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A new electrode material for nickel–metal hydride batteries:
MgNi–graphite composites prepared by ball-milling
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Abstract

MgNi–graphite composites prepared by ball-milling were found to show greatly enhanced charge–discharge characteristics with
respect to the original MgNi alloy. There was an optimal ball-milling time for the preparation of the MgNi graphite composite with
enhanced electrode performance, when the modification with graphite was limited to the surface layer of MgNi alloy. Raman and XPS
investigations on the composites indicated a decline in the p-electron character of graphite and changes in the chemical states of the
constituents on alloy surface, suggesting the possibility of charge transfer between graphite and MgNi alloy during ball-milling, which
resulted in an increase in the surface Ni /Mg ratio.  1999 Elsevier Science S.A. All rights reserved.
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1. Introduction elucidate the relation between their structural characteris-
tics and hydrogen-absorbing properties.

Mg and Mg-based alloys have attracted increasing
interest due to their extremely high capacity for hydrogen
storage [1]. In general, however, they can only reversibly 2. Experimental
absorb and desorb hydrogen at high temperatures, say
2508C for Mg Ni, and at a higher temperature for metallic MgNi alloy was prepared by ball-milling a mixture of2

Mg at the atmospheric pressure [2]. metallic Mg and Ni powders using a high energy ball-mill.
Recently, Lei et al. [3] reported that amorphous MgNi To prepare the MgNi–graphite composite, MgNi alloy was

alloy prepared by ball-milling of metallic Mg and Ni could first mixed with graphite powder of known weight in a
charge and discharge hydrogen at room temperature. More mortar, then the mixture was ball-milled for a certain
recently, we found that a composite prepared by ball- period of time. The detailed preparation procedures have
milling of amorphous MgNi alloy with graphite exhibited been given elsewhere [4,5]. The prepared composites were
much enhanced hydrogen-absorbing properties, for both kept in an Ar atmosphere with residual air pressure less

22the discharge capacity and the cycle life [4]. Kinetics than 10 torr, for the spectroscopic measurements or
measurements showed that the rate of hydrogen absorption charge–discharge tests.
for MgNi–graphite was much rapid than that of MgNi The preparation of negative electrode and the procedures
alloy [5]. It is of great interest and significance to evaluate for the charge discharge tests were also described else-
the factors for such enhancement in the hydrogen-absorb- where [5]. Raman spectra were recorded with a Renishaw
ing properties of MgNi–graphite composites. Ramascope (system 2000) Raman spectrometer equipped

In this study, we have carried out Raman and XPS with a HeNe laser (NEC). The wavelength of laser light
together with electrochemical investigations on MgNi– was tuned to 632.8 nm, and the incident laser power at the
graphite composites prepared by ball-milling, in order to samples was 30 mW. XPS spectra were measured with a

PHI ESCA 5700 CI spectrometer using Mg Ka (1253.6
eV). The C1s peak of graphite or in some cases, the Ni2p
of metallic Ni were used to calibrate peak positions. The*Corresponding author. Fax: 181-722-4-9283.
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method. The relative intensities of Ni2p and Mg2s peaks
were used to estimate the ratio of Ni /Mg.

3. Results and discussion

The discharge capacities of the MgNi–graphite compo-
site as a function of cycle number at different ball-milling
time are shown in Fig. 1. Before ball-milling, the mixture
of MgNi alloy and graphite showed a discharge capacity of

21¯385 mA h g at the first cycle, very close to that of
21MgNi alloy, ¯370 mA h g . Upon ball-milling, the

discharge capacity increased with ball-milling time until a
21maximum of ¯510 mA h g was reached for the

composite prepared by ball-milling the mixture for 10 min.
Fig. 2. Raman spectra observed for MgNi–x wt.% graphite composites.When ball-milling the mixture for 20 min, the discharge
(a) x520, (b) x52.0.capacity decreased again. Obviously, there is an optimal

ball milling time, i.e. 10 min, for the preparation of the
MgNi–20 wt.% graphite with high hydrogen absorbing
performance. These results imply that ball milling is that the graphite structure still exist in the MgNi–graphite

composites. Besides the broadening and increase in in-crucial for MgNi–graphite composite to exhibit an en-
tensity, no obvious changes in peak position can behanced hydrogen absorbing property, which is not simply

21observed for the band at 1326 cm . The ratio of theequal to that of MgNi plus that of graphite. Also, the
21relative band intensity at 1326 and 1579 cm , R 5 I /enhancement is not due to the formation of crystalline 1326

I , correlated to the in-plane crystallite dimension L ofMgNi C after prolonged ball-milling. Some reactions 1579 a3 0.75
graphite [6]. For the composites with various graphitebetween alloy and graphite under ball-milling are most
content, this ratio did not vary substantially, indicating thatlikely to be the reasons. Furthermore, the possible contri-
the in-plane crystallite dimension L of graphite did notbution of graphite in the electric conductivity of the a

differ very much from sample to sample.composite electrode during cycling was not important here.
Another feature also seen from Fig. 2 is that a shoulderThe same contribution in electrical conductivity could be

21at ¯1602 cm develops for the MgNi–graphite compos-expected even for the MgNi–graphite mixture, which did
ites. While the content of graphite in MgNi–graphitenot show any enhancement in hydriding properties with
composites is high, the shoulder is not so well distin-respect to the initial MgNi alloy before ball-milling.

21guished due to the overlapping by 1579 cm band. WhileShown in Fig. 2 are the Raman spectra observed for
the amount of graphite decreased, the shoulder can beMgNi–graphite composites prepared by ball-milling with
easily distinguished, and both the E band at around 1579different content of graphite. A similar change in band 2g

21 21intensities with the ball-milled graphite can be observed. cm and the shoulder at 1602 cm show a tendency to
21The band at ¯1579 cm clearly remained even after shift to a higher wavenumber as the content of graphite

ball-milling, although with a decreased intensity, indicating decreases. In the ball-milling of graphite solely, neither
this shoulder nor the peak shift can be observed, even after
a prolonged milling time. Thus, it is likely that the above
change in Raman spectra originates from the interaction of
graphite with alloy during ball-milling.

For the same ball-milling time, lowering the content of
graphite in MgNi–graphite composite leads to changes in
graphite structure similarly to the change of the interior
bands of graphite intercalation compounds (GICs) during
the decrease of stage number, or an increase in intercalate
content. It is well known that GICs show a Raman band
different from that of graphite [7]. For the acceptor GICs,
the interior E band and the boundary E band shifted to2g 2g

the high wavenumber as the intercalation stage decreased
or, in other words, as the intercalate content increased [8].
On the other hand, the donor GICs shows a reverse
tendency [9]. Such a tendency was due to the difference inFig. 1. The discharge capacity as a function of the cycle number for

MgNi–20 wt.% graphite mixture ball-milled for different periods of time. nature of the charge-transfer reaction between the interca-
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lates and the graphite layers which simultaneously in-
fluence the strength force correlated to the Raman modes.
This is true also for the disordered carbon [10] and carbon
nanotubes [11]. Thus, the interaction between graphite
with MgNi alloy during ball-milling is a kind of charge-
transfer in which graphite donates electrons to the alloy
surface.

Fig. 3 shows the C1s XPS spectra of MgNi–20 wt.%
graphite before and after ball-milling. Besides the minor
changes in the symmetry, no other obvious change for the
C1s peak at 284.6 eV can be observed. This result clearly
shows that no carbide is formed in the present composites.
Moreover, an obvious change is found in the binding

Fig. 4. The Mg2s XPS spectra observed for MgNi–20 wt.% graphiteenergy region around 291.0 eV. The broad energy-loss
mixture before (a) and after (b) ball-milling.feature at this region, which is about 6.4 eV higher than the

C1s band, can be assigned to the interband transition
involving a p-state excited by photoemitted electrons [12].
After ball-milling, a significant decrease in the relative the latter to the Mg which has a larger electron density
intensity of this broad band was observed, clearly reveal- than the original MgO existing on the alloy surface. This
ing that change in the electron state of graphite has result indicated that the electron density around Mg had
occurred during ball-milling with MgNi alloy and the increased after ball-milling the MgNi alloy with graphite.
p-electron characteristic has significantly declined. Thus, As shown above, the enhanced electrode performance of
together with the above Raman results, the present XPS the MgNi composite can only be observed for the compos-
data suggest that graphite reacted with alloy under high- ites prepared after a relatively short ball-milling time, such
energy ball-milling, a decline in the p-electron character of as 10 min. Further ball-milling of the MgNi–graphite lead
graphite or the disordered graphite has occurred, which to the formation of a crystalline phase MgNi C , which3 0.75

indicated that graphite probably donated electron to the may be due to the dissolution of carbon fragments into the
alloy surface during ball-milling. alloy bulk. Thus, only the surface reaction of the MgNi

In order to further probe the reaction of MgNi alloy with alloy with the graphite is responsible for the improvement
graphite, the MgNi alloys in MgNi–graphite composites in electrode performance.
were further studied in detail with XPS measurements. Fig. A previous study on the surface of the MgNi alloy has
4 shows the Mg2s XPS spectra observed with MgNi–20 indicated that on the MgNi alloy surface, Mg exists as
wt.% graphite mixture before and after ball-milling. The MgO and Ni as the metallic state [14]. Therefore, the
Mg2s peaks at 90.0 eV before ball-milling, indicating that reaction of the MgNi alloy surface with graphite under
Mg exists as MgO on the MgNi alloy surface [13]. After ball-milling should be mainly the reaction of MgO–Ni on
ball-milling the peak shifted to a lower binding energy of the alloy surface with graphite. The electrons donated from
89.3 eV. The former can be attributed to the Mg oxide and graphite during ball-milling can therefore be considered to

be trapped by MgO–Ni on the alloy surface. The increase
in the electron density around Mg of MgO–Ni on the alloy
surface, as indicated by the band shift of Mg2s to lower
binding energy, can therefore be assigned to such an
electron-trapping on the alloy surface.

Fig. 5 shows the Ni2p and Ni2p peaks for the1 / 2 3 / 2

MgNi alloy and MgNi graphite composites. For MgNi
alloy, besides the Ni2p peak at 852.4 eV, no other3 / 2

obvious peaks can be observed; while for the MgNi–
graphite composites prepared by ball-milling, Ni2p3 / 2

peaks appear not only at 852.4 eV, but also at a higher
energy region. The Ni2p peak at ¯852.4 eV can be3 / 2

assigned to the metallic Ni, while those at the high energy
region are related the Ni oxides [15]. Thus, the above XPS
data indicated that in MgNi–graphite composites, besides
metallic Ni, nickel oxide also exist in part. It can also be

21clearly seen that the peak due to Ni increased markedly
in intensity with the increase in the amount of graphite inFig. 3. The C1s spectra observed for the MgNi–20 wt.% graphite mixture

before (dotted line) and after (solid line) ball-milling. the composites. Since the exposure histories of the samples
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containing 20 wt.% of graphite, the Ni /Mg increased to
about 0.24. The low content of Ni on the MgNi alloy
surface is due to the easy oxidative segregation of Mg onto
the alloy surface. The change in Ni /Mg ratio for MgNi–
graphite under ball-milling could be a direct reflection of
the modified interaction of graphite on MgNi alloy, i.e.
either the oxidation of Mg has been partially suppressed or
the oxidation of Ni has been promoted. More importantly,
the increased Ni /Mg ratio may contribute directly to the
enhanced kinetics in hydrogen absorption for MgNi–
graphite composite. A more significant amount of Ni can
be detected for the composite samples sputtered with an

1Ar beam which removed part of the graphite on the
surface.

Based on the XPS and Raman results obtained above,
the reaction of MgNi alloy with graphite under ball-milling
may be proposed as follows:

Fig. 5. The change of the Ni2p XPS spectra with graphite content for Before ball-milling:
MgNi–x wt.% graphite composites. (a) x50, (b) x51.0, (c) x520.

Mg–Ni 1 residual O → Mg–O . . . Ni (1)2

to air were all strictly controlled, this difference is consid-
Upon ball-milling:ered to be mainly caused by graphite.

According to the results obtained for the MgNi alloys, Mg–O . . . Ni 1 Graphite → Graphite . . . Mg . . . O–Ni
Mg exists on the surface as an oxide while the Ni exists in (2)
the metallic state. Even after being exposed to air for a

The driving force for this change may be the reaction ofperiod of time, the amount of metallic Ni does not change
the p-electron of graphite with the Mg . . . O groups on thesignificantly. These may suggest that Mg has the effect of
alloy surface under high energy ball-milling. It is knownpreventing metallic Ni from being oxidized. Pure metallic
that graphite can serve as a p-ligand [16]. The electronNi powder is, in contrast, usually oxidized to a significant
trapped on the alloy surface changed the chemical states ofextent under air exposure. These results indicate that by
both Mg and Ni. The graphite–Mg units on the surface ofball-milling MgNi alloy with graphite, the Ni in MgNi
the MgNi–graphite composite are expected to play a betteralloy becomes more isolated in the resultant composite
role than MgO in the hydrogen absorbing process, asthan that in the initial MgNi alloy, and is therefore easily
reported by Imamura et al. [17], that Mg–graphite couldoxidized into NiO.
absorb hydrogen more effectively than metallic Mg.The surface Ni /Mg ratio of MgNi–graphite composites

Also, such a process closely resembles a partial reduc-estimated from the XPS results was plotted against the
tion effect on Mg–O parts, and in the mean time, the Nigraphite content in Fig. 6. It can be seen that by adding
becomes more isolated and easily oxidized by residualgraphite, the composition of the surface layer of the MgNi
oxygen or the oxygen in air. Thus, the reaction scheme canalloy is modified significantly.
offer good evidence for the increase of the Ni /Mg ratio onFor MgNi alloy only, the Ni /Mg is only about 0.18 in
the surface of the MgNi–graphite composite, which maythe surface layer. While for the MgNi–graphite composite,
be an important factor for the enhanced hydriding prop-
erties of MgNi–graphite composite.

4. Conclusions

In summary, we have demonstrated that an optimal
ball-milling time exists for the preparation of MgNi–
graphite composite with high electrode performance. The
modification of graphite on the MgNi alloy in the MgNi–
graphite composite is mainly a surface one. Raman and
XPS investigations indicated the interaction of graphite
with MgNi alloy occurred at the Mg part in the alloy. Such
a reaction leads to the redistribution of electrons betweenFig. 6. The atomic ratio of Ni /Mg as a function of graphite content in

MgNi graphite composites. Mg and Ni, which make the Ni more isolated from the
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