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A novel pseudo-morphotactic transformation route was developed to synthesize polycrystalline f-W,N
nanoplates by thermally treating tungstate-based inorganic-organic hybrid nanobelts with a lamellar
microstructure in an NH; flow. The tungstate-based hybrid nanobelts were formed in a water-in-oil-
microemulsion-like “commercial H,WO, powders/n-octylamine/heptane” reaction system. The as-
obtained hybrid nanobelts were thermally treated in an NH; atmosphere at 650-800 °C for 2 h to form
cubic $-W;N nanoplates. XRD, SEM, TEM, FT-IR and TG-DTA were used to characterize the precursors
and their final products. The polycrystalline f-W,N nanoplates derived from hybrid nanobelts, with
side lengths of several hundred nanometers, consist of small nanocrystals with an average grain size of
3.2 nm. The formation of f-W,N nanoplates involved two steps: decomposing tungstate-based hybrid
nanobelts into WO, and W species and then nitridizing the active W-containing species to f;-W,N
nanocrystals in an NH3 flow. The platelike morphology of the $-W,N nanocrystals was inherited from

the precursor of tungstate-based inorganic-organic hybrid nanobelts.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Nitrides (or carbonitrides) of transition metals have attracted
increasing attention due to their profuse scientific aspects and
wide industrial applications [1-3]. Recently TiN [4], CrN [5], GaN
[6] and ZrN [7] have been intensively investigated in synthetic
methods, structural characterization and applications. As one
important member of metal nitrides, tungsten nitrides (WyN)
have many promising properties, including good chemical stabi-
lity, high strength, high hardness, high melting point with good
electrical conductivity and a relative low band gap (2.2eV)
[8-10]. These unique properties make tungsten nitrides and
related tungsten-containing ternary nitrides have wide applica-
tions in the following aspects: effective barriers against diffusion
of copper in microelectronic circuits [11-13], gate electrodes in
MOS devices [14], Schottky contacts on AlGaN/GaN heterostruc-
tures [15], contact barrier for DRAM [16], wear-resistant coatings
[10], contamination resistant coatings [17], photocatalysts for
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water decomposition using solar light [9], cathode catalysts for
fuel cells [18] and catalysts for NO dissociation [19].

In the W-N system, there are two main phases in the region of
N/W < 1, i.e,, tungsten mononitride WN and tungsten subnitride
B-W5N [20]. For the tungsten mononitride WN, there are two
structural modifications of low temperature hexagonal h-WN and
high temperature cubic c-WN [20]. The calculated results on the
basis of the first-principles method indicate that WN has eight
different crystal structures and the NiAs-type WN is the most
energy favorable and ultra-incompressible, and the WC-type WN
is metastable [21].

Tungsten nitride and carbonitride films are the major using
form in electronic devices and protective coatings. Atomic layer
deposition (ALD) method is one of the most efficient routes to
fabricate WN,C, films [22,23] and WN, films [20,24,25] on
various surfaces, due to its ability of precise control of film
thicknesses [13]. Chemical vapor deposition (CVD) [11], metal-
organic CVD (MOCVD) method [26,27], and plasma-enhanced
chemical vapor deposition [28] are frequently used to synthesize
WN,C,, WN;500; and WNy thin films. DC reactive magnetron
sputtering [29], reactive r.f. magnetron sputtering [14,30], and
ion-beam assisted deposition are also developed to fabricate
CrWN, CrN/WN and WN, films [31].
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Tungsten nitrides and their related micro-/nanocrystals are
usually synthesized by thermal treating tungsten containing pre-
cursors under an ammonia atmosphere [2,19,25], and the precursors
are usually formed from soluble reagents, such as tungsten hex-
achloride [2,3,32], and bis(tert-butylimido)bis-(dimethylamido)-
tungsten(IV) [33]. Cubic f-W,N nanoparticles with sizes of 2-3 nm
were first synthesized by thermolysis of W(NBu),(Ph,pz), at 800 °C
under a nitrogen condition [34]. Ma and coworkers [8] reported a
synthesis of -W,N nanoparticles (5-40 nm) with a direct-current
arc discharge method using W and nitrogen as starting materials.
Rugge and coworkers [35] synthesized -W,N inverse opal struc-
tures by infiltrating thin-film silica colloidal crystals using an ALD
method using bis(tert-butylimido)bis-(dimethylamido) tungsten(IV)
and ammonia as the starting materials. Lei and coworkers [36]
synthesized hexagonal WN nanoparticles with a size of 5 nm by
thermally treating the pellets of ammonium dicyanamide and WO;
in a vacuum silica ampoule at 850 °C. Bai and coworkers [37]
synthesized mesostructural f-W>N nanocrystals with a high surface
area (89 m?/g) via a temperature-programmed reaction of H;WO,
with ammonia at 700 °C. Although there are several methods
developed for the successful synthesis of tungsten nitride nanocrys-
tals, the facile, inexpensive and efficient routes for the shape- and
size-controlled synthesis are not still available [3,19,34].

Recently we proposed a general route to fabricate mesostruc-
tural tungstate-based inorganic-organic hybrid nanobelts with
highly ordered lamellar microstructures using HyW,0- - xH,0 and
n-alkylamines as the starting materials [38-40]. The above
tungstate-based inorganic-organic hybrid nanobelts were found
to be an excellent precursor for the synthesis of WO3; nanoplates
and WOs nanoparticles with superhigh specific surface areas and
enhanced gas-sensing properties [41-44]. The advantage of the
precursor routes towards inorganic nanocrystals is the controll-
ability in shapes and sizes of the products.

In this work, we extend the precursor method to synthesize
tungsten nitride nanocrystals with controlled morphology using
commercial H,WO,4 powders as the tungsten source for the first
time. The synthetic process includes two steps: (1) HyWO4
powders firstly react with n-octylamine to form one-dimensional
tungstate-based inorganic-organic hybrid nanobelts. (2) The as-
obtained hybrid nanobelts are then thermally treated in an NH3
flow to fabricate tungsten nitride nanoplates. The transformation
from commercial H;WO, powders to polycrystalline f-W,N
nanoplates via tungstate-based inorganic-organic hybrid nano-
belts can be schematically shown in Fig. 1. The objective of the
work is to verify the possibility to transform the plate-like shape
of the hybrid precursor to the final product of tungsten nitride
nanocrystals. The phase compositions, microstructures and for-
mation mechanisms of the precursors and final products are
investigated. The essential novelty of this work is the morphol-
ogy-controlled synthesis of f-W,N nanoplates using commercial
H,WO, powders as starting materials by a pseudo-morphotactic
transformation route via tungstate-based inorganic-organic
hybrid nanobelts with highly ordered lamellar structures.
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2. Experimental section

2.1. Synthesis of tungstate-based inorganic—organic hybrid
nanobelts

The tungstate-based inorganic-organic hybrids were synthesized
by a reaction between H,WO, and n-octylamine in heptane. Typically
10 g of H,WO, powders (Sinopharm Chemical Reagent Co., Ltd., AR)
was dispersed in a mixture of 0.4 mol of n-octylamine (Sinopharm
Chemical Reagent Beijing Co., Ltd., CP) and 530 ml of heptane (Tianjin
Huadong Reagent Factory, AR) under a constant magnetic stirring at
room temperature for 24 h. The molar ratio of n-octylamine to
H,WO, was 10:1 and the volume ratio of heptane to n-octylamine
was 8:1. After another reaction time of 48 h, the resultant white
solids were collected by centrifugation, washed with ethanol, and
then dried under a reduced pressure at room temperature for 48 h.
The dried sample was tungstate-based inorganic-organic hybrid
nanobelts, which were used as the precursor for synthesis of tungsten
nitride nanoplates.

2.2. Synthesis of tungsten nitride nanoplates from tungsten-based
hybrid nanobelts

Typically 0.5 g of tungstate-based inorganic-organic hybrid nano-
belts was placed in a semi-cylindrical alumina crucible, and the
crucible was then inserted to the center of a tubular quartz furnace
($500 mm x 1000 mm) in a lying manner. The hybrid sample should
be uniformly placed along the crucible wall, and the end with a
baffler was towards the gas-down direction. The gas-out end of the
quartz tube was loosely stuffed with a porous cylindrical alumina
tile. The quartz tube was first purged with a high-pure Ar gas
(100 ml/min) for 1 h to discharge the air. After the Ar gas was closed
and the NHs gas was simultaneously opened with a flux of 80 ml/
min, the furnace was rapidly heated to 500 °C with a heating rate of
25 °C/min, and then slowly heated from 500 to 650-800 °C with a
heating rate of 2 °C/min. After kept at 650-800 °C for 2 h, the furnace
naturally cooled down to room temperature under an NHs-gas
condition. The collected solid powders were tungsten nitride nano-
plates with a mass of 0.15-0.17 g.

For the purpose of comparison, commercial H,WO, powders were
used as the tungsten source to synthesize tungsten nitride under a
similar condition. Typically 0.79 g of H,WO, powders was placed in
the semi-cylindrical alumina crucible, which was then inserted into
the tubular quartz furnace. The quartz tube was purged with a high-
pure Ar gas (100 ml/min) for 1 h, before the NH3 gas with a flux of
80 ml/min was opened. The furnace was heated to 500 °C at a rate of
25 °C/min, and then to 750°C at a heating rate of 2 °C/min. The
sample was kept at 750 °C for 2 h under a continuous NH3 flow.

2.3. Characterization and analysis

The phase compositions were identified by X-ray diffraction
(XRD) equipment (ZH] XPERT PRO, China) with a CuKa radiation
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Fig. 1. A schematic of the pseudo-morphotactic route for the synthesis of polycrystalline f-W,N nanoplates from commercial H,WO,4 powders.
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(A=1.5406 A) and a graphite monochrome under a voltage of
36 kV and a current of 20 mA. The XRD patterns were recorded
with a speed of 2°/min. The morphologies were observed on a
scanning electron microscope (SEM, FEI QUANTA-200, Holland),
and on a transmission electron microscope (TEM, JEOL JEM-
2100F, Japan). TG-DTA curves were recorded on a thermal
analysis system (NETZSCH STA409PC, Germany) with a heating
rate of 5 °C/min in an air flow. Fourier-transform infrared spectra
(FT-IR, Nicolet460) were applied to characterize the hybrid pre-
cursor using the KBr disk technique in room temperature. The KBr
was not dried before use.

3. Results
3.1. Structures and morphology of tungstate-based hybrids

Fig. 2 shows the XRD pattern of the product derived from the
reaction of commercial H,WO, powders with n-octylamine in
heptane. There are seven intense diffraction peaks at 2.41°, 5.82°,
9.21°, 12.64°, 16.03°, 19.49° and 22.94° with gradually decreasing
intensities. When compared the product and its starting material
of H,WO, (the inset of Fig. 2), one can find that the diffraction
peaks belonging to orthorhombic H,WO, (JCPDS card no. 43-
0679) in a 20 range of 15-60° disappear, and the as-obtained
product just shows diffraction peaks in the low-20 range of 1-25°
(Fig. 2a). These results indicate that the as-obtained product is of
a completely new structure, i.e., an ordered lamellar structure,
according to the previously reported data [38]. The diffraction
peaks at the low-26 range can be indexed to (00!) reflections, and
1=1,2,3,4,5,6 and 7 for 2.41°,5.82°,9.21°, 12.64°, 16.03°, 19.49°
and 22.94°, respectively. The high intensities and the large
number of the diffraction peaks suggest the as-obtained hybrid
product is of a highly ordered lamellar structure. The interlayer
distance (d) can be calculated to be 2.76(3) nm according to the
(001) reflections by minimizing the sum of squares of the residuals
in 20 values [38].

The morphology of the hybrid product derived from a reaction
of commercial H,WO, powders with n-octylamine in heptane is
shown in Fig. 3. A low-magnification SEM image (Fig. 3a) shows
the as-obtained product consists of fibriform structures in a large
view-field. The enlarged SEM image (Fig. 3b) suggests that the
fibriform product is of one-dimensional structures with lengths of
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Fig. 2. The XRD pattern of the tungstate-based inorganic-organic hybrid nano-
belts derived from commercial H,WO, and n-octylamine in heptane. The inset is
the large 20-range XRD patterns of (a) the hybrid and (b) the corresponding
starting material of H,WO,4 powders.

Fig. 3. SEM images of (a-c) the tungstate-based inorganic-organic hybrid nano-
belts and (d) the corresponding starting material of H,WO,4 powders.

5-20 um. Fig. 3c shows a high-magnification image, which
indicates that the one-dimensional structures are uniform nano-
belts with apparent widths of 100-300 nm, and their length-to-
width ratios are larger than 50. Fig. 3d shows a typical SEM image
of H,WO,4 powders used as a starting material. As Fig. 3d shows,
the H;WO, powders consist of irregular aggregates with a large
particle-size distribution of 1-10 pm, and the small particles
mostly consist of nanoparticles. From Fig. 3, one can find that
the as-obtained hybrid product is completely different from its
solid starting material in shapes and sizes, which suggests that a
reorganization process has occurred during the formation of the
one-dimensional product [38].

The typical FT-IR spectra of (a) the as-obtained product and
(b) its starting material of H,WO, powders are shown in Fig. 4. For
H,WO, (Fig. 4b), the intense and wide absorption band at round
693 cm~! corresponds to the v(O-W-0) stretching mode, and the
absorption band at 941 cm~! is assignable to the stretching mode
of terminal W=0 [38,45]. The absorption bands at 3418 and
1628 cm~! correspond to the v(O-H) stretching and the §(O-H)
bending modes of the adsorbed water molecules, respectively. For
the as-obtained product, as shown as Fig. 4a, the v(O-W-0)
stretching mode is split to be two intense and sharp absorption
bands. The absorption bands at 874 and 920 cm ™" are assignable
to the stretching modes of terminal W=0 [38,45]. The band at
around 3210 cm~! can be assigned to the stretching vibration of
the N-H group. The bands at 1635 and 1582 cm ™~ correspond to
the 6(N-H) scissoring mode of the -NH, groups and the 6(N-H)
bending mode of the -NH3 groups, respectively [45]. The weak
bands at 2510-2750cm™! can correspond to the symmetrical
stretching bands of the -NH3 groups [38]. The bands in the region
of 2800-3000 cm ™! are assigned to the C-H stretching modes of
the polymethylene (—(CH,),—) chains (2850cm™!, v¢(CH,);
2917 cm™, va(CH,)) and end-methyl (~CH3) groups (2958 cm™?,
Vas(CH3)) [38]. The band at 3432 cm~! is assigned to the v(O-H)
stretching mode of adsorbed water molecules. A broad band
appearing at around 2042 cm~! is due to a combination of the
asymmetrical bending vibration and torsional oscillation of the —
NH3 groups interacting with the apical oxygen of the W-O
framework, i.e., R-NH3 - - - "0-W [38,45], whereas no bands occur
at this wavenumber range for H,WO,, as shown as Fig. 4. It
should be noted that the peaks at 1401 and 3160 cm~' are the
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Fig. 4. FT-IR spectra of (a) the tungstate-based inorganic-organic hybrid nano-
belts and (b) the corresponding H,WO, powders.

background absorption bands from KBr without drying before use.
The FT-IR results indicate that the as-obtained product from the
reaction of H;WO, and n-octylamine is composed of organic
ammonium species and inorganic W-0 layers [38].

Fig. 5 shows a typical TG curve of the as-obtained hybrid
product from the reaction of H,WO, and n-octylamine. There is a
58% mass loss during the temperature range 100-600 °C, and the
mass fraction remaining should be the amount of WO after
treating at higher than 600 °C. The mass loss corresponds to the
desorption of n-octylamine molecules, the decomposition of the
organic species and the removal of the structural water of the
inorganic W-0 layers. When the XRD, SEM, FT-IR and TG results
are taken into account, it can therefore be concluded that the
product obtained from the reaction of H,WO, and n-octylamine is
composed of inorganic-organic hybrid nanobelts with an ordered
lamellar structure, in which the inorganic W-0 layers and the
organic species are stacked alternately. According to the TG data
and the previous reported results, the possible composition of the
tungstate-based inorganic-organic hybrid nanobelts can be esti-
mated to be (C8H17NH3)2WO4 [38]

3.2. Phase and morphology of tungsten nitride nanoplates from
tungstate-based hybrid nanobelts

A typical XRD pattern of the sample obtained by treating
tungstate-based inorganic-organic hybrid nanobelts at 750 °C for
2 h in an NHs flow is shown in Fig. 6a. There are four obvious
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Fig. 5. A typical TG curve of the tungstate-based inorganic-organic hybrid
nanobelts derived from commercial HWO, and n-octylamine in heptane.
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Fig. 6. Typical XRD patterns of (a) cubic f-W,N nanoplates derived from the
tungstate-based inorganic-organic hybrid nanobelts and (b) cubic f-W,N nano-
crystals derived from commercial H,WO, powders.

diffraction peaks at 36.4°, 45.1°, 64.0° and 76.2°, which can readily
be indexed to the reflections from (111), (200), (220) and (311)
planes of the cubic f-W,N phase, respectively, according to the
literature data (JCPDS card no. 25-1257; space group: Pm3m
(221), a=0.4126 nm). The calculated cell parameters according
to the XRD data and the minimum square method are
a=b=c=0.4133(8) nm, close to the literature data (a=0.4126
nm). As Fig. 6a shows, the diffraction peaks are obviously
broadened, indicating that the product consists of nanocrystals
with very small crystal sizes. According to the Debye-Scherrer
equation (d=0.894/B cos 0), 2=0.15406 nm, B cos 0=0.0428 for
the (111) reflection, and the calculated average size of the
crystalline 5-W5N grains is about 3.2 nm.

Fig. 7 shows the typical SEM images of the as-obtained -W;N
nanocrystals. The low-magnification images indicate the f-W,N
product consists of irregular loosely aggregates of nanoparticles,
as shown as Fig. 7a, b. The enlarged SEM image in Fig. 7c suggests
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Fig. 7. SEM images with various magnifications of the f-W,N nanoplates derived
from the tungstate-based inorganic-organic hybrid nanobelts.

that the aggregates are apparently composed of “nanorods” with
a length-to-diameter ratio range 2-5. Some “nanorods” are
bundled together to form a dumpy microrods, as shown in Fig.
7d. One can also find some irregular aggregates that are not rod-
like in Fig. 7c, d, and these irregular aggregates may consist of
small f-W;N nanoplates.

Fig. 8 shows the typical TEM observations of the [-W;)N
nanocrystals derived from tungstate-based inorganic-organic
hybrid nanobelts. Fig. 8a shows a low-magnification TEM image,
which indicates the f-W-,N product consists of well-dispersed
nanoplates. Most of the nanoplates are of sharp profiles, including
triangles, trapezoids and rectangles. The enlarged TEM image
shown in Fig. 8b corroborates that the [-W,N nanoplates
obtained are not solid nanorods, but thin nanoplates, according
to the shallow contrasts. If they are solid nanorods with diameters
of 200 nm, their contrasts in TEM image should be very dark
because of the limited penetrating ability of the electrons accel-
erated by a 200 kV voltage. The contrast from different parts of a
nanoplate suggests that some S-W,N nanoplates are curly or
partly scrolled. Fig. 8c shows an individual partly scrolled -W,N
nanoplate with an apparent dimension of about 200 nm x 500
nm. The enlarged TEM image in Fig. 8d shows a ;-W,N nanoplate
with a dimension of about 130 nm x 300 nm. Its contrast indi-
cates the nanoplate is composed of nanoparticles with sizes of
several nanometers. The corresponding SAED pattern of the f-
W5N nanoplate (Fig. 8d) is shown in Fig. 8e. The SAED pattern
consists of a series of concentric diffraction rings superimposed a
series of separate diffraction spots, indicating that the f-W,N
nanoplate is composed of small crystalline nanoparticles. The
concentric diffraction rings can be readily indexed to the reflec-
tions from the cubic f-W,N phase. The TEM observations are
consistent to the XRD results. The grain sizes (about 3.2 nm) of
the B-W)N product calculated from the XRD result are much
smaller than the sizes of the plate-like particles from the TEM
observations, suggesting that an individual f-W,N plate-like
particle is not a single crystal, but is composed of a great
number of small f-W,N nanocrystals. This point is corroborated
by the corresponding SAED pattern with a series of concentric
diffraction rings.

When comparing the TEM and SEM images, one may find a
disagreement in morphologic determination. The f-W-,N product

Fig. 8. (a-d) TEM images and (e) SAED pattern of the /-W,N nanoplates derived
from the tungstate-based inorganic-organic hybrid nanobelts.

seems to take on a rod-like morphology judging from the SEM
images with low magnifications (Fig. 7), whereas the TEM images
show the S-W)N product consists of polycrystalline plate-like
nanocrystals (Fig. 8). The difference in morphologic determination
is probably resulted from the difference in SEM and TEM magni-
fications. The larger rod-like particles should be the aggregates of
the smaller -W,N nanoplates. In other words, the larger rod-like
B-W-N particles can be separated to smaller f-W>N nanoplates
under a sonication condition.

Fig. 9 shows typical TG-DTA curves of the f-W,N nanoplates
derived from tungstate-based inorganic-organic hybrid nano-
belts. The TG curve in Fig. 9a shows that there is a mass loss of
4.8% from room temperature to 350 °C, followed by a sharp mass
gain of 8.3% from 350 to 465 °C. There is a small mass loss of 0.4%
at 465-800 °C. Fig. 9b shows the corresponding DTA curve. There
is a sharp exothermal peak between 400 and 500 °C with a
maximum value at 450 °C. In the temperature regions of 100-
400 and 500-800 °C, the DTA curve shows weak and broadened
exothermal peaks. Considering the TG result together with its
corresponding DTA curve, the large mass loss with a sharp
exothermal peak at 350-465 °C is mainly due to the oxidation
of B-W,LN to WOs, and the slow mass losses and their
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Fig. 9. TG-DTA curves of the -W-N nanoplates derived from the tungstate-based
inorganic-organic hybrid nanobelts.

corresponding weak exothermal peaks at 100-400 and 500-
800 °C should be due to the oxidation of the residual C species.
Supposing that f-W5,N and residual C are completely oxidized to
be W03 and CO,, respectively, the content of the 5-W;N phase in
the sample can be calculated to be 91.7% according to the total
mass gain of 3.1% between 100 and 800 °C. It is noted that the
oxidation temperature region of the as-obtained -W,N nano-
plates is 350-500 °C, much less than that of the reported W,N
film (490-640 °C) [29]. The reduced oxidation temperature is
probably due to the small grain sizes (about 3.2 nm) for the f-
W5N nanoplates, because the smaller the grain sizes, the higher
the oxidizing reaction activity.

Fig. 10 shows a typical FT-IR spectrum of the as-obtained -W,N
nanoplates. The absorption bands at 3437 and 1630cm~' corre-
spond to the v(O-H) stretching and the §(O-H) bending modes of the
adsorbed water molecules, respectively. The peaks at 1401 and
around 3132 cm™! are the background absorption bands from KBr.
The weak bands at 1000-500 cm~! should belong to the vibration
modes of W-N bonds. There are no absorption bands corresponding
to organic species, indicating the as-obtained f-W;N nanoplates do
not contain any organic impurities.

4. Discussion

4.1. Formation mechanism of tungstate-based inorganic-organic
hybrid nanobelts

H,WOy, is a solid acid and n-octylamine is an organic base. The
acid-base reaction between H,WO, and n-octylamine leads to a
novel salt of tungstate-based inorganic-organic hybrids. As
Figs. 2 and 3 show, the as-obtained tungstate-based inorganic—
organic hybrids are of a highly ordered lamellar microstructure and
a one-dimensional beltlike morphology. It should be noted that the
order degree and morphology of the as-obtained hybrids are strongly
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Fig. 10. A typical FT-IR spectrum of the -W,N nanoplates derived from the
tungstate-based inorganic-organic hybrid nanobelts.

dependent on the reaction conditions, including the water contents
and reacting solvent types. In the nonpolar solvent of heptane, the
larger the water amounts in the reaction system, the faster the acid-
base reaction, the lower the order degree of the hybrid products, and
the shorter the length-to-diameter ratios of the one-dimensional
structures. When the molar ratio of water to H;WO, is up to 1:2, the
product obtained takes on a disclike morphology with apparent
diameters of about 1-2 um. When a polar reagent (i.e., water or
ethanol) is used as the reacting solvent, no products with one-
dimensional morphology are obtained. These results indicate that
the nonpolar solvent plays a key role in the formation of highly
ordered one-dimensional tungstate-based inorganic-organic hybrid
nanobelts, similar to the case of the reaction of H,W,0; with n-
alkylamines [38]. In fact, the reaction system of H,WO,, n-octyla-
mine and heptane is a pseudo water-in-oil microemulsion reactor,
which is favorable in formation of the one-dimensional tungstate-
based inorganic-organic hybrid nanostructures, not only in the
reaction kinetics but also in the morphology control. The related
mechanism is close to our previous discussion in the system of
H,W>07 and n-alkylamines [38].

4.2. Output rate of tungsten nitride

According to Fig. 5, there is a mass loss of 58% when the
tungstate-based inorganic-organic hybrid nanobelts are heated from
room temperature to 600 °C in an air flow, and the remaining
product is WOs nanocrystals [43]. The W mass content in the
tungstate-based inorganic-organic hybrid nanobelts can be calcu-
lated to be 33.3%. If the W atoms in the hybrids are completely
transformed to f-W;N during the NH;5-treatment, the output mass of
B-W5N per 100 g of the hybrids should be about 34 g, i.e., 34%. In the
experiment, we can obtain 0.15-0.17 g of product from 0.5 g of the
hybrids in the thermal treatment under an NH5 flow, and therefore
the output rate is about 30-34%. The experimental data (30-34%) are
very close to the theoretical value (34%), indicating that the product
from the tungstate-based inorganic-organic hybrid nanobelts after
NHs-treatment at 750 °C for 2 h is mainly composed of the -W,N
phase. This analysis can be supported by the XRD and SAED results
(Figs. 6a and 8e).

4.3. Formation mechanism of tungsten nitride nanoplates

The formation process of cubic f-W,N nanoplates from tung-
state-based inorganic-organic hybrid nanobelts can be divided
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into two steps: (1) forming high active W species from the
tungstate-based inorganic-organic hybrid nanobelts, and then
(2) nitridizing the as-formed high active W species into -W,N
nanoplates. The first step is conducted in a non-oxidizing condi-
tion at room temperature to 600 °C, and there are at least two
basic reactions taking place. One reaction is the removal of
structural water from the (WOg) octahedral frameworks, and
the other one is desorption and decomposition of the organic
ammonium molecules or ions located in the interlayer spaces of
the (WOg) frameworks. The resultant organic species and the
ammonia flow provide a strong reducing atmosphere, in which
the inorganic pyrolysates are reduced to WO,, and W, which are of
high activity for nitridation. In the second step, the resultant high
active species of WO, and W are nitridized by the NH; and newly
formed N, gases. The decomposition of organic species in the
non-oxidizing atmosphere leads to the formation of solid carbon
species, but most of the resultant carbon species can be removed
by NH3 at an elevated temperature higher than 600 °C [46]. The
possible chemical processes are described as follows:

(CsH17NH3), WO, M8 wo, + W+ 28 g-w,N 1)
y

The formation of the platelike morphology of the S-W,N
nanocrystals is attributed to the unique precursor of tungstate-
based inorganic-organic hybrid nanobelts with a highly ordered
lamellar structure. During the course of decomposition and
nitridation, the long hybrid belts break into short segments, but
their platelike shapes are inherited by the resultant S-W,N
nanocrystals, similar to the topochemical transformation [41].
The as-obtained f-W,N nanoplates are composed of small 5-W,N
nanocrystals with an average crystalline grain size of 3.2 nm, as
shown as the XRD and TEM results. In other words, the as-
obtained f-W-,N nanoplates are polycrystalline, not single-crys-
talline, whereas we have used a similar topochemical transforma-
tion route to fabricate single-crystalline WO3; nanoplates from a
similar tungstate-based inorganic—organic hybrid precursor [41].
This difference may due to the serious changes in crystal struc-
tures during the process from tungstate-based inorganic-organic
hybrid belts to f-W,N nanoplates, when compared with the case
from tungstate-based inorganic-organic hybrid belts to WOs3
nanoplates. For the case of W03 nanoplates, the crystal structure
of the inorganic octahedral (WOg) layer in the hybrid precursor is
similar to that of the resultant WO3 nanocrystals [41].

We also note that the f-W-,N phase is the only component in
the present synthetic condition using gaseous NHj as the nitridiz-
ing agent. The similar examples can be found in references
[34,35,37], where gaseous NHs or N, are used as the nitridizing
agents. However the cases of ammonium dicyanamide [36], and
ALD or CVD methods [22-29], other WN, phases are obtained.
This may give us a clue that the state of the nitridizing agents and
synthetic processes may account for the difference in the product
phases, but further work is needed for deep understanding of the
related mechanism.

To demonstrate the necessity of the tungstate-based
inorganic-organic hybrid nanobelts for the synthesis of f-W,;N
nanoplates, we also synthesized a tungsten nitride sample using
commercially available H,WO, powders (Fig. 3d). Fig. 6b shows
the XRD pattern of the as-obtained product by nitridizing H,WO,
powders in an NHs flow. It can also be indexed to be cubic f-W,N
with a calculated cell parameter of a=0.4171(9) nm, which is a
little larger than that (a=0.4133(8) nm) of f-W,N nanoplates. A
typical SEM image of the f-W,N sample derived from H,WO,
powders is shown in Fig. 11. One can find that the -W,N product
from H,WO,4 powders consists of shape-irregular particles, with a
large size distribution (1-5 pm), similar to their precursor of
commercial H,WO, powders (Fig. 3d). The above results of

2006V X5000  pm

WD 13.0mm

Fig. 11. A typical SEM image of cubic -W,N sample derived from commercial
H,WO0, powders.

comparative experiments corroborate that the plate-like mor-
phology of -W,N nanoplates is inherited from the tungstate-
based inorganic-organic hybrid nanobelts, which is necessary for
the formation of plate-like -W,N nanocrystals.

5. Conclusions

We have developed an efficient pseudo-morphotactic trans-
formation route to prepare polycrystalline f-W,N nanoplates via
an intermediate product of highly ordered lamellar tungstate-
based inorganic-organic hybrid nanobelts as the first example.
The tungstate-based hybrid nanobelts were firstly synthesized in
a water-in-oil-microemulsion-like reaction system of “commer-
cial H,WO, powders/n-octylamine/heptane”. The as-obtained
hybrid nanobelts were then thermally treated in an ammonia
atmosphere at 650-800 °C for 2 h to form cubic -W,N nano-
plates. The f-W;,N nanoplates consist of small nanocrystals with
an average grain size of 3.2 nm. In the thermal treating process,
the tungstate hybrid nanobelts are firstly decomposed and
reduced to WO, and W species, which are active and then
nitridized to S-W,N nanocrystals in an ammonia flow. The
platelike morphology of the -W5N nanocrystals is attributed to
the precursor’s templating effect of the tungstate-based hybrid
nanobelts. The unique polycrystalline structure and platelike
morphology make the -W,N products obtained have high sur-
face areas and a good dispersibility. The proposed route here is
facile and inexpensive, and the as-obtained -W;N nanoplates are
of promise applications in catalysis and wear-resistant materials.
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