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Abstract

In this work successful synthesis of multiwall carbon nanotube (CNT) using solution combustion and chemical vapor deposition (CVD)

methods are reported. Ceramic nanocomposite samples of (Al2�xFexO3)–(y)ZrO2 formula with x = 0.017, 0.034 and 0.17 and y = 0.15 were

initially prepared. These were then subjected to CVD process during which the in situ reduction of iron oxide to metallic iron (Fe/Fe3C) phase/s

provided the necessary catalyst for the CNT formation. The formation of long flexible filaments with a smooth and regular surface bridging

between alumina–zirconia (AZ) grains could be detected. The diameters of the formed filaments were in the range of �70 to �320 nm and length

of the order of some tens of micrometers. However, transmission electron microscope (TEM) examinations also revealed the existence of small

amounts of Bamboo-like carbon along with more or less straight CNTs. This could be related to the lack of strong interactions between the metallic

iron phase/s and the nanocomposite support.
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1. Introduction

During the last decade, carbon nanotubes (CNTs) have been

one of the most investigated materials due to their unique

physical properties and many potential applications. This is

related to their large aspect ratio (103–104) [1], high tensile

strength (up to 60 GPa) [2], low density, high Young’s modulus

(�1 TPa) [3,4], excellent electrical conductivity and high

thermal conductivity [5,6]. In this respect, ceramic–CNTs

nanocomposites are reported to offer high mechanical, electrical

and thermal performances compared to the conventional

composite materials. Although, the homogeneous dispersion

of CNTs in ceramic matrix and the set up of tight interface

bonding between them is still a challenge. The latter is restricted
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due to the bond incompatibility between the inorganic ceramic

and the covalent sp2-bond of CNTs. Various synthesis

approaches have been utilized for the synthesis of ceramic/

CNTs nanocomposites such as arc discharge [7,8], laser ablation

[9], catalytic CVD [10–16] and flame [17]. Fe, Ni and Co

supported catalysts and short-chain hydrocarbons have been

widely employed to synthesize CNTs [10–15]. It is already

shown that the growth of CNTs was easier over Fe as the catalyst

than over Co [11–13]. Most of previous researchers have used

different metallic salt solutions to disperse Fe, Ni or cobalt

catalysts on ceramic supports [14–16]. In the work reported here,

we have utilized solution combustion method for the synthesis of

a ceramic nanocomposite precursor of Al2�xFexO3–(y)ZrO2

(x = 0.017, 0.034 and 0.17, y = 0.15) formula. The obtained

powders were then subjected to a step-like heat-treatment in

different atmospheres such as argon, H2 and CH4 at a maximum

temperature of 1000 8C to prepare CNT-alumina zirconia

(CNTAZ) nanocomposites. Further, various measurement

techniques such as X-ray diffraction (XRD), Raman spectro-

scopy as well as high resolution TEM (HRTEM) was used to

characterize the obtained samples.
d.
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Fig. 1. Heat treatment schedule applied for the synthesis of CNTAZ samples in

different gas/gas mixture atmosphere/s.
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2. Experimental

2.1. Chemicals used

The following raw materials were used: Al (NO3)3�9H2O

(Aldrich, 99.8%), zirconyl nitrate hexahydrate (ZrO(-

NO3)2�5H2O), (Merck, 99.8%), Fe(NO3)3�9H2O (Merck,

99.8%), urea ((CO(NH2)2)2), (Aldrich, 99.8%) and cetyltrimethyl

ammonium bromide (CTAB), (Merck, 99.8%) as the surfactant.

2.2. Nanocomposite preparation

As mentioned before, alumina–zirconia–iron oxide nano-

composite powders were initially prepared by solution

combustion method as the initial ceramic support. This method

involves the preparation of a homogeneous fuel-oxidant

precursor and its exothermic decomposition [17]. The resulting

powder is usually in the form of agglomerates comprising of

nanoparticles as the building blocks [18]. The nominal

composition of powders prepared in this work were (Al2�x-

FexO3)–(y)ZrO2 with x = 0.017, 0.034 and 0.17 and y = 0.15.

The general theoretical stoichiometric equation for the

formation of the prepared nanocomposite powder was

considered as:

aðAlðNO3Þ3Þ þ bðZrOðNO3Þ2Þ þ xðFeðNO3Þ3Þ

þ dðCH4N2OÞ ! ðAl2�xFexÞO3 � bZrO2 þ bH2O þ kCO2

þ uN2

(1)

where a/b molar ratio was 15/85. It should be noted that, for a

stoichiometric combustion reaction between a fuel and oxidiz-

er, the ratio of the net oxidizing valency of the metal nitrate to

the net reducing valency of the fuel should be equal to one [18].

In this regard, carbon and hydrogen are considered as oxidizing

element with the valency 2 and 1, respectively and nitrogen is

assumed to have a valency of zero. The total reducing valency

of urea was 6. To prepare the initial precursor powders, the

required amounts of the raw materials were initially weighed

with an accuracy of 0.1 mg. These were then separately dis-

solved in minimum amounts of distilled water under continuous

stirring to form a clear solution. Thermal dehydration of the

urea-nitrate solutions on a hot plate at �80 8C resulted in a

transparent viscous gel. For the samples with fuel to oxygen

ratio (F/O) equal to 1 the obtained gel on further heating at

�250 8C swelled and self-ignited for about 5 s with rapid

evolution of large volume of gases and produced voluminous

powder. However, for the sample with F/O ratios of 0.8 and 1.2,

i.e. below and above the stoichiometric ratio (F/O = 1) com-

paratively slower ignitions happened. Therefore, all of samples

were prepared with F/O ratio of unity. Further, the prepared

samples were later also calcined at 1150 8C for 2 h in air to

convert the obtained metastable alumina phases into stable a-

alumina phase as will be discussed later. The calcined sample

was then subjected to high energy vibrating milling (Spex
8000) in a hardened steel vial with steel balls for 15 min to

break the flaky agglomerates formed.

2.2.1. Carbon nanotube growth

CNTAZ composites were prepared by CVD method. In this

respect, previously milled samples were subjected to a step-like

heat treatment at a maximum temperature of 1000 8C for 1 h in

various atmospheres such as argon (Ar), hydrogen (H2) and

methane (CH4) as shown in Fig. 1. In this respect, the initial milled

precursor powders were heated to reach 800 8C in pure argon

atmosphere with a heating rate of 5 8C/min. The argon gas flow

was then replaced by a gas mixture of H2 and argon (400 cm3/min)

and the samples were kept at this temperature for 1 h. Then in the

next step, the gas atmosphere was switched to pure argon gas

(200 cm3/min) and the samples were heated up to 1000 8C with a

heating rate of 3 8C/min. This was followed by soaking the

specimens for 1 h in gas mixtures of CH4–H2 atmosphere (100,

400 cm3/min). Finally the samples were furnace cooled to room

temperature in pure argon atmosphere (Fig. 1).

2.3. Characterization

XRD patterns (Cu Ka1) were recorded in the range 10–808
(2u) with a Philips diffractometer (JEOL-JDX-8030). Working

voltage and current were 40 kV and 80 mA, respectively.

Microstructural studies on the synthesized powders were carried

out both by SEM (Philips) and TEM (Philips, CM200)

techniques. Raman spectra were also recorded using an

Almega-Thermo-Nicolet spectrometer (532 nm). Spectroscopic

analyses of the prepared samples were also performed using

Fourier transform infrared (FTIR) spectrometer (Bruker, Vector

33). In order to measure carbon yield, weight gain measurements

were conducted. In this respect, the yield was defined as the

weight gain ratio of the synthesized powder containing carbon

filaments/CNTs to the initial precursor powder used.

3. Results and discussion

Fig. 2 demonstrates XRD multiplot patterns of different as-

ignited powder samples prepared by solution combustion



Fig. 2. XRD multiplot of the as-ignited alumina zirconia precursor powders

with x = 0.17 (a), 0.034 (b) and 0.017 (c). XRD pattern of the sample with

x = 0.017 (d) after calcinations at 1150 8C for 2 h.

Table 1

Thermodynamic data used for the calculation of combustion enthalpies of the

prepared precursor.

Compound Hf (kcal mol�1) Cp (cal (mol K)�1)a

Al(NO3)39H2O (c) �857.59

CO(NH2)2 (c) �56.33

Al2O3 (c) �399.09 28.062 + 0.01038T

CO2 (g) �94.051 10.34 + 0.00274T

N2 (g) 0 6.5 + 0.0010T

O2 (g) 0 5.92 + 0.00367T

H2O (g) �57.796 7.20 + 0.0036T

Fe2O3(C) �198.5 24.72 + 0.01604T � 423400/T2

ZrO2 �258.5 11.62 + 0.01046T � 177700/T2

Fe(NO3)3�9H2O �328.3 45.751

Zr(NO3)2�5H2O �456.08

(c): crystalline; (g) gas; T: absolute temperature.
a Calculated from the discrete values.

Fig. 3. Comparison of the combustion enthalpies of the various as-ignited

samples prepared with different x [24].
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method as well as the sample with x = 0.017 calcined at

1150 8C for 2 h. As can be realized from this figure, for the

sample with x = 0.17 no signs of crystallization was noticed

evidenced by the presence of a broad and rising background.

However, by increasing the level of iron nitrate content, higher

degrees of crystallinity could be noticed. For the sample with

x = 0.034, early signs of crystallization was noticed with the

presence of hematite (a-Fe2O3), g, a-alumina and tetragonal

zirconia (t) phases. In case of the sample with x = 0.017, the

existence of strong diffraction peaks related to a-alumina and t-

zirconia along with minor amounts of g-alumina could be

clearly identified. However, the existence of hematite phase

could not be detected for this sample within the phase detection

accuracy of XRD technique suggesting the possible substitu-

tion of Fe3+ (0.64 Å) for Al3+ (0.53 Å) due to their rather close

ionic radii. Different authors have studied Al2O3–Fe2O3

system. The maximum solubility limit of Fe2O3 in a-alumina

at temperatures below 1200 8C is estimated to be near 10 mol%

[19–24]. As mentioned before, the comparison of XRD patterns

(Fig. 2) of the as-ignited samples highlights the fact that the

higher was the magnitude of x, the higher were the degree of

crystallinity of the phases formed. It is well known that the

enthalpy of combustion can be expressed by [25]:

DH ¼ ð
X

nDH pÞ � ð
X

nDHrÞ ¼
Z T f

T0

ð
X

nCPÞdT (2)

where n is the number of the mol, Cp is the specific heat

capacity, T is the adiabetic flame temperature in this equation.

Further, Hp and Hr are also the magnitudes of the relevant

products and reactants enthalpies, respectively. Table 1 demon-

strates the magnitudes of the enthalpies of different compounds

used in the initial solution. Fig. 3 also compares the magnitudes

of the combustion enthalpies of the precursor powders with

different values of x estimated using Eq. (2). As can be noticed

from this figure, the higher was the value of x, the lower was the

magnitudes of combustion enthalpies. A similar trend could be
also expected for the adiabetic temperature as well. This is also

justified with XRD results obtained for the as-ignited samples

(Fig. 2). As mentioned before, lower degree of crystallinity was

obtained for the samples of high iron content.

Further, as mentioned before, it is interesting to note that the

formation of t-zirconia phase was confirmed for the sample

with x = 0.017 and x = 0.034 (Fig. 2). For the latter, the

crystallite sizes of the ZrO2 and Al2O3 phases estimated by

Scherrer method [26] were 29 and 21 nm, respectively. It is well

known that ZrO2 has three polymorphs of P21/c monoclinic

(m), P42/nmc tetragonal (t), and Fm3m cubic (c) crystal

structures, with m-zirconia the equilibrium bulk structure at

room temperature [27–29]. Bulk m-zirconia transforms to t- or

c-ZrO2 at 1170 8C or 2370 8C, respectively. Various attempts

have been made to stabilize the c- or t-ZrO2 to exist at room

temperature by doping small amounts of different dopants such

as Y2O3, MgO, CaO, CeO2, AlN, Mg3N2, Si3N4, and Al2O3

[30–34]. These additives are believed to control the c- or t-ZrO2

nucleation and growth in small crystallites through their total

surface strain/free energy [31,34,35]. It should be also added

that the process depends on the solubility of these dopants in c-

or t-zirconia and the chemistry of the stabilizer used. Some of

the mentioned dopants segregate to form grain boundaries and
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part of them substitute in Zr4+ lattice sites giving rise to lattice

strain due to cation size mismatch and creation of oxygen

vacancies to compensate the electronic charges and hence

increasing the total energy of the system required for the room

temperature stabilization of the high energy meta-stable c- or t-

zirconia phases [36]. Three forms of stabilized zirconia are

generally seen: a fully stabilized one containing only c-ZrO2

phase, a partially stabilized ZrO2 containing t-zirconia grains in

c-ZrO2 matrix, and the third one the so-called t-ZrO2 poly-

crystals comprising of fine t-ZrO2 grains [37]. The stabilization

of the zirconia is also shown to be related both to size effect [38]

and the presence of aluminum ions on the surface of the

zirconia particles [39]. The latter is believed to reduce the

surface enthalpy and hence increases the stability region of the

tetragonal phase. The formation of t-zirconia phase for the

samples prepared in this work is believed both attributed to the

size effect and the existence of Al3+ cations surrounding

zirconia particles.

As mentioned before in experimental section, the as-ignited

samples were calcined at 1150 8C for 2 h in air atmosphere to

convert the observed meta-stable g to a-alumina phase. The

obtained XRD pattern for the sample with x = 0.017 (Fig. 2)

was typical for the other calcined samples (not shown here) as

well. As can be noticed from this figure, the formation of a-

alumina as well as t-zirconia phases with average crystallite

sizes of 30 nm, and 40 nm were detected, respectively. It is

already mentioned that the transformation of the metastable g

to a-alumina phase is attributed to the grain/crystallite size

growth [40]. Fig. 4 shows the XRD pattern of the sample with

x = 0.017 subjected to heat-treatment in different atmospheres

as mentioned in experimental section. As can be noticed from

this figure, the existence of various phases such as a-alumina, t-

zirconia, a-hematite, a-Fe, Fe3C (cementite), as well as CNT/

graphite phases could be detected. It should be mentioned that

the precise discrimination of a-Fe and Fe3C is rather difficult

because of the overlap between some of their respective

diffraction peaks. Further, the formation of g-Fe cannot be

ruled out. Since its main diffraction peak (1 1 1) could be
Fig. 4. XRD pattern of the CNTAZ sample with x = 0.017% subjected to heat-

treatment in different atmospheres (shown in Fig. 1).
masked by a-alumina peak. Previous studies have confirmed

the formation of this phase by Mössbauer spectroscopy

technique [41] for CNT composites. The possible formation

of g-Fe/a-Fe/Fe3C phases reflect the effect of applied reducing

atmospheres during final heat-treatment step. In fact, the

reduction of the prepared precursor in H2, H2/CH4 atmosphere

has led to the formation of Fe and Fe3C particles that act as

active sites for the decomposition of CH4 giving rise to the

production of CNT composite powder. The nucleation of

filamentous carbon requires a supersaturation of carbon in iron

followed by a phase transformation of the starting iron into

Fe3C and precipitation of carbon layers at the metal support

interface to yield CNTs. The formation of Fe3C phase has been

also reported by others as well [42,43]. The Fe3C phase has

been known to be an active phase for the CNTs formation [44].

It should be mentioned that methane (CH4) is known as one of
Fig. 5. SEM micrographs of the CNTAZ samples with x = 0.17 (a) and 0.017

(b), respectively.
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the most kinetically stable hydrocarbon that undergoes the least

pyrolytic decomposition at high temperatures (1000 8C) for the

synthesis of the CNT nanocomposites. Therefore, the carbon

atoms required for nanotube growth could be supplied by the

catalytic decomposition of methane on transition metal

surfaces. This would also limit the formation of amorphous

carbon generated by self pyrolysis of methane. SEM

micrographs of the prepared CNTAZ composite powders with

x = 0.017 and x = 0.17 are illustrated in Fig. 5(a) and (b). As can

be seen from these micrographs, the formation of long flexible

filaments with a smooth and regular surface bridging between

oxide grains could be detected. All of these filaments had

diameters between �70 and �320 nm and length of the order of

some tens of micrometers. Further, Fig. 6 also displays the

typical energy dispersive X-ray (EDX) analysis obtained from

different areas of the CNTAZ samples confirming the existence

of different metal oxides along with carbon containing species

as well as Au. The latter is related to the applied coating layer

for the SEM examinations. Fig. 7(a) and (b) also demonstrates

the TEM micrographs of the multiwall CNTAZ composite

sample with x = 0.017. Raman spectroscopy results also

confirmed the formation of multi wall CNTs along with

amorphous carbon. Fig. 8 displays Raman spectra of the heat-

treated samples with x = 0.017, 0.034 and 0.17 without

applying any further purifications. As can be understood from

this spectra the high frequency range between 1200 and

1800 cm�1 showing the D band (�1350) and the G band

(�1582). Table 2 also summarizes the magnitudes of the

intensities of D and G bands as well as their ratios for different

samples studied. For the sample with x = 0.017, the lowest ratio

of ID/IG was obtained. An increasing ratio of ID/IG value is

attributed to the existence of sp3-like carbon reflecting the

existence of higher level of structural order [44]. Further, SEM

observations also showed that some of the formed tubes were

bent possibly due to the existence of defects occurring during
Fig. 6. Typical SEM-EDX analysis spectra of the CNTAZ sample with

x = 0.017. 
the growth leading to a change in the growth direction. TEM

examinations of the samples revealed the existence of small

amounts of Bamboo-like carbon along with more or less

straight CNTs (not shown here). This could be related to the

lack of strong interactions between the metallic iron phase/s

and the nanocomposite support. Ermakova et al. [45] have

reported that during the synthesis of multi wall CNTs over iron

supported on TiO2 several types of carbon nanofilaments, i.e.

straight, bamboo-like or nanoparticles were observed. On the

other hand, when TiO2 was replaced by SiO2 a smaller number

of bamboo-like carbon structures were formed. This was

attributed to the interaction between the active phase and the

support. Fig. 9(a) and (b) highlights the tip formation for the
Fig. 7. (a and b) TEM micrographs of the CNTAZ sample with x = 0.017%.



Fig. 8. Raman spectra of the CNTAZ samples with x = 0.017 (a), 0.034% (b)

and 0.17% (c).

Fig. 9. (a and b) SEM micrographs of the CNTAZ sample with x = 0.07.

Fig. 10. Carbon yields of the various the CNTAZ prepared samples with

different x.
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formed CNTs. SEM characterization of these tips in back

scattered mode confirmed the possible presence of Fe/Fe3C

phase/s suggesting the existence of a tip-growth mechanism in

charge of multi wall CNTs formation. Base-growth is generally

initiated in case of the existence of strong interaction between

substrate and the catalyst. Such mechanism has been reported in

case of silicon substrates since silicon provides a very strong

interaction with the catalyst via the formation of a metallic

silicide phase [46,47]. Of course, when a barrier layer such as

silicon oxide or titanium nitride is laid, the interaction between

the substrate and the catalyst is weakened and tip growth is

commonly observed [47]. Gohier et al. [48] have shown that in

the early stage of the CNT nucleation, the first graphitic carbon

chains formed on the surface of the large catalyst can quickly

diffuse to the catalyst/substrate interface and stabilize it. This

step leaves the top surface of the nanoparticles expressed for

further carbon absorption. This nucleation step leads to the

particle lift-off from the substrate. Once the connection with the

substrate is broken, tip-growth is the only available growth

mechanism. It should be also added that detailed TEM study of

the CNTAZ samples prepared in this work also confirmed the

presence of some iron particles inside the CNT bodies which

indicates that during the growth process some iron was carried

out of the support by the tube growth.

Moreover, microstructural analysis carried out by SEM and

TEM on various CNTAZ samples also showed that the higher

was the magnitude of x the lower was the concentration of CNT

formation. This was also justified by carbon yield measurement

as well. Fig. 10 demonstrates the carbon yield magnitudes of
Table 2

Characteristic Raman peaks intensities for various CNTAZ samples prepared in

this work.

IG/ID D-band G-band x

2.98 190 550 0.017

2.37 200 475 0.034

2 225 450 0.17
the prepared samples versus the value of x. As can be noticed,

increasing amounts of the initial iron content led to decreased

carbon yield. The presence of lower carbon content for the

samples with x = 0.17 denotes that the surface particles in these

specimens could have been less active for the catalytic

decomposition of CH4 due to the formation of larger Fe/Fe3

crystallite/grain sizes compared to the rest of the samples. In

fact, in order to increase the yield of CNTs formation increasing

numbers of active catalytic particles and prevention of their

coalescence and growth on the matrix surface is required.

4. Conclusions

In the work presented here, we report successful synthesis of

CNTAZ nanocomposite powders using solution combustion
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and CVD methods. In this respect, ceramic nanocomposite

precursors of (Al2�xFexO3)–(y)ZrO2 formula with x = 0.017,

0.034 and 0.17 and y = 0.15 were prepared. Further, during

CVD process, in situ reduction of iron oxide to metallic iron (g-

Fe/a-Fe/Fe3C) phase/s provided the necessary catalyst for the

CNTs formation. The highest carbon yield was obtained for the

sample with x = 0.017 for which the highest ID/IG ratio was

detected reflecting the existence of higher level of structural

order for this sample, based on Raman spectroscopy results.
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MgAl2O4-matrix nanocomposite powder containing carbon nanotubes

and iron-based nanoparticles, Acta Mater. 48 (2000) 3015–3023.

[42] R. Sharma, E. Moore, P. Rez, M.M.J. Treacy, Site-specific fabrication

of Fe particles for carbon nanotube growth, Nano Lett. 2 (2009)

689–694.



A. Beitollahi et al. / Ceramics International 38 (2012) 3273–32803280
[43] R. Sharma, I. Zafar, In situ observations of carbon nanotube formation

using environmental electron microscopy (ETEM), Appl. Phys. Lett. 84

(2004) 990–992.

[44] Z. Zhang, C. Dewan, S. Kothari, S. Mitra, D. Teeters, Carbon nanotubes

synthesis, characteristics, and microbattery application, Mater. Sci. Eng.

116 (2005) 363–368.

[45] M.A. Ermakova, D. Yu Ermakov, A.L. Chuvilin, G.G. Kuvshinov, De-

composition of methane over iron catalysts at the range of moderate

temperatures: the influence of structure of the catalytic systems and the

reaction conditions on the yield of carbon and morphology of carbon

filaments, J. Catal. 201 (2001) 83–197.
[46] C. Bower, O. Zhou, W. Zhu, D.J. Werder, S. Jin, Nucleation and growth of

carbon nanotubes by microwave plasma chemical vapor deposition, Appl.

Phys. Lett. 77 (2000) 2767–2769.

[47] G.S. Choi, Y.S. Cho, S.Y. Hong, J.B. Park, K.H. Son, D.J. Kim, Carbon

nanotubes synthesized by Ni-assisted atmospheric pressure thermal chem-

ical vapor deposition, J. Appl. Phys. 91 (2002) 3847–3854 (bottom of

form).

[48] A. Gohier, C.P. Ewels, T.M. Minea, M.A. Djouadi, Carbon nanotube

growth mechanism switches from tip- to base-growth with decreasing

catalyst particle size, Carbon 46 (2008) 1331–1338.


	In situ growth of carbon nanotubes in alumina-zirconia nanocomposite matrix prepared by solution combustion method
	Introduction
	Experimental
	Chemicals used
	Nanocomposite preparation
	Carbon nanotube growth

	Characterization

	Results and discussion
	Conclusions
	Acknowledgements
	References


