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1. INTRODUCTION

Iijima initially reported carbon nanotubes 
(CNTs) in 1991[1] and due to their unusual theo-
retical mechanical and electrical properties, CNTs 
have been the subject of much experimental in-
terest [2,3]. Laser vaporization [4], arc discharge 

[5], and chemical vapor deposition (CVD) [6-9] 
are three main synthesis methods to synthesize 
CNTs. CVD is acknowledged as a reliable com-
mercial method to grow CNTs, due to advantages 
of low cost and high yield. In addition, it is easy to 
control the growth rate using the CVD method by 
changing the synthesis conditions such as temper-
ature, time of growth, catalyst, catalyst-support, 
and hydrocarbon precursor.

Catalytic chemical vapor deposition (CCVD) 
is a particular case of the CVD method in which 
a gaseous hydrocarbon as a source of carbon is 
decomposed on the metal catalyst component 
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Abstract: In this paper, the chemical interaction between catalyst and support was studied to understand the observed 
different growth rate of CNTs in our previous paper. Both pure MgO and Mg(NO

3
)

2
 . 6H

2
O as sources of the MgO  

catalyst support and Fe
2
(SO

4
)

3 
· xH

2
O as the source of the Fe catalyst, were employed. A Fe catalyst supported on 

MgO was synthesized using the wet impregnation method followed by calcination. To compare the catalyst grain size 
and its distribution, the sample were characterized by scanning electron microscopy (SEM), transmission electron  
microscopy (TEM), X-ray powder diffraction (XRD), BET speci�c surface area (SSA) measurement, and X-ray  
photoelectron spectroscopy (XPS). XPS technique was utilized complementary to demonstrate the existence of  
chemical interaction between MgO support and Fe catalyst. Results revealed that the type of precursor used to prepare 
the support had a signi�cant in�uence on the morphology of the support and the associated distribution of the Fe  
catalysts. The highest yield of MgFe

2
O

4
 phase was obtained using a pure MgO precursor which after calcination  

resulted in a homogenous distribution of nano-sized Fe particles over the support surface.
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at high temperature  [10,11] from which CNTs 
then grow.  The quality and quantity of the CNTs 
produced are affected by the type, grain size, 
and distribution of the catalyst and the support. 
Transition metals such as Fe, Co, Ni, Cr, V, and 
Mo have been reported as catalysts while MgO, 
Al

2
O

3
, SiO

2
, CaO, and ZrO

2
 have been widely 

used as supports [12-14]. It is evident that these 
types of catalysts have been widely used not only 
due to the high diffusion rate of carbon but also 
high solubility of carbon in these metals [15,16]. 
Catalysts particles play the main role to achieve 
the chemical equilibrium between carbon-con-
taining molecules and graphene-type materials 
[17]. In addition, same catalyst particles behave 
differently on different kinds of support materi-
als [18]. CNTs quality and quantity are greatly in-
�uenced by the surface morphology and textural 
properties of support. In order to control the dis-
tribution of  catalyst particles on the surface of the 
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support, some factors such as the porosity of the 
support, the optimum amounts of catalyst as well 
as the interaction between catalysts and support 
need to be considered [17-20]. Porosity increases 
the surface area allowing more catalyst particles 
to be supported. An optimum amount of catalyst 
in addition to surface porosity prevents potential 
agglomeration of catalyst particles, while inter-
actions between catalyst and support govern the 
distribution of catalyst particles and its stability 
[15,16]  which affects the quality and quantity of 
the CNTs produced [20,26].

In the previous paper we have shown that by 
using two different sources in order to synthesize a 
MgO support i.e. pure-MgO and Mg(NO

3
)

2
·6H

2
O, 

different yields of CNTs were obtained [27].  MgO 
is widely used as support materials in CCVD meth-
od considering its high surface area, mesoporous 
texture morphology, and good hardness [28]. In pre-
vious works, both pure MgO and Mg(NO

3
)

2
·6H

2
O 

were used as source to synthesis MgO precursors 
in place of supports [29-35]. However, in our pre-
vious study, we reported that a higher yield was 
obtained by using a MgO precursor which had a 
surface hydroxide component, rather than by us-
ing calcined magnesium nitrate to synthesize MgO 
[27].  Use of the MgO precursor resulted in the pro-
duction of long and clean bundles of single-wall 
nanotubes (SWNTs) and double-wall nanotubes 
(DWNTs) with diameters ranging between 1 and 
5 nm.  However, use of Mg(NO

3
)

2
·6H

2
O produced 

substrates resulted in low amounts of mainly short 
bundles of DWNTs with diameters ranging from 3 
to 5 nm [27]. Hence, we postulate that the precur-
sor used to produce the support has a signi�cant in-
�uence on the morphology of the support and con-
sequently on the obtained CNTs. This paper studies 
the chemical interaction between catalyst particles 
and support which is synthesized by using different 
sources for MgO precursors.

2. EXPERIMENTAL DETAILS

Two different types of support precursors, 
MgO (Aldrich 99.99%) and Mg(NO

3
)

2
.6H

2
O 

(Aldrich 99.99%), were employed to synthesize 
two series of supported catalysts. Wet impregna-
tion methods were used to prepare the supported 
catalysts as explained previously [27,36-39].

2.1. Series A

Stoichiometric amounts of micron size MgO 
and Fe

2
(SO

4
)

3
 · 7H

2
O precursors were used as the 

source for support and Fe catalyst materials, re-
spectively. They were added to 20 mL of de-ion-
ized water to form a solution in proportions so as 
to achieve the desired metal loading (Fe:MgO) of  
10%, which had previously been determined to be 
the optimum. The solution was then stirred at 80 
oC for 12 h. Finally, the dried mixture was ground 
and then introduced to the furnace and calcined in 
air at 900 oC for 1 hour.

2.2. Series B

A similar method was used as for series A. 
However, instead of using pure-MgO as a pre-
cursor to prepare the support, as an alternative, 
Mg(NO

3
)

2
.6H

2
O was used. 

For both series A and B, the supported catalyst 
materials were characterized by scanning electron 
microscopy (SEM)  using a Zeiss Leo FEG-SEM 
(Carl Zeiss SMT Ltd., Cambridge, U.K.),  trans-
mission electron microscopy (TEM) using FEI 
Tecnai TF20 FEG-TEM,  X-ray powder diffrac-
tion XRD using a PANalytical XPert MPD sys-
tem (Almelo, the Netherlands) and BET specific 
surface area (SSA) measurement. Also, an X-ray 
photoelectron spectroscopy (XPS) instrument 
equipped with an Al-K

a
 x-ray source at energy 

of 1486.6 eV was employed to characterize the 
surface chemical composition of films. The hemi-
spherical energy analyzer (Specs EA 10 Plus) op-
erating in a vacuum better than 10-7 Pa was used 
for binding energy analysis. All binding energy 
values were calibrated by fixing the C(1s) core 
level to the 285.0 eV. All of peaks were deconvo-
luted using SDP software (version 4.1) with 80% 
Gaussian-20% Lorentzian peak fitting.

3. RESULTS AND DISCUSSIONS

3.1. The Support 

The morphologies of the support after cal-
cination of the pure-MgO and Mg(NO

3
)

2
·6H

2
O 

at 900 oC for 1 hour, were shown in our earli-
er  work [27]. Although the XRD results for the 
calcined supports revealed that their crystallo-
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graphic structures were similar, the morphol-
ogies were different. The SEM results showed 
that calcination of the pure-MgO resulted in 
almost uniform particles ranging between 50 
and 100 nm in diameter including some elongat-
ed particles, whereas calcination of the nitrate 
(Mg(NO

3
)

2
·6H

2
O) caused both large, plate-like 

and fine particle agglomerates [27]. 
The main function of the support is to provide 

a high surface area for a stable dispersion of the 
metal catalyst, which then can provide a high rate 
of CNT growth. Hence, a more uniform morpholo-
gy could result in a better CNT yield, in agreement 
with previous data [27]. The BET specific surface 
area of the calcined pure-MgO precursor was 12.48 
m2/g whilst the BET specific surface of the calcined 
magnesium nitrate precursor was 11.12 m2/g. This 
suggests that the particle agglomeration occurred 
more after calcination of the nitrate in comparison 
with magnesium oxide. However, the difference 
between the surface areas is not significant enough 
to obtain such a big difference in CNT quality and 
yield [22-27].

3.2. The Catalyst and Support

The XRD data is presented in Figure 1 for the 
samples from both series A and B after calcina-
tion at 900 oC for 1 hour. Both results suggest the 
existence of magnesium oxide and magnesium 
ferrite following calcination.  Iron oxides could 
be formed after sintering at 900 °C for 1 hour, in 
both series A and B samples. However, there is 
no evidence for Bragg diffractions due to a-Fe

2
O

3
 

and, owing to the overlap between the MgO and 
γ-Fe

2
O

3 
Bragg diffraction; it is difficult to rule out 

the presence of γ-Fe
2
O

3
. However, Ning et al [25] 

have reported that due to the reactivity of iron 
oxide with MgO at high temperature, no iron or 
iron oxide particles remain. The mechanism of 
MgFe

2
O

4 
formation via the solid-state reaction be-

tween MgO and Fe
2
O

3
 has been discussed exten-

sively [25,40-45]. In the hot, reducing atmosphere 
during the catalytic CVD process, it is expected 
that the MgFe

2
O

4
 particles are directly reduced to 

a metallic iron catalyst [25,26].
The intensity ratio between the most intense 

ferrite, MgFe
2
O

4
 and MgO peaks in the series A 

sample is ca. 0.132, whereas it is only ca. 0.064 

for the series B sample, i.e. approximately half 
that of series A. These ratios suggest that more 
ferrite phase is achieved after calcination of the 
pure-oxide precursor (series A) in comparison 
with the nitrate precursor (series B). As report-
ed elsewhere [46], the intense ferrite peaks could 
be caused by a textured structure and preferen-
tial crystallite orientation. However, this can be 
ruled out since all ferrite peaks are more intense 
in Fig.1-a in comparison with Fig.1-b confirming 
that there is no influence of texture. Thus ferrite 
formation appears more likely when using a MgO 
precursor as compared to magnesium nitrate.  

It has been reported that interdiffusion be-
tween Fe catalyst particles and the MgO support 
could improve the dispersion of the Fe particles on 
the support substrate by forming a solid solution 
of MgFe

2
O

4
/MgO at the metal/support interface 

Fig. 1. (a) The X-ray diffraction pattern for series 

A sample consisting of a MgO precursor and iron 

sulfate,  and (b) for series B sample consisting of 

an Mg(NO
3
)

2
.6H

2
O  precursor and iron sulfate, both 

calcined at 900°C for 1 hour.
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[25]. Due to the existence of more ferrite phase in 
calcined series A samples (Fig.1-a), the dispersion 
of the Fe catalyst particles would, therefore, be 
expected to be more homogeneous (and perhaps 
more stable) in comparison with calcined series 
B samples. This prediction would agree with the 
results of CNT growth obtained in our previous 
work which showed that a higher yield of smaller 
CNTs was produced on MgO [27].

Fig. 2 compares the differential thermal anal-
ysis (DTA) results at a heating rate of 5 °C  min-1 
in air, for both series A and B samples following 
calcination at 900 °C for 1 hour. Fig. 3a indicates 
two main thermal events occur during the heating 
process. The first is a broad endothermic peak be-
tween 100 °C and 150 °C due to the release of H

2
O 

from the sample (H
2
O probably is absorbed from 

the atmosphere). The second peak appears around 
400 °C which represents the dehydration of the 

hydroxide Mg(OH)
2 
[47].  A comparison between 

Fig. 2a and Fig. 2b reveals approximately similar 
behavior. Series B however, exhibits a splitting in 
both endothermic peaks possibly due to the pres-
ence of the hydrated nitrate which decomposes 
to the metal oxide at ca. 450 °C (in addition to 
adsorbed water and hydroxides). In addition, the 
required enthalpy for dehydration in the series B 
is four times larger than in the series A. 

Decomposition of iron sulfate involves three 
main steps including the release of water from 
the crystalline structure, decomposition of FeO-
HSO

4
 to Fe

2
O(SO

4
)

2
 (≈ 490 °C), and finally, the 

thermal decomposition of FeSO
4
 and Fe

2
O(-

SO
4
)

2
 to Fe

2
O

3
 and SO

2
 + O

2
 at ≈ 600 °C[48].  

However, Fig. 2 does not obviously reflect 
these endothermic peaks, most probably due to 
the overlap with the decomposition of the Mg 
precursor and also the low amount of iron sul-
fate present.  

TEM results for the calcined series A sample 
(Fig. 3) show a good dispersion of Fe particles 
with little evidence of agglomeration, suggest-
ing that the predominance of the MgFe

2
O

4 
phase 

results in a more homogenous as well as fine Fe 
particle distribution over the support surface. The 
average Fe particle size and standard deviations 
are 48 nm and 9 nm, respectively. 

In comparison, Fig. 4 shows TEM images for 
the calcined catalyst/support prepared from the 
Mg(NO

3
)

2
.6H

2
O precursor (Series B). Fig. 4 re-

veals agglomerated particles that suggest a poor 
dispersion of the Fe particles over the MgO sub-
strate presumably due to the lack of MgFe

2
O

4 

phase. An average Fe particle size of 35 nm and 
a standard deviation of 19 nm is obtained for this 
sample. 

To obtain detailed structural information, XPS 
analysis was used to elucidate the elemental com-
position and valence state of obtained products. 
The high-resolution narrow-scan XPS spectra of 
the O 1s, Fe 2p, and Mg 2p are illustrated in Fig. 
5(a)–(d). 

In the Mg 2p spectra (Fig. 5(a)), the signal 
could be deconvoluted into peaks at 49.4 and 
50.1 eV, consistent with different environments 
of Mg2+ ions: octahedral sites (Mg

B
2+) in the spi-

nel structure and Mg–O sites. By calculating the 
relative intensities of spectral components for Mg 

Fig. 2. a and b. DTA results in air at a heating rate 
of 5°C min-1, for a mixture of catalyst and support 

made from series A ( MgO + Fe
2
(SO

4
)

3
 · xH

2
O)  and 

B ( Mg(NO
3
)

2
.6H

2
O + Fe

2
(SO

4
)

3
 · xH

2
O), calcined at 

900°C for 1 hour.
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Fig. 3. (a and b):  TEM bright �eld images, at two different magni�cations,  and  
(c): dark �eld STEM image and STEM/EDX maps (blue =  Mg and red = Fe) for 

sample series A (MgO + Fe
2
(SO4)

3
 • 7H

2
O), calcined at 900 oC for 1 hour.

Fig. 4. (a and b):  TEM bright �eld images, at two different magni�cations,
  and (c): dark �elad STEM image and STEM/EDX maps (blue =  Mg and red = Fe) for sample 

series B (Mg(NO
3
)

2
.6H

2
O  + Fe

2
(SO

4
)

3
 · 7H

2
O), calcined at 900 oC for 1 hour.
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Fig. 5. (a - d):  XPS spectra of MgFe2O4 ferrites: HRXPS spectra of Mg 2p peak (a), Fe 2p peak (b), O1s peak 
for sample consisting of Mg(NO

3
)

2
.6H

2
O  precursor and iron sulfate (c) and O1s peak for sample consisting of 

MgO precursor and iron sulfate (d).
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2p, it can be concluded that most of the Mg2+ ions 
occupied Mg–O sites. The Fe 2p3/2 and Fe 2p1/2 
core level peaks are clearly observed at 711.6 and 
724.4 eV (Fig. 5(b)) with a satellite line at 718.5 
eV corresponding to Fe+3 in γ-Fe2O3[49].  Fig. 5 
(c and d) displays the high-resolution XPS spec-
trum of O(1s), which can be deconvoluted into 
two peaks located at 529.9 and 531.8 eV. The first 
component is located at binding energy of 529.9 
eV, which can be assigned to oxygen in the lat-
tice (denoted as M-O), i.e., oxygen atoms that 
are bound to magnesium and iron atoms (Mg-O, 
Fe-O). The second component, at about 531.8 eV, 
can be assigned to metal hydroxides or hydroxyl 
groups (denoted as OH-). 

Quantitative results reveal that the interaction 
between iron and magnesium and the formation of 
ferrite phase in samples with the source of mag-
nesium oxide (Series A, Fig. 5(d)) is about 50% 
higher in comparison with interactions in samples 
which have been synthesized by using nitrate as 
the source (Series B, Fig. 5(c)). 

The XPS analysis demonstrates that MgFe2O4 
microspheres are successfully synthesized in both 
samples. However, according to XPS results, due 
to the low ratio of (Mg-O, Fe-O) formation in se-
ries A samples, interaction between Mg and Fe is 
stronger than series B samples. Therefore, it can 
be concluded that series A samples would be the 
better candidates to be employed to synthesize 
CNTs. These results are in agreement with our 
previous study [27].

4. CONCLUSION

The type of precursors employed to prepare the 
support for the catalyst particles had a significant 
influence on the morphology of the resulting sup-
port and consequently on the metal catalyst parti-
cle dispersion. Pure MgO precursors which form 
a higher yield of the MgFe

2
O

4
 phase following the 

calcination, resulted in a fine distribution of Fe par-
ticles over the support surface. However, by using 
Mg (NO

3
)

2
.6H

2
O precursors, the amount of the 

synthesized MgFe
2
O

4
 phase was reduced resulting 

in agglomeration of Fe particles which could have 
a considerable influence on the yield and quality 
of CNTs.
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