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ABSTRACT: Five types of niobium(V) oxides (Nb,Og) were Mitialstructural properties of Nb,0s
synthesized by hydrothermal and heat treatment processes, and .
their structural properties and catalytic activities for the hydrogen
absorption/desorption reactions of magnesium were characterized. .
The synthesized Nb oxides were dispersed on magnesium hydride s ‘\%?\E;
(MgH,), a typical hydrogen storage material, using the ball-milling : ,j
method. All the synthesized Nb oxides improved the reaction g
kinetics of the hydrogen desorption/absorption reactions. The ;
catalytic activities for the hydrogen desorption were comparable,

while the hydrogen absorption rates were significantly different for %
each synthesized Nb oxide. This difference can be explained by the .
structural stability of Nb,Os, which is related to the formation of a
catalytically active state by the reduction of Nb,O; during the ball-milling process. Notably, the highest catalytic effect was observed
for Nb,O; with a highly crystalline pyrochlore structure and a low specific surface area, suggesting that pyrochlore Nb,Oj is a
metastable phase. However, only the amorphous Nb oxide was out of order, even though there is a report on the high catalytic
activity of amorphous Nb oxide. This is attributed to the initial condensed state of amorphous Nb oxide, because particle size affects
the dispersion state on the MgH, surface, which is also important for obtaining high catalytic activity. Thus, it is concluded that
Nb,O; with lower stability of the crystal structure and smaller particle size shows better catalysis for both hydrogen desorption and
absorption reactions.
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B INTRODUCTION absorption and desorption processes, respectively, needs to
Niobium(V) oxide (Nb,O;) has been studied for its use in b? 1mPr9ved because tbe Mg surfface is not active for ,HZ
dissociation and recombination. It is well-known that active
sites on the surface are required to improve the heterogeneous
reaction between solid-state materials and hydrogen. Fur-
thermore, the d orbital electrons in transition-metal catalysts
play a major role in the dissociation of hydrogen molecules
into atoms. However, Mg itself does not have d electrons,
resulting in low H, dissociation ability. Thus, thermal
activation and high pressure are often required to conduct
the reactions of Mg without a catalyst. Therefore, transition
metals have been explored as catalysts for Mg.'”'' Mg mixed
with mesoporous Nb,Os can absorb approximately 4 wt % H,
within 3 h even at —10 °C under 0.2 MPa of H,, whereas Mg
without Nb requires 100 °C and 2.0 MPa of pressure to
achieve similar kinetics.'” It has been reported that Nb,Oj is

electrochromic and photoelectrochemical devices"” and
catalysis.”* Niobium oxides form different types of crystal
structures, such as monoclinic, orthorhombic, pseudohexago-
nal, and tetragonal. They also exhibit amorphous and
pyrochlore structures, which are metastable.”® The structure
of Nb oxide strongly depends on the precursors, synthesis
methods, and heat-treatment conditions.”” In addition, Nb
oxides exhibit different local structures such as distorted
octahedral (NbOg), pentagonal bipyramids (NbO;), and
hexagonal bipyramids (NbOs).” Thus, the synthesis process,
structure, and functional properties of Nb,Og have been widely
investigated to date.

In the field of hydrogen storage materials, Nb,O;s is an
excellent catalyst for hydrogen absorption/desorption reac-
tions of magnesium (Mg).” Magnesium hydride (MgH,) has

been studied as a hydrogen storage material because of its Received: July 12, 2021
abundance and high hydrogen storage capacity (7.6 wt %). Accepted:  August 24, 2021
The main disadvantage of MgH, is its slow reaction kinetics for Published: September 3, 2021

hydrogen desorption and absorption.” In particular, the
kinetics of the surface reaction, in which hydrogen molecules
(H,) are dissociated and recombined in the hydrogen
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reduced to NbO (Nb**) on reaction with MgH, during ball-
milling, and NbO is considered as the active state for the
catalysis of hydrogen absorption/desorption reactions of Mg."*
The chemical and physical properties of initial Nb,O; are
considered to affect the oxidation state of Nb after ball-milling.
We studied the dependence of the initial state of Nb,Oy on
hydrogen absorption/desorption of Mg. It was found that,
amorphous Nb,O;, which is metastable, can be easily
converted to an active state compared with crystalline
Nb,O;.'* In a recent work, when a Nb oxide was synthesized
by the hydrolysis of niobium(V) ethoxide, Nb(OC,Hy)s, the
—OH functional group remained in the synthesized Nb oxide.
The —OH group inhibits the formation of Nb—O-Nb
linkages, and the Nb oxide without heat treatment shows
catalytic effects comparable to those of Mg ball-milled with
mesoporous Nb,O; for 20 h for hydrogen absorption/
desorption of Mg even in a short-time dispersion process (2
h ball-milling)."> Thus, the crystal structure and the chemical
state strongly affect the active state of Nb. However, the
catalytic properties of Nb oxides with other structures have not
been investigated yet.

In this work, five types of Nb oxides were synthesized by
hydrothermal method and calcination, and the catalytic effects
of these oxides on the hydrogen absorption/desorption
kinetics of Mg were investigated. From the obtained results,
the correlation between the catalytic and structural properties
of Nb,Oj is discussed.

B RESULTS AND DISCUSSION

Five types of Nb,O; were synthesized by using different
precursors and methods, and these Nb,Og were denoted as
mono-NbO, amor-NbO, pyro-NbO, layered-NbO, and ortho-
NbO, respectively, as explained in the experimental section. As
shown in Figure 1, the prepared Nb oxides exhibit different
powder X-ray diffraction (XRD) patterns corresponding to
different crystal structures. The XRD pattern of mono-NbO
can be assigned to a mixture of orthorhombic and monoclinic
crystal structures. Although two phases are observed in mono-
NbO, the monoclinic structure is reportedly the most stable
phase.” Amor-NbO does not show any diffraction peaks,
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Figure 1. XRD patterns of the synthesized Nb,O;. The Nb oxides
with orthorhombic (PDF card no. 00-027-1003), monoclinic (PDF
card no. 00-037-1468), and tetragonal (PDF card no. 00-018-0911)
structures are shown as the references.

indicating its amorphous nature. Although the diffraction peaks
of pyro-NbO do not match any references shown in Figure 1,
the characteristic XRD pattern has been assigned to those
originated in the pyrochlore-type structure reported in
previous work.’ Layered-NbO is almost amorphous; however,
it has an ordered structure for c-axis like layered materials.’
Therefore, it is speculated that layered-NbO is more stable
than the fully amorphous amor-NbO. In addition, the XRD
pattern of ortho-NbO, which is synthesized from the same
precursor as that of layered-NbO at a higher temperature of
700 °C, shows peaks corresponding to the orthorhombic
structure. Therefore, the structural stability of the Nb,O;
samples is in the order: mono-NbO > ortho-NbO > layered-
NbO > amor-NbO. Pyrochlore Nb,Oj has high crystallinity,
but it has been reported that the intensities of the XRD peaks
decrease below 400 °C.° This behavior indicates that the
thermal stability of pyrochlore Nb,Oy is low. In fact, weight
loss due to water desorption was observed during heating up to
400 °C under Ar flow (see Supporting Information, Figure
S2). On the other hand, amor-NbO was stable at this
temperature because it was prepared by calcination at 400 °C
for 2 h, and the water desorption observed in the
thermogravimetry—differential thermal analysis (TG—DTA)
is very small. Therefore, amor-NbO is more stable than pyro-
NbO. Consequently, the thermodynamic stability of the
Nb,O; samples is ordered as mono-NbO > ortho-NbO >
layered-NbO > amor-NbO > pyro-NbO. Here, although the
main composition of synthesized samples would be expressed
by Nb,Os, some samples include small amount of H,O and/or
—OH groups. Transmission electron microscopy (TEM)
observation was carried out to understand the morphology
and crystallinity of initial Nb oxides, as shown in Figure 2.
Mono-NbO consists of spherical particles with size of
approximately 200 nm, as shown in Figure 2a, and interference
fringes are observed in the high-resolution TEM image, as
shown in Figure 2b. The electron diffraction pattern in the
inset of Figure 2b shows clear diffraction spots, which
evidences a highly crystalline state. Monoclinic Nb,Og is
formed by heating up to 1000 °C,” indicating that mono-NbO
has high crystallinity and large particle size. Amor-NbO, which
was prepared by calcination of Nb,O¢nH,O at 400 °C,
exhibits a porous structure, as shown in Figure 2c—d. The
surface area of amor-NbO estimated by N, adsorption
measurements was relatively higher than that of the other
prepared Nb oxides, as shown in Table 1. Although it is
difficult to estimate the particle size because of the unclear
interface, several tens of nanometer-sized particles appear to
have condensed together. The electron diffraction pattern
showed a halo, which is typical of amorphous materials; this
result is consistent with that of XRD. For pyro-NbO, pillar-like
crystallites are observed (Figure 2e), and the clear diffraction
spots and interference fringes, as shown in Figure 2f, indicate
its high crystallinity. When the precursor was changed from
Nb,O;-nH,0 to NH,[NbO(C,0,),(H,0),]-nH,0, the crystal
structure and the morphology changed even after being
prepared under the same hydrothermal conditions. Ribbon- or
fiber-shaped particles are observed in the TEM image of
layered-NbO, as shown in Figure 2g—h. Based on previous
reports, these garticles grow along the c-axis and form a layer-
like structure.” Thus, the peak corresponding to the (001)
plane was observed in the XRD pattern of layered-NbO.
However, the XRD and electron diffraction patterns are typical
of amorphous-like materials, indicating its low crystallinity.

https://doi.org/10.1021/acsomega.1c03687
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(a)

Figure 2. TEM images and electron diffraction patterns of synthesized
Nb,Os: mono- (ab), amor- (c,d), pyro- (ef), layered- (gh), and
ortho- (ij) NbO.

This indicates that the atomic arrangement in the a—b plane is
not in an ordered state. As shown in Figure 2i—j, ortho-NbO is
block-shaped, and its crystallinity is relatively high (indicated
by the clear electron diffraction spots). The ortho-NbO
particles formed a condensed state composed of several tens of
nanometer-sized crystallites, similar to amor-NbO. The above
results clarify that the five types of Nb oxides possess different
structural properties. The crystal structure, morphology, and
the results of N, adsorption measurements are summarized in
Table 1.

To understand the relationship between the initial structural
properties and catalysis of Nb,O; for hydrogen absorption/
desorption of Mg, TG—DTA—mass spectrometry (MS)
measurements of MgH, mixed with the synthesized Nb oxides
were carried out under 0.1 MPa of Ar and H, flows,
respectively. The MS and TG profiles of MgH, + 1 mol %
Nb,Os performed under Ar flow at 5 °C/min are shown in
Figure 3. All the samples desorb below 300 °C, which is lower

MgH, + 1 mol%
Mono-NbO

—— Amor-NbO
—— Pyro-NbO
Layered-NbO
~——— Ortho-NbO
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Figure 3. MS and TG curves of the MgH, + 1 mol % of each Nb,Os.
The measurements were carried out under Ar flow at a heating rate of
S °C/min.

than the temperature for MgH, without catalysts and is
comparable to the temperature reported in previous works.'®
The weight losses observed by TG analyses correspond to the
theoretical hydrogen capacity of MgH, + 1 mol % Nb,O,
suggesting complete decomposition of MgH,. The phase
change of MgH, to Mg was confirmed from XRD analyses
(Supporting Information, Figures $S3—S7). These results
suggest that all the synthesized Nb oxides show catalytic
effects for H, desorption of MgH,, even though the initial
crystal structure of the Nb oxide was different. Namely, the
activation energy of reaction on the Mg surface, which is
recombination of hydrogen atoms to form H,, is reduced as

Table 1. Structural and Morphological Information of Synthesized Nb,O4

name structure morphology SSA (m?/g)*  pore volume (cm®/g)”  pore diameter (nm)”
mono-NbO monoclinic tetragonal spherical crystallites (condensed state) 4 0.04 1.4
amor-NbO amorphous porous particles 118 0.23 3.5
pyro-NbO pyrochlore pillar crystallites 30 0.09 7.4
layered-NbO amorphous-like(layered) ribbon/fibers 205 0.57 1.4
ortho-NbO orthorhombic block crystallites 10 0.20 14

“Estimated by the Brunauer—Emmett—Teller method. “Estimated by the Barrett—Joyner—Halenda method.
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discussed in previous work.'””> However, it is difficult to
compare and discuss the detailed difference in the catalytic
properties of all the Nb,O5 samples. Although the synthesis
time of the Nb,Os-dispersed MgH, in this work is ten times
shorter than that reported in previous studies, the catalysis is
not clearly different. This suggests that the catalytically active
state is easily formed in all the synthesized Nb,Og samples. In
addition, thermal activation effects are also included in the
endothermic hydrogen desorption process. Thus, the hydrogen
desorption temperature was almost the same for all the
samples. Two peaks of H, desorption are observed in the MS
spectra of all the samples, indicating that the Nb oxides in the
samples are intermediates of the catalytically active states. A
long ball-milling time is required to form a homogeneous state
because ball-milling of two solid materials is a heterogeneous
process.'® In other words, it is considered that the shape of the
desorption peak of MgH, with Nb prepared under a short
milling time strongly depends on the initial state of the Nb
oxides. In fact, the peak profiles are different for each sample.
The peak temperatures are presented in Table 2. The

Table 2. Peak Temperatures of Hydrogen Desorption and
the Amount of Absorbed Hydrogen on the Prepared MgH,
with Each Nb,O;

peak temperature of H, amount of absorbed H,

name desorption (°C) (wt %)
mono-NbO 247, 283 (36) 1.7
amor-NbO 242, 273 (31) 22
pyro-NbO 242,253 (11) 37
layered-NbO 237,259 (22) 3.0
ortho-NbO 232, 262 (30) 2.7

difference in the peak temperatures is the smallest for pyro-
NbO and largest for mono-NbO. This indicates that a
relatively homogeneous active state is formed by the unstable
pyro-NbO. However, the peak difference for amorphous amor-
NbO is relatively large, although its structural stability is low
(discussed before). This may be attributed to the condensed
state of amor-NbO, which leads to low dispersion on the
MgH, surface during short-time milling. As a result, the
frequency factor of the catalytic surface reaction would be
relatively low compared with that of the high dispersion state.
It has been reported that amorphous Nb,Og with a small
particle size has higher catalytic activity than that with a large
particle size."!

Figure 4 shows the hydrogen absorption curve of MgH, after
the hydrogen desorption measurement. Mg without the
catalyst absorbs 1 wt % of H, at 60 °C and 2 MPa of H,
within 100 min.'” On the other hand, all the prepared samples
absorb more than 1 wt % of H, at 0.1 MPa of H,. The XRD
results showed formation of MgH, in all the samples (see
Supporting Information, Figures S3—S7). Therefore, all the
synthesized Nb oxides catalyzed the hydrogen absorption of
Mg. The hydrogen absorption measurements were carried out
at low temperatures, indicating that thermal activation is
negligible. Hence, the kinetics of hydrogen absorption is
affected only by the catalytic effects of the Nb oxides. The
amount of absorbed hydrogen is different in each sample
during the reaction for 30 min, as shown in Figure 4 and Table
2. It is worth noting that the amount of hydrogen absorbed
increased with decrease in the stability of the Nb oxides (even
with different crystal structures); only amor-NbO showed a

@40 °C under 0.1MPa H, flow 5
Mg + 1 mol%
—— Mono-NbO —
—— Amor-NbO 4 Q
Pyro-NbO r g
Layered-NbO 2
Ortho-NbO e
-3 ~
g
X
-2 Z
o3,
~
F1
o I
T T T T T 0
0 10 20 30

Time (min)

Figure 4. Hydrogen absorption curves of the Mg + 1 mol % of each
Nb,Og under 0.1 MPa of H, flow around 45 °C.

different trend with lower catalytic activity. This behavior can
be explained by the formation of the condensed state (large
particle size) as discussed before. Here, we tried to evaluate the
dispersion state of Nb oxides. However, it was difficult to
distinguish Nb species even by TEM. In fact, it is reported that
the catalytic active Nb s;)ecies is highly dispersed with nano-
size on the Mg surface.’

The reduction rate of Nb,Og during the ball-milling with
MgH, depends on the structural stability of Nb,Os. In other
words, the catalytically active Nb (Nb**) can be formed easily
for the unstable Nb,Os. On the other hand, only amor-NbO
was out of trend for the crystal stability, and the low dispersion
state due to condensation of Nb,O; observed by TEM would
be the reason for the lower catalysis. From the above
experimental results, it can be understood that the structural
stability as well as the particle size of initial Nb,Og are
important factors that affect the formation of catalytic active
states of Nb,Og for the hydrogen absorption/desorption
reactions of MgH,, whereas the specific surface area is not
significant for the catalysis. The pyrochlore-type Nb,O; with
low stability and crystalline/particle size revealed the best
catalytic performance for Mg.

B CONCLUSIONS

In this work, five types of Nb(V) oxides with different
structures were synthesized by hydrothermal treatment and
calcination. The prepared Nb(V) oxides were characterized by
XRD, TEM, and N, adsorption measurements. The catalytic
activities of the synthesized Nb,O; samples for hydrogen
absorption and desorption reactions of Mg were investigated.
The crystal structure depended on the precursor, treatment
method, and temperature. The XRD results showed that
mono-, amor-, pyro-, layered-, and ortho-NbO exhibit
monoclinic, amorphous, pyrochlore, amorphous-like layered,
and orthorhombic structures, respectively. Comparing the
structure with previous reports, the stability of Nb,Og was in
the following order: mono-NbO > ortho-NbO > layered-NbO
> amor-NbO > pyro-NbO. The shape, condensed state, and
crystallinity of Nb,Og were characterized using TEM. A
decrease in the peak temperature of hydrogen desorption from
MgH, was observed in the MS analyses of all the MgH,
catalyzed by Nb,O;. The temperatures are comparable with
those reported previously, and the peak temperature was
almost the same for all the prepared Nb,O; samples. Peak
splitting due to the low homogeneity of the catalytic active
states was observed. Among all the samples, pyro-NbO was
more homogeneously transformed into a catalytically active
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state. The synthesized Nb,Og shows obviously different
catalytic effects on hydrogen absorption by Mg. The reaction
kinetics of hydrogen absorption improved with decreasing
structural stability of Nb,Oj, excluding amor-NbO (which may
be attributed to its condensed state). From the above
experimental results, it is concluded that structural properties
such as stability and particle size of initial Nb,O; affect the
formation of the catalytically active state for hydrogen
absorption and desorption reactions by MgH,.

B EXPERIMENTS

Five types of Nb,Og with different structures and morpholo-
gies were prepared by calcination and hydrothermal methods
to understand the effects of the initial state of Nb,Og on the
hydrogen absorption and desorption of Mg. Nb,O; (reference
no. JRC-NBO2) and niobium oxide hydrate (Nb,O;-nH,0,
reference no. JRC-NBO1) were provided by Catalysis Society
of Japan. These Nb oxides were calcined at 400 °C for 2 h in
air. The Nb oxides of JRC-NBO2 and JRC-NBOI1 after
calcination are denoted as mono-NbO and amor-NbO,
respectively. Pyrochlore niobium oxide and layered-structure-
type niobium oxide were synthesized by the hydrothermal
method from niobic acid (Nb,O5-nH,0, Soekawa Chemical)
and ammonium niobium oxalate (NH,[NbO(C,0,),(H,0),]-
nH,0, CBMM), respectively. To synthesize pyrochlore
niobium oxide, hydrothermal treatment was carried out at
175 °C for 72 h. The sample was then calcined at 300 °C for 2
h in air. This sample is denoted as pyro-NbO. For the layered-
structure-type niobium oxide, the hydrothermal treatment was
carried out at the same temperature for 24 h. Then, the sample
was calcined at 400 and 700 °C, and the obtained Nb oxides
are denoted as layered-NbO and ortho-NbO, respectively. The
details of the hydrothermal synthesis are described in our
previous report.’ All the synthesized Nb oxides were heated at
200 °C for 8 h under dynamic vacuum to remove adsorbed
impurity gases and transferred into a glove box (Miwa MFG,
MDB-2BL) filled with high purity Ar (>99.9999%). To
investigate the catalytic effects of the Nb oxides on the
hydrogen absorption/desorption reactions of Mg, MgH, was
mixed with 1 mol % of each Nb oxide. The number of moles of
Nb oxide was calculated by assuming the formula to be Nb,Oj.
A total of 300 mg of each mixture was ball-milled using a
planetary ball-milling apparatus (Fritsch P7) for 2 h at 370 rpm
and 1 MPa H,. A milling pot (30 cm®) and 20 stainless steel
balls (SUJ-2, 7 mm in diameter) were used for the ball-milling.
The milling process was stopped for 30 min after 1 h of
operation to avoid temperature increase in the milling pot.
Here, the ball-milling method is chosen as the dry synthesis
process to understand the essential catalytic properties of the
Nb oxides without the variation of the Mg surface such as
formation of oxide layers. To investigate the hydrogen
desorption properties of MgH, ball-milled with the Nb oxides,
TG—DTA—-MS (TG—DTA; Rigaku TG8120, MS; Anelva, M-
QA200TS) was carried out under an Ar flow of 0.1 MPa up to
400 °C at a heating rate of 5§ °C/min. Here, the mass numbers
corresponding to gases such as H,O and CO, expected from
the sample synthesis processes are also measured to know
other gas emission. The TG—DTA apparatus was also used to
measure the hydrogen absorption properties after the
dehydrogenation of the MgH, samples. After cooling the
dehydrogenated sample, it was heated to 35 °C under Ar flow,
and then, the carrier gas was switched to 0.1 MPa H, at 35 °C.
The temperature was maintained for 30 min after the gas
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change to measure the hydrogen absorption curves. The
hydrogen absorption test was performed several times to
confirm the repeatability of the catalytic activity for each Nb
oxide. Here, although the temperature was slightly increased
during the hydrogen absorption measurement due to the
exothermic reaction (see Supporting Information, Figure S1),
its effect for the hydrogen absorption kinetics of Mg is
negligible because the difference is small and there is no
tendency with hydrogen absorption properties. The character-
izations of the synthesized Nb oxides and MgH, ball milled
with the Nb oxides were carried out using XRD (Rigaku,
RINT 2500V, Cu Ka: 1.54 A), TEM (JEOL, JEM-2010), and
N, adsorption measurements (BELSORP-max, BEL Japan).
The MgH, samples were covered with a polyimide film
(Kapton, Du Pont-Toray Co. Ltd.) during XRD measurements
to minimize the influence of oxidation.
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