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We report single-crystalline mesoporous molybdenum nitride
nanowires (meso-Mos;N,-NWs) prepared by topotactic reaction
using single-crystalline molybdenum oxide nanowires. The sin-
gle-crystalline nature of meso-Mo3;N,-NWs was clearly
observed by field-emission transmission electron microscopy.
The meso-Mo3;N,-NWs exhibited mesoporous structure with
~45 m?/g in specific surface area and ~4.6 nm in average
pore size confirmed by a nitrogen sorption measurement. Due
to high specific surface area and mesoporous structure, meso-
Mo3N,-NWs showed much higher specific capacitance and
excellent charging—discharging performance as compared with
Mo;N, prepared using conventional nitridation process.

I. Introduction

T RANSITION -metal oxides, carbides, sulfides, and nitrides
are extensively technological interest with a variety of
applications due to their particular electronic, magnetic, and
catalytic properties.'™ Among the transition-metal com-
pounds, transition-metal nitrides are regarded as promising
materials for optical storage devices, high-speed integrated
circuits, microscopic metal links, reforming catalyst, energy
storage devices, and electrical applications.”’ In particular, the
molybdenum nitrides constitute an important class of interstitial
compounds with exceptional chemical stability, enhanced physical
properties, and good electrical conductivity.®™"!

Recently, the molybdenum nitrides can be used in elec-
trodes for thin film capacitor due to electrical properties.'>!?
The thin film capacitors are new charge storage devices with
a higher energy density than conventional dielectric capaci-
tors and with a higher power density than batteries.'* On the
basis of electrode materials used and the charge storage
mechanisms in a thin film capacitor, the electrochemical
capacitors are classified as electrical double-layer (EDL)
capacitors which employ carbon or other similar materials as
blocking electrodes.'®> Typical electrodes except for carbon
materials in a thin film capacitor have been fabricated using
transition-metal complex materials.'® However, the transi-
tion-metal complex materials are lower capacitance per
weight in comparison with carbon materials due to very
dense physical structure. Thus, there have been several ways
to improve the capacitance of the transition-metal complex:
increasing specific surface areas of electrode materials, dop-
ing secondary materials, and mixing transition-metal complex
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with carbon material.'” Among them, the high specific sur-
face area of the transition-metal complex electrodes can be
important factor for the enhanced capacitance of the EDL
capacitors.

In particular, it is expected that a mesoporous nanostruc-
ture synthesized by chemical or physical route can be a can-
didate of high specific surface area electrodes for EDL
capacitor electrodes. The crucial advantages for mesoporous
structures are electrochemical active surface areas and con-
trolled pore sizes in the nanometer range. It has been
reported that a variety of mesoporous materials have been
typically synthesized using template such as zeolite, ordered
mesoporous silica or carbon, and metal organic framework.!’
However, conventional template methods are not simple to
manipulate mesoporous molybdenum nitride nanostructures
with high surface area and uniform pore size distribution.

Herein, we prepared single-crystalline mesoporous molyb-
denum nitride nanostructure materials prepared using single-
crystalline molybdenum oxide nanowires. The structural and
electrochemical properties of the materials were characterized
by field-emission transmission electron microscopy (FE-
TEM), fast Fourier transformation (FFT), X-ray diffraction
(XRD), and cyclic voltammograms (CVs). The surface area
and pore size of the as-synthesized sample were analyzed by
a nitrogen sorption measurement.

II. Experimental Procedure

(1) Synthesis of Mesoporous Molybdenum Nitride
Nanowires

To prepare single-crystalline mesoporous molybdenum
nitride nanowires, single-crystalline molybdenum oxide nano-
wires were prepared using a hydrothermal method. For sin-
gle-crystalline molybdenum oxide nanowires, ammonium
molybdate tetrahydrate (NHy4)¢Mo0,0,4 4H,O, 99%, Sigma
Aldrich, Steinheim, Germany was dissolved in 5 M HNO;
(70%, Sigma Aldrich) with constant stirring at 25°C for 1 h
and then kept at 160°C for 3 h. After the hydrothermal pro-
cess, the resulting precipitate was cooled to room tempera-
ture, washed several times with ethanol and distilled water,
and then filtered using a filtration. The molybdenum oxide
nanowire powder was obtained after drying in 50°C oven.
For single-crystalline mesoporous molybdenum nitride nano-
wires, the single-crystalline molybdenum oxide nanowire
powder was loaded into on quartz boat, which was inserted
into a vitreous quartz tube inside a cylindrical furnace,
heated at 700°C for 1 h, and then maintained at 700°C for
3h in the NH; flow of 100 mL/min. The samples were
cooled down to room temperature in flowing NHj, and pas-
sivated for 2 h in flowing 1% air to avoid drastic reoxidation
to MoO; when they were exposed to air. Also, molybdenum
trioxide (MoOs3, 99.5%, Sigma Aldrich) was used for nitride
formation to compare with the present work.
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Fig. 1. (a) TEM image, (b) HR-TEM image and FFT pattern, and (c) XRD pattern of MoO3;-NWs. (d) TEM image, (¢) HR-TEM image and

FFT pattern, and (f) XRD pattern of mesoporous Mo;N,.

(2) Structural Analysis

The as-prepared samples were characterized by field-emission
transmission electron microscopy (FE-TEM; Tecnai G2 F30,
FEI company, Hillsboro, OR). The TEM samples were pre-
pared by placing a drop of the nanoparticle suspension in
ethanol on a carbon-coated copper grid. Structural analysis
of the samples was carried out by an X-ray diffraction
(XRD) method using a Rigaku diffractometer equipped with
a CuKua radiation source of A = 0.15 418 nm with a Ni filter.
The tube current was 100 mA with a tube voltage of 40 kV.
The 20 between 20° and 80° was explored at a scan rate of
5°min~'. The surface area and porosity of the synthesized
samples were analyzed by a nitrogen sorption measurement
(ASAP 2020 Physisorption Analyzer; Micromeritics, Nor-
cross, GA).

(3) Electrochemical Analysis

Electrochemical properties of the electrodes were measured
in a three-electrode cell at 25°C using a potentiostat
(PGSTATI101, Metrohm Autolab B.V., Utrecht, Nether-
lands). A Pt wire and Hg/HgO (in saturated NaOH) were
used as counter and reference electrode, respectively. The
glassy carbon electrode as a working electrode was polished
with 1, 0.3, and 0.05 um Al,O; paste and then washed in de-
ionized water. The slurries for electrochemical analysis were
prepared by homogeneously mixing the nitride powders and
25 g/L of poly(vinylidene fluoride) in N-methylpyrrolidinone
solution. The electrodes were formed by dropping 0.7 pL of
the slurry on the glassy carbon electrode and then dried at
50°C oven. To compare electrochemical properties of the
electrodes, cyclic voltammetric curves were obtained in 1M
KOH solution at 25°C.

III. Result and Discussion

Figure 1(a) reveals that the diameters of as-synthesized
MoO; nanowires (MoO3;-NWs) range from 0.5 to 5 pum.
Nanowire lengths vary in the range of a few hundred nanom-
eters. Representative high-resolution TEM (HR-TEM) image
and corresponding FFT pattern of a MoO3-NW [Fig. 1(b)]
confirm the single-crystalline nature of the nanowire and also
demonstrate that the nanowire growth is along the [110]
direction. Powder XRD pattern of the reaction product com-

poses of randomly oriented MoO;-NWs [Fig. 1(c)]. The unit
cell parameters_for MoO3;-NWs are determined to be 3.96,
13.86, and 3.7 A, identical to those of the bulk orthorhombic
MoO; material (JCPDS #35-0609). In contrast, as shown in
TEM images [Figs. 1(d) and(e)], the as-prepared Mo3zN, sam-
ple shows mesoporous nanowires with a pore diameter of
~4.0 nm (meso-Mo3N,-NWs). The single-crystalline nature
of the meso-Mo3N,-NWs is clearly observed in a lattice-
resolved HR-TEM image and the corresponding FFT pattern
of the image, indicating a wire growth in the [200] direction.
The XRD pattern of the sample prepared using single-
crystalline MoO;-NWs consists of randomly oriented molyb-
denum nitrides (MosN,) [Fig. 1(f)]. The unit cell parameter
for MosN; is determined to be 4.165 A, in agreement with
that of the bulk cubic Mo;N, material with space group of
Pm-3m (221) (JCPDS #01-089-5025).

As indicated in isothermal characteristic curve and pore
size distribution (Fig. 2), the meso-Mo3N,-NWs exhibit a
type IV hysteresis loop indicating mesoporous structure with
~45 m?/g of specific surface area and ~4.6 nm of mean
pore size, which is in agreement with that observed by HR-
TEM. On the other hand, the sample prepared at 700°C in
NH; atmosphere using commercial MoO; powders (comm-
MoszN,) seems to be less porous and polycrystalline in TEM
image. However, in the XRD pattern, the comm-Mo3;N, can
be indexed to a cubic lattice with the cell parameter of
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Fig. 2. Characteristic curve of nitrogen gas adsorption—desorption
isotherm of Mo3;N,-NWs. The inset indicates the pore size distribution
of Mo3N,-NWs.
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Fig. 3. (a) CVs of meso-Mo3;N,-NWs and comm-Mo;N, at 50 mV/s
and (b) specific capacitance of the samples as a function of scan rate
in 1M KOH at 25°C.

4.165 AQ, identical to that of meso-MosN,-NWs. Volpe
and Boudart'” reported the synthesis of high-surface area
molybdenum nitrides in the topotactic reaction using MoOj3
platelets in NHj3. The topotactic reaction is defined to occur
when a solid product has well-defined crystallographical
orientation relative to the starting (parent) material.'” During
the present nitridation process with the MoO3;-NWs, the
increased oxygen vacancies in the molybdenum nitride might
lead to the rearrangement of the oxide structure, giving rise
to the formation of pores in the framework of the molybde-
num nitride.

Figure 3(a) shows the CVs of meso-Mo3;N,-NWs and
comm-MosN; in 1M KOH at 25°C. The charging—discharg-
ing cycling behaviors of the materials may lead to the dou-
ble-layer mechanism with no significant oxidation-reduction
peaks. The ideal CV curve of electrochemical capacitor mate-
rials should be rectangular current(/)-potential(?) response.
The meso-MosN,-NWs exhibit a considerably rectangular
-V response and good supercapacitive performance from
—1.1 to —0.3 V. The specific capacitance of meso-Mos;N»-
NWs (~220 F/g) is much higher than that of comm-Mo3;N,
(~66 F/g) at a scan rate of 50 mV/s. As the capacitance of
EDL capacitor is proportional to the surface area of the
electrode, meso-MosN,-NWs having high specific surface
area can be favorable for such a high specific capacitance
EDL capacitor. Figure 3(a) and (b) show the effect of CV
scanning rate on the specific capacitance. Theoretically,
specific capacitance of ideal EDL capacitor material is not
affected by CV scanning rate. However, the actual EDL
electrode at high scanning rate cannot completely react,
resulting in decreasing specific capacitance with increasing
scanning rate. When the scanning rate increases from 25 to
200 mV/s, the specific capacitance of comm-Mo3N, reduces
by ~48.1%. In contrast, meso-Mo3zN,-NWs with increasing
scanning rate display a remarkably slight reduction of ~4.5%,
representing excellent charging—discharging properties. This
implies that the electrolyte even at a high scan rate can easily
penetrate in meso-Mo3zN,-NWs with uniform mesopores.
However, as such an electrochemical capacitance might
be related to the formation of MoO; phase by surface
oxidation, maintaining the conductive nitride core, modified
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mesoporous Mo3N, structures should be further suggested
and designed for more efficient and stable electrochemical
reaction systems.

IV. Conclusions

We have prepared single-crystalline mesoporous MosN,
nanowires by means of topotactic reaction process with
single-crystalline MoO; nanowires as a starting material. The
topotactic reaction produces single-crystalline Mo3sN, nano-
wires with well-defined mesoporous structure. The mesopor-
ous nitride structure is likely to be due to the rearrangement
of the oxide structure into metal nitride, giving rise to the
formation of pores in the framework of the molybdenum
nitride. The high specific surface area and mesoporous struc-
ture of Mo3N, nanowires result in higher specific capacitance
and improved charging—discharging properties as compared
with Mo;sN, prepared by typical nitridation process using
commercial MoOs.

Acknowledgment

This work was supported by the National Research Foundation of Korea
Grant funded by the Korean Government (NRF-2010-0 022 892 and NRF-
2011-0 030 335).

References

'A. T. Santhanam, “Application of Transition Metal Carbides and Nitrides
in Industrial Tools”; pp. 28-52 in The Chemistry of Transition Metal Carbides
and Nitrides, Edited by S. T. Oyama. Blackie academic and professional, Glas-
gow, UK, 1996.

2J. G. Chen, “Carbide and Nitride Overlayers on Early Transition Metal
Surfaces: Preparation, Characterization, and Reactivities,” Chem. Rev., 96 [4]
1477-98 (1996).

H. Hu and I. E. Wachs, “Catalytic Properties of Supported Molybdenum
Oxide Catalysts: In Situ Raman and Methanol Oxidation Studies,” J. Phys.
Chem., 99 [27] 10911-22 (1995).

w. Tang, L. Liu, S. Tian, L. Li, Y. Yue, Y. Wu, and K. Zhu, “Aqueous
Supercapacitors of High Energy Density Based on MoO; Nanoplates as
Anode Material,” Chem. Commun., 47 [36] 10058—60 (2011).

°C. Chen, D. Zhao, and X. Wang, “Influence of Addition of Tantalum
Oxide on Electrochemical Capacitor Performance of Molybdenum Nitride,”
Mater. Chem. Phys., 97 [1] 156-61 (2006).

°A. Guerrero-Ruiz, Q. Xin, Y. J. Zhang, A. Maroto-Valiente, and I. Rodri-
guez-Ramos, “Microcalorimetric Study of H, Adsorption on Molybdenum
Nitride Catalysts,” Langmuir, 15 [14] 4927-9 (1999).

"T. Palaniselvam, R. Kannan, and S. Kurungot, “Facile Construction of
Non-Precious Iron Nitride-Doped Carbon Nanofibers as Cathode Electrocata-
lysts for Proton Exchange Membrane Fuel Cells,” Chem. Commun., 47 [10]
2910-2 (2011).

8. Qi, L. Jiang, Q. Jiang, S. Wang, and G. Sun, “Theoretical and Experi-
mental Studies on the Relationship Between the Structures of Molybdenum
Nitrides and Their Catalytic Activities Toward the Oxygen Reduction Reac-
tion,” J. Phys. Chem. C, 114 [42] 18159-66 (2010).

°X. Li, Y. Xing, H. Wang, H. Wang, W. Wang, and X. Chen, “Synthesis
and Characterization of Uniform Nanoparticles of y-Mo,N for Supercapaci-
tors,” Trans. Nonferrous Met. Soc. China, 19 [3] 6205 (2009).

195 L. Roberson, D. Finello, and R. F. Davis, “Electrochemical Evaluation
of Molybdenum Nitride Electrodes in H,SO, Electrolyte,” J. Appl. Electro-
chem., 29 [1] 75-80 (1999).

'K. Inumaru, K. Baba, and S. Yamanaka, “Preparation of Superconduct-
ing Molybdenum Nitride MoNx (0.5 <x < 1) Films With Controlled Composi-
tion,” Phys. B, 383 [1] 84-5 (2006).

2T-C. Liu, W. G. Pell, B. E. Conway, and S. L. Roberson, “Behavior of
Molybdenum Nitrides as Materials for Electrochemical Capacitors,” J. Elect-
rochem. Soc., 145 [6] 1882-8 (1998).

135, B. Claridge, A. P. E. York, A. J. Brungs, and M. L. H. Green, “Study
of the Temperature-Programmed Reaction Synthesis of Early Transition Metal
Carbide and Nitride Catalyst Materials from Oxide Precursors,” Chem.
Mater., 12 [1] 132-42 (2000).

4y, Zhang, H. Feng, X. Wu, L. Wang, A. Zhang, T. Xia, H. Dong, X. Li,
and L. Zhang, “Progress of Electrochemical Capacitor Electrode Materials: A
Review,” Int. J. Hydrogen Energy, 34 [11] 4889-99 (2009).

15V, Meynen, P. Cool, and E. F. Vansant, “Verified Syntheses of Mesopor-
ous Materials,” Microporous Mesoporous Mater., 125 [3] 170-223 (2009).

165 K. Chang, C.-T. Lin, and W.-T. Tsai, “Manganese Oxide/Carbon Com-
posite Electrodes for Electrochemical Capacitors,” Electrochem. Commun., 6
[7] 666-71 (2004).

L. Volpe and M. Boudart, “Compounds of Molybdenum and Tungsten
With High Specific Surface Area: 1. Nitrides,” J. Solid State Chem., 59 [3] 332
—47 (1985). O



