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E
arly transition metal carbides are
well-known for their high melting
points, high degree of hardness, and

thermal and electrical conductivity.1�6

These properties make early transition

metal carbides very useful in coatings, tools,

machine parts, and as reinforcements in

composites.1�6 They often adopt simple

crystal structures, such as face-centered cu-

bic (fcc), body-centered cubic (bcc), or

simple hexagonal (hex) structure, with the

nonmetal elements occupying the intersti-

tial spaces between metal atoms.7 Theoreti-

cal band-structure calculations indicate

that the bonding in carbides involves simul-

taneous contributions from metallic, cova-

lent, and ionic bonding.8�11 Metallic bond-

ing is related to the metal�metal bonds;

covalent bonding arises from the interac-

tion of carbon 2s and 2p orbitals with metal

d orbitals; and the ionic contribution is re-

lated to the charge transfer between metal

and carbon atoms.

The properties of a nanoparticle are de-

termined by a set of physical parameters

that include its size, shape, composition,

and structure. In the case of catalysis, it is

well-established that for certain systems the

activity of a nanoparticle can be enhanced

by reducing its size, thereby increasing the

surface area and the availability of

defects.12�15 Transition metal carbides have

attracted considerable attention for cata-

lytic applications since 1973, when Levy and

Boudart first reported the Pt-like behavior

of WC in the neopentane isomerization re-

action.16 Some clear advantages that early

transition metal carbides have over their

parent metal include activity, selectivity,

and durability.17,18 The selectivity is most

sensitive to the packing of atoms on the sur-

face or exposed facets of a nanoparticle.19,20

Different crystal surfaces exhibit different
physical and chemical properties due to
their packing and coordination state. For ex-
ample the {111}, {100}, and {110} surfaces
of a face-centered cubic (fcc) metal have dif-
ferent surface atom densities, electronic
structures, and chemical reactivities. The
TiC {111} surface has been shown to be
highly active for dissociative adsorption of
hydrogen at room temperature.21 The TiC
{100} surface has shown the ability to ad-
sorb several different molecules including
water, methanol, ethanol, 2-propanol, NH3,
CO, and methyl formate.22�26 Also adsorp-
tion and dissociation of O2 and SO2 has
been studied on the TiC {001} surface.27�32

Traditionally, titanium carbide (TiC) has
been synthesized as either thin films or
micrometer-sized particles. TiC thin films
can be deposited through the reaction of
TiCl4 with gaseous hydrocarbons or magne-
sium reduction of TiCl4 and CCl4.33 Early
transition metal carbide micrometer-sized
particles are commercially made by carbo-
thermal reduction of metal oxide.34 The
shape and size of the metal carbides par-
ticle depends on the shape and size of the
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ABSTRACT Titanium carbide nanoparticles were synthesized by flowing methane through a plasma generated

from an arc discharge between two titanium electrodes. Different methane concentrations were employed in

studies made to investigate the effects of carbon concentration on particle morphology. Transmission electron

microscopy and X-ray diffraction were used to investigate the synthesized TiC nanopowders, whereupon it was

found that nanocrystalline TiC nanoparticles prefer a cubic morphology at low concentrations of methane and a

cuboctahedron morphology at high concentration of methane. The change in particle morphology is attributed to

carbon affecting the relative growth rates of the {111} and {100} facets on a TiC seed crystal.
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starting metal oxide particle. Titanium carbide nanopo-

wders have been formed through thermal plasma pro-

cessing with an average size of less than 100 nm.5 The

preparation of nanoparticles with different shapes and

surface facets is therefore important for controlling

their properties. The role of carbon concentration on

how it affects titanium carbide nanoparticle morphol-

ogy will be presented and discussed.

RESULTS AND DISCUSSION
Titanium carbide nanoparticles were synthesized

by an arc discharge method with varying methane con-

centrations, as summarized in Figure 1. A typical XRD

pattern of the synthesized ultrafine, black powder col-

lected in the bubbler is shown in Figure 2, clearly con-

firming the presence of titanium carbide (TiC) without

any evidence of impurities such as titanium dioxide or

pure titanium metal. The peaks in the XRD pattern are

broad due to the scattering effects from the
small particle size of the powders.35,36 Particle
size can be calculated from XRD patterns by
using the Scherrer equation:

particle size ) Kλ/d cos θ (1)

where � is the wavelength of the X-ray radia-
tion source, d is the full width half-maximum
(fwhm) of the peak, � is the Bragg angle,
and K is a constant with a typical value of
0.9.37 It is desirable to use peaks at smaller dif-
fraction angles to reduce the effect of lattice
strain.38 From the peak of 2� � 35.55 in Fig-
ure 2, particle size is calculated using the
Scherrer equation to be 20 nm for nanoparti-
cles produced with 12% methane concentra-
tion, which is in good agreement with TEM

images from the sample.
Particles formed from gas mixtures of 5% and 12%

methane are shown in the TEM images in Figure 3 pan-
els a and b, respectively. The images also show that
the particles formed are uniform cubes with no excess
amorphous carbon. The varying contrast from nanopar-
ticle to nanoparticle is due to different orientations of
the particles in the electron beam. Single particle dif-
fraction patterns show that the nanoparticles are single
crystals with all six facets on the cube being {100}. A se-
lected area diffraction pattern shown in Figure 3c has
d-spacings that measure 2.50, 2.16, and 1.53 that match
with bulk titanium carbide with fcc structure. Figure
3d is a typical EDS spectrum of the synthesized nano-
particles showing peaks corresponding to titanium and
carbon from the nanoparticles. The lacey carbon-coated
grids also contribute to the carbon signal. The copper
peaks in the EDS spectra are from the lacey carbon-

coated copper TEM grids on which the par-
ticles are deposited. Another interesting ob-
servation is that there is no visible oxygen
peak in the EDS spectra.

A TEM image of TiC nanoparticles syn-
thesized under a gas mixture of 30% meth-
ane is shown in Figure 4a. The image shows
a transformation from cube-dominated
morphology to a mixture of cubes and
cuboctahedron-shaped particles. Selected
area diffraction patterns show that both
particle morphologies are TiC with fcc struc-

ture. Also single particle diffraction pat-

terns show that both morphologies are

single crystals.

Figure 4b,c shows the TEM images of

nanoparticles formed with 60% and 100%

methane, respectively. The morphology of

the nanoparticles is now dominated by the

cuboctahedron-shaped nanoparticles. This

gives each of the nanoparticles 14 facets

Figure 1. Principle components of the arc discharge vessel and the different
nanoparticle morphologies with varying carbon concentrations. The black spheres
represent carbon atoms, and the yellow spheres represent titanium atoms.

Figure 2. XRD pattern of titanium carbide nanopowders compared to a library spec-
trum for bulk titanium carbide.
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that have a combination of 6 {100} and 8 {111} facets.
Selected area diffraction patterns confirm that the
nanoparticles are TiC with an fcc crystal structure. Some
of the nanoparticles synthesized with 100% methane
show an amorphous carbon shell around the nanopar-
ticles. The ability to affect morphology changes from
cubic to cuboctahedron with increasing methane con-
centration is reproducible as verified in a number of
experiments.

We measured the shape distribution of the tita-
nium nanoparticles from multiple TEM images from
various methane concentrations in Figure 4d. For each
methane concentration we counted between 100 and
160 nanoparticles. (Only clearly visible nanoparticles
were counted and large agglomerations where the
morphology of the nanoparticles was not clear were ex-
cluded. The large agglomerations made up less than
10% of the sample and did not affect the morphology
trend.)

Nanoparticles synthesized with 5% and 12% meth-
ane concentrations contained 94% and 86% cubes, re-

spectively. With 30% methane the nanoparticles are
split with 58% being cubes and 42% being cuboctahe-
drons. The cuboctahedron morphology dominates with
60% and 100% methane where 93% and 94% of the
samples are cuboctahedrons.

To understand this phenomenon of changes in mor-
phology with carbon concentration we looked into the
relationship of surface energy with the growth rate of
the different facets. As clusters grow past a critical size
they form seed crystals which have well-defined crystal-
lographic facets.39 Under thermodynamic control the
seed crystal should take on a morphology that mini-
mizes the exposed surface and maximizes the volume.
Typically the most stable morphology follows Wulff’s
theorem,40 which attempts to minimize the total inter-
facial free energy of a system within a given volume. For
an fcc structure material the surface energy (�) for the
different facets follows an energy sequence of �{111} �

�{100} � �{110}.39 Therefore a single crystal seed should
take on the shape of an octahedral in order to maxi-
mize the number of {111} facets and minimize the sur-

Figure 3. (a�b) TEM images of cube-shaped nanoparticles synthesized with 5% and 12% methane. (c) A selected area dif-
fraction of the synthesized titanium carbide nanoparticles confirms the nanoparticles are titanium carbide. The three inner
rings have a d-spacing measurement of 2.50, 2.16, and 1.53. (d) EDS spectra of the synthesized titanium nanoparticles show-
ing only titanium, carbon, and copper present. The copper and a portion of the carbon signal is from the TEM grid.
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face energy.39 However, this shape has a large surface

area compared to its volume resulting in the high en-

ergy vertices to be truncated. The seed crystals there-

fore form into the shape of a truncated octahedron en-

closed by a combination of {111} and {100} facets.39

Referring back to the results, we notice that at lower

concentrations of methane, cubic morphology is domi-

nant and at higher concentrations, cuboctahedrons

are dominant. However, irrespective of the carbon con-

centration, the TiC nanoparticles have 1:1 stoichiome-

try which rules out the morphology change being due

to different stoichiometries. Now, according to periodic

bond chain (PBC) theory nomenclature, {100} faces are

flat surfaces and are called F-faces.41,42 The {111} faces

are kinked surfaces and are called K-faces. Each surface

site on the K-faces is a kink site and irreversibly incorpo-

rates incoming atoms absorbed on the surface. K-faces

therefore produce a surface that has many nucleation

sites causing a higher growth rate. However impurities

and solvent molecules have been shown to interact

with the K-faces, thereby decreasing the growth rate

of these facets.43,44 In our case the excess carbon inter-

acts with the kink sites on the K-faces. The TiC nanopar-

ticles synthesized with 5% and 12% methane concen-

trations produce nanoparticles that are cubic having six

{100} facets. This can be explained within the PBC

theory model. The seed crystal is a truncated octahe-

dron which has a mix of {100} and {111} facets. Since at

low supersaturation levels (corresponding to 5% and

12% methane), the growth rate for �111� is faster than

the �100� direction, they finally end up forming cubic

nanoparticles possessing all six {100} facets, as depicted

in Figure 1. At higher carbon concentration (60%, 100%)

the TiC nanoparticles are cuboctahedron shaped. The

decrease in the growth rate of the {111} facet is because

of the interactions between excess carbon and the

kink sites. The excess carbon leads both �100� and �111�

facets to have similar growth rates and the seed crys-

Figure 4. (a�c) TEM images of titanium carbide nanoparticles synthesized with 30% (a), 60% (b), and 100% methane. Panel d is a bar
graph displaying the abundance of different morphologies synthesized with varying methane concentrations. Cubes dominate at low
methane concentrations and cuboctahedrons dominate at high methane concentrations.
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tal truncated octahedron shape becomes only slightly
distorted to the cuboctahedron shape.

At 30% methane concentration both processes are
playing a part and therefore a mixture of cubic and cub-
octahedron particles are observed. This might also be
influenced by a localized concentration/pressure gradi-
ent produced during the atomization process. The inner
region of the metal and carbon vapor promotes the
cuboctahedron-shaped particles, while in the outer re-
gion where the metal and carbon atoms are in lower
concentration, the formation of cubes dominates.

CONCLUSIONS
We have shown that titanium carbide nanoparticles

can be synthesized through an arc discharge method.
The nanoparticle morphology can be controlled by
changing methane concentration. TiC cubes are synthe-
sized at a low methane concentration and cuboctahe-

drons at a high methane concentration. Both the cubes
and the cuboctahedrons are formed from a truncated
octahedron seed crystal and have fcc structure. How-
ever, the difference in morphology arises because of the
difference in the growth rates between {111} facet and
the {100} facet at different carbon levels. To the best of
our knowledge this is the first study to show control
over nanoparticle morphology for early transition metal
carbides. There is no capping agent used to stabilize
the titanium nanoparticle surface, therefore the bare
nanoparticles could potentially be important for appli-
cations in the fields of catalysis and ceramic processing.
Several experimental studies are in progress where the
effect of current, flow rate, and time are being con-
trolled to observe an effect on morphology of the TiC
nanoparticles. It will also be interesting to study how
the size of particles is affected by changing each of

these conditions.

METHODS
Materials. Pure metal Ti (purity 99.7%) rods (6.4 mm in diam-

eter) were purchased from Alfa Aesar. Methane (purity 99%)
and helium (purity 99.999%) were purchased from BOC Gases
and Praxair, respectively. The arc discharge vessel was home-
made and the power supply for the arc discharge was a Cafts-
man 240AC/180DC arc welder.

Nanoparticle Synthesis. Various combinations of methane in he-
lium ranging from 5% to 100% methane were used as reactant
gas mixtures. The gas mixture flow rate was maintained at 40
standard cubic centimeters per minute (sccm) and a discharge
was acquired by applying 180A direct current for a period of 10
min. Titanium and methane were atomized within the arc dis-
charge generated plasma. Once the metal and carbon vapor is
sufficiently cooled or the concentration is high enough nucle-
ation occurs and is followed by nanoparticle growth. The tita-
nium carbide nanoparticles were entrained in the helium gas
flow and were collected from the helium flow in a bubbler con-
taining acetonitrile.

Characterization. The synthesized nanoparticles were character-
ized by powder X-ray diffraction (XRD) using Cu K	 radiation (�
� 1.5405 Å). A couple of drops of solution were place on a 200
mesh lacey carbon-coated copper grids for TEM analysis. The
morphology, size, and composition of the nanoparticles were
characterized using Philips EM-420T transmission electron mi-
croscopy operating at an accelerating voltage of 120 kV
equipped with energy dispersive spectroscopy (EDS) and se-
lected area diffraction patterns (SADP) capabilities.
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