizing the LaNi5 and (La, Mg)Ni3 contents

improves the hydrogen storage capacity [14].

As shown in Fig. 4, the reversibility of the hydrogen ab-

sorption and desorption processes, as represented by Hf, in-

creases from 0.71 (X¼ 0.0) to 1.06 (X¼ 0.5). Thismeans that the

reversibility decreases as the Cu content increases because

the reversibility is inversely proportional to Hf. In addition, the

increase or decrease of Hf is directly related to the variation of

the cell volume. Thus, the decreasing lattice parameters and

cell volume of the LaNi5 phase could explain the substantial

increase in Hf, as shown in Fig. 5.

Furthermore, Sf decreases from 65.25% (X ¼ 0.0) to 44.59%

(X ¼ 0.5), showing that the plateauing hydrogen absorption

performance is improved by the addition of Cu. Huang et al.

[15] and Zhou et al. [16] showed that Hf and Sf are strongly

influenced by the homogeneity of an alloy. A homogenous

composition and optimized structure are directly related to

the plateauing hydrogen absorption performance. It is

thought that the LaNiSn phase reduces the homogeneity of

the phases. Therefore, decreasing the concentration of the

LaNiSn phase enhances the homogeneity of the two phases

that are involved in the hydrogen absorption process (LaNi5
and (La, Mg)Ni3), which in turn increases the maximum

hydrogen storage capacity and decreases Sf.

Table 3 shows a comparison of the properties for the alloys

tested in this study and those reported in a previous study [9].

It can be seen that Co substitution produces the best hydrogen

storage capacity (1.48 wt.%), whereas Sn substitution pro-

duces the worst Sf value (65.24%). On the other hand, Cu

substitution yields an alloy with a good overall performance.
he phases in the La0.7Mg0.3Al0.3Mn0.4Sn0.5¡xCuxNi3.8

abundance
(wt%)

Lattice parameters (�A) Cell
volume (�A3)a b c

53.42 5.088 4.107 92.08

27.8 4.813 15.731 315.59

18.96 7.672 4.915 7.357 277.42

67.98 5.082 4.103 91.77

16.18 4.816 15.367 308.66

15.83 7.597 4.675 7.480 265.66

73.27 5.072 4.088 91.07

16.35 4.829 15.642 315.88

10.36 7.552 4.382 7.514 248.65

78.30 5.066 4.078 90.63

16.52 4.855 15.878 324.11

5.17 7.529 4.339 7.590 247.95

55.65 5.050 4.046 89.35

7.19 5.092 15.842 355.72

37.15 4.941 23.678 500.60

http://dx.doi.org/10.1016/j.ijhydene.2016.07.107
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Fig. 2 e SEM micrographs showing general (left-hand side) and detailed (right-hand side) views of the

La0.7Mg0.3Al0.3Mn0.4Sn0.5¡xCuxNi3.8 alloys: (a) X ¼ 0.0, (b) X ¼ 0.1, (c) X ¼ 0.2, (d) X ¼ 0.3, and (e) X ¼ 0.5.
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Table 2 e EDS results for the different phases identified in the SEM micrographs of the La0.7Mg0.3Al0.3Mn0.4Sn0.5¡xCuxNi3.8
hydrogen storage alloys, where X ¼ 0.0e0.5.

Sample Phase Elements (at%)

La Mg Al Mn Sn Cu Ni

X ¼ 0.0 LaNi5 15.7 <1 4.4 3.5 6.9 e 68.9

MgNi2 <1 21.7 3.5 11.8 <1 e 61.5

LaNiSn 19.8 4.1 2.3 3.2 20.4 e 50.2

X ¼ 0.1 LaNi5 14.2 2.7 4.8 3.3 3.7 1.2 70.1

MgNi2 <1 21.7 3.4 10.4 <1 1.5 61.5

LaNiSn 19.5 4.6 2.5 3.4 22.3 <1 47.1

X ¼ 0.2 LaNi5 14.4 2.4 4.7 4.2 2.9 3.9 67.5

MgNi2 <1 21.2 3.7 9.8 <1 3.7 60.1

LaNiSn 19.6 4.5 2.4 3.6 20.4 2.7 46.8

X ¼ 0.3 LaNi5 14.2 2.3 4.9 3.8 2.2 4.5 68.1

MgNi2 <1 21.2 3.5 10.2 <1 4.7 59.1

LaNiSn 20.3 4.6 1.9 3.4 19.6 3.1 47.1

X ¼ 0.5 LaNi5 14.3 2.2 4.8 3.4 e 7.2 68.1

MgNi2 <1 23.3 3.3 9.9 e 6.2 57.0

(La, Mg)Ni3 9.1 12.9 3.7 6.5 e 8.7 59.1
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The high cost of Co will play a decisive role in the selection of

the dopant(s), with this study showing that Cu is the better

choice compared to Sn.

Electrochemical characterization

The complete study of the electrochemical performance of

La0.7Mg0.3Al0.3Mn0.4Sn0.5�xCuxNi3.8 alloys (X ¼ 0.0e0.5) could

be founded in previous work [17]. Table 4 shows a comparison

of the electrochemical properties of each alloy composition in

this study, additionally an alloy reported in previous work

(La0.7Mg0.3Al0.3Mn0.4Co0.5Ni3.8) [9]. The maximum discharge

capacity (Cmax) increase from 239.8 mA h/g (x ¼ 0.0) to

305.2 mA h/g (x ¼ 0.5) with increase of copper in the alloys.

The correlation between the hydrogen capacity and the

maximum discharge capacity (Cmax) of the La0.7M-

g0.3Al0.3Mn0.4Sn0.5�xCuxNi3.8 (x ¼ 0.0e0.5) alloys, are shown in

Fig. 6.

The increase of electrochemical behavior may be noted at

discharge capacity retention (C100/Cmax) and at high rate dis-

chargeability (HRD). For example, the HRD at 1400 mA/g

(HRD1400) increase drastically from 25.7% (x ¼ 0.0) to 80.6%
Fig. 3 e PCI curvesof theLa0.7Mg0.3Al0.3Mn0.4Sn0.5¡xCuxNi3.8
alloys (X ¼ 0.0e0.5) at 30 �C.
(x¼ 0.5). It is evident that Co substitution resulted in improved

discharge capacity (337.1 mA h/g) over Sn and Cu substitution

(Table 4). The Sn-substituted alloy exhibited the lowest HRD

(25.7%). Cu substitution yielded good overall electrochemical

performance of the negative electrode alloys, showing only a

small discharge capacity loss of 9.5% with an 11.6%

enhancement of discharge capacity retention at the 100th
Fig. 4 e (H/M)max, Hf, and Sf values of the

La0.7Mg0.3Al0.3Mn0.4Sn0.5¡xCuxNi3.8 hydrogen storage

alloys, where X ¼ 0.0e0.5.

http://dx.doi.org/10.1016/j.ijhydene.2016.07.107
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Fig. 5 e Relationship between Hf and cell volume of LaNi5
phase of the La0.7Mg0.3Al0.3Mn0.4Sn0.5¡xCuxNi3.8 hydrogen

storage alloys, where X ¼ 0.0e0.5.

Fig. 6 e The Hydrogen capacity and the electrochemical

discharge capacityof theLa0.7Mg0.3Al0.3Mn0.4Sn0.5¡xCuxNi3.8
(x¼ 0.0e0.5) alloys.

Table 4 e Electrochemical properties of
La0.7Mg0.3Al0.3Mn0.4Sn0.5¡xCuxNi3.8 alloys, where
X ¼ 0.0e0.5, and a comparison with
La0.7Mg0.3Al0.3Mn0.4Co0.5Ni3.8.

Alloy Cmax

(mA h/g)
C100/Cmax HRD1400

La0.7Mg0.3Al0.3Mn0.4Sn0.5Ni3.8 239.8 78.0 25.7

La0.7Mg0.3Al0.3Mn0.4Sn0.4Cu0.1Ni3.8 251.2 78.7 37.1

La0.7Mg0.3Al0.3Mn0.4Sn0.3Cu0.2Ni3.8 279.1 79.8 54.5

La0.7Mg0.3Al0.3Mn0.4Sn0.2Cu0.3Ni3.8 301.1 80.5 66.4

La0.7Mg0.3Al0.3Mn0.4Cu0.5Ni3.8 305.2 81.8 80.6

La0.7Mg0.3Al0.3Mn0.4Co0.5Ni3.8 [9] 337.1 70.2 68.4

Table 3 e (H/M)max, Hf, and Sf values of the
La0.7Mg0.3Al0.3Mn0.4M0.5Ni3.8 (M ¼ Sn, Cu, or Co) alloys.

Alloy Hydrogen
capacity (wt%)

Hf Sf (%)

La0.7Mg0.3Al0.3Mn0.4Sn0.5Ni3.8 0.85 0.71 65.24

La0.7Mg0.3Al0.3Mn0.4Cu0.5Ni3.8 1.32 1.06 44.59

La0.7Mg0.3Al0.3Mn0.4Co0.5Ni3.8 [9] 1.48 1.06 38.85
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cycle, and a 12.2% increase in HRD at a discharge current

density of 1400 mA/g.
Conclusions

This paper has shown that substituting Cu for Sn has sub-

stantial effects on the microstructure and hydrogen storage

performance of La0.7Mg0.3Al0.3Mn0.4Sn0.5�xCuxNi3.8 alloys

(X ¼ 0.0e0.5). The La0.7Mg0.3Al0.3Mn0.4Cu0.5Ni3.8 alloy, i.e.,

X ¼ 0.5, showed the best hydrogen storage capacity

(1.32 wt.%). Three main phases were found in these alloys:

LaNi5, MgNi2 and LaNiSn. By increasing the Cu content, the

concentration of the LaNiSn phase decreased. However, in the

X¼ 0.5 alloy, a new phase, (La, Mg)Ni3, had formed. The values

of (H/M)max and Hf increased with increasing Cu content. On

the other hand, the Sf values decreased as the Cu content

increased, indicating a significant improvement in the ho-

mogeneity of the alloys.

Acknowledgments

The authors wish to thank the Institute for Superconducting

and Electronic Materials (ISEM) of the University of Wollon-

gong, the Nuclear and Energy Research Institute (IPEN) of the

University of S~ao Paulo, and Federal Institute of Education,

Science and Technology of Rondônia for their financial sup-
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