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Open cell 3D titanium carbide/silicon carbide (TiC/SiC) composite was oxidised to titanium
oxide/silicon carbide (TiO2/SiC) following different temperature profiles in a thermal gravimetric
analysis (TGA) instrument in continuous air-flow and static air (oven) environments. The TiC ox-
idation to anatase, starting at temperatures over 450◦C, was confirmed by Raman spectroscopy
and X-Ray diffraction (XRD). By increasing the temperature, the mass fraction of anatase dimin-
ished, while the mass fraction of rutile increased. SiC oxidation started at 650◦C when a mixture
of TiO2/SiO2/SiC could be observed by Raman, XRD and HRTEM.
c© 2016 Institute of Chemistry, Slovak Academy of Sciences
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Introduction

Due to their suitable physical properties such as
their low density, high surface area and pore volume,
high thermal and chemical stability (Xia et al., 2013),
carbide materials have been widely used as catalyst
supports in recent studies (Nguyen & Pham, 2011;
Schmirler et al., 2011). Among the carbides used for
catalysis, silicon carbide (SiC) is known to have high
chemical inertness and high thermal conductivity (Li
et al., 2007), rendering it suitable for various appli-
cations including: electronic and optical devices (Li
et al., 2007), high temperature sensors (Li et al.,
2007; Nguyen & Pham, 2011), selective oxidation of
H2S (Nguyen & Pham, 2011) and enhanced steam-
reforming process (Basile et al., 2007; Wang et al.,

2008). The versatility of SiC means that it can be
synthesised in a variety of shapes and with differing
surface areas (Nguyen et al., 2009; de Tymowski et al.,
2012).
Titanium carbide (TiC) is another carbon-based

material widely used in industry due to its extreme
hardness and wear-resistance properties (Fernandez-
Torres et al., 2002). This carbide can be readily trans-
formed to titanium oxide (TiO2) by simple thermal ox-
idation starting at 350 ◦C (Zhang & Koka, 1998); the
synthesis, properties and applications of TiO2 have al-
ready been extensively discussed elsewhere (Diebold,
2003; Long et al., 2008; Moene et al., 1998; Mirabe-
dini et al., 2011; Nguyen & Pham, 2011). The oxida-
tion of TiC to TiO2 is a multi-step exothermic process
consisting of four consecutive reaction steps: TiC →

*Corresponding author, e-mail: i banu@chim.upb.ro



1504 N. D. Banu et al./Chemical Papers 70 (11) 1503–1511 (2016)

oxycarbide (TiCxO1−x) → suboxides such as TiO,
Ti3O5 or Ti4O9 → anatase→ rutile (TiO2) (Shimada,
1996; Zhang & Koka, 1998). TiO2 exists in three poly-
morphs: rutile (tetragonal), anatase (tetragonal) and
brookite (orthorhombic) (Okada et al., 2001; Hu et al.,
2003), but the anatase transition to rutile is the most
frequently discussed given that anatase is a valuable
dielectric material used in photocatalysis (Okada et
al., 2001; Savio et al., 2012) and solar cells (Nguyen
et al., 2007) while rutile is widely used in Earth Sci-
ences (Meinhold, 2010) and photocatalysis (Long et
al., 2008). Anatase transformation to rutile can be in-
fluenced by several parameters including temperature,
sample geometry and purity (Moene et al., 1998; Hu
et al., 2003; van der Meulen et al., 2007; Savio et al.,
2012).
Recent studies in the literature have reported a

new way of producing open cell 3D TiC/SiC compos-
ites with high specific surface area (Nguyen & Pham,
2011). Since several of the catalytic processes which
use TiO2 operate at high temperatures (e.g. steam
methane- reforming (Basile et al., 2007)) and under
oxidative environments (volatile organic compounds
catalytic combustion (Marin et al., 2012)), and know-
ing that SiC reacts with oxygen at around 750◦C
(Basile et al., 2007), understanding this new compos-
ite material’s behaviour under oxidative conditions be-
comes an important issue. It is expected that the pres-
ence of SiC in the open cell 3D TiC/SiC composite has
an influence on TiC oxidation to TiO2, hence, from a
physicochemical perspective, it is useful to know the
oxidation behaviour of such new open cell compos-
ites. The current study presents a detailed analytical
characterisation of a thermally induced TiC/SiC oxi-
dation to TiO2/SiC following different oxidation tem-
peratures with an emphasis on anatase to rutile trans-
formation.

Experimental

TiC/SiC 3D open cell composite (SICAT Ger-
many) was oxidised in static air in an oven at dif-
ferent temperatures (◦C): 350, 450, 550, 650 and 750;
the temperature was increased with a heating rate of
3◦C min−1 and then maintained for 3 h. After oxida-
tion, the sample was cooled to ambient temperature
and then analysed using several techniques. The sam-
ples were denoted as follows: oxtemperature (example
given Ox350).

Characterisation of TiC/SiC composite oxida-
tion

Thermal gravimetric analysis (TGA-DTA, LIN-
SEIS STA PT1600 system) coupled with a mass spec-
trometer (MS, Pfeiffer) was used in the present study
to determine the raw composite behaviour during ox-
idative treatment from ambient temperature up to

800◦C. The measurement was perforrtmed with a
heating rate of 3◦C min−1, under a dynamic air atmo-
sphere (a flow-rate of 50 mL min−1). The composite
was cut into small pieces preserving the 3D cell shape
and placed in alumina crucibles.
X-ray diffraction (XRD) patterns were collected

using a Panalytical Powder diffractometer (X’Pert
PRO). The powder samples were prepared on a Zero
Background Holder and were mounted on the diffrac-
tometer using the reflection – transmission stage. All
samples were measured in Bragg–Brentano geometry.
The power settings for the CuKα radiation were 45 kV
and 40 mA. The detector used was an X’Celerator
from Panalytical and the experiment was performed
in reflection mode using Gonio geometry.
The materials were characterised in the solid-

state by FT-IR spectroscopy using a Bruker VER-
TEX 70 instrument equipped with a Miracle zirco-
nium ATR device, collecting 32 scans in the range
500–4000 cm−1.
Surface chemical modification of the 3D TiC/SiC

composite during oxidation was characterised by Ra-
man spectroscopy (Horiba JobinYvon instrument) us-
ing a green laser (λ = 514 nm) and the 50× objective
lens.
For Scanning Electron Microscope (SEM) sam-

ple preparation, a small amount of powder was used
(≈ 20 μg) of each specimen. The samples were set on
standard SEM sample holders (stubs) using conduc-
tive silver glue and the analyses were conducted on a
FEI Quanta 250 (FEG) SEM, coupled with an energy
dispersive X-ray analysis (EDX). In order to ensure
statistical repeatability and obtain a clear depiction
of the structure, shape and size of the TiC/SiC com-
posite, a minimum of 10 images of every sample were
collected at each magnification.
High Resolution Transmission Electron Micro-

scopy (HRTEM) was performed using a FEI Tecnai
G20 with a 0.11 nm point-to-point resolution, oper-
ated at 200 kV. The microscope was coupled with
an EDS X-ray analyser, making possible the deter-
mination of elemental composition. In addition, ele-
mental mapping was performed using Energy Filtered
TEM (EFTEM) with a post column energy filtered
camera (Gatan GIF 963), having an energy resolution
better than 0.85 eV (FWHM at the zero loss peak).
The “three-window” method (Worch et al., 2002) was
applied to acquire the maps. With regard to sample
preparation, initially powder samples were ground for
15 min in a mortar. Next, approximately 3 mg of
each sample was mixed with 30 mL of high purity
ethanol (99.99 %). Each mixture was treated in an ul-
trasonic bath for 5 min at ambient temperature and
two drops of each suspension were deposited on 300
mesh (0.053 mm) copper grids covered with thin amor-
phous carbon film (lacey carbon). For a typical exper-
iment, the sample was inserted immediately following
preparation, to avoid contamination. EDS was used



N. D. Banu et al./Chemical Papers 70 (11) 1503–1511 (2016) 1505

Fig. 1. Simultaneous TGA-DTA-MS analysis for TiC/SiC in
dynamic air flow.

to define the elemental composition. EFTEM map-
ping was performed on several areas of low thickness
(< 150 nm) and the samples were found to be chemi-
cally homogeneous at the probe scale (≈ 90 nm).

Results and discussion

Thermal gravimetric analysis coupled with
mass spectrometry

Oxidation of TiC leads to a change in the sample
colour at temperatures higher than 450◦C as observed
by visual inspection; the initial sample colour is dark
grey and becomes light grey after oxidation.
TGA-DTA-MS was used in the present study to as-

sess the sample’s thermal stability in a dynamic oxida-
tive environment (air), with Fig. 1 showing the ther-
mal behaviour of the TiC/SiC material under non-
isothermal conditions in the temperature range of
50–850◦C. A mass gain can be seen in TGA due to
material oxidation (Ghanem et al., 2007), presented
as mass change (%) on the axis.
Due to continuous phase modification during TiC

oxidation to TiO2, the mass change steps overlap,
hence cannot be separated and individually evaluated.
Accordingly, a simultaneous TGA-DTA instrument
served to evaluate the mass change steps by matching
the corresponding oxidative behaviour in DTA with
the mass gain in TGA. Two exothermic peaks can be
observed in DTA at 411◦C and 453◦C, corresponding
to two overlapping mass evolution steps in TGA and
are due to the formation of oxycarbide and anatase
(Shimada, 1996; Zhang & Koka, 1998). The third step
has a maximum at 608◦C and can be attributed to ru-
tile generation while the small oxidation peaks above
650◦C are due to SiC oxidation to SiO2. The literature
recognises that the reaction of TiC with oxygen leads
to TiO2 and CO2 (Shimada, 1996). Fig. 1 also shows
the evolution of mass fragment m/z = 44 (CO2). It
can be observed that the CO2 evolution followed the
same pattern with the first three exothermic peaks

Fig. 2. XRD patterns of raw and oxidised TiC/SiC: SiC (∗),
TiC (#), rutile (×), anatase (◦).

in DTA (◦C): 411, 453 and 608, characteristic of TiC
oxidation. Considering these results, the decision was
made to oxidise the TiC/SiC material at different tem-
peratures (◦C): 350, 450, 550, 650 and 750, keeping the
set-point temperature value constant for 3 hours in or-
der to oxidise the TiC/SiC composite to TiO2/SiC.

X-ray diffraction

XRD patterns were collected for the structural
characterisation of the sample treated at different tem-
peratures (Fig. 2).
The XRD pattern for the raw material shows the

characteristic peaks for both SiC, 2θ (◦): 35.8, 41.5,
60.1, 71.8 and 75.6 and for TiC 41.9, 60.6, 72.6 and
76.4. The TiC structure modification can be observed
in XRD starting with Ox350. The crystalline struc-
tures of TiO2, i.e. rutile and anatase, both tetrago-
nal (Ohsaka et al., 1979), are visible in the XRD pat-
terns from Ox450 to Ox750. Anatase shows five peaks,
2θ (◦): 25.4, 37.9, 48.2, 55.2 and 62.8, while rutile has
two at 27.6 and 56.7. The XRD pattern of the oxidised
samples shows two peaks characteristic of tetragonal
TiO2, 2θ (◦): 54.4 and 69.1. Since the XRD peaks for
TiO2 are different, an assumption can be made about
the mass fraction between these two oxides by calcu-
lating the ratio between the anatase and rutile phases
(Eq. (1) (Hu et al., 2003; Sreekantan et al., 2009)).
This calculation takes into account the (101) anatase
peak (2θ = 25.4◦) and (110) rutile (2θ = 27.6◦):

XA =

(
1 + 1.26

IR
IA

)−1
(1)

whereXA is the relative mass factor of anatase, IA and
IR are the XRD integrated intensities of (101) anatase
and (110) rutile. A decrease in the anatase phase con-
tent with the increasing oxidation temperature can be
observed (XA is 0.70 for Ox550, 0.66 for Ox650 and
0.62 for Ox750). This observation is in agreement with
the Raman spectroscopy results.



1506 N. D. Banu et al./Chemical Papers 70 (11) 1503–1511 (2016)

Fig. 3. FT-IR spectra of raw and oxidised composite.

Solid-state by FT-IR spectroscopy

The FT-IR ATR technique was used in the present
study for characterisation of the material surface af-
ter different oxidation temperatures. Both SiO2 and
TiO2 exhibit peaks in the wavelength range of 700–
1800 cm−1. Fig. 3 shows the FT-IR spectra for raw
and oxidised samples, all plots being normalised in re-
spect to the highest peak at 800 cm−1.
Both SiO2 and SiC display characteristic peaks in

the 800–1200 cm−1 region (Duran et al., 1986; Ra-
man et al., 2006; Mirabedinia et al., 2011). The peak
at around 840 cm−1 (shoulder at 950 cm−1) can be
attributed to Si—C linkage (Merlemejean et al., 1995;
Raman et al., 2006), while the absorption band at
1100 cm−1 corresponds to silica (Merlemejean et al.,
1995). The raw TiC/SiC composite main peak is the
Si—C linkage at 830 cm−1 with a small shoulder in
the 950 cm−1 region confirming the presence of SiC
and the absence of oxide in the initial material (Mer-
lemejean et al., 1995).
The characteristic peak for silica (Duran et al.,

1986; Merlemejean et al., 1995) is located at 1100 cm−1

while titanium oxides exhibit peaks (cm−1): 1735,
1472, 1420, 1150 and 1106 (anatase) (Moene et al.,
1997). It should be noted that both TiO2 and SiO2
present peaks in the region between 1000 cm−1 and
1200 cm−1, but the fact that these two peaks over-
lap renders the correct attribution only by IR in this
region a difficult task.
The small shift of the SiC peak from 830 cm−1 to

818 cm−1 for Ox750 can be due to the presence of
SiO2, indicating that the SiC structure is no longer
intact at this temperature.

Raman spectroscopy

In comparison with IR, Raman spectroscopy gives
more information on the type of TiO2 (rutile or
anatase) formed during the oxidation process (Fig. 4).
The spectra are normalised (Si—C peak at 793 cm−1)

Fig. 4. Raman spectra of raw and oxidised TiC/SiC, region
between 100–1000 cm−1.

Fig. 5. Raman spectra of raw and oxidised TiC/SiC between
1000–2000 cm−1.

and the curves are fitted using the Gaussian–Loren-
tzian function.
For the raw and thermally treated samples at tem-

peratures up to 650 ◦C, the presence of the Si—C peak
at 793 cm−1 (Raman et al., 2006; Li et al., 2007) and
the absence of silica peaks (cm−1): 460, 810 and 1065
(Yoshikawa et al., 1997) were observed. Raman spec-
tra for Ox750 show the presence of silica in the oxi-
dised material, in agreement with FT-IR analysis and
with the data in the literature (Moene et al., 1998;
Nguyen & Pham, 2011).
Anatase has six active modes in Raman (A1g +

2B1 + 3Eg) while rutile has four active modes (A1g
+ B1g + B2g + Eg) (Ohsaka et al., 1979; Orendorz
et al., 2007). The Raman spectrum of anatase shows
peaks (cm−1): 144, 197, 399, 513, 519 and 639, while
the spectrum of rutile shows peaks: 143, 447, 612 and
826. Anatase formation can be observed in the Raman
spectra (Fig. 5) up to 550◦C; beyond this temperature
TiO is present in rutile form. The Raman spectra show
that rutile is the major phase for Ox750, an observa-
tion in agreement with XRD results and the data in
the literature (Sreekantan et al., 2009).
The characteristic Raman peaks for carbon, name-

ly the D and G bands, are present in carbides (Schwan
et al., 1996). The presence of the D and G bands can
be observed for TiC/SiC and for the composite ox-



N. D. Banu et al./Chemical Papers 70 (11) 1503–1511 (2016) 1507

Fig. 6. SEM images of raw (A), Ox350 (B), Ox450 (C), Ox550 (D), Ox650 (E) and Ox750 (F).

idised at low temperatures (up to 450◦C). For tem-
perature values over 550◦C, a decrease in intensity for
the D and G peaks can be observed from Fig. 5. This
modification is mainly due to the amorphous carbon
consumption.

SEM and HRTEM

SEM images (Fig. 6) show the phase difference be-
tween TiC and SiC in the raw composite. Nguyen and
Pham (2011) show a well-dispersed TiC on the SiC for
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Fig. 7. Progression of Si:C and Si:O with temperature.

the same composite. After oxidation, a phase modifi-
cation can be observed due to TiO2 formation (rutile
and anatase), confirmed by XRD (Fig. 2) and TEM
(Fig. 7) below. The presence of SiO2 at 750◦C is fur-
ther confirmed by the SEM results. The lack of SiO2
peaks in the XRD can be attributed to the tendency
of SiO2 to remain amorphous at a high temperature
and pressure (Martoňák et al., 2006).
SEM analysis of the as-received sample shows a

homogeneous morphology of the inner structure and
an excellent dispersion of TiC on SiC. Specifically, the
TiC particles range in size from 40 nm to 200 nm and
appear to be embedded in the SiC structure.
Regarding the thermally treated samples, EDX

analysis shows the oxygen concentration as increasing
with the oxidation temperature, attaining a maximum
of 28 % (average) at 750◦C. In addition, the structure
becomes less homogeneous in size due to the formation
of TiO2 particles.

The progression of Si/C and Si/O with tempera-
ture (Fig. 7) shows a decrease in the Si/C ratio and
an increase in the Si/O ratio, possibly due to SiC ox-
idation.
The TEM micrographs (Fig. 8) and mapping

(Fig. 9) of the TiC/SiC composite show the TiC par-
ticles embedded in the SiC matrix, in agreement with
the SEM analyses (Fig. 6).
The TiO2, SiO2 and SiC presence in the oxidised

composite at 750◦C is further confirmed by TEM and
energy filter mapping (Figs. 8 and 10). This observa-
tion is in agreement with all the analysis presented
above.

Conclusions

The open cell 3D TiC/SiC composite was oxidised
in static air at different temperatures (◦C): 350, 450,
550, 650 and 750 under an isothermal regime (3 h) at
a heating rate of 3◦C min−1. The homogeneous mor-
phology of the inner structure and the excellent dis-
persion of TiC on SiC in the initial composite may be
observed in the SEM and HRTEM images. The TiC
particles were in the range from 40 nm to 200 nm
and appear to be embedded in the SiC structure. Af-
ter oxidation, a phase modification can be observed
in the composite morphology due to TiO2 formation.
The Raman and XRD analysis showed TiC oxida-
tion starting at 450◦C when a mixture of anatase
and rutile was observed. By increasing the temper-
ature, a decrease was observed in the anatase mass
fraction, indicating the rutile to be more stable than
anatase at high temperatures. The TGA and SEM
analyses revealed the SiO2 presence for Ox750, show-
ing that TiC/SiC could be oxidised to TiO2/SiC up

Fig. 8. HRTEM images of raw (A) and Ox750 (B).
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Fig. 9. Energy filter mapping for raw composite.

Fig. 10. Energy filter mapping for at Ox750.



1510 N. D. Banu et al./Chemical Papers 70 (11) 1503–1511 (2016)

to 750◦C. At higher temperatures, the sample was a
TiO2/SiO2/SiC mixture. These results can serve as a
guideline for catalyst-impregnation/anchoring on ru-
tile, anatase or their mixture.
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