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A B S T R A C T

A multiwall carbon nanotube (MWCNT)/hercynite (FeAl2O4) hybrid nanomaterial was syn-

thesized by one-step chemical vapor deposition (CVD) using acetylene as precursor and

FeOx–AlOOH xerogel as catalyst. The hybrid material was composing by hercynite nanopar-

ticles (diameter 10–50 nm) intimately attached to the walls of the MWCNTs. The diameter

of the MWCNTs was related to particle size of the catalyst. The hybrid nanomaterial exhib-

ited a characteristic magnetic behavior that can be considered as a combination of super-

paramagnetism and ferromagnetism, with a saturation magnetization of 5.7 emu/g at an

applied field of 18 kOe and a coercivity of 520 Oe. The hybrid displayed a relatively low

pHZPC (approx. 3.2) and formed very stable aqueous suspensions at pH 5.5. Controlled oxi-

dation of the hybrid generated oxidized functional groups, as –OH and –COOH, and pro-

moted the transformation of hercynite to hematite. Due to the high dispersibility of the

hybrid in water, it presents an interesting potential as nanofiller for hydrophilic polymers.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have been the focus of extensive

research due to their outstanding electronic, mechanical,

thermal, chemical properties and significant potential appli-

cations in nanoscience and nanotechnology [1]. Many recent

studies focus on a new class of hybrid nanomaterials

made from CNTs and inorganic glasses or ceramics, the
CNT–inorganic hybrids. In these hybrids, the CNTs are coax-

ially coated with the inorganic nanomaterial which gives it

tunable electrical, magnetic and optical properties arising at

the nanoscale (see for instance [2], and references therein).

The various techniques for the synthesis of CNT–inorganic

hybrids can be classified as ex situ and in situ. The ex situ

technique first produces the inorganic component in the

desired dimensions and morphology, then modifies with
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Table 1 – Summary of prepared samples: size, process stage
and processing conditions.

Sample name Processing conditions

CTZ-A Calcinated xerogel (50 lm < / < 75 lm)
CTZ-B Calcinated-xerogel (/ < 50 lm)
CTZr-A CTZ-A reduced in H2/N2 atmosphere
CTZr-B CTZ-B reduced in H2/N2 atmosphere
NH-A CNTs prepared from CTZ-A
NH-B CNTs prepared from CTZ-B
NH-O1 NH-A heated 30 min at 600 �C,

under 2.5 sccm O2, 180 torr
NH-O2 NH-A heated 30 min at 600 �C,

under 5.0 sccm O2, 180 torr
NH-O3 NH-A heated 60 min at 650 �C,

under 5.0 sccm O2, 180 torr
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functional groups either the inorganic nanoparticles (NPs) or

the CNTs (or both) and finally attaches the inorganic compo-

nent to the surface of CNTs by covalent, noncovalent, or elec-

trostatic interactions. In contrast, the in situ technique carries

out the synthesis of the inorganic component in the presence

of pristine or functionalized CNTs, onto which the inorganic

nanomaterial grows as particles, nanowires, or thin films.

A new potential application of CNT–inorganic hybrids was

recently shown by Sue and co-workers [3] using an ex situ

technique to prepare a CNT–clay nanoplate hybrid which

can be effectively dispersed in aqueous solution down to indi-

vidual level. They can also transfer the CNT–clay nanoplate

hybrid from the aqueous dispersion to organic solvents by a

drying redispersion process and then prepare a good quality

epoxy/CNT composite which exhibits greatly improved mod-

ulus and strength at low nanotube loadings without compro-

mising the strain at failure. No slippage or pull-out of the

CNTs from the epoxy matrix was observed. Another kind of

in situ technique has been addressed by Tian et al. [4] and Ku-

dus et al. [5] to obtain micro/nanoscale hybrid reinforcements

with a network structure where the CNTs are homogeneously

dispersed and bond strongly with micro sized Al2O3 powder.

Their work focuses on synthesis of CNTs by chemical vapor

deposition (CVD) process using micro sized alumina particles

decorated with Ni NPs as catalyst. This catalyst is prepared

through in situ process by using nickel salt and aluminum

powder which are then calcinated at 900 �C.

The sol–gel technique is often the process for producing

the catalyst used to synthesize multi-wall carbon nanotubes

(MWCNTs) by CVD [6]. The porous nature of the matrix

formed by sol–gel process provides the sites for nucleation

of metal oxide NPs and the channels where carbonaceous

species can flow. After synthesis, undesirable sideproducts,

such as pieces of the ceramic matrix, remains attached to

the CNTs. This system looks like the micro/nanoscale hybrids

reported in references [4,5]. However the size of these ceramic

particles is variable and can be potentially reduced to the

nanometer size depending of the porosity of the matrix and

also perhaps of the particle size of the calcinated xerogel [7].

The aim of this paper is to show the morphological charac-

teristics and properties of the hybrid resulting from the syn-

thesis of CNTs using a FeOx–AlOOH xerogel obtained by the

sol–gel method. The advantage of this one step synthesis is

the easy and economical preparation of a nanocomposite

material that combines the mechanical properties of CNTs,

due to their large aspect ratio, with the hardness of a ceramic

(hercynite) and the magnetic properties of iron NP. The appro-

priate combination of such properties would lead to a mate-

rial with superior quality as filler for synthetic or natural

polymers.
2. Experimental

Mesoporous aluminum oxide containing iron oxide (calcinat-

ed xerogel) was prepared by a sol–gel method following a pro-

tocol reported before for the synthesis of Fe–SiO2 system [8].

Briefly, 5.51 g of aluminum tri-sec-butoxide (Aldrich) was

mixed with 7.5 mL of a 1.5 M iron nitrate (Aldrich) aqueous

solution and 5.0 mL of ethanol (Cicarelli) under continuing
stirring, using 50 lL of concentrated hydrofluoric acid (Merck)

as catalyst for the hydrolysis and condensation reactions. A

dark brown sol was obtained and dried for 6 days in two

stages: first, 3 days in air at room conditions and second,

3 days under a 50 sccm flow of nitrogen at RH = 20%. Then,

the obtained xerogel was calcinated at 450 �C under air atmo-

sphere during 10 h. Prior to the synthesis of CNTs, the calci-

nated xerogel (named as catalyst CTZ) was ground in an

agar mortar and sifted through ASTM No. 200 and ASTM No.

325 sieves. Then, two powders with different particle sizes

were obtained. The sample name and the range of particle

sizes for each powder are given in Table 1.

CNTs were synthesized by CVD using both CTZ-A and

CTZ-B samples as catalyst. The CVD process, as reported in

[8], consists of the following steps. First, the catalyst is placed

into a combustion boat and introduced in a tubular oven. Sec-

ond, the reduction reaction is made at 730 �C for 2 h under a

100 sccm flow of 10:90 H2/N2 with a total pressure of 180 torr

(samples CTZr in Table 1). Thirdly, maintaining the tempera-

ture and H2/N2 flow, 9.0 sccm of acetylene were introduced

in the chamber during 1 h as carbon source for the growing

of CNTs (samples NH in Table 1). Finally the system was

cooled to room temperature under 100 sccm flow of N2.

The sample NH-A was oxidized under controlled condi-

tions to purify the CNTs and to introduce some functional

groups at the surface. The samples were place in the tubular

oven an expose to different oxygen flows as indicated in

Table 1.

The C2H2 conversion and carbon yield in the reaction was

calculated based on Ref. [9]:

Carbon conversion:P

Q ¼ ½nC=2� nC2H2
� � 100% ð1Þ

Q ¼ f½ðMtot �McatÞ � 12�=½2� flowrate ðL=minÞ
� time ðminÞ � 24:0 ðL=molÞ�g � 100% ð2Þ

Carbon yield:

Y ¼ ½ðMtot �McatÞ=Mcat� � 100% ð3Þ

where nC is the number of moles of carbon and the nC2H2
is the

number of moles of acetylene; Mtot is the mass of catalyst

plus the mass of carbon entities and Mcat is the mass of

catalyst.
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The synthesized nanomaterials were characterized mor-

phologically by scanning electron microscopy (SEM,

FEG-SEM Zeiss Supra 40), and structurally by transmission

electron microscopy (TEM, Philips EM 301). The crystalline

structure was determined by X-ray diffraction (XRD, Siemens

D 5000) using Cu-Ka radiation. The thermal response was

determined by thermogravimetry analysis (TGA, Shimadzu

TGA-51) and differential thermal analysis (DTA) performed

under air atmosphere. The pore size distribution of calcinated

xerogels was determined by N2 adsorption with a Micromeri-

tics ASAP 2020, using Non-Local Density Functional Theory

(NLDFT) to model the adsorption branch of the N2 isotherms

at 77 K. Fourier transformed infrared (FTIR) spectroscopy

(Nicolet 510 P FTIR) was used to detect the functional groups

generated on the surface of CNTs. The zero point of charge

(pHZPC) of the different materials was determined by measur-

ing the electrophoretic mobility at different pHs (Brookhaven

Zeta-Plus). 10 mg/L suspensions of the powders in 1.0 mM

KCL were prepared and the pH adjusted with HCl or KOH.

Magnetization hysteresis loops were measured on all speci-

mens at room temperature, in the magnetic field range �18

to 18 kG, using a commercial vibrating sample magnetometer

(VSM) LakeShore 7407.

3. Results

3.1. CNT yielding, structure and morphology of the
systems

CNTs were synthesized using both types of powders, CTZ-A

and CTZ-B. The yielding calculated from Eqs. (1) and (3) was

90.3% and 250% respectively in both cases. The milling of

the catalyst prior to the CNT synthesis did not affect the

yielding of the reaction.

Fig. 1 shows XRD patterns of catalyst powders and the

products obtained at each stage of the CVD process. Hematite

phase, Fe2O3, was found in the calcinated xerogels (CTZ-A or

CTZ-B). The diffractograms of the reduced xerogel (CTZr-A

or CTZr-B) displays typical features of a-Fe and hercynite,
Fig. 1 – (a) XRD patterns for the calcinated xerogels (samples CTZ

and (b) the products from CVD process with catalyst CTZ-B or C
FeAl2O4. Hercynite is an iron-aluminate in which iron is

present as Fe(II).

The diffraction pattern of samples NH-A and NH-B are

quite similar, the diffraction peak at 2h = 26� is typical of CNTs

confirming that the incorporation of a flow of N2/acetylene in

the reactor leaded to the synthesis of CNTs. An intense signal

from cementite, a-Fe3C, phase between 40� and 50� is ob-

served hiding the iron peak if any. This phase also contributes

with a diffraction peak appearing at the right side of the

hercynite peak at 2h = 36.53�.
Fig. 2a shows a high magnified SEM image of the CTZs

powders. The particles are formed by aggregates of nanopar-

ticles and display a porous structure. The powders displayed a

type IV isotherm which indicates the presence of mesoporos-

ity, with a BET surface area of 169 m2/g. NLDFT analysis of the

isotherms revealed that the calcinated xerogel have a wide

pore size distribution with diameters between 2 and 45 nm,

with an average pore size of 11 nm and the most probable va-

lue of 6 nm. This mesoporosity agree with the porous size

that can be observed in the SEM images (Fig 2a). Fig. 2b shows

typical SEM images of the hybrid formed by attachment of

hercynite nanoparticles (HNP) on the walls of the CNTs. In

some cases the HNPs almost surrounded CNTs (see the circles

in Fig. 2b). The multiwall character of the carbon nanotubes

was inferred from the hollow internal channel and wall width

as observed in the TEM micrograph of Fig. 2c, also the at-

tached HNPs and the canal of the CNTs can be clearly seen.

No serious damage on the tube wall around the contact area

with the nanoparticles was observed.

Although the yielding and the structure of the CNTs ob-

tained with both catalysts (CTZ-A and CTZ-B) were quite sim-

ilar, a detailed analysis of SEM pictures indicates that the

external diameter of the CNTs differ depending on the parti-

cle size of the catalyst powder. Fig. 3 shows a histogram of the

external diameter of the CNTs obtained with each catalyst

powder. It is clear that the CNTs present in system NH-A

had, in average, a larger external diameter than those present

in system NH-B. The sieving of the catalyst powder prior to

the synthesis did not affect the composition of the hybrid,
-A or CTZ-B), the reduced xerogel (samples CTZr-A or CTZr-B)

TZ-A.



Fig. 2 – (a) Surface of calcinated xerogel, (b) synthesized CNT–hercynite hybrids; and (c) TEM image of the hybrids.

Fig. 3 – Distribution function of external CNT diameter using

200 data numbers for each hybrid. N: data numbers, U:

external diameter, n: number of data in DU interval.
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but affected the morphology of the CNTs that grow from the

sieved powder.

3.2. Thermal analysis

Fig. 4 shows the results of TGA and DTA analysis performed

under air on samples NH-A and NH-B. As the temperature

rises a slight increment of weight was observed in both sys-

tems, followed by a single and stepped weight loss centered

at 580 �C. This weight loss can be assigned to the complete

oxidation of the CNTs. The presence of only one step remarks

the good quality of the synthesized CNTs. The remaining

weight was about 20% in both cases and corresponds mostly

to the ceramic that composes the hybrid. The DTA plots are
characterized by one endothermic feature that begins at

120 �C, over-imposed with an exothermic feature centered at

570 �C (NH-A) or 564 �C (NH-B). The exothermic feature can

be consequence of the oxidation of CNTs to carbon dioxide,

which also explains the steeped weight loss observed in the

TG analysis. During TGA/DTA analysis of CTZr samples, only

the endothermic feature and the slight increment in weight

were observed. This effect can be related with oxidation of

the reduced species present in the catalyst.

3.3. Controlled oxidation/purification process

The aim of this experiment was to eliminate the small

amount of amorphous carbon that may contaminate the

CNTs, and to create polar functional groups on their walls

to increase their hydrophilicity. The CNTs present in the sam-

ple NH-O1 displayed the same aspect ratio as in the NH-A

sample (Fig. 5a). After the thermal treatment the percentage

of ceramic material was close to 40%, determined by TGA

analysis (TGA not shown). A statistical analysis of the exter-

nal CNT diameter using SEM images indicates that the oxida-

tion process did not produce any appreciable change in

diameter. Fig 5a also shows changes in the morphology of

the nanoparticles, that may be associated with changes in

the composition and crystalline structure (see white circle).

Fig. 5b shows the results of the XRD analysis of both NH-A

and NH-O1 samples. From the comparison of both XRD pat-

terns several changes can be noted in the XRD pattern of

NH-O1 sample. First, there are two new diffraction peaks cor-

responding to hematite (a-Fe2O3). Secondly, the CNT peak

shape became thinner, probably as consequence of the loss

of some carbonaceous material. Finally, the intensity of the

hercynite and iron carbide peaks was reduced considerably.

Further oxidation reduced even more the intensity of CNTs,

hercynite and iron carbide diffraction peaks while increased

the corresponding to hematite.



Fig. 4 – TGA and DTA of hybrids (a) NH-A and (b) NH-B.

Fig. 5 – (a) SEM image of the hybrid in the NH-O1 sample. Hematite particles are remarked in the circle. (b) XRD pattern of

hybrid material before (sample NH-A) and after (sample NH-O1) the purification/oxidation process.
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Infrared spectroscopy was used to characterize the sam-

ples NH-A and NH-O1 in order to identify the CNTs and

HNP surface functional groups. Fig. 6 shows the FTIR spectra

of both samples. The spectra was first subtracted for the base-

line and normalized at 1570 cm�1, the aromatic C@C struc-

tural vibrations of CNT backbone [10] are present in both

spectra. The spectrum of sample NH-A displays characteristic

features that are always present in raw MWCNTs indicating

the presence of some oxygenated functional groups intro-

duced during the synthesis process: a prominent broad band

(3100–3600 cm�1) assigned to contributions from a variety of

O–H stretching modes from hydroxyl or carboxyl groups;

two bands at 2925 and 2853 cm�1 (CHx stretching) and a broad

band between 1000 and 1200 cm�1 (C–O from ethers, alcohols,

anhydrides, lactones or carboxylic acids) [11,12]. One intrigu-

ing feature is the appearance of additional absorption in a

band with structure located at 1410 cm�1; most researchers

are unable to assign this band to a particular functionality

[11,13] but others related it to the presence of significant de-

fects or disorder in CNT walls [14]. New IR bands appeared

after the oxidation/purification process as shown by the
spectrum of sample NH-O1. There are several interesting

changes between 750 and 1300 cm�1, the band at 1060 cm�1

was reduced and shifted to 1033 cm�1 together with the onset

of two bands at 796 and 1260 cm�1. These three modes, to-

gether with the mode around 1570 cm�1, are close in fre-

quency to the more characteristic IR modes calculated for

chiral single wall carbon nanotubes [10]. These observations

together with the reduction of the band at 1410 cm�1 suggest

that many of the functional groups seen in the spectrum of

the NH-A sample may be attached to amorphous carbon or

other carbonaceous fragments that were removed by the oxi-

dation. The formation of new oxygenated functional groups

can be seen in the onset of three bands at 560, 664 and

1646 cm�1, the first two can be assigned to the characteristic

vibrations in hematite [15] and the third ascribed to the

C@O stretching mode of quinone groups added preferentially

to the ends of the tubes [13,16]. Also, there is an enhancement

of the broad band at 3450 cm�1 showing that the oxidation

leaded to the addition of carboxylic acid and/or hydroxyl

groups. Further oxidation of the hybrid was observed in sam-

ples NH-O2 and NH-O3. The proportion of hematite in the



Fig. 6 – FTIR spectrum of hybrid nanomaterial before (NH-A)

and after (NH-O1) the purification/oxidation process.

Fig. 8 – Magnetization curves of the hybrids before (NH-A)

and after (NH-O1) purification/oxidation process.
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solid and the presence of polar functional groups follow the

trend: NH-O1 < NH-O2 < NH-O3. The amount of CNTs in the

hybrid decreases following the opposite trend.

3.4. Magnetic characterization

The magnetization curves recorded at room temperature for

the samples CTZr-A and CTZr-B are presented in Fig. 7a.

The magnetic behavior of both samples was similar, it can

be seen that the samples were not saturated at high fields

and shown remanent magnetization Mr and coercivity Hc

greater than zero. This phenomenon can be considered a

combination of superparamagnetic and ferromagnetic behav-

iors [17]. After CNT growth, there is an increment in the mag-

netization at a fixed applied field for the NH-A sample

compared to the CTZr-A sample but this increment is nearly

zero when the NH-B and CTZr-B samples are compared

(Fig. 7b). The same behavior is observed in Mr but not in Hc.

The highest magnetization measured is 5.7 emu/g at 18 kOe

applied field in the NH-A sample while is 3.8 emu/g in the

NH-B. These results indicate that the grinding and sieving of

the catalysts before CNT synthesis also affects the magnetic

behavior of the hybrid nanomaterial.
Fig. 7 – Magnetic hysteresis loop of (a) reduc
Partial oxidations of the NH-A sample also modify the mag-

netic properties of the hybrid. The sample NH-O1 displays

demagnetization and loses the ferromagnetic contribution

leaving in evidence the superparamagnetic behavior (Fig. 8).

3.5. Colloidal stability

To examine the colloidal stability of the as-synthesized CNT–

hercynite hybrid (sample NH-A) and the oxidized hybrid

(sample NH-O1) nanomaterials, they were dispersed in water

as can be seen in Fig. 9a. During the dispersion, ultrasonic

vibration was applied for 15 min. While the NH-O1 sample

was stable only for 4 days (Fig. 9b), the sample NH-A remains

stable for at least 3 weeks at room temperature.

Fig. 10 shows the electromobility of the NH-A hybrid and

oxidized samples, it can be seen that the electromobility at

the pH of work (5.5) decreases with the degree of oxidation.

The pH of zero point charge (pHZPC) of the hybrid, before

and after controlled oxidation, is obtained from the data in

Fig 10 and displayed in Table 2. The results indicate that the

pHZPC of the NH-A hybrid was far more negative than the

pH of the suspension (5.5). The pHZPC of the oxidized samples

increased with the oxidation time, being close to the hematite

measured under similar conditions [18].

4. Discussion

The information obtained from XRD analysis (Fig. 1a) and the

magnetic hysteresis loops (Fig. 7a) indicates that just after
ed catalyst and (b) hybrid nanomaterials.



Fig. 9 – Dispersions of the NH-A and NH-O1 powders in water at pH 5.5 (GGG g/mL): (a) start time and (b) after 4 days.

Fig. 10 – Electromobility of hybrid before (NH-A) and after

purification/oxidation process. The preparation conditions

are described in Table 1.

Table 2 – pHZPC of the hybrid before and after controlled
oxidation.

Sample NH-A NH-O1 NH-O2 NH-O3

pHZPC 3.2 3.8 4.2 5.4
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reduction (samples CTZr) the catalyst, independently of the

powder mesh, is composed by a porous hercynite layer con-

taining a-iron nanoparticles and a core of incomplete reduced

porous hercynite containing Fe3O4 nanoparticles. We arrived

to this description because: (i) hercynite is a paramagnetic

material with very low magnetization at room temperature

[19] then, the external layer with the a-iron nanoparticles iso-

lated in the hercynite matrix provides the superparamagnetic

contribution to the magnetic hysteresis loop [20] and the

characteristic XRD pattern of these catalysts; and (ii) the mag-

netic properties of solid solutions of Fe3O4 and FeAl2O4 show

high magnetization moments and Curie temperatures [21]

which could explain the ferromagnetic behavior observed in

the CTZr samples. The thickness of the layer of catalyst con-

taining a-iron nanoparticles likely depends on the penetra-

tion of hydrogen inside the catalyst particles, which
depends on the microstructure of the particles (porosity, sur-

face area, etc.) being independent of the particle diameter.

Consequently, as the catalyst particle size decreases, the

amount of a-iron nanoparticles per volume unit should in-

creases. However this effect is not observed in the magnetiza-

tion of the samples CTZr (see Fig. 7a) probably because the

difference in particle size is not large enough.

After CNT growth the particles of the reduced catalyst are

fragmented to a nanometric size (see Fig. 2b and c), indepen-

dently of the initial particle size. This fragmentation is due to

the stress produced by the growth of CNTs, which may occur

firstly inside the porosity of the external layer of the catalyst.

The fragmentation creates new fresh surfaces which can be

accessed by the gases of reduction and synthesis. Then part

of the previously inactive Fe(II) and Fe(III) may become re-

duced and carburized at the same time. The reduction of iron

cations with H2 may lead to the production of more Fe NPs

which become a secondary site for CNT growth, otherwise a

cementite nanoparticle appears. This process will induce a

progressive fragmentation of the reduced catalytic particles

under the constraints of ‘‘secondary’’ growing CNTs and the

increase, during the same period, of cementite proportion

as shown by the XRD spectrum in Fig. 1b. It is interesting to

underline that this growth mode with successive liberations

and activation of active sites by fragmentation of the reduced

particles can explain why the CNT yielding is independent of

the catalyst particle size. However, the difference in the outer

diameter of the CNTs observed among the samples NH-A and

NH-B (Fig. 3) implies that the total number of active a-iron

sites, both primary and secondary, were lower in the NH-A

sample. This phenomenon is likely a consequence of the

higher area expose to reduction gases in sample NH-B, where

the initial particles are smaller than in sample NH-A. Conse-

quently, in sample NH-A the excess carbon is deposited on

the external walls of the already formed CNTs increasing its

external diameter.

The original CNT growth reported herein leads to regular

consumption of the iron nanoparticles, encapsulated inside

the growing nanotubes, and the concomitant presence of

Fe3C nanoparticles inside the porosity of the remnant catalyst

nanoparticles. Cementite nanoparticles encapsulated in car-

bon shell have shown superparamagnetic behavior at room

temperature [22]. Then, the magnetic behavior of samples

NH-A and NH-B can be considered to the ceramic nanoparti-

cles attached to the CNTs and whose structure consists of an
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incomplete reduced hercynite matrix containing Fe3C nano-

particles. Because the fresh surface created in sample NH-A

is larger than in sample NH-B, it is reasonable to expect a

greater amount of cementite nanoparticles per unit volume

in the first sample and consequently a greater magnetization

as shown in Fig. 7b. Finally, the oxidation of the NH-A sample

forms hematite (a-Fe2O3) and alumina (either amorphous or

forming a solid solution with hematite), being hematite a

weak ferromagnetic material at room temperature [23] and

the second is not magnetic [24]. So, the magnetic hysteresis

loop of sample NH-O1 loses the ferromagnetic contribution

of the matrix and displays only a superparamagnetic behavior

with a lower magnetization than sample NH-A (see Fig. 8).

Additionally, the FTIR results are consistent with this

description of the ceramic material attached to the CNTs. In

sample NH-A, the Fe3C nanoparticles shield the hercynite

matrix from the infrared light and therefore hides the absorp-

tion bands. After oxidation, the surface of the ceramic nano-

particles attached to de CNTs is rebuilt and the magnetic

nanoparticles remain inside. Now, the absorption bands of

the Fe–O functional groups in the hematite appear.

Unlike prior thought, the oxidized hybrid aqueous disper-

sion is less stable than that of as-synthesized CNT-hercynite

hybrid although the chemical oxidation reaction modifying

the CNT surface to possess carboxylic acid (–COOH) or carbox-

ylic anion (–COO�) groups [25]. An explanation could be

found in the interfacial chemistry of the ceramic material at-

tached to the CNTs. The pHZPC is an important guide to these

interfacial properties. As showed in Table 2 the pHZPC of the

hybrid is close to 3.2 while for NH-O1 is 3.8. Further oxidation

even increases the pHZPC. This fact helps to explain the higher

stability of NH-A in water when compare with NH-O1. The

farther the pH from the pHZPC, more negatively is the electro-

mobility so more stable is the suspension. The pHZPC of CNTs

is close to 4.5 [26], this value cannot explain the pHZPC value of

the hybrid. The hybrid pHZPC may be consequence of the pres-

ence of iron carbide surrounding the hercynite particles. To

our knowledge there are no data available for the pHZPC of

the cementite but, we propose here a way to get an estimated

value by using an empirical correlation published in a very

interesting paper devoted to measure the pHZPC of various

metal carbides powders as NbC, WC, SiC and TiC [27]. The

empirical correlation links the pHZPC values of those carbides

with their metal–carbon bond strength, then taking the me-

tal–carbon bond strength for cementite as the cohesive en-

ergy obtained by ab initio calculations (568 kJ/mol [28]) a

value of pHZPC ffi 3.6 can be estimated from that correlation.

This value is close to that obtained for the hybrid (3.2). In

the case of oxidized hybrid, FTIR and XRD results suggest that

the nanoparticles are only partially coated by cementite, and

hematite became an important phase. Coincidently the pHZPC

of NH-O1 moved to higher values getting closer to that of

hematite (5.5–8 depending on measurement conditions).

The pHZPC of the oxidized system is close to that of the sus-

pension and consequently the stability of the water disper-

sion is lower.

The high conductivity, small diameter, high aspect ratio

and super mechanical strength of MWCNTs make them an

excellent option to create conductive composites for high-

performance electromagnetic interference (EMI) shielding
materials at low filler concentration. Recently, they have been

studied with various polymer matrix, including polystyrene

(PS) [29], epoxy [30], poly(methyl methacrylate) (PMMA) [31],

polyaniline (PANI)[29], polypyrrole (PPY) [29], polyurethane

PU [30,32,33], etc., for the possible applications as effective

and light weight EMI shielding materials. The EMI shielding

properties are usually attributed to the capacity of these

materials to reflect electromagnetic waves [34]. However, an

interesting paper has reported the influence of the Fe metal

catalyst inside of MWCNTs on the shielding efficiency (SE)

in the near-field range of MWCNT–PMMA composites [35].

The authors showed that the contribution of absorption to

the total EMI SE of the system is larger than that of reflection

and the higher EMI SE of raw MWCNT–PMMA composites,

compared to that of purified ones, mainly originates from

the higher amount of Fe metal catalyst in the raw MWCNTs.

As was recognized by the authors, this effect is negligible

around of the dc electrical conductivity percolation threshold

because the concentration of Fe catalyst particles is too low.

Because the percentage of Fe contained in our hybrid is higher

than in the material reported in [35], it can overcome the last

drawback preserving the same EMI SE properties at lower fil-

ler fraction which is critical for real applications. Moreover,

the high dispersibility and colloidal stability of the hybrid in

water make them an excellent option by direct mixing with

any kind of polymer which can be synthesized by water emul-

sion polymerization [36,37]. For example, by using the colloi-

dal-physics method a CNT–hercynite/water-based PU

composite may be synthesized, obtaining an ideal candidate

to replace the current civil and military aircraft topcoats

(based on PU). This coating should provide enough shielding

properties to mitigate electrostatic build-up which can cause

considerable damage to surrounding materials and electron-

ics [38].
5. Conclusions

A MWCNT–hercynite hybrid nanomaterial has been success-

fully synthesized in a one step CVD process, using as catalyst

iron oxide dispersed in a matrix of aluminum oxide prepared

by sol–gel method. The catalyst was activated by reduction at

730 �C under H2/N2 atmosphere, due to the formation of a-Fe

nanoparticles. The catalyst particle size, selected by sieving

through ASTM No. 200 and between ASTM No. 200 and 325

sieves, did not affect the composition of the hybrid which

was made up of 80% CNTs and 20% ceramic material (3 h of

CVD process time). However, the mean diameter of the CNTs

increases as does the particle size of the catalyst. This result

is consequence of the number of available catalytic sites (iron

nanoparticles) on the surface of the catalyst particles. During

CNT growing the particles of the catalyst are expose to in-

tense stress that produce its fracture in small nanoparticles

that remains physically attached to the external walls of the

CNTs. The new system is a hybrid composes mostly of CNTs

and hercynite with minor quantities of iron (nanoparticles)

and iron carbide. The components of the hybrid cannot be

separated by physical methods. The hybrid nanomaterial

shows a typical magnetic behavior, different of those displays

for the isolated components. This behavior can be considered
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a combination of superparamagnetism and ferromagnetism.

Also, the hybrid is easily dispersed in water and the disper-

sion remains very stable for long time at room temperature.

The stability of the water dispersions is consequence of the

low pHZPC of the hybrid (3.2). Due to its properties the hybrid

nanomaterial has an enormous potential in the preparation

of composites with hydrosoluble polymers for EMI shielding

applications, also recently, similar nanomaterials were tested

as contrast agent with specific target for magnetic resonance

imaging [39], or as reinforcement for network structures [4,5].

The advantage of our novel fabrication route, without any

post-synthesis treatment, is its simplicity and low cost due

to the ‘‘one-step’’ procedure, the high yielding and quality of

the CNTs.
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