
S

I
S

D
D

a

A
R
R
2
A
A

K
A
S
E
N

1

m
r
a
M
k
s
a
m
n
s
c
f

t
r
c
w
t
T
t
a

(

0
d

Journal of Power Sources 189 (2009) 1251–1255

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

mproved electrochemical properties of amorphous Mg65Ni27La8 electrodes:
urface modification using graphite

.C. Wu, Lu Li, G.Y. Liang ∗, Y.L. Guo, H.B. Wu
epartment of Material Physics, School of Science, Xi’an Jiaotong University, Xi’an 710049, China

r t i c l e i n f o

rticle history:
eceived 21 October 2008
eceived in revised form
6 November 2008
ccepted 26 November 2008

a b s t r a c t

Amorphous Mg65Ni27La8 alloy is prepared by melt-spinning. The alloy surface is modified using different
contents of graphite to improve the performances of the Mg65Ni27La8 electrodes. In detail, the electro-
chemical properties of (Mg65Ni27La8) + xC (x = 0–0.4) electrodes are studied systematically, where x is the
mass ratio of graphite to alloy. Experimental results reveal that the discharge capacity, cycle life, discharge
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potential characteristics and electrochemical kinetics of the electrodes are all improved. The surface mod-
ification enhances the electrocatalytic activity of the alloy, reduces the contact resistance of the electrodes
and obstructs the formation of Mg(OH)2 on the alloy surface. An optimal content of graphite has been
obtained. The (Mg65Ni27La8) + 0.25 C electrode has the largest discharge capacity of 827 mA h g−1, which
is 1.47 times as large as that of the electrode without graphite, and the best electrochemical kinetics. Fur-

te con
on of
lectrochemical properties
i–MH batteries

ther increasing of graphi
for charge-transfer reacti

. Introduction

Mg-based hydrogen-storage alloys are considered as one of the
ost promising candidates for the 3rd generation negative mate-

ials of Ni–MH batteries, because of their high discharge capacity
nd rich natural resources [1]. However, the practical application of
g-based alloys is restrained by their poor hydriding–dehydriding

inetics at room temperature and their poor charge/discharge cycle
tability caused by the formation of Mg(OH)2 on the surface of
lloys in alkaline solution. In order to overcome such disadvantages,
any methods have been adopted. One of them is preparation

on-equilibrium structured alloys by ball milling [2,3] or rapid
olidification [4,5]. These alloys usually exhibit higher discharge
apacities at room temperature [6–9]. Another of them is the sur-
ace modification [10].

A few studies about influence of carbon on the characteris-
ics of Mg-based alloys have been reported. Iwakura et al. [11–13]
eported that both the discharge capacity and the charge/discharge
ycle life of MgNi electrode are improved by surface modification
ith 20 wt.% graphite. They proposed that the surface modifica-
ion leads to an increase of Ni/Mg ratio on the surface of alloy.
hey also found that there is an optimal time for the modifica-
ion by planetary milling, which is 10 min. In contrast, Ruggeri et
l. [14] found that surface modification of MgNi by ball milling

∗ Corresponding author. Tel.: +86 29 82663747; fax: +86 29 83207910.
E-mail addresses: dcwu@2008.sina.com (D.C. Wu), gyliang@mail.xjtu.edu.cn
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378-7753/$ – see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All ri
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tent will lead to the increase of contact resistance and activation energy
the electrode, resulting in the degradation of electrode performance.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

the mixture of alloy and graphite for 10 h has a major deleterious
effect on the discharge capacity, because carbon limits the charge-
transfer reaction at the surface of the alloy. In addition, Funaki et
al. [15] prepared MgNiCx up to x = 1.31 by mechanical alloying of
amorphous MgNi and graphite for 20 h, and found that that carbon
atoms dissolved into the sites that otherwise would be occupied by
hydrogen atoms. Guo et al. [16] studied the effect of surface mod-
ification of amorphous MgNi1+x (x = 0.05–0.3) by introduction of
various carbon sources in the system (graphite, CNTs and carbon
black), and found that graphite could increase the surface elec-
trocatalytic activity and the cycle life of the electrodes effectively.
According to the above results, graphite is a reasonable material for
surface modification, and the milling time for modification should
not be long. Otherwise, graphite could block the hydrogen inter-
stitial sites, resulting in the decreasing of the discharge capacity of
the electrodes. To the best of our knowledge, a systematic study of
the influence of different graphite contents for modification on the
electrode characteristics is needed.

The amorphous alloy prepared by melt-spinning has a better
cycling stability than that prepared by mechanical alloying [17].
Thus, on the present work, melt-spinning technique is employed to
prepare the amorphous Mg65Ni27La8 alloy. The rare earth element
La is added to enhance the glass forming ability of the alloy. The
aim of this paper is to investigate the electrode characteristics of

amorphous Mg65Ni27La8 by surface modification using graphite.
A systematic comparison on the effects of surface modification
using different contents of graphite is carried out. The effects of
surface modification are discussed on the basis of the morphol-
ogy, limiting current density, activation energy for charge-transfer

ghts reserved.
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particles during charge/discharge cycles, which generates fissures
on the surface of alloy. These fissures will speed up the corrosion of
the electrode. Fig. 3(a) shows the surface of Mg65Ni27La8 particle
of the (Mg65Ni27La8) + 0.15 C electrode after 10 cycles. Fissures are

Table 1
Electrochemical properties of the (Mg65Ni27La8) + xC (x = 0–0.4) alloy electrodes.

Samples Cmax (mA h g−1) Na
a C20/Cmax

b (%)

x = 0 558.0 4 72.8
252 D.C. Wu et al. / Journal of Pow

eaction and electrochemical impedance spectra of the elect-
odes.

. Experimental

Mg65Ni27La8 alloy ingots were prepared by melting a mixture
f La (99.8 wt.%) metal and Mg–Ni intermediate alloy (99.6 wt.%)
n a vacuum induction furnace under the protection of argon gas.
he detailed preparation procedures have been given elsewhere
5]. The amorphous ribbons were produced by a single roller melt-
pun technique (copper quenching disc with a diameter of 250 mm
nd surface velocity of about 39 m s−1) in an argon atmosphere
f 400 mbar. The as-quenched ribbons were then ball-milled into
owder using a SPEX 8000 Mixer Mill for 7 min, with a ball-to-
owder mass ratio of 30:1. The stainless steel jar was sealed with a
ubber O ring under argon atmosphere in a glove box before opera-
ion. Then, the Mg65Ni27La8 powder was mixed with Ni powder and
raphite powder (300 mesh) with a mass ratio of 1:4:x (x = 0, 0.15,
.25, 0.4) in a mortar. These mixtures were milled for another 3 min

n the same condition for the surface modifications of Mg65Ni27La8
owder. The Mg65Ni27La8 alloy could retain the amorphous struc-
ure after 10 min of milling [18], and the graphite only stayed at the
urface of the alloy [16]. The test negative electrodes were fabri-
ated by cold pressing the resultant powders into pieces of nickel
oam under a pressure of 20 MPa. The electrodes were represented
s (Mg65Ni27La8) + xC (x = 0, 0.15, 0.25, 0.4) base on the different
raphite content.

Electrochemical measurements were made at room tempera-
ure (27 ± 1 ◦C) in 6 M KOH solution containing 20 g L−1 LiOH using
three-electrode cell. The positive and reference electrode were
iOOH/Ni(OH)2 and Hg/HgO, respectively. Charge/discharge cycles
ere carried out with an Arbin BT2000 battery tester. The electrode
as charged at 100 mA g−1 for 10 h and discharged at 50 mA g−1,

nd the cut-off potential was set to −0.5 V (vs. Hg/HgO).
Scanning electron microscopy (SEM) observations of the mor-

hology of the powders were carried out using a Jeol JSM-7000F
icroscope equipped with energy dispersive X-ray detector (EDX).
After the electrodes were completely activated by cycling, the

node polarization, the linear polarization and the electrochemical
mpedance spectroscopy (EIS) studies were conducted at 50% depth
f discharge (DOD) using AMETEK VersaSTAT MC electrochemical
est system. The anode polarization and the EIS test were carried
ut at room temperature (27 ± 1 ◦C), and the linear polarization was
erformed in a temperature-controlled bath in the range of 0–40 ◦C.
he anode polarization and the linear polarization curves were
easured by scanning the electrode potential at a rate of 5 mV s−1

rom 0 to 600 mV (versus open circuit potential) and 0.1 mV s−1

rom −5 to 5 mV (versus open circuit potential), respectively. The
IS of the electrodes were obtained in the frequency range of 10 kHz
o 5 mHz with an AC amplitude of 5 mV under the open circuit con-
ition. The software of the test system was used to analyze the data
f EIS.

. Results and discussion

Fig. 1 shows discharge capacities as a function of cycle num-
er for the (Mg65Ni27La8) + xC (x = 0–0.4) negative electrodes. The
ischarge capacity is greatly improved by surface modification
sing graphite. The maximum discharge capacity of each electrode

ncreases first and then decreases with increasing graphite content.
he (Mg65Ni27La8) + 0.25 C negative electrode has the largest dis-

harge capacity of 827 mA h g−1, which is 1.47 times as large as that
f graphite-free electrode, as shown in Table 1. Obviously, there is
n optimal graphite content for the preparation of the amorphous
g65Ni27La8 electrode with high discharge capacity. Table 1 also

ives the cycle numbers needed to activate each electrode and the
Fig. 1. Discharge capacities as a function of cycle number for the (Mg65Ni27La8) + xC
(x = 0–0.4) negative electrodes. The charge and discharge current densities are
100 mA h g−1 and 50 mA h g−1, respectively.

capacity retention of each electrode after 20 cycles. The graphite
can slightly expedite the process of activation and improve the
capacity retention after 20 cycles, indicating the improvement of
charge/discharge cycle life.

Increase of the discharge capacity and better activation prop-
erty are believed to be caused by an increasing of active sites
for hydrogen absorption and desorption on the surface of amor-
phous Mg65Ni27La8 alloy, which might involving some chemical
state modification of Mg and Ni on the alloy surface [11]. Aymard
et al. [19] reported that a fracture of the graphite layers occurred
during milling, which generated small particles with free dangling
bonds. We think these graphite particles with free dangling bonds
will react with Mg and Ni atoms on the alloy surface, which causes
chemical state modification on the surface of alloy.

Fig. 2 is a SEM image of a Ni particle of the Mg65Ni27La8 electrode.
The Ni particle has a large surface area. Many Mg65Ni27La8 particles
are embeded in the Ni particle after milling, because there are many
protuberances on the surface of Ni particle. There are some imag-
inable gaps between Ni and Mg65Ni27La8 particles, so the electric
conductivity of the electrode will be lower. However, for the elec-
trodes containing graphite, these gaps will be partially filled with
graphite particles. Because graphite is conductive, the contact resis-
tance between them will be reduced. This is helpful to improve the
discharge capacity and activation property.

Usually, the decreasing of discharge capacity is attributed
to the formation of Mg(OH)2 on the surface of alloy during
the charge/discharge cycles in alkaline solution. The formation
of Mg(OH)2 leads to a loss of hydrogen-storage materials and
obstructs the diffusion of hydrogen atoms [20]. The initial acti-
vation of the electrodes could be ascribed to the cracking of alloy
x = 0.15 691.9 4 76.5
x = 0.25 827.1 3 80.4
x = 0.4 789.2 3 80.7

a The cycle numbers needed to activate the electrodes.
b The capacity retention of samples at the 20th cycle.
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Fig. 4. Discharge potential curves of the (Mg65Ni27La8) + xC (x = 0–0.4) electrodes at
the 10th cycle.
Fig. 2. SEM image of a Ni particle of the Mg65Ni27La8 electrode.

lso formed on the alloy surface, and most of the areas are covered
ith bacilliform Mg(OH)2. However, in some area (marked using

ed circle), little Mg(OH)2 is observed. These areas are covered
ith graphite, indicating the surface modification by graphite can

bstruct the formation of Mg(OH)2. Besides, it seems that at least
wo pieces of graphite are embed in a fissure (marked using arrow
n Fig. 3(a)). The results of EDX line scan (see Fig. 3(b)) confirms
hat they are graphite. The graphite on the alloy surface and in the
ssure is beneficial to slowdown the corrosion and to improve the
ycle life of the electrode. The results of EDX line scan also show
hat the concentration of carbon on the corroded area is less than
0%. It suggests that when the concentration of graphite is small,
ts effect on preventing the corrosion is weak.

The discharge potential characteristics are characterized by the
otential plateau of the discharge potential curve of the electrodes.
he longer and the more horizontal the potential plateau is, the bet-
er the potential characteristics of the electrodes are. Fig. 4 presents

ischarge potential curves of the (Mg65Ni27La8) + xC (x = 0–0.4)
lectrodes at the 10th cycle. The potential plateau becomes more
orizontal with increasing graphite content. The surface modifica-
ion also decreases the discharge potential and increases the length

ig. 3. SEM image of the surface of Mg65Ni27La8 particle ((Mg65Ni27La8) + 0.15 C elec-
rode) after 10 cycles (a), together with the EDX line scan of Mg K�, O K� and C K�
b).
Fig. 5. Anode polarization curves of the (Mg65Ni27La8) + xC (x = 0–0.4) electrodes at
50% depth of discharge at 27 ◦C.

of potential plateau compared to the graphite-free electrode, sug-
gesting the decrease of hydrogen overpotential or the increase of
the electrocatalytic activity.

Fig. 5 shows anode polarization curves of the (Mg65Ni27La8) + xC
(x = 0–0.4) electrodes. In all cases, the anodic current densities
increase to a limiting value and then decrease. The anodic peaks cor-
respond to the oxidation of hydrogen, because they are measured
at 50% DOD. The limiting current density IL is listed in Table 2. It

increases first from 2263.4 mA g−1 (x = 0) to 5692.3 mA g−1 (x = 0.25)
and then decreases to 3775.6 mA g−1 (x = 0.4), which implies the
electrochemical kinetics of the electrodes increases first and then
decreases with increasing graphite content.

Table 2
Limiting current density IL (27 ◦C) and activation energy Ea for the charge-transfer
reaction of the (Mg65Ni27La8) + xC (x = 0–0.4) alloy electrodes.

Samples Limiting current
density IL (mA g−1)

Activation energy
Ea (kJ mol−1)

x = 0 2263.4 38.3
x = 0.15 2867.4 35.9
x = 0.25 5692.3 33.7
x = 0.4 3775.6 34.7
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Fig. 7. Electrochemical impedance spectra of the (Mg65Ni27La8) + xC (x = 0–0.4) elec-
trodes at 50% depth of discharge at 27 ◦C.

ered with Mg(OH)2, it will be difficult for hydrogen atoms to go
thought the Mg(OH)2 layer and to react with OH− and H2O in
the electrolyte. If the alloy surface is covered with graphite, the
condition will be different. The diffusion of hydrogen atoms might

Table 3
Contact resistance Rcp and charge-transfer resistance Rct of the (Mg65Ni27La8) + xC
(x = 0–0.4) alloy electrodes at 27 ◦C.

Samples Contact resistance, Charge-transfer reaction
ig. 6. Arrhenius plots of exchange current density (i0) for the (Mg65Ni27La8) + xC
x = 0-0.4) electrodes.

Since cracks are formed on the alloy particles during
harge/discharge cycles, the electrochemical kinetics of the elec-
rodes should be carefully compared based on the activation energy
f charge-transfer reaction, which is independent of change in
urface area. The current–potential curves obtained by linear polar-
zation measurement are straight lines for all temperatures. The
xchange current densities (i0) for the electrodes are calculated
sing the following expression [21]:

0 = Id
RT

F�
(1)

here R, T, Id, F, � are the gas constant, the absolute tempera-
ure, the applied current density, the Faraday’s constant and the
otal overpotential, respectively. Id/� is the slope of these straight
ines. The exchange current density (i0) is temperature-dependent.
t follows the Arrhenius equation:

0(T) = A exp
(−Ea

RT

)
(2)

here A is a constant, Ea is the apparent activation energy for
harge-transfer reaction. Fig. 6 presents Arrhenius plots of the i0
alues for the (Mg65Ni27La8) + xC (x = 0–0.4) electrodes. The loga-
ithmic i0 values decrease linearly with an increase in the reciprocal
f temperature, and the activation energy for the charge-transfer
eaction evaluated from the slope of the plot are listed in Table 2. It
ecreases first from 38.3 kJ mol−1 (x = 0) to 33.7 kJ mol−1 (x = 0.25)
nd then increases to 34.7 kJ mol−1 (x = 0.4), indicating the kinet-
cs of electrochemical hydrogen reaction on the surface of alloy is
mproved. This can be attributed to the increase of electrocatalytic
ctivation by the surface modification.

Fig. 7 shows electrochemical impedance spectra of the
Mg65Ni27La8) + xC (x = 0–0.4) electrodes. Each spectrum consists of
wo semicircles in the high-frequency region followed by a straight
ine in the low-frequency region. According to literature [22], the
mall arc in the high-frequency region and the large arc in the
ow-frequency region were assigned to the contact resistance (Rcp)
etween the current collector (Ni foam) and the alloy particles, and
o the charge-transfer reaction resistance (Rct) on the alloy surface,
espectively. Using the equivalent circuit presented in literature
23], as shown in Fig. 8, we can calculate the values of four differ-

nt electrodes. The Rs, Zw and Q1(2) in Fig. 8 represent the solution
esistance, the Warburg impedance, and the imperfect capacitor,
espectively. The results are listed in Table 3. Both of the Rcp and
ct decrease first and then increase with increasing graphite con-
ent. In specific, the Rcp reduces from 925 m� to about 150 m�
Fig. 8. Equivalent circuit of the electrodes.

after the surface modification, confirming the result based on mor-
phology analysis. The (Mg65Ni27La8) + 0.25 C electrode shows the
lowest contact resistance and charge-transfer reaction resistance,
suggesting the best electrochemical kinetics.

According to the above results, the influence of graphite mod-
ification on the electrochemical characteristics of amorphous
Mg65Ni27La8 electrodes could be illuminated as follows. The sur-
face modification by graphite reduces contact resistance between
the current collector and the alloy particles, obstructs the formation
of Mg(OH)2 on the surface of alloy and increases electrocatalytic
activation of the electrodes. Thus, the electrochemical properties
of amorphous Mg65Ni27La8 electrodes are improved.

Among them, the increase of electrocatalytic activation seems to
be an important factor to improve the electrode properties. Iwakura
et al. [24] reported that graphite reacted with amorphous MgNi
alloy and probably donated electron density to the alloy surface
during high-energy ball milling. The electrons trapped on the alloy
surface modified the chemical states of Mg and a graphite–Mg inter-
action formed on the alloy surface. We think it can increase active
sites for hydrogen absorption and desorption and partially prevent
the formation of Mg(OH)2 on the alloy surface.

In the electrochemical process, if the alloy surface is cov-
Rcp (m�) resistance, Rct (�)

x = 0.15 925 3.095
x = 0 156 2.853
x = 0.25 115 1.728
x = 0.4 151 2.457
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appen both in the graphite layers and on the graphite surface. The
ydrogen-storage capability of graphite is rather low [25], due to

ts small interlayer distances. Watanabe et al. [26] also mentioned
hat hydrogen–graphite intercalation compounds (H–GICs) did not
orm during electrochemical process. Thus, it is also difficult to
iffuse hydrogen atoms in the graphite layers. However, Bonfanti
t al. [27] reported that hydrogen atoms physisorbed on graphite
re highly mobile on the surface even at very low temperature. The
iffusion coefficient on the graphite surface is orders of magnitude

arger than that on the metal surfaces or in the metals. Therefore,
he diffusion of hydrogen atoms on graphite surface is proposed
ast than that on or in Mg(OH)2 layer. The appearance of graphite
n the alloy surface instead of Mg(OH)2 and the increasing active
ites for hydrogen absorption and desorption are expected to be
he reason for the decrease of activation energy of charge-transfer
eaction or the increase of electrocatalytic activation of the alloy.

When x reaches 0.4, the performance of the (Mg65Ni27La8)
0.4 C electrode is worse than the (Mg65Ni27La8) + 0.25 C electrode

n almost every aspect. This is considered to be caused by two rea-
ons. Firstly, the gaps between Mg65Ni27La8 powder and Ni powder
re limited. When the graphite content beyond a certain value, the
raphite interlayer between them will becomes thick, and leads to
he increase of contact resistance (refer to Table 3), because the
lectrical conductivity of graphite is not as good as Ni powder. Sec-
ndly, further increase of graphite thickness will make the diffusion
f hydrogen atoms more difficult, leading to a decrease of electrode
roperties.

. Conclusion

The electrochemical characteristics of amorphous Mg65Ni27La8
lectrode are greatly improved by surface modification using
raphite. The surface modification could enhance the electrocat-
lytic activity of the alloy, because of the reduction of the activation
nergy for the charge-transfer reaction. It also reduces the con-
act resistance of the electrodes and obstructs the formation of

g(OH)2 on the alloy surface. Therefore, the discharge capacity,
ycle life, limiting current density, activation property and dis-
harge potential characteristics of the electrodes are improved.

n optimal content (x = 0.25) of graphite has been obtained. The

Mg65Ni27La8) + 0.25 C electrode has the largest discharge capac-
ty of 827 mA h g−1 and best electrochemical kinetics among the
tudied electrodes. Further increase of the graphite content will
xacerbate the performance of the electrode.

[
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