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Abstract
Nanomaterials and nanocomposites have gained relevance in science and technology due to their excellent properties. 
Therefore, the characterization of these materials is important. Thermogravimetric analysis is a powerful technique for the 
characterization of iron-carbon nanotubes (Fe/MWCNT) as hybrid nanomaterials, which may be prepared by impregnation 
step (alkaline or microwave-assisted precipitation). High-resolution transmission electron microscopy (HR-TEM), X-ray dif-
fraction (XRD and in situ XRD), X-ray photoelectron spectroscopy (XPS), and thermogravimetric analysis (TGA) were the 
instrumental techniques used to characterize these hybrid materials. Through TGA, it was possible to determine the quantity 
of effective impregnated iron on the MWCNT. Further, in a TGA, nitrogen atmosphere reveals a thermal event reflecting 
the iron reduction by C from MWCNT and the shape of the signal reflects the dispersion and size of the iron particles on 
the surface. This thermal event is related to the particle sizes and chemical nature of iron oxides present. Thermal events 
from TGA may be correlated with the results obtained from XRD, XPS, and HR-TEM. The presence of smaller and well-
distributed iron nanoparticles impacts the shape of the reducing event in the TGA. The reduction temperature as observed 
in TGA curves is related to the nature of metal compounds present, such as nitrates or oxides. These results suggest that 
TGA can be used as a rapid and economical technique for the evaluation of different Fe/MWCNT hybrid material properties. 
These results may facilitate the estimation of the structural and chemical nature of the Fe/MWCNT nanohybrid materials 
and permit the projections of potential applications.

Keywords Fe/MWCNT nanohybrid systems · TG analysis · Nanomaterials characterization

Introduction

Thermogravimetric analysis has been used in the study of 
various materials. Among the applications of the technique, 
the study of oxidative and thermal stability of polymeric 
materials has been the most prominent [1], the characteri-
zation of energy sources such as biomass and petroleum [2, 
3], as well as the analysis of nano-compounds has also been 
facilitated by thermogravimetry [4].

These analyses have extended to the characterization of 
nanohybrid systems of various metals supported on carbon 
nanostructures. The analyses have permitted the evaluation, 
among other characteristics of different oxide-reduction pro-
cesses that occur in these systems [5]. The effect of param-
eters such as particle size on the various thermal processes 
presented by these materials [6], oxidation resistance [7] 
and the decomposition of the precursors used in the synthe-
sis may be evaluated using this technique [8]. Nevertheless, 
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the use of the thermogravimetric analysis for the determi-
nation of chemical species in a nanohybrid system has not 
been explored. The availability of TGA methods to do this 
would be extremately useful to laboratories without access 
to robust equipment facilities such as X-ray diffraction and 
photoelectronic X-ray spectroscopy.

The interest in these nanohybrid systems has been based 
on their potential uses as catalytic systems [9, 10] and for 
their particular electromagnetic properties. On the other 
hand, it has been shown that the components of these nano-
hybrid systems may display cooperative effects that sig-
nificantly improve their physicochemical properties. These 
properties have projected these materials with great potential 
for being used in various technologies such as the generation 
of biosensors, in the controlled release of medicaments, in 
antibacterial formulations and others [11]. Several character-
ization techniques have been used in the identification of the 
phases and the electronic configuration of the metals sup-
ported on carbon nanotubes. Prominent among these have 
been X-ray diffraction [11–13], XPS [8–14], and Mossbauer 
spectroscopy [15]. The use of thermogravimetric analyses as 
a powerful technique for hybrid nanomaterials Fe/MWCNT 
characterization has been demonstrated. Conclusions are 
supported by evidence collected using techniques such as 
TEM, XRD, and XPS.

Experimental

Carbon nanotubes synthesis and its acid 
functionalization

Multiwalled carbon nanotubes were obtained through an 
ethanol decomposition process at 900 °C in the presence 
of perovskite-like oxide  (LaFeO3) as catalytic precursor, as 
reported in a previous work [16]. The catalyst was placed 
into a horizontal reactor; the temperature was raised at 
10 °C  min−1 under  N2 atmosphere up to 900 °C and kept 
constant for 4 h. The obtained MWCNT were treated with a 
mixture of  HNO3 and  H2SO4 (65% and 96 mass%, respec-
tively, from Merck Chem, Germany) at a volumetric ratio of 
3/1, for 15 min at 130 °C using a Milestone MicroSYNTH 
SK-10 microwave oven at an applied power of 500 W. The 
acid-treated product was filtered using a 0.45 μm cellulose 
filter (Whatman, United Kingdom), washed with distillated 
water and dried overnight at 100 °C. The filtered product 
consists of functionalized carbon nanotubes [17].

Iron supported on the functionalized MWCNT

Two different precipitation process were used to support 
the iron on the functionalized MWCNT, (a) the alkaline 

precipitation method and (b) the microwave-assisted pol-
yol synthesis.

Alkaline precipitation methodology

For this methodology, 500 mg of functionalized MWCNT 
was dispersed into 50 mL of a 0.0016 M of iron nitrate 
aqueous solution (Fe(NO3)3·9H2O, Merck Chem, Ger-
many). The concentration was adjusted so that the nomi-
nal Fe loading on MWCNT was around 10% by mass. The 
dispersion obtained was adjusted to pH 9.5 by dropwise 
addition of a 2.5% by mass of  NH3 solution under constant 
stirring for 30 min. The sample was filtered and washed 
with deionized water and dried overnight at 100 °C.

Microwave‑assisted polyol synthesis

Usually, this synthesis method uses ethylene glycol, 
 (C2H6O2), as a solvent due to both: (1) its strong dipole 
moment that favors the absorption of microwave radia-
tion and (2) it acts as a reducing agent for iron nanopar-
ticles [18, 19]. For this method, 41.6 mg of functional-
ized MWCNT was dispersed into 20 mL of a 0.0041 M 
iron nitrate-ethylene glycol solution using an ultrasound 
water bath for 10 min. The reagents used for Fe solution 
preparation were supplied by Merk Chem, Germany and 
the nominal iron content on MWCNT was adjusted to be 
around 10% by mass. The mixture was heated at 200 °C 
for 15 min using a Milestone MicroSYNTH SK-10 micro-
wave oven (high pressure segmented rotor) operated at 
500 W. The sample was collected by filtration at reduced 
pressure, washed several times with distillated water and 
dried overnight at 100 °C. The samples obtained by the 
two methods were labeled as Fe AK (alkaline) and Fe MW 
(Microwave), respectively.

Physicochemical characterization

Thermogravimetric analysis: TGA 

To follow the reactivity of the raw iron nanoparticles on 
MWCNT and their reactions, some TGA experiments 
were carried out in a TA-Instruments Q500 thermogravim-
etry analyzer equipment. For this experiment, 10 mg of 
Fe/MWCNT was placed inside the TGA furnace under a 
constant  N2 flow of 100 mL  min−1 and a heating rate of 
10 °C  min−1 up to 950 °C. At 950 °C, the  N2 atmosphere 
was switched by air keeping the flow rate constant at 
100 mL  min−1 during 15 min to allow the oxidation of the 
MWCNT to  CO2 and the iron compounds to  Fe2O3.
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High‑resolution transmission electron microscopy: HR‑TEM

Morphology details and sizes of iron nanoparticles of the 
hybrid nanomaterial were determined by high-resolution 
transmission electron microscopy (HR-TEM) using a JEOL 
2110 UHR instrument, at 200 kV accelerating voltage. The 
powder material was suspended in ethanol by sonication and 
a drop of the dispersion was deposited on a TEM copper 
lacey carbon grid and dried by natural evaporation.

Conventional and in situ X‑ray diffraction analysis 
(XRD)

For conventional XRD analysis, diffraction patterns of the 
samples were recorded in a 2θ range between 10° and 90° 
using an XPert PANalytical Empyrian instrument equipped 
with a platform for reflection or transmission measurements 
and a Cu anode Kα1 = 1.5406 Å. In situ XRD experiments 
were conducted in a Panalytical X´PERT PRO MPD dif-
fractometer with Cu  Kα1 = 1.5406 Å, operated at 45 kV 
and 40 mA. The diffraction patterns were recorded in a 2θ 
interval from 4° to 70° with a scanning step size of 0.013° 
and 59 s per step. The sample was first degasified in argon 
(Linde, United Kingdom. 5.0 of purity) during 20 min at 
50 °C at a flow of 20 mL  min−1, then, under the same argon 
atmosphere, the temperature was increased at heating rate 
of 10 °C  min−1 from 50 to 900 °C followed by an isothermal 
step at 900 °C for 30 min. Diffraction patterns were recorded 
every 50 °C.

X‑ray photoelectron spectroscopy

Hybrid nanomaterial was characterized by X-ray photoelec-
tron spectroscopy (XPS) using a Specs X-ray photoelectronic 
spectrometer (NAP-XPS) equipped with a monochromatic 
source of Al −  Kα (1486.7 eV, 13 kV, 100 W) along with a 
PHOIBOS 150-1D-DLD analyzer. Energies of 100 eV (1 eV 
 step−1) during three measurement cycles and 20 eV (0.1 eV 
 step−1) in ten measurement cycles were used for survey and 
high-resolution spectra, respectively. The system is equipped 
with a in situ gas-pressure cell which could be operated until 
25 mbar, while the outside of the cell is at UHV conditions 
(Base pressure of the system was 1.3 × 10 −10 mbar). The 
cell includes a filament behind the sample using the electron 
beam methods or radiative heating to heat the sample. Three 
experiments were carried out, each of them under the scan-
ner conditions mentioned above. First, a spectrum was taken 
at room temperature under UHV conditions. Afterward, the 
sample was exposed to 2 mbar of Argon at 500 °C. When the 
temperature was achieved, a spectrum was taken. Finally, the 
sample is cooling down and annealing at 500 °C under UHV 
conditions. Once the temperature was achieved, a spectrum 
was taken.

N2‑physisorption

Nitrogen adsorption–desorption isotherms were obtained in 
a Micromeritics ASAP 2020 instrument. Before analysis, the 
samples were degassed at 250 °C for 12 h. The specific sur-
face area was determined using the BET method, and pore 
volume and pore size distribution were determined using 
the BJH method.

Results and discussion

In previous works, it was shown that the thermocatalytic 
decomposition of ethanol is an efficient process to produce 
large quantities of carbonaceous materials such as carbon 
nanotubes and hydrogen [16]. These MWCNT have been 
characterized, modified, and used for different purposes, 
such as titanium reinforcement, electrochemical sensors, 
catalyst support, among others [20–24], showing remarkable 
performances. Methodologies such as alkaline precipitation 
and microwave-assisted polyol have been reported to be used 
to support transition element nanoparticles on the surface of 
multiwalled carbon nanotubes [15, 25–30], creating hybrid 
metal/MWCNT nanosystems that have been already tested 
as electrochemical sensors [24, 25]. This research focuses on 
the characterization of these nanohybrid systems by means 
of different instrumental techniques and the understanding of 
the thermal behavior in each stage of nanoparticle formation 
of nanoparticles allowing the interpretation of parameters 
associated to crystalline phases and particle diameter dis-
tribution according to the synthesis method. The obtained 
hybrid iron/MWCNTmaterials were characterized by ther-
mogravimetric analysis in order to find some differences 
in their thermal behavior. In general, all samples showed 
three main thermal events under  N2 atmosphere, as shown 
in Fig. 1. The first thermal event at 310 °C corresponds to 
the oxygenated functional groups decomposition which 
were previously formed during the acid treatment (Fig. 1a, 
Eq. 1). [27, 31]. Chemical compounds such as carboxylic 
acids, ketons, aldehydes, alcohols have been reported for this 
type of acid functionalization process. On the other hand, 
the second event occurred at around 860 °C (Fig. 1b) cor-
responding to the in situ iron species reduction caused by 
the presence of carbon from MWCNT following the process 
described in Eq. 2.

where  COy could be either CO or  CO2.

(1)
CCNT − COOH →

heat under inert atmosphere COx + H2O + CCNT

(2)FezOy +
y

x
CCNT →

heat under inert atmosphere 1

x
COy + zFe0
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Subsequently, at 900 °C, when the  N2 atmosphere was 
switched by air, the oxidation event occurred (Fig. 1c and 
Eq.  3). Then, the yellow–brown residue obtained cor-
responds to hematite  (Fe2O3), the most stable iron oxide 
phase at those conditions [32, 33]. As showed in previous 
reports, during this acidic functionalization, a high quantity 
of superficial functional groups is formed over the MWCNT, 
and at the same time, a purification takes place regarding 
amorphous materials and catalyst residues. Figure S1 shows 
(see the supplementary information) a typical TGA/DTG for 
those MWCNT after a functionalization/purification process 
[5, 17, 34, 35].

The differences in the reduction events, under  N2, for the 
nanohybrid materials synthesized by the two methodolo-
gies are shown in Fig. 2. Table 1 also shows the maximum 
temperatures and the full width at a half maximum of the 
iron reduction events observed. It is possible to see how the 
preparation method has a strong influence on the thermal 
behavior of the M@MWCNT nanohybrid systems, indicat-
ing structural and chemical changes in the phases obtained. 
For instance, the FeAK sample (Fig. 2a) presented larger full 
width at a half maximum possibly due to larger particle size 
or a mixture of crystalline phases as may also be reflected 

(3)CCNT +
5

2
O2(air) + 2Fe0 → CO2 + Fe2O3

by the existence of two nearby peaks. The narrowing in the 
event shown in Fig. 2b could refer to a higher speed in the 
reduction reaction of the nanoparticle due smaller particle 
sizes [36, 37].

To determine the crystalline phases present in the nanohy-
brid systems, X-ray diffraction experiments were performed 
at room temperature: Crystalline phases of iron oxide spe-
cies corresponding to hematite or magnetite (Fig. 3b) were 
found to be negligible on the nanohybrid material mainly 
due to high degree of carbon graphitization of the nano-
tubes. Additionally, the samples have not yet undergone 
heat treatment, so they are expected to be poorly crystal-
line and in the nanometric size range [38]. This figure also 
displays the diffraction planes of carbon nanotubes that are 
similar to those found for a graphite-like systems with some 
changes in the signal shifts due to MWCNT curvature (ICSD 
98-005-3781).

To find more information about the thermal behavior of 
nanohybrid systems and the structuring of nanoparticles, 
characterization was performed using in situ XRD under 
N2 atmosphere. In Fig. 4a, contour map with three axes is 
presented. The x-axis shows the diffraction angle, the y-axis 
shows the temperature increase during the XRD analysis, 
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Table 1  Summary of Fe percentual, reduction temperature, and full 
width at half maximum of nanoparticles obtained by TG analysis for 
the three synthesis methods

Sample Mass fraction of Fe in 
the hybrid material/%

Temperature 
reduction/°C

Full width 
at half 
maximum/°C

Fe AK 9.75 670 26.58
Fe MW 9.58 860 2.03
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and the z-axis represents the intensity of the signal. The 
intensity scale bar indicates that the intensity tends to zero 
when is black and increases when is white bright. It has been 
reported that increasing the temperature around 300 °C [5] 
favors the crystallization of magnetite  (Fe3O4), via a partial 
reduction of  Fe3+ oxide, according to Eq. 4, and as shown 
in Fig. 4.

(4)3Fe3+
2
O2−

3
+

1

x
CCNT → 2Fe2+

1
Fe3+

2
O2−

4
+

1

x
CO

x

For larger iron particle sizes with an exposed surface 
and that do not have direct contact with carbon nanotubes, 
the effect of temperature produced a change from Fe(III) 
to Fe(II), while the smaller particles, being in better con-
tact with the carbon nanotube (reducing agent), caused the 
change from Fe(III) to Fe(0) in a single step.

During the reduction process, the samples presented 
different crystalline phases. For example, the reduction 
event at 700 °C in the Fe AK sample was associated with 
the formation of FeO (ICSD 98-006-7198) and  Fe0 (ICSD 
98-063-1730) crystalline phases. This explains the doublet 
observed in the DTG profile of Fig. 2a, confirming the 
partial reductions of the iron nanoparticle. The reduction 
process for the Fe AK system is illustrated in Fig. 5. On 
the exposed surface of larger iron nanoparticles that are 
not in contact with the carbon nanotube, the effect of tem-
perature produced a reduction step from Fe(III) to Fe(II), 
while the smallest ones being in intimate contact with the 
carbon nanotubes caused the reduction in Fe(III) to Fe(0) 
in a one-step process.

On the other hand, when the Fe MW sample reached a 
temperature of 860 °C, a single and homogeneous reduc-
tion event corresponding to the metallic iron phase forma-
tion was seen. This indicates that the microwave-assisted 
synthesis method generates smaller and better distributed 
particle sizes than the Fe AK sample [11, 39–43].

To recap, the thermal reduction events for the Fe AK 
sample involve the successive transformation of different 
iron oxides to metallic iron, as illustrated from Eqs. 5 to 
8, while the thermal event for the Fe MW sample cor-
responds to the crystallization-reduction process of the 
magnetic iron oxide  (Fe3O4) to produce metallic iron, 
according to Eq. 7.
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In a thermodynamic study reported in [44], it was found 
that in nanosystems, as the particle size of the reactants 
decreases, the Gibbs free energy becomes more negative, 
making in the metal oxide formation of more favorable, 
while the reverse reaction (reduction) will require higher 
temperature. Therefore, the 170 °C difference observed in 
DTG between the reduction temperature of the iron oxides 
obtained by microwave-assisted and alkaline precipitation 
methods (Table 1) was possibly due to differences in par-
ticle sizes, being smaller for Fe MW sample. This result 
demonstrates that thermogravimetric analysis is a power-
ful tool for predicting the behavior of nanosystems not 
only through their particle size and its correlation with 
their thermodynamic properties but also their crystallinity 
through the homogeneity and shape of DTG curves.

To confirm the iron nanoparticle sizes and their distri-
bution on carbon nanotubes, transmission electron micros-
copy was used. For the Fe AK sample, after measuring 
43 particles, it averaged an iron particle size of 35.0 nm 
with a standard deviation of 14.0 nm, indicating that the 
alkaline synthesis method does not lead to the formation 
of uniform size nanoparticles on carbon nanotubes, as seen 
in Fig. 6a, b. In contrast, the Fe MW nanohybrid system, 
counting 44 particles, gave a mean iron particle size of 
19.0 nm with a standard deviation of 6.0 nm, confirm-
ing that the microwave-assisted method produces smaller 
and more homogeneous nanoparticles than other chemical 
methods, as seen in Fig. 6d.

(5)3Fe2O3 +
1

x
CCNT →

1

x
COx + 2Fe3O4

(6)Fe3O4 +
1

x
CCNT →

1

x
COx + 3FeO

(7)FeO +
1

x
CCNT →

1

x
COx + Fe◦

(8)Fe3O4 +
4

x
CCNT →

4

x
COx + 3Fe◦

The nature of the iron species in the nanohybrid sys-
tems and its behavior under reducing conditions was inves-
tigated using XPS analysis. XPS measurements were con-
ducted under different pressure and temperature conditions 
in the Fe 2p region.

The Fe 2p3/2 peak appears narrower, more intense, and 
larger in area than that observed for the Fe 2p1/2 peak.

Figure 7a shows the XPS peaks corresponding to the Fe 
 2p3/2 and Fe  2p1/2 states of iron in the FeAK sample when 
the XPS analysis was performed at room temperature and 
ultra-high-vacuum (UHV) conditions without further treat-
ment. The Fe  2p3/2 peak appears narrower, more intense 
and with larger area than that observed for the Fe  2p1/2 
peak. This observation agrees with the expected spin–orbit 
(j-j) coupling [45], where the Fe  2p3/2 peak has four-state 
degeneracy, while the Fe  2p1/2 has only two [45, 46]. The 
Fe 2p3/2 and Fe 2p1/2 binding energies are 711.5 eV and 
725. 1 eV, respectively, the spectrum also shows a signal 
at 719.2 eV which does not overlap with the previous ones. 
This signal has been associated with a satellite peak of Fe 
 2p3/2. The overall spectrum with the presence of this satel-
lite resembles the spectrum obtained for α-Fe2O3 (hema-
tite) which correspond to a material with an iron oxidation 
state of 3 + [45].

Figure 7b shows the spectrum taken at 500 °C under 
2 mbar of Argon. The Fe  2p3/2 and Fe  2p1/2 peak positions 
were 710.3 eV and 723.4 eV, respectively. The spectrum 
also shows a shoulder at the high-energy site of the Fe 
 2p3/2 peak (716.4 eV) associated with the satellite peak of 
that iron state. Although this peak appears at lower ener-
gies values compared to the previous satellite (Fig. 7a), the 
signal displacement could be associated with the reduction 
process from Fe(III) to Fe(II) in the nanohybrid materials. 
Similar spectra have reported in [45] indicating the pres-
ence of Fe(II) in 2FeO·SiO2 samples [45].

On the other hand, when the sample was annealed at 
500 °C under UHV conditions, the spectrum showed a 
signal at 706.9 eV corresponding to the Fe 2p peak. This 
lower binding energy could indicate the reduction from 

Fig. 5  Illustration of the suc-
cessive reduction steps of the 
nanoparticle impregnated in the 
carbon nanotube by alkaline 
precipitation method
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Fe(II) to Fe(0), see Fig. 7c. The XPS spectra allowed us 
to conclude that the Fe species on MWCNT (Fe/MWCNT 
hybrid material) can be partially or completed reduced 
depending on the heating temperature due to the reducing 
effect of carbon [47, 48].

The characterization results agree with each other. From 
TGA-DTG analysis, different thermal events could be 
found, including the iron reduction by reacting with carbon 
from MWCNT. This particular thermal event was different 
between preparation methods suggesting differences in the 
chemical and structural properties of the samples. In situ 
XRD analysis also indicated that the transformation steps 
from amorphous iron to metallic iron were dependent on 
sample preparation. Finally, XPS showed that the prepared 
Fe/MWCNT nanohybrid systems contain iron with a mix-
ture of oxidation states (3+ and 2+), which can be reduced 
to metallic iron in the presence of carbon by increasing the 
temperature under inert atmosphere.

Finally, these hybrid materials are conceived for several 
applications between them as catalysts and adsorbents, where 
the textural properties are relevant. N2 physisorption was done 
to determine the surface area and porosity. As it is shown in 
Figure S2, these iron impregnation methodologies, and iron 
itself, are not significantly changing these properties. For 
the surface area, an increasing was found, from 142 to 171 
 m2  g−1 and 181  m2  g−1, starting from the raw functionalized 
MWCNT, Fe MW and Fe AK, respectively, iron hybrid sam-
ples. This change can be related to a reorganization of the 

nanotubes in their agglomerates promoted for the solvents, agi-
tation, and all the operation during iron impregnation. Looking 
at the porosity, it is possible to see that the three materials have 
the same mesoporous structure with two general type of pores. 
First centered at 2.4 nm, can be related to the inner cavity of 
the nanotubes and open at the ends, second centered at 22 nm, 
and wider can be related to the porosity formed for the nano-
tube folding or agglomerating with others nanotubes [49, 50].

Conclusions

It was found that the synthesis methods used in this study 
to prepare the Fe/MWCNT nanohybrid systems generate 
some changes in the crystalline phases and particle sizes of 
iron oxides species. The nanohybrid systems synthesized by 
microwaves (Fe MW) produced particles with smaller and 

Fig. 6  TEM images for the Fe AK nanohybrid system (a, b) and the 
Fe MW nanohybrid system (c, d). In the insets, the box-plot for the 
particle size distributions of both samples was introduced
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more homogeneous sizes compared to nanohybrid systems 
synthesized by the alkaline method (Fe AK).

By impregnating nanoparticles on the nanotubes func-
tionalized by the microwave-assisted synthesis method, par-
ticles with smaller sizes and good homogeneity were gener-
ated, this is due to microwave heating is more homogeneous 
and the use of solvents such as ethylene glycol, which is also. 
It is an excellent reducing agent, promotes greater control 
over the oxidation states and the size of the nanoparticles 
supported on the carbon nanotubes, which was evidenced 
in the transmission electron micrograph.

The use of the different instrumental characterization 
techniques, and the correlation of the results, showed that 
thermogravimetric analysis (TGA) is a fast, inexpensive, 
and versatile technique to estimate the nature of the nano-
particles deposited on carbon nanotubes and their quantity. 
Furthermore, these results open a field of research in   instru-
mental analysis since this technique allows characterizing 
materials at a structural level like distribution and particle 
size.

In the synthesis of Fe/MWCNT nanohybrid systems, it 
was found that the methodologies used generate changes 
in the crystalline phases, sizes of the nanoparticles and 
their homogeneity and do not change significantly the tex-
tural properties comparing to the original functionalized 
MWCNT.
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