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Abstract
A ternary compound of magnesium diniobate (MgNb2O6) was prepared by solid–state reactions in order to understand the role of
transition metal oxides as a promoter/catalyst for hydrogen storage inMg/MgH2 systems.MgNb2O6 was prepared in almost pure
form in oxidizing conditions by annealing a stoichiometric mixture ofMgO and Nb2O5. The effect of calcination temperatures on
phase formation, reaction kinetics, and heat of reaction of the solid–state product was investigated by ex situ, in situ X-ray
diffraction (XRD), and differential scanning calorimetry (DSC). Hydrogen sorption properties of the compound were investi-
gated by mass spectrometer. The crystallographic parameters of binary and ternary Mg–Nb–O phases were extracted by Rietveld
method. During solid–state synthesis, the formation of MgNb2O6 provides single-step reaction between precursor materials
proved by in situ experiment and the heat of formation as well as driving force was calculated from calorimetric analysis.
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Introduction

Current increase in catalytic application of transition metal
oxides, especially, ternary Mg–Nb oxides for solid–state hy-
drogen storage systems, draws attention to the researchers
with a great extent. It was reported that milling MgH2 with
Nb2O5 influences the sorption kinetics of the system by the
formation of ternary Mg–Nb–O compounds during the hydro-
gen sorption cycles [1–5]. Friedrichs et al. [6] proposed a
reactive pathway model, explained by the successive reduc-
tion of Nb2O5 into metallic Nb, together with a simultaneous
formation of ternaryMg–Nb oxides of various stoichiometries
at the interfaces with the MgH2 phase, facilitating hydrogen
transport into the solid structure.

In addition, the columbite-like phase of MgNb2O6 has
attracted interest for many years [7–10] with current attention
tending to focus on its use in the synthesis of microwave
dielectric materials e.g., Ba(Mg1/3Nb2/3)O3 [11]. MgNb2O6

is well known as the key precursor for the preparation of
single phase perovskite Pb(Mg1/3Nb2/3)O3, successively in-
creasing its demand for multilayer ceramic capacitor, trans-
ducer, electrostrictor, and actuator applications [12–14]. It is
also a suitable reference material for investigating the defects
induced in LiNbO3 substrates for waveguide fabrication [15].

The state-of-the-art technology of the preparation of
semiconductor/semiconductor hetero-junctions with en-
hanced luminescence and conductive properties is still a chal-
lenge [16, 17]. The photoluminescence behavior of nanostruc-
tured materials not only depends on the structure but also is
controlled by surface chemical bonding and optical transitions
in the region of the surface/interface [18, 19]. MgNb2O6 is a
luminescent material. Figure 1 shows a schematic presentation
of the MgNb2O6 crystal (1 × 1 × 1) unit cells with clusters. A
unit cell for MgNb2O6 crystal with a columbite-type ortho-
rhombic structure has been illustrated in the figure with a
space group of (pbcn) and point–group symmetry (D2h). In
this unit cell, magnesium atoms (Mg) and niobium (Nb) atoms
are coordinated to six oxygen (O) atoms which form distorted
octahedral [MgO6]/[NbO6] clusters [20]. These octahedra are
formed by 6 vertices, 6 faces, and 12 edges. XRD is a valuable
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tool to identify the crystallographic parameters of
microstructures.

A number of chemical routes were explored for the synthe-
sis of ternary Mg–Nb–O compounds by using expensive pre-
cursors, high calcination temperature (1373–1573K) and long
calcination time (up to 48 h) by a conventional mixed oxide
synthetic route, though no details on phase formation were
provided [21–24]. Furthermore, Saha et al. [13] reported ef-
fective attempts to prepare solid–state-derived MgNb2O6
powder followed by re-grinding and re-calcination processes.
Pagola et al. [24] described a conventional solid–state reaction
method for the synthesis of ternary Mg–Nb oxides, based on a
simple annealing of commercially available precursor mate-
rials. The synthesis of MgNb2O6 phase, derived from the re-
action of binary oxides, usually results in varying amount of
the corundum-like Mg4Nb2O9 phase alongside the columbite-
like MgNb2O6 phase [25]. Crystallographic, microstructural,
and morphological studies of MgNb2O6 compound, formed
by solid–state reactions, were investigated by Sun et al. [26].
However, all dealings were qualitative point of view. On the
basis of current knowledge, only Dolci et al. [27] made an
attempt to quantify MgNb2O6 preparation by Rietveld meth-
od; nevertheless, the group obtained multiple Mg–Nb–O
binary/ternary phases instead of the unique phase. Therefore,
systematic investigation of MgNb2O6 compound with reac-
tion kinetics perspective and to elucidate a possible role of

the ternary compound regarding hydrogen uptake/release in
MgH2 system is to date lacking.

The aim of this work is to explore comprehensively a syn-
thetic route for the preparation of pure MgNb2O6 phase using
solid–state reactions between the starting MgO and Nb2O5

materials and crystallographic parameters of binary and terna-
ry Mg/Nb/O phases were evaluated.

Experimental

The starting materials used for the solid–state synthesis of
MgNb2O6 were commercially available magnesium oxide
(MgO) and niobium(V) oxide (Nb2O5) (Sigma-Aldrich, 99%
purity). It was prepared by annealing the accurate molar ratio
of MgO/Nb2O5 (1:1) powders in oxidizing environment. The
mixtures of the parent materials were heated at different tem-
peratures, e.g., room temperature (RT), 473, 673, 873, 1073,
1273, and 1473 K for 24 h with a heating rate of 5 K/min. The
structure of as-prepared materials has been analyzed by ex situ
XRD at RT with an X’Pert diffractometer (Panalytical) with
Cu Kα radiation.

In situ XRD was performed using a hot stage and environ-
mental chamber (Anton Paar XRK 900). XRD patterns were
collected in a 0.017° step for 6 min in isothermal condition
from RT to 1173 K at 20 K/min with suitable temperature step
programs. The experiment was done under vacuum using steel
sample holder for cumulative time 10 h, requiring each step
for 2 h. The thermal expansion of the steel sample holder has
been estimated with a sample of α-quartz and it brings to an
angle shift of about 0.1°. On the other hand, the observed peak
shift cannot account for the thermal expansion of the crystal-
line phases; which would bring to a limited variation of the
lattice constants. So, it is considered that during synthetic
experiments, the powder sample surface moves significantly
from the centre of the goniometer. A continuous rotary vacu-
um was introduced into the chamber and 20 diffraction pat-
terns were recorded for each temperature step as a function of
time and then averaged. Structural features were analyzed by
MAUD (material analysis using diffraction), a general
diffraction/reflectivity analysis program mainly based on
Rietveld method [28].

Differential scanning calorimetry (DSC) data were record-
ed from RT to 1473 K at a heating rate of 5 K/min by succes-
sive flow of He and Ar using a high temperature DSC
Setaram. The mixture of starting materials and the reference
(αAl2O3) of ~ 200 mg each were loaded in Pt crucibles. It is
possible to determine the heat of formation of the compound
on the basis of calorimetric signals.

Hydrogen storage properties were investigated by thermal
programmed desorption (TPD) coupled with a home-made
heating apparatus to a quadrupolar mass spectrometer (MS,
Pfeiffer Vacuum Prisma). Desorption data was recorded

Fig. 1 Schematic presentation of the unit cells of MgNb2O6 crystal. The
picture is drawn with a relatively close perspective
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during TPD measurements between 298 and 1073 K with a
heating rate of 10 K/min in ultra vacuum (10−6 bar) condition.
All samples were degassed at RTand then the thermal desorp-
tion runs were done. The cleaned sample was then contacted
with molecular hydrogen (PH2 = 150 mbar) for absorption at
673 K for 30 min followed by desorption in the previous
conditions.

Results and discussion

Ex situ experiment

In order to understand the gradual phase evolution with tem-
peratures during heating of the precursor materials towards the
target pure MgNb2O6, ex situ XRD patterns were recorded in
the range from RT to 1473 K with intervals of 200 K. All
diffraction patterns were recorded in the range from 10° to
90°; however, for the sake of simplicity, only the data from
20 to 50° are reported. The solid–state phase developed en
route for the pure ternary oxide is assigned by ICSD databases
and the quality of refinement (R ˂ 3%) is excellent. XRD
patterns are shown in Fig. 2 (a–g), and corresponding phase
evolution during the preparation obtained by Rietveld analysis
is reported in Table 1. Two forms of crystal structures were
observed for the precursor niobia (monoclinic, MC and ortho-
rhombic, OR); of them, MC Nb2O5 was abundant and more
stable because at higher temperatures (˃ 873 K), almost all OR
Nb2O5 was converted to MC (Table 1).

During the synthesis, the theoretical MgO and Nb2O5 were
required (1:1 M ratio); 13.17 and 86.83 wt% were very close
to our results obtained from Rietveld refinement inserted in

Table 1. The phase quantities of precursor materials were de-
creasing, whereas that of the desired MgNb2O6 phase (ICSD
01–088–0708, space group pbcn, a = 14.194 Å, b = 5.703 Å,
and c = 5.039 Å) [4, 24, 25] was increasing with a little dis-
crimination in the results; however, ± 2% error can be accept-
ed for Rietveld refinement.

Throughout the synthesis, no solid–state reactions between
the binary oxides (cubic MgO and MC Nb2O5) took place
from RT to less than 673 K during milling process (Fig. 2 (a,
b)) [25]. A small amount of MgNb2O6 phase was appeared
(~ 9 wt%) at calcination temperature of 673 K (Fig. 2 (c)). The
phase evolution was also reported in the literatures at 873–
923 K [22] and 773 K [25] at a heating rate of 10 K/min, still
higher than the present study. The effect of heating rates (5–
10 K/min) might be showed discrimination in the results.

Fig. 2 Ex situ XRD patterns recorded at room temperature during
MgNb2O6 preparation annealed for 24 h at various temperatures: (a)
298 K, (b) 473, (c) 673 K, (d) 873 K, (e) 1073 K, (f) 1273 K, and (g)
1473 K

Table 1 Abundance of MgNb2O6 during ex situ measurements
obtained by Rietveld refinement. MC = monoclinic, OR =
orthorhombic, O6 = MgNb2O6.

T/K Phase composition (wt% ± 2) R%

Nb2O5 Nb2O5 MgO O6

MC OR

298 80 7 13 0 2.45

473 81 7 12 0 2.38

673 78 6 7 9 2.40

873 67 5 4 24 1.80

1073 20 0 0 80 1.36

1273 10 0 0 90 1.48

1473 3 0 0 97 1.86

Fig. 3 In situ XRD patterns recorded during MgNb2O6 preparation in
isothermal condition at a heating rate of 20 K/min at various tempera-
tures: (a) 298 K, (b) 973 K, (c) 1023 K, (d) 1073 K, (e) 1123 K, and (f)
1173 K
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However, the phase development with increasing heating/
cooling rates ranging from 10 to 30 K/min did not vary sig-
nificantly [25]. Then, the quantity of magnesium diniobate
was grown up (~ 24 wt%) at 873 K (Fig. 2 (d)) according to
the following reaction (Reaction 1):

MgOþ Nb2O5→MgNb2O6 ð1Þ

As the temperature was increased to 1073 K, the intensity
of the columbite-like MgNb2O6 phase became predominant
(Fig. 2 (e)) and at 1273 K a nearly pure MgNb2O6 phase (~
90 wt%) excepting traces of unreacted Nb2O5 (Fig. 2 (f)) was
appeared. The formation of the ternary phase was almost com-
pleted (~ 97 wt%) at 1473 K (Fig. 2 (g)). Ananta [25] also
reported that there were no significant differences between the
powders calcined at temperature ranging from 1273 to 1473 K
as observed in the present study. Dolci et al. [27] synthesized
MgNb2O6 by solid–state reactions at 1273 K for 32 h, and the
crystallographic parameters were analyzed by Rietveld refine-
ment. The group obtained only 26.30 wt% MgNb2O6 along-
side 45.80 and 22.70 wt% Mg4Nb2O9 and Mg3Nb6O11
phases, respectively and the balance NbOx. In fact, the solid
product is always contaminated with unreacted NbyOxmay be
due to poor activity of Mg and Nb species [12, 29]. It is rather
interesting that no evidence of the corundum Mg4Nb2O9 [29,
30] was found in this study nor was there any indication of the
Mg5Nb4O15 [24] being present thanks to controlled reaction
conditions. As a result, MgNb2O6 preparation in almost pure
form at the calcination temperature and dwell time observed in
this work were also lower than those reported earlier [14, 30,
31]. It is well documented that powder prepared by conven-
tional mixed oxide method has spatial fluctuations in their
compositions. The extent of the fluctuation depends on the
characteristics of the precursors as well as the processing
schedules [12, 13, 30].

In situ experiment

For kinetic study, in situ XRD patterns of the ternary phase
(MgNb2O6) evolution as a function of time are shown in Fig. 3
(a–f) and the corresponding phase profusion obtained by
Rietveld refinement is inserted in Table 2. The first pattern
(Fig. 3 (a)) was recorded at RT to be considered as a reference
for the others. The temperature increased to 973 K and resided
for 2 h; no change in precursor materials was observed (Fig. 3
(b)) that proved the lower rate of reaction between precursors
as reported elsewhere [12, 29]. Then, successive four steps of
50 K intervals were carried out requiring each step for 2 h. A
trace amount of NbO (II) formed by reducing Nb (V) oxide at
1023K andMgNb2O6 just started to form at 1073K (Fig. 3 (c,
d)) according to the Reaction 1, and its abundance increased

with temperature as observed for the ex situ measurement
[25].

Nielsen et al. [32] investigated MgH2–Nb2O5 system by in
situ synchrotron XRD and showed that at elevated tempera-
tures, Nb (II) was reduced to metallic Nb (0) and extracted
from the ternary oxide (MgxNb1–xO) and formed in a reaction
with Mg. In the present work, Nb (0) was unidentified prob-
ably owing to highly reactive surface of transition metals
might be oxidized immediately with other oxides present in
the system. Then, the starting materials began to reduce and
the desired phase produced (~ 13wt%) along with someNbO2

at 1123 K (Fig. 3 (e)) [27]. About 20 wt%, MgNb2O6 phase
was grown up at 1173 K in dynamic isothermal heat treatment
(Fig. 3 (f)). Results give us valuable information about how
fast the precursor materials react to form the ternary Mg–Nb–
O compound.

There was some discrimination with this kind of approach
to the ex situ results. No pure phases were obtained in this
case, due to the facts related; first of all, the maximum possible
temperature reached with the apparatus employed (1173 K) is
lower than the temperatures applied in the ex situ preparation
(1473 K). Secondly, it is due to the lower reaction time with
respect to the ex situ experiments. Nevertheless, this set of
data is in good agreement with those obtained with the previ-
ous method and the following considerations can be counted:

During ex situ measurement, no appreciable reaction took
place between parent materials at relatively low temperatures
(˂ 673 K). In contrast, during in situ experiment, the reaction
temperature was directly increased up to 973 K, prior to this
measurement, an initial pattern recorded at RT. Another rele-
vant difference between ex situ and in situ experiments was
the formation in this second case of lower valences niobium
oxides (NbO (+ 2) and NbO2 (+ 4)). Considering that NbO
and MgO show a NaCl structure with a very similar lattice
parameter, therefore, the bond lengths between metal and ox-
ygen atoms in MgO, NbO, and NbO2 phases are comparable;
a reaction between the niobium oxide and the Mg/MgH2 with

Table 2 Abundance of MgNb2O6 during in situ measurements in
isothermal conditions from RT to 1173 K at a heating rate of 20 K/min
with suitable step programs, obtained by Rietveld refinement. MC =
monoclinic, OR = orthorhombic, O6 = MgNb2O6

T/K Phase composition (wt% ± 2) R%

Nb2O5 Nb2O5 NbO NbO2 MgO O6

MC OR

298 79 9 0 0 12 0 1.60

973 78 9 0 0 13 0 1.54

1023 77 8 2 0 13 0 1.44

1073 77 9 2 0 11 1 1.50

1123 73 0 0 5 9 13 1.37

1173 55 0 0 17 8 20 1.33
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a formation of a ternary oxide MgxNbyO was reported by
Friedrich et al. [33]. The presence of this kind of compounds
(NbO, NbO2) could be explained considering that the in situ
experiments were carried out in static vacuum condition
which favored the formation of lower niobium oxidation
states (Reaction 2) [27, 33].

Nb2O5→Nb2O5–x þ x=2O2 ð2Þ

The results obtained by ex situ and in situ show that about
24 wt%MgNb2O6 phase was formed at 873 K in the first case
(Table 1), whereas during in situ measurement, the same
amount of the phase was formed at higher temperature of
1173 K (Table 2), indicating that MgNb2O6 formation was

promoted by the oxidizing ambient and calcination conditions
[25, 27].

DSC experiment

MgNb2O6 preparation was studied by DSC in order to unam-
biguously assign the observed heat of reaction to the ternary
compound. Figure 4 (a) demonstrates the DSC measurement
of annealing the parent materials from 950 to 1400K (only the
significant portion shown). The curve was characterized by
two exothermic signals centered at about 1090 and 1180 K
that suggest that the overall process leading to the synthesis is
more complex rather the simple reaction (Reaction 1). Two
DSC signals regarding at least two step reactions could be
interpreted considering the following two aspects.

Firstly, the heating process involved in the DSC measure-
ment is very similar to the in situ experiment where the heat
treatment was done in the absence of oxygen. In situ results
also indicates that reaction involved in the MgNb2O6 prepa-
ration in the absence of oxygen is kinetically less favored and
the formation of intermediates as NbO and NbO2 [27] in the
range 1023–1173 K is observed. Reaction 1 was possibly
carried out in this step (wider peak). Secondly, the formation
of such intermediates could also be invoked during DSC mea-
surement to explain the lower peak in the DSC curve. Similar
results were also explained by Jin et al. [34] for NbF5-added
MgH2 system. In this specific case, however, they further
reacted at higher temperatures [32, 33] since they were not
present in the final product, examined by XRD analysis. The
solid product obtained after DSC was almost pure.

The heat of formation of MgNb2O6 by solid–state reaction
was estimated from the calorimetric curve (Fig. 4 (b)). The

Fig. 4 (a) DSC curve of
MgNb2O6 with respect to
temperature from RT to 1473 K
(only significant portion shown)
at a heating rate of 5 K/min and
(b) driving force (DF) estimated
(7.93 kJ/g atom) from heat of
formation (HF) of MgNb2O6 (−
278.04 kJ/g atom) calculated on
the basis of that of precursor ma-
terials MgO and Nb2O5 of molar
ratio 1:1

Fig. 5 TPD-MS spectra of MgNb2O6 after treatment with molecular H2

at 673 K. Red curve shows H2 desorption, and blue one corresponds to
water desorption peaks
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heat of formation of pure Nb2O5 and MgO is − 271.54 and −
300.80 kJ/g atom, respectively, obtained from available data-
bases [35] and that of MgNb2O6 has been calculated to be −
278.04 kJ/g atom. On the basis of this database, it is also
possible to obtain driving force for the formation of the ternary
compound and found to be ~ 7.93 kJ/g atom (Fig. 4 (b)) as of
the deviation of calculated value to that at 50 mol% (1:1 M
ratio) of the pure constituents shown in the figure. Not much
reported in the literature concerning driving force calculation
from the solid–state synthesis of Mg–Nb oxides. Rahman
et al. [5] estimated the thermodynamic and kinetic effects of
hydrogen sorption in MgH2, and the driving forces for hydro-
gen absorption and desorption in Mg were calculated. For a
prescribed temperature and pressure, a driving force of about
10 kJ/mol H2 was obtained. The phenomenon is a little bit far
from the present study; however, both used the graphical
method based on thermodynamic databases.

TPD-MS measurement

A tentative TPD-MS measurement of MgNb2O6 sample was
carried out in order to understand its behavior with respect to
H2 uptake/release (Fig. 5). During the experiment, clean mag-
nesium diniobate compoundwas interactedwith molecular H2

and the TPD plot showed H2 desorption peak (red color) cen-
tered at about 825 K of higher intensity in comparison to that
related to water desorption (blue color). The binary oxides
employed as starting materials (MgO and Nb2O5) contain
physisorbed water and surface hydroxyl groups which cannot
be removed completely by simple degassing at RT. This may
cause desorption of water during the synthesis which oxidizes
the highly reactive metallic niobium, producing molecular

hydrogen which remains trapped in the solid structure. The
reversible interaction of hydrogen with MgNb2O6 can be ten-
tatively explained in terms of an original structural feature
(columbite-type orthorhombic) of the solid (Fig. 1).
Nonetheless, to estimate the actual hydrogen storage capacity
of the ternary compound is rather complicated owing to hy-
droxyl groups (OH) present on the surface like precursor ma-
terials explained earlier. In addition, the amount of hydrogen
absorbed due to the Mg–Nb–O phase is lower than the max-
imum stoichiometric capacity of MgH2 (7.6 wt%) because of
the presence of a non-reactiveMgO layer on the surface of the
powders or at the grain boundaries.

In fact, the hydrogen desorption peak occurred at a temper-
ature higher than that adopted for H2 storage in the real MgH2/
Nb2O5 system [5, 27]. This may be due to low H2 pressure
adopted in our study (150 mbar) and to the fact that the mate-
rials obtained after synthesis are composed of sintered parti-
cles which are not nanocrystalline in nature, like those formed
under the mechanical action during ball-milling [36].

H2 storage mechanism

The role of ternary Mg–Nb oxides on H2 absorption and de-
sorption properties of MgH2 has been discussed on the basis
of kinetic model explained by the formation of reactive path-
ways of the ternary oxide with easier splitting of H2 that facil-
itate H2 transport into the solid structure. The schematic dia-
gram of H2 ab/desorption in MgH2 is shown in Fig. 6. The
kinetic model can be explained by three key steps: dissocia-
tion of molecular hydrogen into H atoms, diffusion of H into
Mg to from MgH2 during adsorption, and successive

Fig. 6 Schematic presentation of
a kinetic model showing H2

storage mechanism through the
MgO layer by crafting a pathway
of Mg–Nb–O additive during H2

sorption
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recombination of H–H on the surface of the ternary oxide
during desorption makes a trap for H2 sorption in the system.

In general, decomposition ofMgH2, simultaneously forma-
tion of Mg (MgH2 →Mg+H2), takes place via desorption
process and hydrogenation of Mg (Mg +H2→MgH2) occurs
by means of absorption process. A non-permeable MgO bar-
rier is always present in the samples due to minor oxidation
during nanostructuring. TernaryMg–Nb–O additive is the key
tool to overcome the H2 hindrance by easier penetration of H
inside. The diffusion of H2 through Mg shell is initially faster
and H atoms rapidly reach at the surface of the particles, and
gradually reaction kinetics reduces due to contaminated inter-
face [37, 38]. The MgNb2O6 additive forms bonds with H;
hydrogen diffuses inside and allows easier recombination of
H–H towards the molecular state.

Rahman M.W. [39] explained some possibilities of the
prominent effect of Mg–Nb–O additive on the H2 storage of
MgH2 as follows: (i) the additive segregates at the grain
boundaries during ball milling and thus increases both H dif-
fusion along the boundaries and H–H recombination on the
additive surface; (ii) pathways of Mg–Nb oxide might be
formed by incorporating into MgH2 structures during H2 in-
teraction, which would enhance the atomic hydrogen diffu-
sion from the surface to bulk MgH2; and (iii) dispersion of
additives might aid ball milling of MgH2 to obtain nanoparti-
cles that shorten the diffusion path.

Conclusion

In order to obtain a clear understanding of the role of transition
metal oxides as a promoter/catalyst during hydrogen
absorption/desorption cycles in MgH2, pure MgNb2O6 has
been synthesized by solid–state reactions. The as-prepared
materials were characterized by ex situ and in situ XRD and
DSC analyses and H2 sorption properties were examined by
TPD-MS measurement. The synthetic reaction of the ternary
compound showed single-step reaction with some intermedi-
ates of niobium oxides examined by in situ XRD and DSC
experiments. All XRD results were evaluated by Rietveld
analysis. The heat of formation and driving force of the com-
pound was calculated on the basis of available thermodynamic
databases. The synthetic approach of two other ternary solids
(Mg4Nb2O9 and Mg3Nb6O11) including the real system of
Mg/MgH2 is also under consideration for the same in the
upcoming issues.
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