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Hierarchical tungsten carbide (WC) micro-/nanocrystals were
synthesized by thermal treating a single-source precursor of the
tungstate-based inorganic—organic hybrid compound in a sealed
quartz tube at 1000°-1050°C. The hybrid precursor was
synthesized by an acid-base reaction of H,O-moistened
H,WO, and n-octylamine in a nonpolar solvent. The X-ray
diffraction results indicated that the product obtained at 1050°C
for 2 h consisted of a hexagonal WC phase, and the products
obtained at temperatures lower than 1000°C had other phases
(e.g., a-W,C, W or B-W499oNo 1) besides the major phase of
hexagonal WC. The scanning electron microscopy observations
indicated that the hexagonal WC obtained at 1050°C consisted
of hierarchical microparticles with a size range of 4-18 pm, and
the above microparticles were porous aggregates of WC nano-
particles with crystal sizes of 100-250 nm. The newly developed
process could achieve pure WC materials at relative low tem-
peratures using a single-source precursor, and the porous and
hierarchical WC micro-/nanoparticles would have potential
applications in catalysis and superhard composites.

L

UNGSTEN CARBIDE (WC) has attracted considerable interest

because of its high hardness, high chemical stability, and
good wear/erosion resistance.! WC has been extensively applied
in cutting and drilling tools, wear-resistant parts of machines,
and hard alloy coatings.> WC nanocrystals are also widely used
as catalysts or catalyst supports, because of their platinum-like
behavior in surface catalysis.>*

WC powders are usually prepared by the reaction of elemen-
tal W and C at a high temperature for a long reaction time, or by
a two-step process wherein tungsten oxide is first reduced to
tungsten in a hydrogen atmosphere followed by the reaction
with carbon.’ Recently, several new methods, including com-
bustion synthesis,® plasma-assisted process,” sonochemical
method,® microwave carburization,” and solid-state synthesis'o
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have been developed to synthesize WC micro-/nanocrystals."!
WC crystals with sPeciﬁc shapes, such as hollow microspheres,'?
porous structures,* nanotubes,'* and inverse opal structures'*
have also been synthesized using various methods. However,
these developed methods usually need multiple precursors, mul-
tiple steps, and high treating temperatures, and the synthetic
processes are complex.

We herein introduce a simple and efficient process for the
synthesis of hierarchical WC micro-/nanocrystals using a single-
source precursor at a relatively low temperature. The single-
source precursor is a tungstate-based inorganic—organic hybrid
derived from a reaction of tungstite and organic amines. The
phase compositions, morphologies, and microstructures of the
precursors and the final products are characterized using the
techniques of XRD, SEM, TG-DSC, and FT-IR. The possible
formation process for WC crystals is also discussed.

1L

H,WO, powders (Sinopharm Chemical Reagent Beijing Co.
Ltd, AR, Beijing, China), n-octylamine (Sinopharm Chemical
Reagent Beijing Co. Ltd, CP), heptane (Tianjin Huadong Re-
agent Factory, AR, Tianjin, China), and ethanol (Yantai
Shuangshuang Chemical Reagent Co. Ltd., AR, Yantai, China)
were used as received.

The tungstate-based inorganic—organic hybrids were synthe-
sized by a reaction between H,WO, and n-octylamine in
heptane. Typically, 10 g of H,WO, powders was moistened by
5 mL of distilled water, and the H,O-moistened H,WO,
was then dispersed in a mixture of 0.4 mol of n-octylamine,
and 530 mL of heptane under a constant magnetic stirring at
room temperature. The molar ratio of H,WO, to n-octylamine
was about 1:10 and the volume ratio of n-octylamine to heptane
was 1:8. After a reaction time of more than 48 h, the resulting
white solid was collected by centrifugation, washed with ethanol,
and then dried under a reduced pressure at room temperature for
30 h. The dried product, a tungstate-based inorganic—organic
hybrid compound, was used as the precursor for synthesis of WC
micro-/nanocrystals.

The synthesis of WC particles using the tungstate-based
inorganic—organic hybrid compound as the precursor was
conducted in a sealed quartz tube with a diameter of 10 mm.
Typically, 0.3 g of the hybrid precursor was placed in the bottom
of the quartz tube. The quartz tube was then vacuumized
to 2 x 1072 Pa and sealed. The sealed quartz tube with a length
of 25 cm was placed in an electrical resistance furnace, and
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thermally treated at 750°—1050°C with a heating rate of 5°C/min
for 2-10 h. After a given reaction time, the sealed tube was
cooled naturally to room temperature. The black powders at the
bottom of the quartz tube were carefully collected.

The phase compositions were identified by an X-ray diffraction
(XRD) equipment (XD-3, Beijing Purkinje General Instrument
Co. Ltd., Beijing, China). The morphologies were observed using a
scanning electron microscope (SEM, JEOM-6700F, JEOL Co.
Ltd., Tokyo, Japan). The specific surface areas of the products
were measured using the BET method (F-Sorb 3400, Beijing
Jinaipu Science and Technique Co. Ltd., Beijing, China). TG-
DTA curves were recorded on a thermal analysis system (NET-
ZSCH STA409PC, NETZSCH Instruments Co. Ltd., Leuna,
Germany) with a heating rate of 5°C/min in an air flow. Fou-
rier-transform infrared spectra (FT-IR, Nicolet 460, Thermo
Nicolet Instrument Corp., WI) were applied to characterize the
hybrid precursors using the KBr disk technique. The particle size
distribution of the WC particles obtained was examined using a
laser particle size analyzer (Microtrac-X100, Microtrac Inc., NY).

III. Results and Discussion

Figure 1 shows the XRD patterns of the commercial Ho WO,
powders and the as-obtained tungstate-based inorganic—organic
hybrid compound. As Figure 1(b) shows, the commercial
H,WO, powders can be attributed to an orthorhombic phase
according to JCPDS No. 43-0679. As shown in Fig. 1(a), a com-
pletely new compound is obtained after the reaction of H,WO,
with n-octylamine, because a series of new reflections below 20°
in 20 occur, and no identifiable reflections in the high 20 range
are observed, which is completely different from the reflections
from H;WO,. The reflections in the low 26 range are character-
istic of a highly ordered lamellar structure, and can be indexed to
the reflections from (00/) diffraction planes. The XRD result
therefore indicates that the as-obtained hybrid precursor is of
an ordered lamellar structure. The interlayer distance can be
calculated to be 2.568(5) nm according to its (00/) reflections by
minimizing the sum of squares of the residuals in 26.

Figure 2 shows a typical SEM image of the tungstate-based
inorganic—organic hybrid compound, obtained by a reaction of
H,0O-moistened H,WO, with n-octylamine. As shown in Fig. 2,
the hybrid compound takes on a plake-like morphology, with
side sizes of about 1 um. The above plake-like morphology is
very different from the belt-like morphology of the products
derived from the reaction of H,W,07 - xH,O with n-octylamine

Interlayer distance calculated:
d=2.568(5) nm
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Fig.1. The X-ray diffraction patterns of (a) the as-obtained tungstate-

based inorganic—organic hybrid compound, and (b) its starting material
of H,WO, powders.
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Fig.2. A typical scanning electron microscopy image of the tungstate-
based inorganic-organic hybrid compound derived from a reaction
between H,O-moistened H,WO, powders and n-octylamine (the inset
is its FT-IR spectrum).

in heptane.'® According to the FT-IR spectrum (the inset
of Fig. 2), the tungstate-based inorganic—organic hybrid com-
pound consists of inorganic W-O layers and organic ammonium
ions, indicating that it is a tungstate-based inorganic—organic
layered hybrid, similar to the previously report results.'> The
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Fig.3. The X-ray diffraction patterns of the products obtained by ther-
mally treating the tungstate-based inorganic—organic hybrid compound
in a sealed quartz tube under various conditions: (a) 750°C for 5 h, (b)
800°C for 5 h, (c) 850°C for 5 h, (d) 850°C for 10 h, (e) 950°C for 5 h, (f)
1000°C for 2 h, and (g) 1050°C for 2 h. (A) WC (JCPDS No. 25-1047),
(V) a-W,C (JCPDS No. 35-0776), (<) W (JCPDS No. 04-0806), (O) B-
Wa409Ng 1 (JCPDS No. 03-1031), and () WO, (JCPDS No. 32-1393).
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Fig.4. Scanning electron microscopy images (a—c) with various mag-
nifications of the WC powders obtained by treating the tungstate-based
inorganic—organic hybrid compound at 1050°C for 2 h.

TG-DTA curves suggested the mass remaining is 65% after
thermal treating at 600°C in an air flow.

Figure 3 shows the XRD patterns of the products obtained by
thermally treating the tungstate-based inorganic—organic hybrid
compound at 750°-1050°C for 2-10 h in a sealed quartz tube. As
Fig. 3(a) shows, the product obtained at 750°C for 5 h can be
readily indexed to monoclinic WO, (JCPDS No. 32-1393), and
no other phases are observed. For the product obtained at
800°C for 5 h, as shown in Fig. 3(b), the phase of monoclinic
WO, is still the main composition, but an amount of cubic
B-W40.9No ; (JCPDS No. 03-1031) and a small amount of hex-
agonal WC (JCPDS No. 25-1047) coexist. When the thermal
treating temperature increases to 850°C, one can find that the
phases of WO, and B-Wy 9Ny ; disappear, and a new phase of
hexagonal o-W,C (JCPDS No. 35-0776) occurs, as shown in
Fig. 3(c). As shown in Figs. 3(c) and (d), with increases in ther-
mal treating time from 5 to 10 h, the hexagonal WC becomes the
dominant phase, and a very small amount of a-W,C and cubic
W (JCPDS No. 04-0806) coexist. The product obtained at 950°C
for 5 h mainly consists of hexagonal WC, coexisting with a very
small amount of a-W,C, as shown in Fig. 3(e). An elevated
treating temperature and a shortened treating time, e.g., at
1000°C for 2 h, can also achieve a product with major compo-
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sitions of hexagonal WC and o-W,C, as shown in Fig. 3(f). The
product obtained at 1050°C for 2 h is composed of the pure
hexagonal WC phase, as shown in Fig. 3(g).

Figure 4 shows the typical SEM images of the WC product
obtained at 1050°C for 2 h with various magnifications. A low-
magnification SEM image in Fig. 4(a) indicates that the WC
product consists of spherical microparticles, which are well
dispersed in a large view field. Figure 4(b) shows an enlarged
SEM image, indicating that the spherical microparticles are
porous aggregates with an apparent size range of 5-15 um. A
high-magnification SEM image, as shown in Fig. 4(c), indicates
that the porous microparticles are loose aggregates of WC nano-
particles with a particle size of 100-250 nm. The result of laser
particle size analysis indicates that the apparent particle sizes of
the WC powders obtained at 1050°C for 2 h range in 4.0-18.0
um, with a peak size of 8.6 um. The above result is consistent
with the SEM observations (Figs. 4(a) and (b)). The specific
surface area of the WC powders obtained at 1050°C for 2 his 1.7
m?/g. Their average diameter estimated according to the specific
surface area is about 200 nm, which is very close to the high-
resolution SEM observation (Fig. 4(c)). The molar ratio of W to
C of the WC sample obtained at 1050°C for 2 h is close to 1:1
according to the EDS spectra.

The formation process of hexagonal WC particles undergoes
the following steps according to the XRD results. Firstly, the
pyrolysis of the tungstate-based inorganic—organic hybrid pre-
cursor leads to the formation of tungsten oxides (e.g., WO5),
and some species containing carbon and nitrogen in the sealed
quartz tube. Secondly, the species containing carbon and nitro-
gen react with the tungsten oxides, and form B-WyooNo |,
a-W>C, W, and WC. Thirdly, the phases of B-Wy9oNo |,
a-W,C, and W further react with the C-containing species,
and finally form a hexagonal WC phase by elevating the reac-
tion temperature and prolonging the reaction time. In the sealed
quartz tube, the pyrolyzed organic ammonium ions emit excess
C-containing species relative to the amount of W, and this is
helpful for the formation of a pure WC phase. The excess C
forms carbon films and carbon beads in the other end wall of the
quartz tube. The above results are validated by EDS examina-
tion on the samples collected from different parts of the quartz
tube. The possible chemical reactions that occur during the heat
treatment depending on the heat treatment temperature can
roughly be described by the following equations:

C/CO/C,H,, <T50°C
—

(CsH7NH3), WO, WO, +C+CO ()
+ NH; + C,,H,,
w0, /O L WaC 4 WC ?)
NH3, 750°—800°C
wo, B-Wy99No |
C/CO/CmIMOO"*BSO"C W+ 0-WHC + WC 3)
W+ oW, /Oty 280°C o )

IV. Conclusions

Hierarchical WC microparticles consisting of hexagonal WC
nanocrystals have been synthesized by thermally treating a novel
tungstate-based inorganic—organic hybrid precursor in a
vacuum sealed quartz tube at 1050°C for 2 h. The as-obtained
WC particles are of a unique porous and hierarchical structure,
which not only makes the product easily disperse and recycle in
applications, but also makes the product have a high surface
area. The proposed single-source method is simple, efficient, and
inexpensive for the synthesis of WC micro-/nanocrystals.
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