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1. Introduction

Magnesium is one of the main elements which is used to create a
material for hydrogen reversible storage in a form of solid-state
hydrides.[1,2] The problem limiting the magnesium hydrides use
is their high stability: the enthalpy of the magnesium hydride
desorption is 75 kJ mol�1,[3,4] that is, relatively high temperatures
of 280–300 °C are required for its decomposition. There are
several basic strategies aiming to improve the adsorption–
desorption kinetics:[5] alloying magnesium with transition or
rare-earth metals,[6–8] adding catalysts to magnesium that
accelerate the decomposition of the hydrogen molecule,[9–11]

and, finally, reduction of the grain size (usage of the nanostruc-
tured state).[5,12–14] To achieve a synergistic effect, one should
combine several approaches simultaneously, for example, use
nanostructured magnesium with the addition of a nanosized cat-
alyst. One of the most effective catalysts is a niobium oxide;[15,16]

moreover, in a case of nanosized niobium oxide, its catalytic

effect increases significantly.[17] Therefore,
the hydrogen sorption–desorption pro-
cesses in materials formed by nanocrystal-
line magnesium and niobium oxide are
being investigated actively.[10,11,18]

Mainly, the research objects are powder
composites obtained by mechanical milling
in vacuum or argon to avoid the magne-
sium oxidation.[15,16,19,20] On the other
hand, multilayer structures with nanosized
layers are alternative structures to powder
composites.[21] The structures formed from
different materials are being studied within
this direction: metal–metal systems
(Mg/Ni,[22] Mg/Pd[23]) as well as metal–
oxide systems (Ti/TiO2

[24]). It should be
noted that the catalyst in multilayer systems
plays the same important role as it does in
the powder composites;[22,23,25] therefore,
the obvious interest is paid to multilayer
nanostructures formed by niobium oxide

and metallic magnesium. Such structures are obtained by
sequential deposition of metallic magnesium and niobium oxide,
which prevents the magnesium oxidation despite its high chem-
ical activity. It was shown[18] that oxidation of the magnesium
layers in Mg/Nb2O5 multilayer structure obtained by sequential
deposition of Nb2O5 and Mg was insignificant. The presented
results indicated that multilayer films exhibited good hydrogen
sorption/desorption kinetics and relatively low desorption tem-
perature.[18] However, the thickness of the magnesium layers
in the described structures is quite large (50–70 nm)[18] and such
thickness, from the point of view of the size effect manifestation,
is not optimal. Besides that in a case of relatively thick layers, the
nanopump effect that draws in and retains hydrogen atoms in a
multilayer nanostructure will not be realized.[21] We guess that
the multilayer nanostructures with magnesium layer thicknesses
not exceeding several nanometers are more preferable for hydro-
gen adsorption.

Such multilayer Mg/NbO nanostructures with magnesium
layers thickness of 1–5 nm were obtained in our previous
work.[26] Despite the partial oxidation of the magnesium layers,
the presence of the metallic magnesium phase was observed in
the obtained multilayers by X-ray diffraction (XRD) analysis. The
magnesium layers with small thickness were not continuous but
were discrete, that is, they consisted of nanosized magnesium
particles layered distributed in the niobium oxide. We believe
that such structure is optimal for hydrogen adsorption because
it contains both a hydride-forming metal (Mg) and a catalyst
(NbO) in a nanostructured state, as well as a layered distribution
of these phases. However, hydrogen sorption/desorption pro-
cesses require thermal activation, while multilayer nanostruc-
tures have relatively low thermal stability. The problem is that
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Thermal stability of the multilayer (Mg/NbOx)82 nanostructure and the effect of
heat treatment on its electrical properties and phase composition depending on
the bilayer thickness are studied. The studied (Mg/NbOx)82 samples contain 82
bilayers whose thickness varies in the range from 2.2 to 6.2 nm. The NbOx layer
thickness in the multilayers is the same (0.96 nm) in all samples, while the
magnesium layers thickness is varied. It is established that the magnesium layers
are either discrete (a set of nanosized particles) or continuous depending on their
thickness. A metallothermic reaction occurs in (Mg/NbOx)82 multilayer nano-
structures at a temperature of 430 °C: niobium oxide decomposes and the
released oxygen partly oxidizes the magnesium layers. That leads to the con-
ductive magnesium metal layers breaking and to the sharp increase of the
nanostructures’ resistance by more than two orders. Despite the metallothermic
reaction, the layering of the (Mg/NbOx)82 nanostructures as a whole and the
presence of unoxidized magnesium inclusions remain even after heating up to
450 °C.
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when the multilayer nanostructures are being heated, the inter-
facial interaction or magnesium oxidation begins. For example,
in multilayer Mg/Ni systems, the formation of the Mg2Ni com-
pound was observed already upon vacuum heating to 50 °C,
although the layered structure remained up to 200 °C, despite
the interfacial interaction.[27] When a similar multilayer is heated
in hydrogen environment, the Mg2NiH4 compound is observed
at 260 °C but after 3 h of annealing under the same conditions the
partial oxidation of magnesium occurs.[22] Heating the Mg/Pd
multilayer structure in hydrogen up to 200 °C initiates interfacial
interaction and formation of the MgxPdy compound.[23] The addi-
tion of titanium barrier layers separatingMg and Pd was the solu-
tion of the problem and also led to increase in the absorption
capacities of the multilayers.[23] The Mg/SiC multilayer structure
showed stability up to 200 °C (in vacuum); however, in the range
of 350–400 °C, the interfacial interaction began and formation of
the magnesium silicide has occurred.[28] In a case of multilayer
Mg/Nb2O5 structures, heating up to 200 °C, carried out during
the magnesium hydrogenation, led to its partial oxidation despite
the hydrogen environment.[18] Thus, it is obvious that heating of
a multilayer structure containing magnesium leads to a chemical
interaction between neighbor layers. In the above examples, the
thickness of magnesium layers in the multilayer systems varied
from 24[27] to 730 nm.[22] In our opinion, an important question
is whether the metallic magnesium phase will be retained when a
multilayer structure is heated if the thickness of the layers is only
several nanometers. Therefore, the aim of the present work was
the investigation of the thermal annealing effect on the multi-
layer Mg/NbO nanostructure with extremely thin Mg layers
(several nanometers). Besides that, influence of the magnesium
layers thickness on the phase transformations in the multilayers
subjected to thermal annealing was studied. As far as we know,
such studies have not been carried out previously within the
same system (the same elemental composition, but different
layer thicknesses).

2. Results and Discussion

The multilayer nature of the obtained samples was confirmed
previously by small-angle X-ray reflectometry data and TEM
(Figure 1).[26] Based on the small-angle reflectometry data, it
has been estimated that the average value of one bilayer
(MgþNbOx) thickness in the samples rises from 2.2 to
6.2 nm. The obtained values of the bilayer thickness are in a good
agreement with the direct TEM data (Figure 1). It has been also
discovered that despite the separate deposition of Mg and NbOx

layers, the magnesium phase was partly oxidized.[26] According
to the XRD, only the surface of the magnesium phase was oxi-
dized without penetration of the oxygen atoms into the depth. All
samples were obtained under the same conditions; therefore, the
thickness of the formed oxide layer is the same. In other words, at
the minimum bilayer thickness the Mg is probably oxidized
completely but increasing of the magnesium layers thickness
(when the bilayer thickness becomes more than 3.3 nm) leads
to appearance and increase of the unoxidized part of the Mg
phase.

One of the goals of this study was the obtaining a structure
where the magnesium phase would be in the form of nanoscale
areas. To achieve this aim, the screen with a V-shaped window
placed between the magnesium target and substrate holder was
used during preparation of the (Mg/NbOx)82 multilayers. The
V-shaped window usage allowed varying the magnesium layers
thickness and as a consequence changing their morphology. It
has been established previously that the magnesium layers in
the (Mg/NbOx)82 structures are not continuous and are formed
from discrete nanosized regions when the bilayer thickness is
less than 3.8 nm.[26] The continuous magnesium layers are
formed when the bilayer thickness exceeds 4.5 nm. Figure 2
presents the (Mg/NbOx)82 samples resistance versus the nomi-
nal thickness of one bilayer as well as the supposed morphology
of the multilayers with discreet and continuous Mg layers. In a

Figure 1. TEM images of the cross section of the (Mg/NbOx)82 multilayer sample with large magnesium layer thickness (estimated bilayer thickness is
6.1 nm). The left and right images were obtained for the same sample but have made with different magnification.
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case of discrete Mg layers, the structure resistance depends
exponentially on the geometric parameter (the layer thickness
in our case) as it takes place in the granular nanocomposites.[29]

On the other hand, when the Mg layers are continuous, the struc-
ture resistance is practically independent on the layer thickness.

Difference in the magnesium layers morphology affects the
processes occurring during the heating of the (Mg/NbOx)82 mul-
tilayer structures. The obtained dependencies can be divided into
two groups (Figure 3). The first one includes samples with a rel-
atively small bilayer thickness. The temperature dependence of
the resistance in these samples is similar to the temperature
dependence of metal–dielectric composites with nonpercolated
structure.[30] The composites’ resistance monotonically decreases
while they are being heated up to 300–350 °C, and then, with fur-
ther heating, begins to growth. The resistance decrease in the
composites is due to the nonmetallic nature of conductivity
(thermoactivated conductivity) and the subsequent increase of
the resistance is associated with the “recovery” of the dielectric

matrix structural defects (decrease of its concentration) through
which the hopping conduction occurs.[30] The same type of the
dependencies in composites and in the multilayer structures sug-
gests similar morphology of these objects, which is the discrete-
ness of the magnesium phases.

The resistance change during heating in the second group
samples (with large bilayer thickness) differs from the first group
samples (Figure 3a, samples with the bilayer thickness of 4.7 and
5.5 nm). The samples’ resistance changes slightly when they are
being heated up to 440 °C and then there is a sharp resistance
increase by 2–2.5 orders and after that, with further heating,
the resistance value again changes slightly. This dependence
indicates that a certain process begins in the samples at the tem-
perature of 440 °C. It proceeds in a narrow temperature range
and leads to a radical change of the electrical resistance. The oxi-
dation of the magnesium layers, which act as conductive chan-
nels, can be such a process because the oxidation would
obviously lead to a sharp increase of the samples’ resistance.
The resistance versus temperature curves of the (Mg/NbOx)82
multilayer samples with the bilayer thickness of 4.7 and
5.5 nm are shown in Figure 3b,c. These dependencies allow to
see the sign change of the temperature coefficient of resistance
(TCR) in the samples. In the initial (low resistance) state, the
samples have a positive TCR due to metallic conduction through
the continuous magnesium layers.

The sample’s TCR changes the sign from positive to negative
after heat to the temperature exceeding the temperature of the
sharp resistance increase. The negative TCR sign on the cooling
curves is characteristic for the nonmetallic conductivity type. It
should be noted that heating and resistance measurements were
carried out in a vacuum, so some kind of “internal” source of
oxygen is needed for additional oxidation of the magnesium
layers. To answer the question what is the source of the
additional oxygen, the XRD studies of samples vacuum annealed
at a temperature of 450 °C for 2min were carried out (Figure 4).
This short-term annealing was chosen to ensure that the struc-
tural state of the annealed samples corresponded to the resis-
tance values determined during the resistance measurements.

In the samples with minimum bilayer thickness (minimum
thickness of the magnesium layers), the annealing has almost
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Figure 2. Dependence of the electrical resistance of the (Mg/NbOx)82
multilayer nanostructure on the bilayer thickness. The insets show the
proposed morphology of the multilayer samples with discreet and
continuous magnesium layers.
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Figure 3. a) Temperature dependencies of (Mg/NbOx)82 multilayer resistance with different bilayer thicknesses. The bilayer thickness is given near the
curves in nm. The complete temperature dependence of the (Mg/NbOx)82 multilayer resistance with a bilayer thickness of b) 4.7 nm and c) 5.5 nm.
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no effect on the diffraction patterns: only peaks of magnesium
oxide are present both in the initial state and after the annealing
(Figure 4c). One should note that niobium oxide phase in the

obtained multilayers is amorphous, so no diffraction peaks are
observed from it. Amorphization of niobium oxide occurs
naturally when this material is deposited onto uncooled
substrates.[31–33] Significantly different behavior is observed in
the composites with thicker magnesium layer where the resis-
tance jumps up (Figure 4a,b). First, a peak corresponding to
the reflection from the pure crystalline niobium (2θ= 38°)
appears on the XRD from the annealed samples. Second, the
intensity of the peak of magnesium oxide (200) as well as its shift
toward the larger angles increases.

The combination of these facts allows to suggest that during
the thermal annealing of the multilayer nanostructures, niobium
oxide decomposes with the formation of phase inclusions of pure
metal (niobium) while the oxygen released at the decomposing
interacts with the magnesium phase, oxidizing it. The shift of the
(200) peak from magnesium oxide after annealing may indicate
that the oxide composition becomes more stoichiometric due to
additional oxidation by the evolving oxygen. In fact, a metallo-
thermic reaction occurs: the reduction of a metal from its com-
pound by another metal, which is chemically much more active
than the one being reduced.[34] Similar phase transformations
with metal reduction from oxide were observed in multilayer
metal–oxide structures. For example, the metallothermic reac-
tion occurs during vacuum annealing in of the Co3O4/Zr and
Co3O4/Al nanostructures.

[35–37] The formation of a multilayer
structure consisting of cobalt metal granules distributed by layers
in a zirconium dioxide or aluminum oxide matrix was a result of
the reaction.

One should note that the phase composition of the annealed
multilayer structure depends on the bilayer thickness (i.e., thick-
ness of the magnesium layer). The magnesium layers are oxi-
dized almost completely when they have small thickness (the
peak of pure magnesium is absent, Figure 4c, or is insignificant
in intensity, Figure 4b). The increase of the magnesium layer
thickness leads to the fact that the oxygen released during the
niobium oxide decomposition is not enough to oxidize the entire
thickness of the layer. The large peak corresponding to pure mag-
nesium remains on the XRD curves, although its intensity

Figure 4. XRD of the (Mg/NbOx)82 multilayers in the initial state and after
vacuum annealing at 450 °C for 2 min for different bilayer thicknesses:
a) 5.5 nm, b) 3.3 nm, and c) 2.5 nm. The inset shows the proposed
morphology of the multilayer sample with continuous Mg layers after
annealing (rupture of magnesium layers due to oxidation and formation
of the metallic niobium phase).

Figure 5. TEM image of the cross section of the (Mg/NbOx)82 multilayer sample with large magnesium layer thickness (estimated bilayer thickness is
6.1 nm) after annealing at 450 °C and its electron diffraction pattern.
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becomes smaller than the MgO peak (Figure 4a). Annealing also
leads to the disappearance of the initial splitting of the magne-
sium (002) peak and a single, symmetrical maximum is present
on the diffraction patterns. The formation of a pure niobium
phase as a result of annealing is also confirmed by the TEM data
(Figure 5).

Despite the presence of niobium metal and magnesiummetal
phases in the annealed multilayer structure (Figure 4a), its
electrical resistance is two orders of magnitude higher than in
the initial state (Figure 3). It is quite understandable. The sharp
resistance rise is due to the fact that these metal phases are not
continuous after annealing. The continuous magnesium layers
are broken by the oxidation while pure niobium forms discrete
particles as it usually happens at a metallothermic reaction.[35–37]

Destruction of the continuous layers is clearly visible on the
micrograph of the (Mg/NbOx)82 multilayer structure annealed
at 450 °C (Figure 5). The annealing at least leads to rupture of
continuous layers, although the layered arrangement of the
phase inclusions is retained.

3. Conclusion

Sequential deposition of Nb2O5 and Mg thin (few nanometers)
layers makes it possible to form multilayer nanostructures with
the nanosized magnesium layers. The morphology of the
magnesium layers depends on their thickness: the thin layers
are discrete (nanosized Mg particles are distributed in niobium
oxide) while more thick layers are continuous.

A metallothermic reaction occurs in the multilayer
(Mg/NbOx)82 nanostructures during heat treatment. As a result
of the reaction, niobium oxide is destroyed, nanosized inclusions
of pure niobium are formed, and magnesium layers are addition-
ally oxidized. The additional Mg oxidation leads to breaking of
the conductive magnesium layers and, as a consequence, to a
sharp increase of electrical resistance of the whole (Mg/NbOx)82
multilayer structure by 2–2.5 orders of magnitude. The rupture
of the magnesium layers occurs in the temperature range of
420–440 °C.

Despite the magnesium layer oxidation occurring during a
heat treatment, the nanosized metal magnesium regions remain
in the volume of the nanostructure if the bilayer thickness is
larger than 5.5 nm (the thickness of the single magnesium layer
is larger than 4.5 nm). Perhaps it is due to the fact that initially
the thicknesses of the metal and oxide layers differ greatly in the
studied structures. Thickness of the magnesium layers is several
times greater than the thickness of the niobium oxide layers.
Therefore, there is not enough oxygen for complete oxidation
of the magnesium phase after decomposition of the thin
niobium oxide layers. Thus, despite the high chemical activity,
nanosized magnesium inclusions can remain unoxidized in
(Mg/NbOx)82 nanostructures at least up to a temperature of
450 °C. This makes it possible to use such structures as a material
for hydrogen adsorption.

4. Experimental Section

The objects of the investigation were samples of a multilayer Mg/NbOx

nanostructure, differing from each other by the magnesium layer

thickness. The thickness of all Mg layers was the same in certain sample
but it was varying from sample to sample. All the (Mg/NbOx)82 multilayer
samples were obtained in a single deposition process under the same con-
ditions. The deposition was carried out on substrates which were being
moved around two targets (metal and oxide one); thus, the successive
deposition of metal and oxide layers has been fulfilled. During the total
deposition time, the substrates have made 82 revolutions around the
targets; therefore, the obtained multilayer structure consists of 82
bilayers (MgþNbOx). The atomic beam from the sputtering oxide target
was directly transferred to the surface of the substrate/multilayer struc-
ture, while a screen with a V-shaped window was mounted between the
magnesium target and the substrates. This window limited the intensity
of the magnesium atom beam condensing onto the surface of the
forming structure. Depending on the substrate position relative to the
V-shaped window (opposite the wide or narrow part of it), the total num-
ber of magnesium atoms condensing onto the substrate was different.
Due to the use of such V-shaped window, the deposited multilayer
samples differ from each other in the thickness of magnesium layers,
while the thickness of niobium oxide layers is constant. The thickness
of the niobium oxide layers, estimated on the basis of small-angle
X-ray reflection results,[26] is 0.96 nm.

The oxide target was fabricated by ceramic technology from Nb2O5

powder with a purity of 99.99%; the magnesium target was made from
a cast ingot with a purity of 99.96%. The targets were sputtered by ion-
beam sputtering in an argon atmosphere. Previously, the vacuum chamber
was evacuated to a pressure of 4� 10�6 Torr, and then 99.998% purity
argon was let into the chamber. The working pressure of the gas was
7� 10�4 Torr. Each target was sputtered by two serial connected ion sour-
ces: the magnesium was sputtered by 80mA ion current and an acceler-
ating voltage of 1.8 kV; the oxide target was sputtered by an ion current of
70mA at a voltage of 2.4 kV. Directly before the deposition process, first
the targets and then the substrates were cleaned by ion-beam treated,
which was carried out at argon operating pressure of 7� 10�4 Torr.
The duration of each target and substrates cleaning was 15min
(45min in total). The size of the target sputtering surface was
280� 60mm, one sample size was 10� 3mm, and the distance between
the target and the substrates in the deposition sector was 100mm. Such
geometry ensured the uniform thickness of the layers. Sputtering of the
targets was carried out continuously while deposition onto substrates
was not continuous. The spatial sector within which each target was being
sputtered was limited by screens and was equal to 45°. The substrates
made a complete revolution around the targets in 263 s; therefore, the
deposition time of one layer (metal or oxide) was only 33 s while the
substrates were moving within this sector. After deposition of one layer,
the substrates kept moving without the material deposition for 98 s (they
moved toward the sector of another sputtering target). The next layer was
deposited for 33 s in the next sector. The total time of the samples
deposition process was 360min. The deposition was carried out on glass
and ceramic (sitall) substrates for structural and resistive investigations,
respectively.

The structure of the samples was studied by XRD analysis (D2 Phazer
diffractometer in Bragg–Brentano geometry; wavelength was 1.541 A) and
high-resolution transmission electron microscopy (TEM) (Hitachi
HT7700, accelerating voltage 100 kV). Samples were thinned by ion beam
technique (FIB, Hitachi FB2100). The electrical properties of multilayer
samples were studied by the two-probe potentiometric method. The
probes were placed on the upper surface of the multilayer structure
and the current was passed parallel to the layers. Annealing of the samples
and the measurement of the temperature dependence of the samples
resistance during heating were carried out in a vacuum chamber with a
residual pressure of 1� 10�4 Torr.
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