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Abstract

By a facile reaction route, we synthesized five technologically important transition metal carbide nanoparticles including cubic NbC, TaC, VC,
hexagonal WC and MoC at relatively low temperatures. Here, in this rapid reaction process, we choose an organic reagent melamine and transition
metal oxides as reaction precursors. The experimental results indicate that melamine is a highly efficient carburization reagent, and the metal oxides
are completely converted into the corresponding carbides at relatively low temperatures. It is found that NbC, TaC, VC and WC are composed of
fine nanoparticles having average size of 7, 13, 5 and 18 nm with a fairly narrow size distribution, respectively. The potential reaction mechanism
between melamine and transition metal oxides and some new characteristics involved in this route are presented and discussed.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past decade, much effort has been devoted to the syn-
thesis of carbides due to their fundamental and technological
importance. Transition metal carbides are especially of inter-
est because they have many superior properties such as high
melting points, good thermal and catalytic behaviors, and excel-
lent electronic characteristics./™ NbC and TaC, for example,
are excellent additives in the manufacturing of hard materials,
and display excellent superconductivity.*> VC is also an impor-
tant dopant. It can markedly change the electrical conductivity
of SiC single crystal.>” WC is extremely refractory and pos-
sesses excellent catalytic properties similar to those of noble
metal platinum.®° Traditionally, transition metal carbides have
been made by powder metallurgical techniques at elevated tem-
peratures for extended time periods.!? For example, industrial
production of NbC and TaC is usually carried out by mixing
oxide and carbon at temperatures over 1500°C, and WC is
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commercially manufactured by reaction of elemental starting
material at 2800 °C. These methods are high-energy processes,
energy intensive and result in products with large micrometer
size. The metal carbides with micrometer size are brittle and
difficult to convert into fully dense solids with excellent frac-
ture resistance for high stress and temperature applications.*!!
As catalysts, these carbides also have lower performance due
to their large particle size and low surface area. Therefore, it
is desired to search for some new routes to prepare fine metal
carbide nanoparticles to meet the demand of industrial applica-
tions.

Recently, a series of methods have been reported to obtain
transition metal carbide nanoparticles. Gas—solid reactions, %13
gas-phase reactions,'* electrochemical and sonochemical
methods,'>'® rapid metathesis reactions!”?! and polymer
derived ceramics approach’>~>* have been intensively investi-
gated. However, the route to metal carbide nanoparticles through
organic compounds and oxides has been rarely investigated.
In this paper, we design a highly efficient and facile reaction
route assisted by carbothermal reduction to prepare transition
metal carbide nanoparticles. Here, we choose an organic reagent
melamine (C3N3(NH>)3) as a precursor with another one being
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corresponding transition metal oxides. Melamine is an important
starting material for several industrial applications, for example,
the syntheses of melamine—formaldehyde resins and of fireproof
materials.”> Melamine is also widely used for architecture of
supramolecular structures.® In our previous work,”’ we use
melamine as nitridation reagent to prepare eight metal nitrides
successfully. However, it is interesting to note that, at higher tem-
peratures, melamine also is an efficient carburization reagent and
some transition metal oxides are completely converted into the
corresponding carbides. In particular, fine NbC, TaC, VC and
WC nanoparticles with a narrow size distribution can be easily
obtained by this facile reaction route.

2. Experimental procedure

All starting materials are of analytical pure grade and are
purchased from commercial sources. In the typical synthesis,
firstly, 8 mmol melamine (C3N3(NH>)3) and 2 mmol NbyOs
were mixed together and then pressed to a pellet (here we use
the excess of C3N3(NH3)3 to ensure the complete conversion
of NbyOs to NbC). The pellet was put into a silica ampoule

agn’  Dat WD
000x%, TLD 5.0

(out diameter, 15 mm; inner diameter, 12 mm). Secondly, the
ampoule with the pellet was evacuated to 1 x 10~ Pa and sealed
at length of 10cm. In succession, the ampoule was heated to
1100 °C at the rate of 5°Cmin~!. Then the whole system was
kept at 1100 °C for half an hour. At last, the ampoule was cooled
naturally to room temperature and black powder was found
after cooling. The typical smell of ammonia was detected after
opening the ampoule up. This phenomenon can be found in the
syntheses of the following carbides. By similar methods, TaC,
VC, WC and MoC can be also synthesized by the reaction of
melamine and transition metal oxide TayO5, V205, WO3 and
MoQO3, respectively, at the moderate temperatures. The experi-
mental conditions and the corresponding products are listed in
Table. 1.

X-ray powder diffraction (XRD) analysis was conducted
on a PaNalytical X’Pert Pro MPD X-ray diffractometer with
26 ranging from 10° to 90°, using graphic monochromatic
Cu Ka radiation (A =1.5406 A). The morphology and chem-
ical composition of the products were characterized using a
Hitach (Tokyo, Japan) S-4200 field-emission scanning elec-
tron microscope (FE-SEM) equipped with energy-dispersive

Fig. 1. SEM micrographs of the obtained transition metal carbides: (a) NbC; (b) TaC; (c) VC; (d) WC; (e) MoC.
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Fig. 2. EDX measurement of the obtained transition metal carbides: (a) NbC; (b) TaC; (c) VC; (d) WC; (e) MoC.

X-ray spectroscopy (EDX). The magnified morphology, particle
size and high-resolution lattice fringe images of samples were
obtained on a Philips CM12 transmission electron microscope
(TEM) operation at 100 and 200 keV, respectively. The samples
for TEM were dispersed in ethanol by sonication and deposited
on carbon-coated copper grids.

3. Results and discussion

In the typical synthesis, the sample obtained by the reaction
between melamine and Nb,Os5 was collected and characterized.
It can be observed that the product was irregular aggregates
consisting of many crystallites (Fig. 1a). The corresponding
energy-dispersive X-ray spectroscopy (EDX) data indicate that
only Nb, C and trace amount of O element can be detected
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Fig. 3. XRD pattern of the obtained transition metal carbides: (a) NbC; (b) TaC;
(c) VC; (d) WC; (e) MoC.
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(Fig. 2a). Trace amount of O element probably comes from the
03 and H,O absorbed on the surface of the sample. To further
determine chemical composition of the sample, chemical ele-
ment analysis is employed. The analysis result indicates that the
atomic ratio of Nb and C element is 1:1.3, and no N element is
detected. The excessive C element in the sample can be identi-
fied as byproduct amorphous carbon decomposed by excessive

melamine at high temperatures. The powder X-ray diffraction
pattern (Fig. 3a) can be indexed as cubic NbC with cell constant
of a=0.447 nm, agreeing well with the calculated diffraction
pattern (ICDD-PDF No. 3-1364). The widening of the observed
peaks is due to the size effect of the sample grains, which can
be confirmed by the TEM observation. The transmission elec-
tron microscope (TEM) image indicates that the sample consists

/\{Eﬁl)nm

d100

2nm

200nm

Fig. 4. TEM micrographs of the obtained carbides: (a) NbC; (b) TaC; (c) VC; (d) WC; (e) MoC. The inset of each images imply the lattice of the corresponding

carbides.
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Table 1
Summary of the reactions between transition metals and melamine
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Starting oxide Molar ratio Temperature (°C) Products Space groups Cell constants (nm) Average size (nm)
NbyOs 4:1 1100 NbC Fm—3m a=0.4467 7
TayOs 4:1 1100 TaC Fm—3m a=0.4452 13
V,0s5 8:1 1200 vC Fm—3m a=0.4163 5
WO3 6:1 1150 wC P—6m2 a=0.2901, »=0.2837 18
MoO3 6:1 1150 MoC P—6m2 a=0.2903, b=0.2787 180

of many nanoparticles having an average size of 7nm with a
fairly narrow distribution (Fig. 4a). It is also found that these
NbC nanoparticles are glued into an amorphous matter. This
amorphous matter is identified as byproduct amorphous carbon.
Nanoparticles aggregate with each other through the amorphous
carbon, which forms the irregular aggregates exhibited by the
SEM image (Fig. 1a). This phenomenon can be also found in the
other metal carbides synthesized by this route. High-resolution
TEM (HRTEM) image shown in the inset of Fig. 4a clearly
exhibits the lattice fringe spacing for (2 0 0) plane of cubic NbC
(d200=0.223 nm), giving further evidence that the as-prepared
sample is NbC.

By a similar method, the other four transition metal carbides
were synthesized at moderate temperatures, respectively. The
corresponding SEM images and the EDX analysis are shown in
Figs. 1 and 2, respectively. The results show that all these prod-
ucts are composed of many irregular aggregates, and mainly
consist of corresponding transition metal element and C ele-
ment. We also use the chemical element analysis method to
further determine the chemical composition of these samples.
The results show that C element is excessive and no N element
is detected, indicating the samples have undergone the forma-
tion of the metal carbides. The powder X-ray diffraction patterns
of these four products (shown in Fig. 3b—e) are indexed, and
the cell constants are listed in Table 1. The cell constants are
consistent with their known values in the ICDD-PDF reference
patterns, and the XRD results indicate that metal oxides are
completely converted into the metal carbides within the instru-
mental resolution. All the diffraction peaks can be indexed to
cubic TaC (ICDD-PDF No. 35-0801), cubic VC (ICDD-PDF
No. 73-0476), hexagonal WC (ICDD-PDF No. 25-1047) and
hexagonal MoC ((ICDD-PDF No. 45-1015), respectively. These
products are further characterized by TEM and high-resolution
TEM which make it possible to observe the size of products
and confirm the phase identifications by XRD patterns, respec-
tively. It can be seen from Fig. 4b—d that the high content of
monodispersed TaC, VC and WC nanoparticles with mean size
of 13, 5 and 18 nm are achieved, respectively. As for the MoC,
the particle size (shown in Fig. 4e) is significantly larger and the
size distribution is broader than the as-prepared TaC, VC and
WC. These metal carbide nanoparticles are all glued into amor-
phous carbon. Nanoparticles aggregate with each other through
the amorphous carbon to form the irregular aggregates exhib-
ited by the SEM images (Fig. 1b—e). This byproduct carbon
can be removed by the following methods: firstly, these car-
bide products are dispersed in ethanol by sonication and drying
at 60 °C; Subsequently, the products were put into a tube fur-

nace under flowing ammonia gas at 750 °C for an hour. The
amorphous carbon can be removed by the reaction between the
amorphous carbon and NH3 gas. High-resolution TEM clearly
exhibits the different plane spacing again for these four tran-
sition metal carbides before carbon removal: dyo9=0.223 nm
(the inset of Fig. 4b) for cubic TaC; dj 11 =0.240 nm (the inset
of Fig. 4c) for cubic VC; dj o9 =0.252 nm (the inset of Fig. 4d)
for hexagonal WC, and d; 9o =0.250 nm (the inset of Fig. 4e) for
hexagonal MoC. These values agree well with the known data in
the ICDD-PDF reference patterns, further confirming the phase
identifications by XRD measurements.

These results suggest that the reaction route is very effec-
tive in synthesizing a variety of transition metal carbides. A
striking feature of this route is that the reaction temperature
is much lower than the reported in conventional methods, and
fine carbide nanoparticles with rather small size can be easily
and directly obtained. In our previous work?’, we success-
fully synthesized a series of metal nitrides including NbN, TaN
and VN, using melamine and metal oxides as precursors at
relatively low temperatures (the corresponding reaction tem-
peratures were listed in the literature?’). However, at higher
temperatures, it is interesting to find that metal oxides are com-
pletely converted into the corresponding metal carbides such
as NbC, TaC and VC, and no metal nitrides are found. There-
fore, the reaction processes can be divided into several stages.
Schnick et al. have proven that melamine can condense into
different intermediates and release ammonia at different tem-
peratures, respectively?®. Several important intermediates such
as melam ((C3N3)2(NH»)4(NH)), melem (C¢N7(NH5)3), melon
((C¢N7)3(NH2)3(NH)3) and graphitic carbon nitride materials
(g-C3Ny) can be obtained with increasing temperature. Then, g-
C3Ny4 can further release some chemically reactive hydrogen-,
carbon-, and nitrogen-containing atomic species such as C3N3™,
C,No* and C3N,* over 600 °C.2831 These highly active carbon
nitride species may play triple roles as the reduction, nitrida-
tion and carburization reagent. Firstly, these chemically active
species will reduce the metal oxides into the corresponding
active metal atoms. Secondly, these active metal atoms will fur-
ther react with carbon nitride species to form metal nitrides.
Finally, with increasing temperature, the subsequent carburiza-
tion processes between the metal nitrides and carbon nitride
species will occur and lead to the corresponding carbides. The
overall reaction processes can be speculated to occur as follows:

yC3Nyg +3M,,0y — 3xM + 2yN,+3yCO (D)

C3N4+4M — 4MN + 3C 2)
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2C3N4 +6MN — 6MC + 7N, 3)

The experimental observations further provide useful clues
to understand the reaction mechanism. In the first reduction pro-
cess, though we did not observe the metal elements reduced from
the metal oxides, we suppose that metal oxides may be converted
into high active metal atoms because we have proven that some
metal oxides, such as Co,03, Nio O3, ZnO and CuO, can be con-
verted into the corresponding metal element using melamine as
precursor. These results give further evidence that the reduction
process indeed exists. In the second process, metal nitrides are
obtained at the moderate temperatures reported in our previous
work.?” In the final process, with increasing reaction tempera-
ture, the as-prepared nitrides will be further converted into the
more stable metal carbides. The carburization processes are very
fast and no nitrides are found in the final products, indicating
that the pure carbides can be easily obtained at high tempera-
tures. We have also used the metal element and melamine as
precursors to prepare metal nitrides and carbides. The results
reveal that metal nitrides and carbides can be obtained at similar
experimental conditions using metal oxides as precursors. These
results indicate that the second and final process exist indeed. We
also used the metal nitrides and melamine as starting materials
to prepare metal carbides. It is found that metal carbides can be
also obtained, which further prove the final process. However,
we cannot prove whether metal nitrides can be directly converted
into carbides. The metal nitrides may be firstly reduced into the
active metal atom. Then, carburization reactions between the
metal atom and the carbon nitride species will occur and finally
lead to the corresponding carbides. Thus, the exact mechanism
needs to be further investigated.

4. Conclusions

We demonstrate a facile and efficient route for the synthesis
of five important transition metal carbides using melamine as
precursor. The experimental results indicate that melamine is a
highly efficient carburization reagent, and the transition metal
oxides are completely converted into the corresponding carbide
at relatively low temperatures. Except for MoC, these carbides
are composed of fine dispersed nanoparticles with a fairly narrow
size distribution, suggesting that these nanoparticles can be more
useful from the viewpoint of technical application. The reaction
pathway includes a three-step process for the synthesis of these
transition metal carbides. An important feature of this novel
route is that intermediate carbon nitride species play tripe roles
as reduction, nitridation and carburization reagent.
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