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a b s t r a c t

The MgFe2O4 spinel exhibits remarkable magnetic properties that open up numerous applications in
biomedicine, the environment and catalysis. MgFe2O4 nanoparticles are excellent catalyst for carbon
nanotube (CNT) production. In this work, we proposed to use MgFe2O4 nanopowder as a catalyst in
the production of 3D macroscopic structures based on CNTs. The creation of these nanoengineered 3D
architectures remains one of the most important challenges in nanotechnology. These systems have high
potential as supercapacitors, catalytic electrodes, artificial muscles and in environmental applications.
3D macrostructures are formed due to an elevated density of CNTs. The quantity and quality of the
CNTs are directly related to the catalyst properties. A heat treatment study was performed to produce
the most effective catalyst. Factors such as superficial area, spinel inversion, crystallite size, degree of
agglomeration and its correlation with van der Waals forces were examined. As result, the ideal cat
alyst properties for CNT production were determined and highdensity 3D CNT macrostructures were
produced successfully.

1. Introduction

The magnesium ferrite (MgFe2O4) spinel is a ceramic oxide with
a facecentered cubic crystalline system. The general structure of
spinels consists of divalent ions surrounded by oxygens forming
tetrahedral sites, and trivalent ions surrounded by oxygen forming
octahedral sites [1]. However, depending on the synthesis route
or conditions, MgFe2O4 does not strictly follow this structural pat
tern. Its structural configuration becomes a partially inverse spinel.
The tetrahedral sites are partially filled by trivalent metal ions, and
the octahedral sites are partially filled by divalent ions. Spinel posi
tion inversion directly affects the physicochemical properties of the
ferrite [2,3]. Since magnesium has a covalent character and oxygen
has negligible mobility, iron presents the higher mobility in the
magnesium ferrite structure [4,5].

∗ Corresponding author.

Synthetic MgFe2O4 nanoparticles are produced by a variety of
techniques such as coprecipitation [6], solgel [7], hydrothermal
route [8], microemulsion [9], and solution combustion synthesis
(SCS). SCS is a low cost, fast technique that produces high amounts
of nanoparticles with high purity and structural homogeneity
[10–12]. The SCS consists of precursors dissolved in aqueous
medium (usually metallic nitrates) [13] and a complexing agent
(fuel) such as citric acid [14]; oxalic acid, glycine [15], and urea
[16]. The solution is heated to 400 ◦C to initiate the fuel selfignition
and produce nanoparticles from the solution constituents. The self
sustaining ignition temperature is between 150 ◦C and 500 ◦C. With
combustion, it can reach more than 1700 ◦C [17]. A highly crys
talline and deagglomerated solid product is formed at the end of
the process [18].

Many studies on ferrites nanoparticles including MgFe2O4

spinel have been recently described due to their distinct mag
netic properties, which open up numerous application possibilities
including cancer treatment [19,20], biosensors [21] and water
purification [22]. MgFe2O4 has also been used as a catalyst in the
production of carbon structures such as carbon nanotubes (CNT).
In CNT studies, spinels are usually based on metal catalysts (Ni,
Co, Mo, Fe . . .) and are supported by oxides (MgO, Al2O3, SiO2 and
CaO) [23–25]. Magnesium ferrite spinel is an excellent catalyst for
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multiwall CNT (MWCNT) production. FeMg2O4 when applied as a
catalyst is often represented in the literature by Fe/MgO system
[26–28]. This is because metallic Fe3+ ions are the active catalyst in
the synthesis process, while MgO acts as the dispersant of Fe3+ ions
(support) [28].

The concentration of metallic ions (stoichiometry) and the
catalyst powder morphology (crystallite size, agglomeration and
surface area) directly influence the properties (density, quality
and morphology) of the resulting carbon structures [29–31]. An
interesting possibility is the production of 3D macroscopic car
bon structures based on solid catalyst nanoparticles. The creation
of such a nanoengineered 3D architecture remains one of the
most important challenges in nanotechnology. The production
of nanoengineered 3D carbon structures with controlled density
and architecture is one of the most desirable steps for build
ing nextgeneration carbonbased functional materials [32]. These
structures have potential application in areas such as supercapaci
tors [33], catalytic electrodes, dry adhesion [34], artificial muscles
[35], gas absorbers [36] and environmental applications [37–39].

Aiming the obtention of 3D CNT structures, different techniques
are reported in the literature, but basically, these involve CVD
or CNT functionalization processes [31,36–41]. Most part of the
studies based on CVD works with catalysts in solution, commonly
ferrocene [36,37,40]. However, it is known that the CVD technique
allows the use of different types of liquid and solid catalysts. There is
no universal consensus regarding the nucleation and growth model
of CNTs. However, the most accepted model so far has been pro
posed by Baker et al. [42]. This explains the growth of CNTs by the
catalytic dissociation of a carbon source on the particles of a specific
catalyst.

3D carbon macrostructures are formed with an elevated density
of CNT [37,38]. The yield of CNT is strongly related to the catalyst
surface area. Larger surface areas offer more metallic ions for CNT
production [29,30]. In this work, the heat treatment temperature of
MgFe2O4 catalysts produced by SCS was varied to obtain the largest
surface area. Factors such as crystallite size, degree of agglomera
tion and their correlation with van der Waals forces were studied.
The influence of spinel inversion was also presented. The MWC
NTs were synthesized by chemical vapor deposition (CVD) using
MgFe2O4 as catalyst to produce 3D carbon macrostructures.

2. Materials and methods

2.1. Synthesis of MgF2O4 nanoparticles catalyst

2.1.1. Materials

Mg(NO3)2·6H2O 99% (Sigma Aldrich), Fe(NO3)3.9H2O 99.95%
(Sigma Aldrich), glycine 99% (Sigma Aldrich) and distilled H2O.

2.1.2. Method

The nanopowdered MgF2O4 catalyst was produced by SCS. The
Mg(NO3)2·6H2O and Fe(NO3)3·9H2O were employed to produce
MgF2O4 powder. The nitrates were individually dissolved in water
and then mixed. The solution was stirred and heated for approx
imately 5 min. When reaching 60 ◦C, the fuel (glycine previously
dissolved in water) was added. The precursors/fuel stoichiome
try was established via the propellants method [43]. The balanced
equation (1) is presented below:

2Fe(NO3)3 · 9H2O + 1Mg(NO2)3 · 6H2O + 0, 20C2H2NO2 (1)

The temperature and stirring were maintained for few min
utes to promote perfect homogenization. The solution was inserted
into an electric furnace (muffle) preheated to 400 ◦C until com
plete combustion (around 15 min). No grinding process was used.

Table 1

MgFe2O4 heat treatment temperatures.

Sample Calcination temperature (◦C)

Ct0 –
Ct1 500
Ct2 700
Ct3 900
Ct4 1100
Ct5 1200

Table 2

MgFe2O4 catalysts and their respective CNTs samples.

MgFe2O4 catalyst CVD produced samples

CT0 CNT0
CT1 CNT1
CT2 CNT2
CT3 CNT3
CT4 CNT4
CT5 CNT5

The sample was treated at different temperatures as described in
Table 1.

2.2. Synthesis of the CNT 3D structures

2.2.1. Materials

MgFe2O4, Ar 99.999% (Sigma Aldrich), H2 99.95% and ethylene
99.99% (Sigma Aldrich).

2.2.2. Method

To study the catalyst influence, we established a standard
methodology that varied only one, the catalyst. The samples were
produced employing a CVD system. An alumina boat with MgFe2O4

(0,100 g) was inserted in a furnace (Jung, model LT39013) with a
silicon glass tubular chamber. The furnace was heated to 850 ◦C
(50 ◦C/min) with continuous Ar flow (300 cm3/min) and then held
for 45 min. At 850 ◦C, the H2 valve was opened (30 cm3/min).
After 15 min, the Ar valve was closed, ethylene valve was opened
(30 cm3/min), and the H2 valve was kept opened until the final of
the plateau. When the system started to cool down, the ethylene
valve was closed, the Ar valve was opened and the H2 remained
open until 500 ◦C. At this temperature, the H2 and the ethylene were
closed, and the Ar flow was kept opened until 100 ◦C. The alumina
boat was removed from the furnace at 100 ◦C. The catalyst samples
calcined at different temperatures were employed to produce the
MWCNT. The resulting samples are described in Table 2.

2.3. Chemical and structural characterization

The crystallinity of the sample was evaluated by Xray diffrac
tion (XRD) using a PHILIPS diffractometer (model X’Pert MPD),
40 kV, 40 mA and Cu anode. The powders crystallite size were cal
culated by Scherrer’s equation (eq. (1)):

Dp =
K�

ˇ1⁄2
COS�

(1)

In this equation, D represents the crystallite size, K is a constant
whose value depends on the particle shape (we assume the par
ticles to be spherical, so K=0.94), l is the wavelength of the used
electromagnetic radiation (1.5406 Å, value related to the charac
teristic main radiation emitted by copper), u is the Bragg‘s angle
and b is the contribution of the crystallite size to the full width at
half maximum (FWHM) of the diffraction peak correspondent in
radians. The surface areas of the catalysts were obtained by nitro
gen absorption method (BET Quanta Chrome, Nova1000 model).



Fig. 1. Heat treated nanopowders diffractogram. The box in the upper left side
shows the 17.5◦19.5◦ area magnified.

Changes on chemical and structural composition during the heat
treatment were studied via thermogravimetry on a Netzsch 449
DSC/TG thermal analysis system. The MgFe2O4 morphology was
characterized by scanning electron microscopy (SEM) in a JEOL
microscope (JSM 6060) with a maximum operational tension of
30 kV and nominal resolution of 3.5 nm. The applied tension was
10–20 kV. The MgFe2O4 and CNT high resolution transmission elec
tron microscopy (HRTEM) used a JEOL microscope (JEM 2010)
operating between 80 kV and 100 kV with punctual resolution of
0.45 nm and line resolution of 0.20 nm. The quality and density
of CNTs production were analyzed by Raman spectroscopy using
a Renishaw inVia microRaman System with a laser wavelength
of 532 nm focused onto the sample with a 50 × objective lens.
Nitrogen adsorption/desorption isotherms are used to investigate
the Brunauer, Emmett, and Teller (BET) surface area and Barrett
JoynerHalenda (BJH) pore size. These surface structure parameters
were obtained using an automated surface area analyzer (Autosorb
Quantachrome −NOVA 1000eGas Adsorption Surface Area and
Pore Size Analyzer). BET was performed to the nanopowder catalyst
and BETBJH was carried out to the NTC sponge. The NTC bulk den
sity and porosity percentage were analyzed by Archimedes method
[44].

3. Results and discussion

3.1. MgFe2O4 nanoparticles

The diffractogram (Fig. 1) shows characteristic crystalline peaks
only for magnesium ferrite phase at all temperatures of heat treat
ment according to JCPDS 73–1960. This indicates the purity and
homogeneity of the samples produced by SCS. As the temperature
increases, the peaks becomes more intense and sharper, which is
related to crystallinity and increasing crystallite size. The crystal
lite sizes calculated by the Scherrer‘s equation are shown in Fig. 2a.
Even at the highest temperature of heat treatment, the crystallite
size remained at the scale of dozen nanometers. This phenomenon
is related to the covalent character of magnesium, which makes
crystallization more difficult and leads to smaller crystallites [45].

Interestingly, peak 111 appears for samples CT3, CT4 and CT5
treated above 900 ◦C, as better shown in the diffractogram ampli

Fig. 2. a) Crystallite size (in black) and particle surface area (in blue) variation with
the temperature of heat treatment. The samples were analyzed straight after syn
thesis. No grinding process was used. CT0 to CT4 presented the increasing of particle
surface area with the crystallite size. Sample CT5 presented the decreasing of par
ticle surface area with crystallite size increasing. b) Representative scheme of the
relation between particle surface area, crystallite size and van der Waals forces. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

fied box. This peak is directly related to the structure disorder
degree [5]. In the literature, the disorder that occurs at 957 ◦C is
described as the change from magnesium ferrite a to g [46]. As
temperature increases, more energy is available for the elements
to diffuse in the structure leading to orderdisorder phase or to
normalinverse spinel transitions [5,47].

Surface area is one of the most important parameters in catalytic
nanoparticles. Large surface areas provide more active ions for
catalysis and increase reaction rates [48,49]. Particles are composed
of 2 or more single crystals (crystallites). The total surface area of
a particulate sample and the size of the crystallites in the particles
are usually inversely proportional. Smaller crystallites form smaller
particles with higher surface area. However when the behavior
is studied at the nanoscale (< 1 mm), both can grow in the same
direction [50–52]. As crystallite size decreases, the cohesiveness of
the powder (the strength of the forces that cause agglomeration)
increases [53]. Thus nanoparticles tend to agglomerate and form
larger particles with less surface area. This phenomenon is observed
in Fig. 2a where the increasing crystallite size from sample CT0 to
CT4 increased the particle surface area.

The increasing of the surface area and crystallite size to the
same direction occurs due to the influence of forces like van der
Waals that are predominant in interactions between the surfaces
of nanoscale particles: Smaller particles have higher surface energy.
These particles tend to agglomerate to balance the entropy forces
[53–55]. A representative scheme of the relation between particle
surface area, crystallite size and van der Waals forces is shown in



Fig. 3. SEM images of the samples. The nanoparticles formed structures with large porous at a) CT0, b) CT1, c) CT2, d) CT3. Samples e) CT4 and f) CT5 presented distinct
morphology.

Fig. 4. TEM images a) CT3 nanoparticles; crystallites around 30 nm are observed in the particles and b) CT4 nanospheres; the spheres presented a higher particle size
compared to the CT3 particles.

Fig. 2b. The smaller the crystallites in the particle, the higher particle
surface area influence. As the crystallite size increases, the surface
energy becomes less representative compared to the influence of
the particle volume. Diminishing the van der Waals forces interac
tions, the tendency of agglomeration is reduced. This increases the
total sample surface area, however in a high volume particle, much
of the sample becomes unavailable at the particle surface [56,57].
This reduces the total sample surface area available for catalysis, as
shown to sample CT5 (Fig. 2a).

At a scale of a few dozen of nanometers, the reduction of the
particle size did not increase the sample surface area, due the par
ticles agglomeration. At higher scale sizes, the sample lost surface
area due the particle volume. The ideal catalyst particle size is an
intermediary value between the smallest possible volume and the
smallest agglomeration degree. The micrographs (Fig. 3a, b, c and
d) sequentially show the variation of the porous structures formed
by the nanoparticle agglomerates with increasing porosity as the
heat treating temperature increases (CT0CT3).

The samples CT4 and CT5 (Fig. 3c and f) presented a distinct
morphology compared to the rest of the samples. This morpho
logic alteration is explained by the increasing of diffusion at high
temperatures. Above 957 ◦C, the diffusion energy is extremely high
[58,4,5]. With increasing ionic movement, the ions tend to migrate
to lower total free energy states through the free surface energy
reduction. This causes the nanoparticles to form nanospheres
[59,60]. This change is clearly observed in the transmission micro
graph shown in Fig. 4a and b.

The nanospheres at CT4 have higher crystallite and particle size
compared to the CT3 nanoparticles, according to XRD and TEM,
however they have a higher degree of deagglomeration, which
kept higher surface area value to CT4 (Fig. 2a CT3 and CT4). CT5
is also formed by nanospheres, however at 1200 ◦C the diffusion
is sufficient to promote particles coalescence and the formation
of large sintered structures, which decreased the available surface
area (Fig. 2a CT5).



Fig. 5. CT0 Thermogravimetric analysis of a) DSC and b) TG (black line) and DTG (blue line). The white area represents the dehydration temperature, orange area presents
the magnetic structural variation temperature, the purple area indicates the temperature of gradual structural disorder increasing and coalescence, and the green area is the
temperature of phase decomposition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Thermogravimetric analysis (Fig. 5a and b) shows a mass loss
around 100 ◦C due the sample dehydration. There are endother
mic and exothermic peaks related to the magnetic reversible and
irreversible structural changes such as Curie point between 200
and 800 ◦C (Fig. 5 orange area) [5]. The small exothermic peak
around 450 ◦C may be related to decomposition of a minimum
organic residue [61]. The endothermic heat flow between 800 ◦C
and 1250 ◦C has no mass loss (Fig. 5 purple area), and this is related
to the increasing ionic mobility in the spinel structure [4]. Above
1050 ◦C, literature indicates the sintering process of ferrite mag
nesium, due to particle coalescence, reaching a maximum value
around 1250 ◦C [58]. Above this temperature (Fig. 5 green area),
the exothermic peaks are related to initial MgFe2O4 decomposition
into aFe2O3 and MgO phases [62].

3.2. MWCNT and 3D macrostructures synthesis

Raman spectra of the CVD produced samples (Fig. 6) show
MWCNT characteristics D, G and G‘ bands at 1342, 1572 cm −1 and
2738 cm−1, respectively [63,64]. The G‘ band specifies the MWCNT
purity degree [63]. The MWCNT have a higher G’ band intensity than
D and G bands. Higher MWCNT purity implies fewer amorphous
carbons and defects. MWCNT quality and quantity is also measured
by the (ID/IG) ratio. This ratio is related to the carbon graphitization
degree (conversion of amorphous, semiordered or free carbon into
threedimensionally ordered graphitic structure)[65]. An elevated
graphitization degree means high quality and quantity of CNT. [64].
The lower the (ID/IG) ratio, the higher the graphitization degree.

CNT0 showed a higher (ID/IG) ratio than the other samples. This
result is justified by the tendency of catalysts powders with high
agglomeration degree and low surface area to produce amorphous



Fig. 6. Raman spectroscopy of the MWCNT samples. The (ID/IG) ratio is presented in the box.

Fig. 7. TEM images of the produced MWCNT. a) CNT0, b) CNT1, c) CNT2 d) CNT3, e) CNT4 and f) CNT5.

carbon and low density of MWCNT [29–31]. With the increas
ing of heat treating temperature, the catalyst surface area and
crystallinity increased too. This directly influenced the MWCNT
sample production as shown in the Raman spectra. The (ID/IG) ratio
decrease with increasing catalyst surface area.

This phenomenon is demonstrated in the MWCNT TEM micro
graphs Fig. 7a to Fig. 7f. A gradual increasing of MWCNT quality and
homogeneity with the increasing of carbon graphitization degree is
observed. The CNT0, CNT1 and CNT2 micrographs (Fig. 7a, b and c)
presented the formation of a few MWCNT clusters and others car
bon based structures. It is observed high particulates in the samples.

The elevated particle agglomeration led to a reduced number of
catalytic ions available during the MWCNT synthesis. The MWCNT
production was reduced. CNT3 (Fig. 7d) showed specific areas with
high density of MWCNT and no presence of high particulates. CNT4
(Fig. 7e) has an elevated density of homogenous MWCNT in all sam
ple, with no high particulates observed. Larger catalyst surface area
implies more catalytic ions available for carbon graphitization. This
leads to higher density of MWCNT production [31,65]. Sample CNT5
(Fig. 7f) presented a reduced MWCNT production. Few clusters of
MWCNTs were observed.



Fig. 8. a) NTC4 SEM micrograph showing the entangled nanotubes, b) SEM of the area analyzed by EDS; EDS mapping of c) carbon d) iron e) magnesium and f) oxygen; NTC4
HRTEM presenting g) MWCNT growing agglomerated to the same direction; h) Single MWCNT with 17.5 nm of external diameter and 6.3 nm of internal diameter, the walls
structure are well observed; j) single MWCNT with 74.2 nm of external diameter and 16.4 nm of internal diameter and i) TEM image showing the catalyst particles in the
tubes structure.

Although all the samples showed the formation of MWCNT, only
the CNT4 (with the highest graphitization degree) had sufficient
production to generate a welldefined 3D macrostructure. Fig. 8a
shows the SEM micrograph of the CNT4. It is observed the formation
of a dense entanglement of MWCNT and also the presence of some
particles distributed in the sample. Fig. 8b shows a SEM image of the
area mapped by EDS; Fig. 8c, d, e and f, present the EDS mapping of C,
Fe, Mg and O respectively. Since Mg and Fe have similar distribution
in the sample, the particles in the SEM image might be related to

the MgFe2O4 catalyst and its distribution throughout the sample
indicates the multidirectional formation of CNT generated from the
catalyst particles.

After the synthesis, part of the nanoparticles remains in the
nanotubes structure, as observed in Fig. 8i. An EDS analysis (Fig. 8k)
was performed for the area presented in Fig. 8i; peaks of Mg, Fe, O, C
and Cu are observed in the spectra. The ions Mg, Fe, O are related to
the MgFe2O4 nanoparticles in the MWCNT, C to the MWCNT and Cu
is due the sample holder composition. Fig. 8 h and 8 j present two



Fig. 9. Histogram of the diameter distribution of MWCNT in the sample CNT4, at
the left side, the CNT4 TEM image.

MWCNT with an elevated difference in the diameter size, Fig. 8 h
have an external diameter of 17.5 nm while the MWCNT in Fig. 8 j
have 74.2 nm. Despite this difference, both have a similar tubular
structure, presenting in average more than 20 tubular walls. From
the solid catalyst, the MWCNT grown in aleatory directions and
forms a variety of junctions and curves, as presented in the SEM
image (Fig. 8a) as well in the TEM image (Fig. 7e) allowing the for
mation of high volume macrostructures. Fig. 9 shows a diameter
distribution histogram based on the CNT4 TEM image; The MWCNT
in the CNT4 structure have mean diameter between 10 and 100 nm
and a few tens of micrometers of a length. The diameters of MWCNT
are mostly in the range of 20–40 nm.

Through the BETBJH analysis, the macrostructure presented
a small surface area (1136 m2/g), much of the structure volume
is occupied by pores [66]. It presents a medium pore volume of
0.076 cm3/g and a medium diameter of 268 nm. These pores are
classified as macropores [67]. According to the Archimedes method,
54.41% of the 3D structure volume is related to pores. The density is
very reduced, 0.2272 g/cm3. Elevated quantities of large pores allow
the absorption of high volumes of substances in the structure.

The thermogram in Fig. 10 shows only one stage of decomposi
tion for the CNT4 sample at temperatures between 450 and 650 ◦C,
which is a typical result for MWCNT [68,69]. DTG showed only one
exothermic transition peak at approximately 650 ◦C. It is known
that amorphous carbon burns at temperatures lower than 580 ◦C
to 600 ◦C; defectfree single wall CNT, at 600 ◦C to 620 ◦C; and pure
MWCNTs with 10 layers and more, at 750 ◦C to 790 ◦C [70]. The
reduction of exothermic transition of the produced MWCNTs is
likely due the presence of defects on the MWCNT walls as shown
in the HRTEM image (Fig. 8 h) [69]. It can be inferred that the dif
ference between these final weight loss values, 73 wt%, is equal
to the MWCNT content of the sample. Therefore, the remaining

Fig. 10. CNT4 thermogravimetric analysis of TG (black line) and DTG (red dotted
line). The curves behavior around 650 ◦C are related to MWCNT decomposition. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

27 wt% corresponds to MgFe2O4. The magnesium ferrite structure
decompose at temperatures higher than 1200 ◦C as presented in the
thermogram for MgFe2O4 (Fig. 5). No peaks related to amorphous
phase burning were observed.

CNT4 presented a distinct higher MWCNT production com
pared to the other samples. The high density of MWCNT allowed
the production of a MWCNT 3D macrostructure (Fig. 11b).
0,100 g of MgFe2O4 produced a 3D macrostructure of 0.770 g and
8.78 × 14 × 9.9 mm. The carbon volume and shape are related to the
alumina boat (Fig. 11a). The CT4 catalyst can be used to produce
a variety of MWCNT macrostructures. The carbon structures grow
accordingly with the crucible boat volume and shape specifications.

Besides the surface area, another important parameter in spinel
based powder catalysts is the spinel inversion degree. As pre
sented in the XRD analysis (Fig. 1), the increasing of heat treatment
temperature leads to higher degrees of structural orderdisorder
transitions [5]. These transitions cause inversions in the spinel.
Thereby, the CNT4 elevated MWCNT production may not be related
just to the CT4 high surface area. The CT3 and CT4 presented a small
difference between surface areas (Fig. 2a). However, the MWCNT
samples produced using these catalysts (CNT3 and CNT4) had a sig
nificant difference between the graphitization degrees (Fig. 6). This
is explained by the elevated spinel inversion that occurs for samples
treated at temperatures above 957 ◦C [46]. In the magnesium ferrite
structure, magnesium has a covalent character and oxygen occu
pies positions of low mobility. This leads to high mobility of Fe3+

ions [5]. With increasing temperature, these ions receive enough
energy to move around in the structure switching or occupying
new positions in the crystal lattice.

Fig. 11. a) 8.78 × 13.26 × 9.9 mm crucible boat used in the 3D macrostructure synthesis. b) Resulting 3D NTC macrostructure.



Fig. 12. Spinel ferrite Fd–3 m cubic crystalline structure. Representation of the ions
occupying tetrahedral sites (blue), octahedral sites (yellow) and oxygen (red). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 12 presents the spinel ferrite Fd–3 m cubic structure. In a
normal spinel structure, the divalent (AII) ions occupy tetrahedral
sites and the trivalent (BIII) ions occupy the octahedral sites in a
close packed arrangement of oxide ions. A normal spinel can be
represented as (AII)tet(BIII)2

octO4. In an inverse spinel structure, the
AII ions occupy the octahedral sites, and part of the BIII ions occupy
the tetrahedral sites. This can be represented as (BIII)tet(AIIBIII)octO4

[71].
In the MgFe2O4 lattice, with the increasing of heat treating tem

perature, gradually a higher number of Fe3+ ions moves to the
tetrahedral sites. As shown at Fig. 12, these sites are located closer
to the crystallite surface than the octahedral ones [72]. The spinel
inversion allows more Fe3+ ions to be located on the crystallites
surfaces; consequently, a higher quantity of Fe3+ is available on the
particles surfaces. It increased the MWNTC production. In sample
CNT5, despite the favorable positions of Fe3+ ions for catalytic activ
ity, the MWCNT production was reduced. This result evidenced the
strong influence of surface area on MWCNT production.

4. Conclusion

High purity and crystallinity MgFe2O4 nanoparticles were pro
duced by SCS. The heat treatment study showed that the van der
Waals forces strongly influenced particles at the nanoscale. The
increase in crystallite size resulted reduced particle agglomeration,
which increased the catalyst surface area. However, large particles
lost surface area due their higher volume. The optimum crystal
lite size was settled. Samples treated at temperatures above 957 ◦C
presented high ionic diffusion rates, which promotes elevated
structural disorder and spinel inversions. As diffusion increases,
the nanoparticles morphological changes are clearly observed.
Nanospheres are seen at temperatures above 1100 ◦C. The CT4 sam
ple showed the highest surface area, besides a high spinel inversion
degree that favors the presence of Fe3+ ions on the nanoparticles
surface. The CT4 catalyst produced a very dense MWCNT sample.
This was successfully used to produce 3D MWCNT macrostructures.
The volume and shape of these structures can be controlled by
the crucible boat specifications. Nanoengineered 3D carbon struc
tures with controlled density and architecture have great potential
application in many areas including catalytic electrodes and envi
ronmental field.
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