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Nowadays more interesting has been attracted on the application 
of hydrogen storage alloys for the “Hydrogen Energy economy” 
[1]. Rare-earth-based AB5-type alloy and Zr-based Laves phase 
alloy have been commercialized successfully as Ni/MH secondary 
cell negative materials [2,3]. However, the extensive applications 
are also limited by low capacity of AB5-type and difficult activa-
tion of Laves phase alloy materials [4,5]. Many electrode with 
powerful and reversible electrochemical redox reactions are re-
garded as promising energy storage materials [6]. 

Since the use of LaMg2Ni9, La2MgNi9 and La5Mg2Ni23 com-
pounds were reported as hydrogen storage materials [7-9], ternary 
R-Mg-Ni (R = rare earth metals) compounds have been studied for 
their superior hydrogen storage properties corresponding binary 
ABn (n = 2-5) compounds [10-23]. On the one hand, the com-
pounds have the remarkable advantages of high hydrogen capaci-
ty, moderate hydrogen equilibrium pressure as well as low con-
tents of expensive elements; On the other hand, unknown structur-

al properties raise the need for basic, crystallographic research. 
Recently, details about the structures of Ce2Ni7H4/4.7 [24,25], 
Ce2MgCo9H12 [26], La2Ni7H6.5 [27], La2Ni7Hx (x = 6.4, 10.8) [11], 
La1.5Mg0.5Ni7H9.3 [28], La1.66Mg0.34Ni7D8.8 [29] and 
La4MgNi19H(D)x [14, 16, 17, 19] have been published, but little is 
known about the (R, Mg)2Ni7-H system. Moreover, this data left 
open questions concerning about the influence of the R substitu-
tion on the structural and electrochemical characteristics of such 
compounds. Furthermore, previous research revealed that the crys-
tal structure of a binary R2Ni7 compound is size dependent; viz., 
the Ce2Ni7-type structure is stable for larger R-atomic radii, the 
Gd2Co7-type structure is preferred for smaller M-atomic radii, and 
both structures coexist in the case of medium-sized R-atomic radii 
[30]. This phenomenon also raises the questiones as to whether the 
crystal structure of multicomponent (R, Mg)2Ni7 compounds is 
also similar to binary R2Ni7 compounds on size dependent. To 
clarify these two questions, the structure stabilities of Ce2Ni7- or 
Gd2Co7-type were studied by comparing their relative amounts in 
the (La1.66Mg0.34)Ni7-based compounds after partial substitution by 
different elements. On the basis of the (La1.66Mg0.34)Ni7 com-
pound, Ce, Pr, Nd, Y, Sm and Gd are used as smaller substitutes 
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for La, respectively, to change the average A-atomic radius. Simi-
larly, Ni is partially replaced by Co and Al to increase the average 
B-atomic radius because Ni has the smallest atomic radius among 
transition metals. 

From a hydrogen storage point of view, absorb and desorb hy-
drogen reaction under moderate conditions was also happened on 
La1.66Mg0.34Ni7 with a Ce2Ni7-type structure,which is regarded as a 
representative reaction of (R, Mg)2Ni7 compounds [29]. Its hydride 
formation enthalpy is about −31.4 kJ/mol H2, which is close to −30 
kJ/mol H2 for the LaNi5−H2 system [31]. However, electrochemical 
properties of (La1.66Mg0.34)Ni7-based compounds have not been 
reported to date. Moreover, the effects of partial substitution for La 
in the (La1.66Mg0.34)(Ni,Co,Al)7 compound on the electrochemical 
hydrogen absorption and desorption also interest us because alloy-
ing is an effective method to improve hydrogen storage properties. 
Hence, the electrochemical properties of 
La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 (R=La, Ce, Pr, Nd, Y, Sm, Gd) com-
pounds were finally investigated. 

Hydrogen storage alloys with various formulations 
(La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 R=La, Ce, Pr, Nd, Y, Sm, Gd) were 
prepared by induction melting approach at 0.4 MPa of Ar. atmos-
phere. The ingots were wrapped in a thallium (Ta) foil, sealed in 
stainless steel tubes under Ar pressure (0.1 MPa) and annealed for a 
week at 1173K. Due to the high vapor pressure of Mg element, 10 
wt.% excess of Mg element was necessary during melting. The 
purity of all elements was above 99 wt.%. 

The annealed alloys were crushed mechanically into powder 
(<38µm) for x-ray diffraction (XRD) measurements and powder 
from 54µm to 61µm for electrode test. XRD measurements were 
performed on a Rigaku D/max-2400 diffractometer with Cu radia-
tion and a power of 40kV×150mA. The patterns were recorded 
over the range from 15° to 90° in 2θ by step of 0.02°. Then the 
collected data were analyzed by the Rietveld method [32] using 
Fullprof 2K software [33] to get the lattice parameters and phase 
abundance. 

The microscopic structure and the composition for annealed 
alloys were examined by Electron probe microanalyzer (EPMA-
1600). 

Alloy electrodes were prepared by cold pressing the mixture of 
alloy power and carbonyl nickel power at the weight ratio of 1:3 
under 20MPa pressure to form a pellet of 10mm in diameter. Elec-
trochemical measurements were performed at 293K in a standard 
open tri-electrode electrolysis cell consisting of alloy electrode, a 
sintered Ni(OH)2/NiOOH anode and a Hg/HgO reference electrode 
immersed in 6M KOH electrolyte. Each electrode was discharged 
to cut-off potential –0.6V Vs. Hg/HgO reference electrode. Elec-
trodes were charged/discharged at 60mAg-1 when activated; Elec-
trodes were charged/discharged at 300mAg-1 when examined for 
cyclic stability. Because of low hydrogen absorption/desorption 
plateau for La-Mg-Ni alloy system [10], a self-discharge problem 
can be ignored if the time for testing of electrodes is not very long 
[21]. Therefore, P-C isotherms could be determined by electro-
chemical method according to the Nernst equation [22]: 

 

Where the equilibrium potential (Eeq) was determined by alter-
nately performing the following operation: (a) a pulse discharge of 
10mAhg-1 with 50mAg-1 current density. (b) a rest period (about 20 
minutes) for the potential to become constant. The high rate dis-
chargeablity (HRD) was determined by examining the discharge 
capacity at various discharge current density and defined as the 
following equation: 

 
Where Cd is the discharge capacity at Id current density, C60 is 

the discharge capacity at I60 current density. 
To investigate the electrocatalytic activity and kinetics character 

of alloy electrodes, linear polarization, anodic polarization and 
hydrogen diffusion in alloy bulk were performed on CHI660A 
electrochemical work station after alloy electrodes were activated. 
The linear polarization, anodic polarization, and Tafel polarization 
curves were measured by scanning the electrode potential at a rate 
of 0.1mVs-1 from –5 to 5mV (Vs. open circuit potential), 5mVs-1 
from open circuit potential to –0.45V (Vs. Hg/HgO reference elec-

trode) and 1mVs-1 from -1.1 to -0.3V at 50% depth of dis-
charge (DOD), respectively. 

Fig.1 shows the XRD patterns for La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 

(R=La, Ce, Pr, Nd, Y, Sm, Gd) alloys. The alloys consist mainly of 
La2Ni7 (Ce2Ni7-type, SG: P63/mmc) phase and minor LaNi5 
(CaCu5-type, SG:P6/mmm) phase from Jade 5.0 analysis. Fig.2 
shows the Rietveld refinement patterns of 
La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 (R = La, Gd) alloy. Structure charac-

Eeq(Vs. Hg/HgO)=-0.9305-0.02955Log(Peq) at 293K (1) 

 

(2) 

 

Figure 1. XRD patterns for La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 alloys. 
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teristics of different R-substituted alloys are tabulated in Table 1 
and the evolution of phase abundance vs. rare earth atoms’ radii are 
pictured in Fig.3. Based on the above data, the crystal structure of 
La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 seems to retain the hexagonal Ce2Ni7-
structure type, which is different from the crystal structure of a 
binary R2Ni7 compound [30]. This may be ascribed to the content 
of rare earth. For La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 alloys, although Ce, 
Pr, Nd, Y, Sm and Gd are used as smaller substitutes for La, respec-
tively, to change the average A-atomic radius, Ce2Ni7-type structure 
almost don’t change. 

The back scattered electron (BSE) image of 
La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 (R=La, Pr, Y, Gd) and are shown in 
Fig 4. A light grey area (α) and black area (β) can be seen in Fig 4 
((a) - (d)). The WDS analyses in Fig 4 show that the light grey (α) 
and black area (β) correspond to A2B7- and AB5-type phase, re-
spectively. The results are consistent with those obtained from 
XRD. 

 

Figure 3. Phase abundance variation curves for 
La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 alloys. 
 
 

 

Figure 2. Rietveld refinement patterns for La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 alloy: (a) R = La, (b) R = Gd. 
 

Table 1. Characteristics of phases for La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 annealed alloys. 

Sample Phase Space Group 
Lattice constants (Å) 

Phase abundance (wt.％) a c V c/a 

R = La 
(La,Mg)2(Ni,Co)7 R-3m 5.098 36.662 825.227 7.191 3.61 
(La,Mg)2(Ni,Co)7 P63/mmc 5.061 24.438 542.148 4.829 95.23 
La(Ni,Co)5 P6/mmm 5.018 4.034 87.964 0.804 1.16 

R = Pr 
(La,Mg)2(Ni,Co)7 R-3m 4.949 36.470 773.608 7.369 3.74 
(La,Mg)2(Ni,Co)7 P63/mmc 5.032 24.399 535.040 4.849 95.11 
La(Ni,Co)5 P6/mmm 5.056 4.063 89.954 0.804 1.16 

R = Ce 
(La,Mg)2(Ni,Co)7 R-3m 5.338 37.945 936.514 7.108 1.73 
(La,Mg)2(Ni,Co)7 P63/mmc 5.049 24.401 538.616 4.833 71.84 
La(Ni,Co)5 P6/mmm 5.019 3.996 87.163 0.796 26.43 

R = Nd 
(La,Mg)2(Ni,Co)7 R-3m 5.037 35.689 784.152 7.085 6.21 
(La,Mg)2(Ni,Co)7 P63/mmc 5.048 24.392 538.268 4.832 86.10 
La(Ni,Co)5 P6/mmm 5.019 3.998 87.195 0.797 7.69 

R = Y 
(La,Mg)2(Ni,Co)7 R-3m 5.031 36.469 799.431 7.249 1.08 
(La,Mg)2(Ni,Co)7 P63/mmc 5.029 24.302 532.299 4.832 98.7 
La(Ni,Co)5 P6/mmm 5.016 4.013 87.444 0.800 0.22 

R = Sm 
(La,Mg)2(Ni,Co)7 R-3m 4.784 36.336 720.141 7.595 9.45 
(La,Mg)2(Ni,Co)7 P63/mmc 5.043 24.361 536.434 4.831 90.54 
La(Ni,Co)5 P6/mmm 5.035 4.030 88.486 0.800 0.00 

R = Gd 
(La,Mg)2(Ni,Co)7 R-3m 5.079 36.541 816.295 7.195 2.40 
(La,Mg)2(Ni,Co)7 P63/mmc 5.039 24.351 535.507 4.833 94.16 
La(Ni,Co)5 P6/mmm 4.995 4.089 88.359 0.819 3.44 
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Fig.5 shows the electrochemical desorption P-C isotherm for 
different R-substituted alloys, and Table 2 summarizes the desorp-
tion characteristics of different alloys. The plateaus of the hydrogen 
desorption isotherms increase by substituting Ce~Gd at La sites. It 
can be seen that the desorption plateau became flatter and wider 
little by little with Pr~Gd substituted, which could be related with 
unit cell volume of alloys. From Table 2, it is obvious that the plat-
eau slope firstly decrease from 1.694 (R = La) to 1.226 with Y 
substituted, and then increase to 1.752 (R = Pr), then decrease to 
1.226 by substituting Y at La sites, finally increase from 1.575 (R = 
Sm) and 1.534 (R = Gd). In addition, the hydrogen content (H/M) 
also increased with Pr~Gd substituted and reached maximum 

(1.02H/M) at R=Pr, Y. Among the seven alloys, none-substituted 
alloy has the lowest hydrogen storage capacity. 

The equilibrium hydrogen pressure is believed to correlate to the 
Ce2Ni7-structure and the unit cell volume of alloys; the tendency is 
the increase of the equilibrium pressure with the decreased unit cell 
volum. When the unit cell volume is in the range of 532-539 Å3, 
the equilibrium pressure ranges from 0.045 to 0.01 atm (Fig. 5). 
The hydrogen-storage alloys that are used as the negative electrode 
materials must have a proper equilibrium pressure range in their 
gaseous PCT curves. If their hydrogen-desorption pressure plateau 
does not be in this range, the potential reversible electrochemical 
capacity must be smaller. 

 

Figure 4. Back scattered electron images for La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 alloys (a) R = La (b) R = Ce (c) R = Y (d) R = Gd. 
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 Fig.6 shows the activation curves of different alloy electrodes, 
and Table 3 summarizes electrochemical performance of different 
alloy electrodes. It can be found that all of alloy electrodes exhibit-
ed good activation properties; four charge/discharge cycles were 

enough to activate electrodes. The capacity increases after La is 
substituted by Ce ~ Gd, The maximal discharge capacity of Y-
substituted alloy increases to 381.2mAhg-1, increasing by 3.6% 
compared with the La0.83Mg0.17Ni3.1Co0.3Al0.1 alloy. 

Cycling stability of metal hydride electrode is an important fac-
tor to cycle life of Ni/MH batteries. It can be seen from Fig. 7 that 
slope of cycle life profiles becomes smaller with Pr ~ Gd substitu-
tion for La, indicating that the cycle life is improved. In order to 
illustrate cycling stability, capacity retention rate at the 100th cycle 
(S100) is calculated as the ratio of C100/Cmax, and is listed in Table 3. 
Table 3 shows that Pr- ~ Gd-substitution causes an increase in S100. 
Gd substitution improves cycle life significantly with S100 increas-
ing from 75 to 92.7%. 

The following reasons are responsible for substituting La with R 
enhancing the cycle stability of the alloy. Firstly, the positive im-
pact of R substitution on the cycle stability of the alloy is primarily 
ascribed to the refinement of the grains caused by such substitution. 
It has come to light that the fundamental reasons for the capacity 
decay of the electrode alloy are the pulverization and oxidation of 
the alloy during charging-discharging cycle. The lattice stress and 
the expansion of the cell volume, which are inevitable when hydro-
gen atoms enter into the interstitial sites of the lattice, are the real 
driving force that leads to the pulverization of the alloy. The anti-
pulverization capability of the alloy basically depends on its grain 
size [34]. Therefore, it is understandable that the cycle stability of 

 

Figure 5. Electrochemical desorption P-C isotherms of 
La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 alloys at 293K. 
 

 

Figure 6. Activation curves of La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 an-
nealed alloy electrodes with 60mAg-1 charge-discharge current 
density at 293K. 
 
 

 

Figure 7. Cyclic stability curves of La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 
annealed alloy electrodes with 300mAg-1 charge-discharge current 
density at 293K. 
 
 

Table 2. Hydrogen desorption characteristics for La0.63R0.2Mg0.17 

Ni3.1Co0.3Al0.1 annealed alloys. 

Alloy H/M Pd (atm) Plateau slope* 
R=La 0.98 0.007 1.694 
R=Ce 0.98 0.014 1.508 
R=Pr 1.02 0.012 1.252 
R=Nd 0.99 0.037 1.255 
R=Y 1.02 0.043 1.226 
R=Sm 1.00 0.029 1.575 
R=Gd 1.00 0.025 1.534 

Pd is the pressure at midpoint of desorption hydrogen process. 
Plateau slope* =Log(p x(H)/x(M)=0.75 P x(H)/x(M)=0.25)

Table 3. Summary of electrochemical performance for 
La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 annealed alloy electrodes at 293K 

Sample N Cmax(mAhg-1) HRD900(%) S100(%) I0(mAg-1) IL(mAg-1) 
R=La 2 367.85 24.5 75 179.18 1100 
R=Ce 1 369.417 78.4 76.4 354.31 3190 
R=Pr 2 380.784 58.5 89.5 230.04 1860 
R=Nd 4 370.867 21.8 91.5 133.29 1270 
R=Y 1 381.2 16.7 89   91.14 740 
R=Sm 2 378.029 14.4 87.1 102.7 620 
R=Gd 2 371.47 63.8 92.7 141.21 1130 
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the alloy increases with R substitution. Secondly, it should be no-
ticed that the main phase of the different alloys was Ce2Ni7-type 
phase. At the same time, the phase aboundance of LaNi5 phase 
originated from substituting La with R is beneficial for improving 
cycle stability of the alloy due to an undoubted that LaNi5 phase 
possesses much higher electrochemical cycle stability than (La, 
Mg)2(Ni,Co)7 phase. Thirdly, during charge/discharge process, rare 
earth elements tend to diffuse towards alloy surface, and the dispro-
portion is determined by atom concentration and cell volume. The 
unit cell volume should be in the range of 532-539 Å3 for electro-
chemical application. On the other hand, the different corrosion 
rates of different rare earth element may become an important fac-

tor to the cyclic stability of alloy electrode. Fig.8 shows the Tafel 
polarization curves of different alloy electrodes at 293K. The corro-
sion rates (v) can be attained according to the following equation 
[35]: 

 
Where v and icorr are proportional. So according to the corrosion 

current can be judged. Value of icorr and Ecorr is also listed in Table 
4, it can be seen that the corrosion rates and corrosion potential of 
these alloys are in order: Ce > La > Sm > Pr > Y > Nd > Gd, re-
spectively. It can be concluded that the alloy for R = Gd have a 

property of corrosion resisting, which is consistent with that of the 
cyclic stability basically. That is Nd and Gd substitution can sup-
press oxidation of the alloy elements and help to keep original 
structure of the alloys. As a result, the Nd- and Gd-substituted alloy 
have better cycling stability. 

Fig.9 shows the high rate dischargeability (HRD) curves of dif-
ferent alloy electrodes. It can be found that Ce, Pr and Gd substitu-

tions for La are beneficial to HRD of the alloys. High rate dis-
chargeability at discharge current density of 900mAg-1 (HRD900) is 
listed in Table 3. Ce substitution brings prominent improvement in 
HRD, and HRD900 of Ce-substituted alloy reaches 78.4%, which is 
220% higher than that of the original alloy (24.5%). 

It is known that HRD characteristic stands for overall kinetic 
properties, HRD can be influenced mainly by charge-transfer on 
surface of alloy electrodes and hydrogen diffusion in alloy bulk. 
The linear polarization and anodic polarization curves of 
La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 (R=La, Ce, Pr, Nd, Y, Sm, Gd) alloy 
electrodes are plotted in Fig. 10 and 11, respectively. Table 3 sum-
marized the kinetic characteristics of alloy electrodes. Exchange 
current density (I0) can be calculated according to the following 
equation [36]: 

 
Where R is the gas constant, T is absolute temperature, Id is the 

applied current density, F is the Faraday constant and η is the total 
overpotential. It is known that exchange current density (I0) and 
limiting current density (IL) are the other parameters to describe the 
kinetic characteristic of alloy electrodes. I0 can be used to judge the 
speed of charge transfer on surface of alloy electrodes. IL can be 
influenced by charge transfer, hydrogen diffusion and passivation 
of active composition. As shown in Table 3, The Ce- and Pr-
substituted alloys have much larger exchange current density I0, 
indicating their higher charge transfer rate at electrode surface. 

 
(3) 

 

(4) 

 

Figure 8. Tafel polarization curves of 
La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 alloy electrodes at 293K. 
 
 

 

Figure 9. High rate dischargeability (HRD) curves of 
La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 alloy electrodes at 293K. 

Table 4. Tafel fitting date of the La0.63R0.2Mg0.17Ni3.1Co0.3Al0.1 
alloys at 293K 

Sample icorr / (mA · cm-2) Ecorr / V 
R=La 3.333 -0.8847 
R=Ce 9.569 -0.9038 
R=Pr 2.243 -0.8922 
R=Nd 2.055 -0.9008 
R=Y 2.242 -0.8957 
R=Sm 2.333 -0.8847 
R=Gd 1.573 -0.8990 

Calculated based on Tafel equation, icorr is the corrosion current density, Ecorr the corro-
sion potential 
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Moreover, the Ce-, Pr-, Nd- and Gd-substituted have much larger 
limiting current density (IL), indicating their larger hydrogen diffu-
sion at electrode surface. 

In this work, the structure and electrochemical properties of dif-
ferent R-substituted alloys have been studied systematically. Some 
conclusion can be summarized : 
1) The XRD patterns and EPMA–WDS analysis show that the 

alloys consist mainly of La2Ni7 (Ce2Ni7-type, SG: P63/mmc) 
phase and minor LaNi5 (CaCu5-type, SG:P6/mmm) phase. 

2) The thermodynamic and electrochemical properties are corre-
lated to the crystallographic parameters. It is found that the 
equilibrium desorption hydrogen pressure and the maximum 
discharge capacity have some correlation to the unit cell vol-
ume.  

3) The equilibrium pressure and electrochemical capacity increas-
es with Ce~Gd substitution for La. However, Pr ~ Gd substitu-
tion improves the cycling stability. The capacity retention rate 
at the 100th cycle of Gd-substituted alloy rises by 23.6%. 

4) Ce, Pr and Gd substitution greatly improves hydrogen diffusion 
rate in the bulk and charge transfer rate at the surface, and thus 
ameliorates the high rate discharge-ability. The HRD at 
900mAg-1 reaches 78.4%, 220% higher than those of the origi-
nal alloy for the Ce-substituted alloy. 

This work was supported by the National Nature Science Foun-
dation of China (No. 50941019) and Doctor Foundation of Binzhou 
University (2009Y02). 
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