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Electrochemical properties of nanocrystalline Mg2Ni-type
alloys prepared by mechanical alloying
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Abstract

The electrochemical hydrogen charge/discharge properties of nanocrystalline and nanocrystalline/amorphous Mg2Ni-based alloys with
different microstructure (e.g. different average nanocrystals size, different amount of the amorphous phase), prepared by mechanical alloying
and mechanical alloying with subsequent controlled annealing, were studied. It was found that larger amount of amorphous phase improved the
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apacity of the alloy. Alloys with similar nanograin size, but prepared in a different way showed different electrochemical charge/
ehaviour as well. The as-milled nanocrystalline alloy (7–10 nm), characterized by higher concentration of defects and some

raction, reveals slightly higher hydrogen capacity than the completely nanocrystalline material (7–10 nm), produced by milling and s
nnealing. The nanocrystal size reduction in fully crystalline alloys results in noticeable increase of the hydrogen capacity as wel
2005 Elsevier B.V. All rights reserved.
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. Introduction

Mg–Ni alloys are considered as the most promising mate-
ials for hydrogen storage and energy conversion due to their
igh hydrogen storage capacity, low cost and light weight.
heir slow hydriding/dehydriding kinetics at room tempera-

ure and rapid degradation in alkaline solution and therefore
elatively low discharge capacity limit their practical applica-
ion as anode materials (MH) in a rechargeable battery. Me-
hanical milling (MM) and mechanical alloying (MA) were
hown to be very effective ways to increase the hydrogen
ischarge capacity as well as to improve the characteristics
f a negative MH electrode[1,2], modifying the microstruc-

ure and the surface of the material. The improved properties
re mainly explained by the appropriate nano-/amorphous
icrostructure, which facilitates the hydrogen diffusion pro-

ess and the charge transfer reaction and leads to high elec-
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trochemical capacity[3]. Alloying (e.g. partial substitution o
Al, V, Zr and Ti for Mg) is another approach to improve
electrode characteristics of ball-milled Mg–Ni alloys[2–7].

Although a number of studies on the electrode cha
teristics of mechanically alloyed Mg2Ni-based alloys hav
been already reported[1–3,5–12], the results are very ofte
inconsistent and the influence of the microstructure on
electrochemical properties is not thoroughly investigate

In our recent works[13,14]preparation of nanocrystallin
and nano-/amorphous Mg2Ni-based alloys by MA and MA
with subsequent annealing was reported. Improved hy
gen sorption kinetics in nanocrystalline Mg1.9(Ti,Zr)0.1Ni
from hydrogen gas phase compared to nanocrystalline M2Ni
was observed. Therefore, the goal of the present work
to produce nanocrystalline and nanocrystalline/amorp
Mg1.9(Ti,Zr)0.1Ni alloys with a controlled grain size an
amount of amorphous phase (by mechanical alloying
mechanical alloying with subsequent controlled annea
and study the influence of the microstructure on their e
trochemical hydrogen charge/discharge properties.
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2. Experimental

Pure elemental powders of magnesium, nickel, titanium
and zirconium were used as starting materials. The ball
milling was performed with a planetary-type mill (Fritsch
P5) under pure argon gas atmosphere with a rotation speed
of 300 rpm, ball to powder mass ratio (B/P) of 15/1 under
hydrogen gas atmosphere of 5 atm. Stainless steel vials and
mill were used. The samples were handled in a glove box
under Ar. Small amount of the powder was taken from the
mill at certain periods of time for structural, morphological
and thermal analysis. Controlled annealing of the as-milled
alloys in a protective Ar gas atmosphere was carried out in
order to achieve certain nanostructure.

The powder morphology and the microstructure of the
alloys treated under different milling and annealing condi-
tions were analysed by X-ray diffraction (XRD) using a Cu
K� radiation and scanning electron microscopy (JEOL 5510
SEM). The X-ray diffraction data were analysed by a full pat-
tern fitting procedure (Rietveld method) using the program
MAUD [15] and the lattice parameters, the amount of the dif-
ferent phases, the crystallite size and the internal strain were
determined.

Some of the powders were treated in a 0.1 mol/l NH4F for
30 min at room temperature. The pH value of the fluorination
solution undergoes a big change from acid to alkaline during
t ed at
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Fig. 1. SEM micrographs of mechanically alloyed Mg1.9Ti0.05Zr0.05Ni.

(17–24 h) the powders reveal nanocrystalline/amorphous mi-
crostructure, consisting of mainly hexagonal Mg2Ni phase.
At these concentrations (3.at.%) the alloying elements (Ti,
Zr) form solid solutions, most probably substituting Mg in
the crystal lattice of the Mg2Ni phase[13]. Our recent TEM
study confirmed that the particles consist of nanocrystals and

Fig. 2. XRD patterns of Mg1.9Ti0.05Zr0.05Ni as a function of milling time.
he sample treatment. The fluorinated powders were dri
bout 50◦C in air.

The electrochemical measurements were realized
hree electrode cell. The working electrodes were mad
ixing the alloy powder and Ni powder (in a weight ra
:3) and 5% polyvinyl alcohol solution (PVA). Then the m

ure was pasted on a nickel foam sheet (about 1 cm2) and
fter drying was pressed at about 150 atm. NiOOH/Ni(O2
as used as counter electrode and Hg/HgO—as refe
lectrode. In the charge/discharge cycles each electrod
harged for 10–50 h at 1–10 mA/cm2 (or 10–100 mA/g alloy
nd discharged to -0.6 V versus Hg/HgO at different cur
ensities in a 6 M KOH water solution.

. Results

.1. Formation of nano-Mg2Ni-based alloys by BM and
y BM with subsequent annealing

SEM observations reveal that after continuous milling
owder particles are in the range of 1–10�m and relatively
omogeneous in size,Fig. 1. Some smaller particles, co
elded together, can be also seen. The energy disp
nalysis (EDX) analysis indicates that Mg and Ni, as
s the alloying elements (Ti, Zr) are uniformly distributed

he powder mixture.
Typical XRD patterns of Mg1.9Ti0.05Zr0.05Ni alloys pro-

uced by ball milling at different milling times are sho
n Fig. 2. It is seen that after sufficient time of millin
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Fig. 3. XRD patterns of ball-milled Mg1.9Ti0.05Zr0.05Ni after different heat
treatments: 10 min at 200◦C (a), 10 min at 350◦C (b), 1 h at 350◦C (c), and
1 h at 500◦C (d).

small amount of amorphous (disordered) phase around the
nanocrystals[14]. It was reported that the time to reach certain
amorphous fraction depends strongly on the milling intensity
as well as on the contamination of the milling atmosphere
[13,14]. Ball milling to amorphous material and subsequent
annealing (in the temperature range of 200–400◦C) leads to
nanocrystalline Mg2Ni-based alloys (10–20 nm),Fig. 3. Con-
tinuous milling of the elemental powders (>30 h) leads to the
formation of completely nanocrystalline alloy with grain size
of about 7–10 nm. Further milling does not change noticeably
the microstructure. Generally, varying the milling time and
temperature of annealing (after milling) different microstruc-
tures of the Mg2Ni-based alloys could be obtained in a con-
trolled way,Fig. 3.

The thermal stability of the nanocrystalline Mg2Ni mi-
crostructures produced by BM or BM with low tempera-
ture annealing was also studied. Annealing at 350◦C for 1 h
leads to a nanocrystals growth from 7–10 to about 15–20 nm,
Fig. 3 (curves b and c). Substantial grain growth was ob-
served at temperatures above 450◦C, which is far above the
usual temperatures of H-desorption for these materials,Fig. 3
(curve d).

3.2. Electrochemical properties (cycle life
measurements)
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Fig. 4. Voltammograms (CV curves) of nanocrystalline Mg1.9Ti0.05Zr0.05Ni
alloy at two different temperatures (scan rate 10 mV/s).

Electrochemical charge/discharge characteristics of Mg1.9
(Ti,Zr)0.1Ni alloys with different microstructure at constant
current density for the first charge/discharge cycle are
presented inFig. 5. The first discharge curves do not show
a clear plateau, which is an indication for an amorphous or
extremely fine nanocrystalline microstructure and for the
absence of a well-defined boundary between hydrided and
non-hydrided regions in the alloy. Generally, the discharge
capacities measured for the alloys studied were low and
increase with decreasing the discharge current. As it was
mentioned in the introduction the results on the electrochem-
ical characteristics (discharge capacity, cycle life stability) of
Mg2Ni-based alloys available in the literature substantially
differ from each other. Most of the studies[1–3] reveal low
discharge capacity and unsatisfactory cycle life stability,
although some higher hydrogen discharge capacities, about
300–500 mAh/g, are also shown[5,6]. The higher initial
capacity of the Mg-based alloys however decreases strongly
after the first 2–3 cycles[1,2,5,6]. The capacities in the
present study are close to those of the previous works on the
electrochemical behaviour of Mg2Ni-based alloys, obtained
after the first 1–2 charge/discharge cycles[1,2,5,6].

F s of
M line
( 3:
n

Cyclic voltammetry (CV) curves at two different temp
tures of the nanocrystalline Mg2Ni-based alloy (crystallit
ize of 7–10 nm, without amorphous phase) at scanning
f 10 mV/s are shown inFig. 4. Both anodic oxidation an
athodic reduction peaks can be seen, as the current d
f the anodic oxidation peak slightly increases with the t
erature, indicating an improvement of the electrochem
ydrogen desorption kinetics. This result also shows tha
olid-state hydrogen diffusion process has an influence o
verall electrochemical hydrogen sorption capability of
aterial studied.
ig. 5. Initial charge/discharge curves at galvanostatic condition
g1.9Ti0.05Zr0.05Ni alloys with different nanostructures: #1: nanocrystal

7–10 nm) + amorphous fraction (∼10%), #2: nanocrystalline (7–10 nm), #
anocrystalline (∼15 nm).
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Preliminary fluorination of the alloy powder with NH4F
(causing formation of MgF2 on the surface of the particles)
does not lead to essential change in the discharge capacity and
cycle life due to the low stability of the MgF2 in strong alka-
line water solutions (6 M KOH) and rapid Mg(OH)2 forma-
tion. An influence of the pressure of the electrode preparation
on the charging/discharging process was found, as generally
lower pressure improves the capacity. Systematic study of
the above dependence is however still necessary for the op-
timization of the electrode preparation technique.

4. Discussion

Although the discharge capacities were found to be
generally low (below 60–65 mAh/g) a marked difference
between the initial discharge behaviour of the different
microstructures is observed with a very good reproducibility.
The discharge curves presented inFig. 5 correspond to a
nanocrystalline Mg1.9(Ti,Zr)0.1Ni alloy in three different
microstructural states: sample no. 1 is nanocrystalline (7–
10 nm), obtained by BM and contains some amorphous frac-
tion (about 10%), sample no. 2 is completely nanocrystalline,
prepared by BM and subsequent low temperature annealing
to fully nanocrystalline state (grain size of about 7–10 nm)
and sample no. 3 is completely nanocrystalline, prepared
b
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Fig. 6. Cycle behaviour of Mg1.9Ti0.05Zr0.05Ni (a) and Discharge capacity
as a function of the cycle number (sample no. 1).

The electrochemical cycling behaviour of nanocrystalline
Mg1.9(Ti,Zr)0.1Ni alloy (<10 nm) produced just by ball
milling is shown inFig. 6. After initial fast degradation the
discharge capacity takes a constant value of about 30 mAh/g.
As it was already mentioned similar degradation of the dis-
charge capacity with cycle number of MA Mg-based amor-
phous alloys was observed in most of the previous works
[1,2,5,6].

Although, because of blocking the particles surface, due
to the formation of mainly Mg(OH)2, the entire volume of the
material could not be hydrided electrochemically, from the
shape of the discharge curves three different “plateaus” can
be distinguished (Figs. 5 and 6(a)), which can be associated
with the three different microstructural elements in the alloy
studied defined by Orimo and Fujii[16] and proved in our
previous studies[17,18]as: nanograins, interface between the
grains and amorphous phase. For the samples in completely
crystalline state only two plateaus were observed, due to the
lack of amorphous phase.

5. Conclusion

The influence of the microstructure of nanocrys-
talline Mg2Ni-based alloys (with different nanocrystal size,
y BM and subsequent annealing (350◦C) to obtain fully
anocrystalline state with larger grain size (∼ 15 nm) com
ared to sample no. 2. The alloy with the finest microstruc
no. 1) shows the highest discharge capacity and this wit
oarsest (no. 3)—the lowest. Comparing the discharge c
f the sample nos. 3 and 2 the influence of the nanograin
n the discharge capacity can be seen in a clear way, be
oth samples are produced by BM for the same milling
nd are later annealed to a different grain size. This resul
greement with previous studies[9,16], proving that refining

he grain size by BM improves the discharge capacit
g2Ni-based alloys. Our study, however, extends the v

ty of this finding to much finer microstructures (<10–15 n
ompared to the grain size of the works cited above, w
he microstructures studied are characterized with ave
rain size above 50 nm. Another interesting comparison
e made between sample nos. 1 and 2. XRD analysis re

hat both samples, produced by BM, have the same av
rain size of about 7–10 nm, but the sample no. 2 is
nnealed at low temperature (200◦C) just for reducing th

nternal strain and of the disordered phase in the grain bo
ries produced by BM, without noticeable grain growth
ccur. Although the difference in the discharge capacitie

he last two samples is not big, the as-milled alloy (contai
ome amorphous fraction and internal strain) shows a h
alue. Our previous hydrogen absorption/desorption s
13] also showed that the nano-/amorphous Mg1.9M0.1Ni
M = Ti, Zr, V) alloys produced by continuous millin
ossess improved H-sorption kinetics (in hydrogen
hase) compared to the coarser nanocrystalline Mg2Ni.
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different amount of amorphous phase) on their electrochem-
ical hydrogen capacity and cycle stability was investigated.
Larger amount of amorphous phase was found to improve
the capacity of the nanocrystalline/amorphous alloys studied.
The as-milled nanocrystalline alloy (7–10 nm), containing
some amorphous fraction and internal strain, shows a higher
discharge capacity compared to the completely nanocrys-
talline material (7–10 nm), prepared by ball-milling and sub-
sequent annealing. Reducing the nanocrystal size in fully
crystalline alloys results in noticeable increase of the hydro-
gen capacity as well.
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