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bstract

he present study aims to investigate chemical vapor deposition of carbon from CH4 on TiO2 particles and to establish optimal conditions for
he synthesis of nanocrystalline TiC powders. Mass measurements, XRD, HR-TEM and SEM were used to characterize the products at various
tages of the reactions. Oxide particles gained mass rapidly at 1300 K under CH4 atmosphere and were coated with thin pyrolytic carbon layers
f 10–20 nm. XRD analysis showed that the coated powders consisted of C, TiO2 and titanium sub-oxides. The powders containing ∼33 ± 2 wt%

arbon were used for the carbothermal reduction of TiO2 to TiC at 1600–1800 K under Ar flow. Lattice constant and mass loss of the samples
ncreased to the levels of TiC with temperature and time. Nearly pure TiC powders with a mean particle size of ∼125 nm were synthesized at
750–1800 K within 30 min.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Because titanium carbide (TiC) has high hardness, a high
odulus of elasticity, a high melting point, good corrosion resis-

ance, high thermal and electrical conductivities, it has been
xploited in many areas ranging from cutting tools to nuclear
aterials. It is one of the most important starting constituents

f sintered hard metals, steel bonded carbide components and
lasma sprayed coatings for wear resistant applications.1–3

Demands for nanosized ceramic powders increase owing to
mproved properties (such as better densification, higher hard-
ess, lower wear rate) in the products produced from them.4 For
xample, it was reported5 that the use of fine TiC particles pre-

ared via carbothermal reduction of TiO2 with carbon coating
esulted in higher density compared to commercial TiC in the
i–TiC compacts.
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Various methods have been developed for the synthesis of
ne TiC powders including carbothermal reduction,6 thermal
lasma,7 vapor phase reaction or chemical vapor deposition8

nd reactive ball milling.9 It appears that none of them is utilized
or commercial production mainly due to high costs, corrosive
recursors, process complexity and poor product purity. For
xample, chemical vapor deposition technique employs corro-
ive, expensive titanium compounds (e.g. TiCl4) as a titanium
ource along with hydrocarbons and hydrogen.

Carbothermal reduction of TiO2 powders mixed with solid
arbon black is used industrially due to its ease of operation
nd low cost.1,10,11 This method, however, requires high tem-
eratures (>2000 K) and long reaction times (>10 h) owing to
luggish reaction rates between separate TiO2 and C particles
esulting in coarse TiC particles of low purity. Particle size of the
owders can be reduced to >150 nm by a cumbersome and time
onsuming milling process. Furthermore, products are contami-

ated by the solid carbon with impurities like Ca, Si, Fe, S, and P
nd by milling media. In spite of its disadvantages, conventional
arbothermal reduction appears to be the most promising method
or industrial production of fine TiC powders. The problems
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Fig. 1. (a) The equilibrium solid stability diagrams showing phase fields as a
function of temperature and input carbon mole fraction. (b) Variation of equi-
l
i

s
A
p
(
n
t
f

s
s
c
s
d
r
i
e
f
r
T
0
d
a
T
1

70 S. Cetinkaya, S. Eroglu / Journal of the E

ssociated with the technique may be circumvented by using
ne grained TiO2 precursor and by providing closer contact area
etween the precursors. So that enhanced carbothermal reaction
an take place at lower temperatures in shorter times owing to
hort-diffusion paths and increased C uptake. Intimate contact
etween C and TiO2 may be best achieved by coating oxide par-
icles with carbon from gas-phase, which also improves product
urity and minimizes particle coarsening. It was reported6 that
itania nanoparticles were coated with carbon by thermal crack-
ng of C3H6 (propylene) at elevated pressure and at 873 K. Up
o 18 cycles, each lasting ∼20 min, were necessary to achieve
2–34 wt% of carbon required for the subsequent conversion of
iO2 to TiC. Multicycle C coating process and carbothermal
eduction in a separate vessel seem to limit the industrial use of
he method. It is therefore apparent that a fast and economical
rocess for producing fine TiC powder is presently needed.

Recently, titanium oxide particles coated with carbon by
eat treatment of the powder mixture of rutile-type TiO2 with
olyvinyl alcohol in inert atmosphere have received consid-
rable attention for the use as a photocatalyst in the area
f environment conservation and remediation.12 Hence, it is
orthy of studying carbon coating processes using different

echniques and precursors for possible alternative routes to car-
on encapsulated TiO2 particle synthesis.

Until now, there is no published report on chemical vapor
eposition of carbon from CH4 on the particulate TiO2. In the
resent study, we used CH4 gas as a carbon source because
t is relatively cheap and abundant. The present study also
emonstrated that TiC powders with finer particle size could be
ynthesized in a shorter time at 1750–1800 K using the com-
osite precursor obtained from CH4 compared to the earlier
orks.5,6 Furthermore, the present study shows that both carbon

oating and TiC synthesis steps can be carried out in the same
eactor by allowing CH4 flow during heating-up and switching
o Ar at higher temperatures. Hence, the process presented here
as inherent advantages, including a simple flexible production
rocedure, low cost carbon source and short synthesis time and
an be easily scaled up. Consequently, the present work was
ndertaken in order to establish optimal conditions for the forma-
ions of nanocrystalline carbon shell–titanium oxide composite
articles and TiC powders. Furthermore, detailed equilibrium
hermodynamic analysis in the Ti–O–C–Ar system using Gibbs’
ree energy minimization method was also carried out in order
o get a deeper insight into the thermochemistry of the carboth-
rmal reduction process.

. Thermodynamic analysis of carbothermal reduction
f TiO2 by carbon

Equilibrium thermodynamic analysis has been carried out
y the method of minimization of the Gibbs’ free energy of a
ystem,13 obeying mass constraint. For a system of known input
omposition, it computes equilibrium gas phase and condensed

hase compositions at a given pressure and temperature. The cal-
ulation requires specifying all possible species and condensed
hases known to exist in the temperature range of interest. For the
arbothermal reduction of TiO2 by carbon in Ar atmosphere, the

p
c
p
c

ibrium gas composition with input carbon mole fraction at 1800 K. Ar content
s 0.5 mole.

pecies considered as the constituents of the gas phase included
r, CO, CO2, Ti, TiO, TiO2, O2 and O. Condensed equilibrium
hases were assumed to be pure C, TiO2, titanium sub-oxides
Ti4O7, Ti3O5, Ti2O3, and TiO), Ti and TiC. Input thermody-
amic data in the form of Gibbs’ free energy of the formation of
he constituents considered in the present study were obtained
rom the thermochemical tables.14,15

Thermodynamic calculations of complex equilibria in the
ystem of TiO2–C–Ar were performed using a modified ver-
ion of Eriksson’s computer program SOLGAS-MIX16 for input
arbon mole fraction in the range 0–1 at atmospheric pres-
ure and at temperatures of 1500–1800 K. Fig. 1 depicts the
iagrams constructed from the calculated results. An equilib-
ium stability diagram for the condensed phases is displayed
n Fig. 1a. The boundary lines in the diagram divide differ-
nt phase fields in which the indicated phases are expected to
orm. The information obtained from the figure can be summa-
ized as follows. The equilibrium line compounds of pure Ti4O7,
i3O5, Ti2O3 and TiC are expected at carbon mole fractions of
.2, 0.25, 0.33 and 0.75, respectively. Formation of TiC is pre-
icted along with Ti2O3 phase at mole fractions between 0.33
nd 0.75. Above 0.75, free C coexists with TiC. Ti2O3 + TiO and
i2O3 + TiO + TiC phase fields are also seen at temperatures near
800 K and at mole fractions ∼0.4.

In order to gain more insight into thermochemistry of the
rocess, gas phase composition at 1800 K was studied as input

arbon mole fraction varied. Hence, possible chemical reaction
athways to the formation of TiC could be suggested using the
ontents of products and the input reactants. Fig. 1b shows the
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omposition of the gas phase. Vertical lines shown in the figure
eparate the condensed phase fields corresponding to those in
ig. 1a. As seen from the figure, the gaseous species expected to
orm are CO, CO2, TiO2, TiO, Ti and O. Among these species,
O has the highest concentration at all input mole fractions and

ts content increases with the input mole fraction up to 0.75
bove which it becomes constant. The concentration of CO2 is
redicted to be much less than that of CO. The amounts of the
ther species are found to be very small.

Based on the calculations, the titanium sub-oxide phases (for
xample, TinO2n−1 phases with 1 ≤ n ≤ 4) and major gaseous
pecies are expected to form at low C mole fractions by the
ollowing reactions:

TiO2 + C → TinO2n−1 + CO (1)

TiO2 + 1/2C → TinO2n−1 + 1/2CO2 (2)

O2 + C → 2CO (3)

The equilibrium analysis suggests that TiC may form from
ower titanium oxides TiO or Ti2O3 depending on temperature
ossibly through the intermediate reactions of:

inO2n−1 + (3n − 1)C → nTiC + (2n − 1)CO (4)

inO2n−1 + (4n − 1)/2C → nTiC + (2n − 1)/2CO2 (5)

here n is 1 or 2. This result is consistent with the experimental
iterature.6,10

TiC is predicted to form by the following net reaction which
ay be viewed as the total of reactions (1) and (4) or (2), (3)

nd (5):

iO2 + 3C → TiC + 2CO (6)

q. (6) is the well known overall reaction for the carbothermal
eduction of TiO2 to TiC by solid carbon.

. Experimental procedures

The experimental setup used for the present study essen-
ially consists of a hot-wall tubular alumina furnace (20 mm in
iameter) with SiC heating elements and gas flow meters. The
etails of the reactor are given elsewhere.17 The chemicals used
ere TiO2 powder (99.7%), high purity argon (99.999%) and
ethane (99.5%). Particle size of the TiO2 powder was reported

o be <25 nm by the producer (Sigma–Aldrich). The alumina
oat with gas entrance side cut to allow smooth gas flow was
oaded with the reactant powders. Prior to the experiments, the
owders were held at 373 K in an oven for moisture removal.
ass measurements before and after experiments were carried

ut by a calibrated electronic balance (Sartorius BP110S) with
sensitivity of ±10−4 g in order to determine the extent of the

eactions. Change in mass was calculated using the equation of
m − m0)/m0 × 100 where m is the mass at temperature T or time
and m0 is the starting mass of the sample.
The experiments consisted of two successive steps: (i) chem-
cal vapor deposition of carbon on the oxide particles from pure
H4 and (ii) subsequent carbothermal reduction under Ar atmo-

phere. In the first step, the oxide powders (∼80 mg) were heated

p
b
9
t

an Ceramic Society 31 (2011) 869–876 871

t a rate of 25 K/min in flowing CH4 (40 cm3/min) and were
sothermally held at 1300 K to deposit carbon on the particulate
xide for the subsequent carbothermal reaction. Carbon con-
ent of the coated samples was determined by burning it off in
ir at 900 K for ∼10 min. In the second step, the carbon coated
xide powders (∼200 mg) were heated up to the temperatures of
600–1800 K and kept at these temperatures for different peri-
ds of time under Ar flow (250 cm3/min). The reaction products
ere allowed to cool in the Ar atmosphere.
Morphology of the carbon coated powders was examined by

High Resolution Transmission Electron Microscope (JEOL
100 LaB6 HR-TEM). For this examination, the powder was
ixed with ethanol and the mixture was then dropped on the
EM grid. A Scanning Electron Microscope (JEOL 6335 FEG-
EM) equipped with Field Emission Gun was employed to
eveal morphologies of carbothermal reaction products. Mean
article sizes were determined from the areas of at least 80
articles using an image analysis program (UTHSCSA Image
ool) and FEG-SEM images. Equivalent circular diameters of

he measured areas were calculated to describe mean particle
izes.

Phase analyses were performed using a parafocusing X-ray
iffractometer (RIGAKU D/Max-2200 XRD) equipped with a
u radiation tube and a monochrometer. The crystallite size was
alculated from the X-ray diffraction peak profiles using the
cherrer formula:

= λ

β cos θ
(7)

here λ is the wavelength of Cu K� radiation (0.15418 nm),
is the diffraction angle, t is the crystallite size and β is the

ull breadth of the diffraction peak from the (2 0 0) crystallo-
raphic plane at half-maximum intensity which was corrected
or instrumental broadening (∼0.2◦). Precise lattice constants of
he products were measured using high angle diffraction peaks
ith 2θ > 100◦ in order to determine the extent of the carboth-

rmal reduction. For this analysis, the diffraction angles of the
3 3 1), (4 2 0), (4 2 2) and (5 1 1,3 3 3) crystallographic planes
ere determined by fitting a parabola to the top portion of the
eak and taking the axis of the parabola as the peak center.18

recise lattice constant was then calculated at 2θ = 180◦ using
in2 θ extrapolation function and the lattice constants of the
eaks measured.

. Results and discussion

.1. Chemical vapor deposition of carbon on titanium
xide particles

Fig. 2 shows the change in mass of the powders heated-up to
300 K under CH4 atmosphere. As seen from the figure, mass
nitially decreases as temperature is raised to 900 K at which a

ass loss of ∼3.45 wt% is attained. The loss is attributed to the

artial removal of oxygen from TiO2 in CH4 atmosphere as will
e shown by the XRD analysis later. At temperatures between
00 and 1200 K, the samples slowly gain mass with increasing
emperature due to carbon deposition. The color of the products
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Fig. 2. Change in mass of the starting TiO2 powder after heating up to the target
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Fig. 3. XRD patterns of the starting TiO2 powder and the product obtained under
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emperatures of 800–1300 K under CH4 flow. The inset shows the effect of
sothermal holding time on mass change at 1300 K.

as observed to change progressively from white at 900 K to
ark gray at 1200 K. At 1300 K, a rapid rise in mass to 26 wt%
s seen owing to more C uptake indicating CH4 decomposes
ppreciably at the temperature. The inset in Fig. 2 shows further
ncrease in mass with rising isothermal holding time at 1300 K
max. 51 wt% at 10 min).

The selection of the carbon coated powders for the subse-
uent carbothermal reaction is explained as follows. Owing to
he oxygen loss from TiO2, slightly less carbon is needed com-
ared to the theoretical one (mass change of 45 wt%) required
n accordance with Eq. (6). The powders with a mass change
f 40 wt% (slightly less than 45 wt%) prepared at 1300 K for
sothermal holding time of 5 min seemed to be a good choice for
he complete reduction of TiO2 to TiC without too much free
arbon in the final product.

It should be mentioned that Fig. 2 does not yield directly
he carbon content of the products or oxygen loss from TiO2
ecause carbon mass gain is masked by oxygen loss at tempera-
ures >900 K. Hence, carbon was burned off in air to determine
ts content in the coated product by a simple calculation using
he mass of the carbon coated powder and the residual mass.
arbon concentrations in the products at 1300 K were found

o be ∼26 wt% and ∼33 wt% for isothermal holding periods
f 0 and 5 min, respectively. It was also noted that the mass
emained after carbon burned at 900 K within 10 min was less
han that of the initial TiO2, indicating that sub-oxides were
ot converted to TiO2. It was reported19 that oxidation of the
itanium sub-oxides to TiO2 takes hours in an oxygen stream
t 1273 K. Hence, approximated oxygen loss during the coat-
ng process was also calculated using the residual mass and the
nitial mass of TiO2. Oxygen loss was estimated to increase
rom ∼3.45 wt% at 900 K (no carbon deposition observed at this
emperature) to ∼6.65 wt% of the initial TiO2 mass at 1300 K.
onsidering the oxygen deficiency in the titanium oxide, Eq. (6)
ay be re-expressed as

iO2−x + (3 − x)C → TiC + (2 − x) CO (8)
here x is estimated to be 0.332 at 1300 K. The amount of C
equired for the formation of TiC in accordance with this reac-
ion was then determined to be 30 wt%. The powder coated with

i
c
b
i

ethane atmosphere at 1300 K for isothermal time of 5 min. PDF numbers of
he matched materials are also shown in the parentheses.

arbon at 1300 K for 5 min attained a mean carbon content of
33 ± 2 wt%. Hence, this product with a slightly excessive car-

on was used for the subsequent carbothermal reaction to ensure
hat the formation of TiC is complete.

XRD patterns of the starting TiO2 powder and the carbon
oated product obtained under CH4 atmosphere at 1300 K for
sothermal time of 5 min are shown in Fig. 3. Original TiO2
owder consists of major anatase and minor rutile phases whose
eak intensities and diffraction angles are found to be in agree-
ent with published values.20 The pattern of the coated product

xhibits peaks from a mixture of rutile, anatase, carbon and tita-
ium sub-oxide phases. The presence of the sub-oxide phases
onfirms the mass loss observed during the coating. After heat-
ng in CH4 atmosphere, anatase mostly transformed to rutile
s expected. The identification of the sub oxide peaks in the
attern was problematic due to peak overlapping. Nevertheless,
hey were ascribed to Ti9O17, Ti5O9, Ti4O7 and Ti2O3 phases.
hermodynamic calculations (details not presented here) in the
iO2–CH4 system at 1300 K indicated that TiO2, titanium sub-
xides and carbon are the expected phases, while TiC forms in
egligible amount. Hence, it is reasonable to propose that oxy-
en loss from TiO2 is due to the partial reduction of TiO2 by
H4 which may take place through the following reaction:

TiO2 + CH4 → TinO2n−1 + CO + 2H2 (9)

Typical HR-TEM morphology of the products obtained at
300 K for 5 min is shown in Fig. 4a–c at various magnifica-
ions. As clearly seen from the images, the oxide particles were
omogeneously coated with carbon layers with a thickness of
0–20 nm. The high resolution image of the product reveals that
yrolytic carbon coating is composed of (0 0 2) basal planes with
nterplanar spacing of ∼0.34 nm, in reasonable agreement with
he well known value of 0.336 nm of highly crystalline graphite.
he particle size of the oxide was measured to be 85 ± 35 nm
ased on the measurements from the multiple images, indicat-
ng that particle coarsening took place during heating-up. Mean

rystallite size of rutile phase calculated by Eq. (7) was found to
e 75 nm, suggesting that particles are mostly monocrystalline
n nature.
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Fig. 6 displays the XRD patterns of the powders for ini-
tial (0 min) and final holding times. At lower temperatures of
1600–1650 K for 0 min, it appears from the patterns that the
ig. 4. HR-TEM images of the oxide powder coated with pyrolytic carbon at
300 K for isothermal holding time of 5 min in CH4 atmosphere.

.2. Synthesis of TiC by carbothermal reduction
Fig. 5 shows change in sample mass as a function carboth-
rmal reaction temperature and time. As seen from the figure,
he mass loss increases with temperature and isothermal hold-
ng time indicating that extent of the carbothermal reaction

F
t

ig. 5. Influence of carbothermal reaction temperature and isothermal holding
ime on the mass change (mass loss) in the carbon coated oxide powders.

ncreases. The mass loss data at 0 min illustrate that carboth-
rmal reduction takes place significantly during heating to the
arget temperatures. For example, it increases to 15.2% at 1600 K
nd to 42.3% at 1800 K. As also seen from the figure, mass loss
lightly increases with time at 1750 and 1800 K. After 30 min
f reaction time, it was measured to be ∼42.1% at 1750 K and
2.4% at 1800 K, close to the theoretical value (41.77 wt%) esti-
ated in accordance with Eq. (8) (excessive carbon included

or the calculation). This result suggests that the carbothermal
ig. 6. XRD patterns of the products obtained by carbothermal reaction at
emperatures between 1600 and 1800 K for zero and final holding times.



874 S. Cetinkaya, S. Eroglu / Journal of the Europe

0.4312

0.4314

0.4316

0.4318

0.4320

0.4322

0.4324

0.4326

0.4328

18001750170016501600

Temperature (K)

L
at

ti
ce

 C
on

st
an

t 
(n

m
)

0 min

30 min

60 min

240 min

Fig. 7. Variation of lattice constant of the samples with carbothermal reaction
t

r
o
i
t
i
t
c
a
p
w
l
g
i

F
p

emperature and time. s
f
c

ig. 8. FEG-SEM images of the products after carbothermal reaction. Reaction tempe
repared at 1600 K for 240 min exhibits fine (e) and coarse particles (f).
an Ceramic Society 31 (2011) 869–876

eaction products contain a major carbide phase, minor phases
f C and titanium sub-oxides (Ti4O7, Ti2O3). With increas-
ng time and temperature, the minor phases disappear while
he carbide content increases as comparative analysis of peak
ntensities indicate. At higher temperatures of 1750–1800 K,
he XRD patterns consist of diffraction peaks only from the
arbide containing phase. It was observed that the diffraction
ngles shift slightly towards lower angles with increasing tem-
erature and time, meaning that lattice constant increases. It is
ell known that TiC forms a solid solution with TiO and the

attice constant of the solution increases with decreasing oxy-
en content.1,6,21 Hence, the shift to lower angles is ascribed to
ncreased purification of the samples. The precise lattice con-

tants of the products were compared with the published values
or pure TiC (0.4328–0.4327 nm).20,22 The calculated lattice
onstants from the XRD patterns are shown in Fig. 7 as a function

rature and isothermal holding time are shown on the images (a)–(f). The powder
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ig. 9. Particle size distribution in the carbothermal reaction products. Reactio
a)–(f). The powder prepared at 1600 K for 240 min exhibits a bimodal particle

f temperature and time. As can be seen from the figure, lattice
onstant increases with temperature and time. For example, it
ncreases from ∼0.4314 nm at 1600 K to ∼0.4321 nm at 1800 K
or isothermal holding period of zero min. A maximum value of
.4327 nm was reached at 1800 K within 30 min, indicating that
lmost pure TiC formed.

The mean crystallite size of the products was estimated from
he XRD peak profiles using Eq. (7). It increased from 68 to
5 nm when carbothermal reaction temperature was raised from
600 to 1800 K for zero holding time. The products obtained
t the final carbothermal reduction times had crystallite sizes of
17 nm at 1600 K for 240 min and 84 nm at 1650 K for 60 min.
t temperatures between 1700 and 1800 K for the 30 min, it

ncreased from 100 to 128 nm with temperature. These results
ndicate that grain coarsening took place during carbothermal
eduction.

The powders produced were observed to flow freely.
ig. 8 shows the particle morphologies after the carbothermal
eduction. They are generally composed of homogeneously dis-
ributed fine, almost round particles with loose agglomeration. It
s interesting to note that at 1600 K for 240 min reaction time, the

orphology (Fig. 8e–f) is different from the others; it consists
f fine particles as well as coarse particles. Coarse particles were

ormed as a result of sintering owing to prolonged holding time.

Fig. 9 shows particle size distribution and mean particle size
f the powders displayed in Fig. 8. As can be seen from Fig. 9a–c,
ean particle size increases with temperature from 109 ± 30 nm

5

f

perature, isothermal holding time and mean size are shown on the histograms
istribution (e–f).

t 1700 K to 124 ± 45 nm at 1800 K for 30 min reaction time. At
650 K, it was measured to be 101 ± 29 nm for 60 min hold-
ng time (Fig. 9d). At 1600 K for 240 min, the product exhibits a
imodal particle size distribution and mean particle size for each
ode is measured to be 128 ± 44 and 916 ± 192 nm (Fig. 9e–f).

t should be noted that the crystallite size of the final products
enerally seems to agree with the particle size measurements
btained from the SEM images indicating that the particles are
ostly monocrystalline in nature. It should be emphasized that
iC powders with a finer mean particle size were synthesized

n a shorter time at 1750–1800 K using the composite precur-
or obtained from CH4 compared to those (1773 K – 2 h and
823 K – 4 h) reported in the earlier works.5,6 This result can be
ttributed to the partial reduction of TiO2 during the coating pro-
ess and to more homogeneous carbon coating, thus reducing
ynthesis time for subsequent carbothermal conversion to TiC.
ther advantage of the approach presented here is that both car-
on coated oxide particle and TiC powder synthesis steps can
e carried out in the same reactor; CH4 flow during heating-
p results in oxide particles encapsulated with carbon and after
oating process switching to Ar at higher temperatures yields
iC powders.
. Conclusions

Chemical vapor deposition from pure CH4 at 1300 K
or 5 min resulted in significant amount of carbon deposit
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∼33 wt%) on the oxide particles. Oxygen loss occurred owing
o partial reduction of TiO2 by CH4 during the coating process.
R-TEM revealed that titanium oxide particles were homo-
eneously coated with pyrolytic carbon layer of 10–20 nm.
quilibrium thermodynamic analysis in the TiO2–C–Ar sys-

em indicated that TiC forms via TiO or Ti2O3 intermediate
hases at 1500–1800 K. Precise lattice constant and mass loss
easurements revealed that the extent of carbothermal reaction

n the carbon coated oxide powders increased to the level of
iC with rising temperature and time. Nearly pure TiC pow-
ers with a mean particle size of ∼125 nm were synthesized
t 1750–1800 K for 30 min. It was demonstrated that nanocrys-
alline carbon shell–titanium oxide core composite particles and
ure TiC powders could be produced in the same reactor via
hemical vapor deposition of carbon from methane and subse-
uent carbothermal reduction.
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