International Information and
Enginecring Technology Association

S

Journal of New Materials for Electrochemical Systems
Vol. 25, No.3, July 2022, pp.200-205

Journal homepage: http:/iieta.org/journals/jnmes

Formation Mechanisms of Co-existence of a-Fe and Iron Oxides Nanoparticles Decorated
on Carbon Nanofibers by a Simple Liquid Phase Adsorption-Thermal Oxidation

A. Alimin'" L. O. Kadidae' , L. Agusu?, L.O. Ahmad', S. J. Santosa®, A. Asria !

! Department of Chemistry Universitas Halu Oleo Kampus Hijau Bumi Tridharma Anduonohu-Kendari 93232, Indonesia.

2 Department of Physics Universitas Halu Oleo Kampus Hijau Bumi Tridharma Anduonohu-Kendari 93232, Indonesia.
3Department of Chemistry Universitas Gadjah Mada-Yogyakarta, Indonesia.

Corresponding Author Email:aliminkim91@uho.ac.id

https://doi.org/10.14447/jnmes.v25i3.a07

ABSTRACT

Received: March 17-2022
Accepted: July 30-2022

Keywords:
Redox  mechanisms,  Lewis  Acid-base
mechanisms,  carbon  nanofibers, a-Fe
nanoparticles, iron oxides, liquid-phase
adsorption

We propose formation mechanisms of co-existence of a-Fe and iron oxides nanoparticles
decorated on CNFs. The a-Fe nanoparticles are produced via oxidation-reduction
mechanisms, which occur in liquid phase adsorption (LPA) assisted by ultrasonic energy,
while a-Fe203 nanoparticles are thermally formed through mechanisms of Lewis acid-
base. In addition, Fe3Os is thermally formed by reducing Fe2O3 by CNFs. Liquid phase
adsorption assisted by ultrasonic energy under ambient temperature using Fe(NO3)3*9H.O
as a precursor of iron oxides and a-Fe has been applied. Then, as prepared, Fe(III)@CNFs
were thermally calcined at 573 K under air atmosphere in various holding times ranging
from 0.5 to 2 h. XRD data confirmed that a- Fe2O3 and Fe3O4 had been successfully grown
onto CNFs.

Moreover, the presence of the iron oxides and iron nanoparticles was studied by the SEM-
EDX technique. The iron oxide nanoparticles appeared after a heating period of 0.5h.
However, at a holding time of 0.5 h, we found an exciting and unexpected phenomenon
where oxygen content is zero percent while Fe is 0.23 wt %. It implies that o-Fe
nanoparticles were formed earlier than a-Fe203 and Fe3Os as the proposed mechanisms.
Formation mechanisms of iron and its oxides such as a-Fe2O3 and Fe3O4 decorated on
CNFs through liquid-phase adsorption followed by thermally treatment technique in this
work is expected to give significant contribution in the field of nanocomposite materials,

especially for anode materials based on iron oxides.

1. INTRODUCTION

Production of iron or iron oxide nanoparticles [1-18] and
loading those nanoparticles on nanocarbon has been
intensively studied [19-22]. The nanoparticles and their
composite with nanocarbon have been widely applied in
nanosciences and nanotechnology fields such as energy
storage [23-25], electrochemical [26-27], and sensing
technology [28,29]. Synthesis and decoration of iron or iron
oxides onto nanocarbon lead to the creation of a principally
new type of functional nanostructures having unique chemical
and physical properties. In the last decade, one type of
nanocarbon that has been paid attention to by the researcher
community is carbon nanofiber (CNFs), which is decorated by
iron or their oxides [19-22]. There are two routes to
functionalize nanocarbons, one is the gas route phase [30], and
the other is the liquid phase route followed by heating under
air [19,31]. Among these, the liquid phase route has been
intensively used for loading metal nanoparticles on
nanocarbon because of its simple treatment, relatively high
homogeneity, and the distribution of nanoparticles on
nanocarbon is relatively uniform. For example, Alimin et al.
[19] prepared a nanocomposite of a-Fe,Os/CNFs/PET for
lithium-ion batteries anode by liquid-phase adsorption (LPA)

200

followed by calcination technique. Palen et al. [31] produced
Fe nanoparticles into nanocarbon through two stages. i.e.,
liquid phase route accompanied by heating treatment under an
air atmosphere at 593 K to decompose the FeCl; to iron and
chlorine. However, they used the over-saturated solution of
iron (IIT) chloride as a precursor of the nanoparticles. In the
recent past, iron oxide production on carbon nanofiber was
done by employing electrospinning methods followed by a
physical or chemical technique. Pai et al. [20] reported in situ
grown iron oxides on carbon nanofibers through
electrospinning followed by an in situ electrochemical
technique. Cho et al. [21] synthesized bubble-nanorod-
structured Fe,O3-carbon nanofibers through several stages.
Composite nanofibers consisting of iron acetylacetonate
[Fe(acac)s] and polyacrylonitrile (PAN) were prepared by the
electrospinning process. Post-treatment of the electrospun
precursor nanofibers at relatively high temperature, i.e., 500
°C under Ha/Ar mixture gas atmosphere, produced amorphous
FeOx-carbon composite nanofibers. The carbonization of
PAN and the decomposition of iron acetylacetonate produced
FeOx-carbon composite nanofibers. The subsequent post-
treatment of the FeOx_carbon composite nanofibers at 300 °C
under air atmosphere produced the bubble-nanorod-structured
Fe;03-C composite nanofiber. Reduction of FeOx crystals
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surrounded by the carbon matrix into Fe metal occurred during
the post-treatment under air atmosphere. Cao et al. [22]
synthesized core-shell a-Fe;O3;@NiO nanofibers using the
coaxial electrospinning method and calcination procedure.
Based on the above description, it can be stated that even
though various techniques have been applied for producing the
nanoparticles loaded on nanocarbons, most of them still
exhibit advantages dan disadvantages. Thus, growing iron
oxide and iron nanoparticles on nanocarbon is still an
interesting study.

Regarding the production of o-Fe nanoparticles on
nanocarbon, Palen et al. [31] have produced o-Fe
nanoparticles on nanocarbon via two stages, i.e., liquid and
heating treatment. However, in our work, we have successfully
produced o-Fe nanoparticles on CNFs through one step, i.e.,
liquid phase adsorption (LPA). To the best of our knowledge,
reduction of ions Fe** to a-Fe nanoparticles on carbon
nanofiber (CNFs) via liquid-phase adsorption (LPA)
technique has never been reported. Hence, in the present work,
we produced a-Fe nanoparticles on carbon nanofiber (CNFs)
using a liquid-phase adsorption route under ambient
temperature where Fe(NOs); ®9H,O as a precursor of the
nanoparticles. Then, as prepared, Fe(IIl[)@CNFs were
calcined at 573 K in various holding times ranging from 0.5 to
2 h to produce iron oxides nanoparticles. In the present work,
the formation mechanisms of a-Fe and iron oxides on CNFs
were also proposed. Based on the literature review, not many
researchers are concerned about studying the formation
mechanisms of co-existence of o-Fe and iron oxides
nanoparticles on carbon nanofibers. Most of the studies were
focused on the formation mechanisms of iron oxides
nanoparticles [1-18,32], while formation mechanisms of iron
oxide on CNFs, as reported by Mu et al. [33], just focused on
the physical mechanisms of growth of the nanoparticles on
CNFs. In the present work, we studied the reaction mechanism
of the production of nanoparticles on CNFs as the main
objective of this study. Next, this work contributes to the
elucidation of the effect of ultrasonic and thermal energies on
the production mechanisms of iron and its oxides on CNFs.
Understanding the correlation among formation mechanisms,
iron, and its oxides species, and types of the employed energy
enables to fulfillment of one of the purposes of this study, i.e.,
production of iron nanoparticles and its oxides on CNFs via
liquid-phase adsorption using ultrasonic energy accompanied
by calcination under air atmosphere.

2. EXPERIMENTAL METHOD
2.1 Chemicals

All chemicals used in this study were of analytical grade
with high purity. Fe(NO3),.9H,O 99.5 wt% (E. Merck),
Carbon nanofibers (CNFs) we purchased from the sigma
Aldrich, ethanol 99.5 wt% (J.T.Baker), Whatman Millipore
0.45 pm.

2.2 Production of o-Fe and iron oxides nanoparticles
grown on carbon nanofibers

The o-Fe and iron oxides nanoparticles decorated on
carbon nanofibers were performed using simple liquid-
phase adsorption (LPA) and sequential LPA-thermal
oxidation technique. Prior to calcination of Fe(IIT)-CNFs,
we conducted doping of Fe(NO3);.9H,O solution into
CNFs using a similar technique with our previous work
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[19]. Briefly, CNFs were dipped in Fe(NO3);.9H,O
solution containing water, and it was then dispersed
ultrasonically by ultrasound apparatus of 53 kHz for 30
minutes at ambient temperature. As-prepared CNFs were
then filtered using a Millipore porous filter (0.45 pm). The
treated samples denoted as Fe(III)@CNFs were then
calcined under an air atmosphere at 573 K in various
holding times of 0.5, 1.0, 1.5, 2.0, and 2.5 hours to obtain
Fe oxide nanoparticles doped on CNFs. SEM-EDX then
characterized the morphology and chemical composition
of the nanoparticles. XRD technique was used to identify
the crystal structure of the iron oxides.

3. RESULTS AND DISCUSSION

3.1. Characterization of co-existence of o-Fe and iron
oxides nanoparticles on CNFs

Figure 1 shows XRD patterns of pristine CNFs(a) and
Fe(IM@CNFs(b). Figure 1(b) can be interpreted as follow;
diffraction peaks located at 20 = 33.2°, 39.3°, and 69.6° are
coincided well with the value of JCPDS card no. 33-0664.
Those peaks are associated with reflections of the
crystallographic planes of o-Fe,Os i.e., (104), (006), and
(208), respectively. Other peaks at 37.1° and 57.0° are matched
by JCPDS card no. 06-0696 (curve b), which could be well
indexed to the phase of Fe;0y, i.e., (222), and (511). The last
diffraction peaks at 20 = 44.7 ° and 65.0° correspond to
diffraction spectra of a-Fe (JCPDS card no. 06-0696) with
crystallographic planes of (110) and (200). These results are in
good agreement with the work of Zhang et al. [ 18].

CNF

(a)

Intensity (a.u)

(b)
Fe(IlH@CNF

20 30 40 50

20 (degree)
Figure 1. XRD patterns of pristine CNFs (a) and LPA-
Oxidation Thermal of Fe(II)@CNF

60 70

EDX spectra of pristine CNFs and Fe(IIl)@CNFs are
shown in Fig. 2. The principal investigated elements appeared
on EDX data are tabulated in Table 1.
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Figure 2. EDX spectra of pristine CNFs and calcined
Fe(III)@CNFs : (a) Pristine CNFs, (b) calcination for 0.5 h,
(c) calcination forlh, (d) calcination for 1.5 h, (e) calcination

for 2 h and (f) calcination for 2.5 h

Table. 1 EDX data of Fe, O, and C compositions in Fe (III)-
doped CNFs heated at 573 K

Calcination time Elemental composition (wt %)

(hour) Fe O C
0.5 0.23 0 97.10
1.0 0.15 12.78 84.78
1.5 0.18 13.69 83.33
2.0 0.20 10.36 87.39
2.5 0.14 11.77 83.42

EDX data shows that the presence of O element when
heating periods above 0.5 h strongly indicates Fe oxide
formation such as Fe;O4 and Fe;Os as indicated by XRD
patterns. In addition, the decrease of carbon content above a
heating period of 0.5 h implies that the iron oxides have been
formed. According to Cho et al. [34], FeOx can react with C
giving COy), and therefore the carbon content tends to
decrease by heating under a specific temperature and
calcination time. The formation of the oxides is strongly
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affected by temperature and time calcinations. Fe;Os and
Fe,03 were produced on CNFs above 0.5 h under relatively
low temperatures (573 K). Monazam et al. [6] reported the
formation of Fe3;Os and Fe,O; under relatively high
temperatures ranging from 1,023 to 1,173 K.

Based on EDX data (Table 1 and Figure 2), it can be seen
that the spectrum of Fe is observed with the highest
composition of 0.23 wt % while O is not (0 wt %), suggesting
that o-Fe nanoparticles are formed early stage while iron
oxides are not. The production of Fe nanoparticles in a
relatively short period is an exciting and unexpected
phenomenon in this study. Based on this phenomenon,
presumably o-Fe nanoparticles have been produced by liquid-
phase adsorption during the interaction between CNFs and Fe
(III) ions. Therefore, in this study, we proposed the
mechanisms of formation of a-Fe,O; and a-Fe that will be
discussed in section 3.2.

Figures 3(a) and 3(b-f) show SEM images of pristine CNFs
and Fe(IIH@CNFs heated at 573 K in various calcination
times, respectively.

Figure 3. SEM images of pristine CNFs and calcined
Fe(III)@CNFs comparing low magnification (L) in upper
part and high magnification (H) in lower part: (a) Pristine

CNFs (L=87x, H= 4.9kx),( (b) calcination for 0.5 h (L=99x,
H=5.0 kx), (c) calcination forlh (L=108x, H= 5.01 kx), (d)
calcination for 1.5 h (L=99x, H= 5.03 kx), (e) calcination
for 2 h(L=97x, H=5.01 kx) and (f) calcination for 2.5 h
(L=105x. H=5.01 kx)

some relatively large particles, as shown in Figure 3(b-f). On
the contrary, the nanoparticles are not found on the external
surface of pristine CNFs (Fig. 3-a). The presence of particles
on the external surface of CNFs indicates that Fe (III) metal
ions have successfully been doped onto CNFs through liquid-
phase adsorption. Those particles might be identified as Fe
oxides formed after heating at 573 K in various holding times.
It is reasonable that an oxidation process should occur during
calcination under an air atmosphere, and Fe oxides were then
produced.

3.2. Mechanisms of a-Fe and iron oxides are grown on
CNFs

The formation mechanisms of o-Fe and iron oxides on
CNFs were studied by XRD patterns (Fig. 1) and EDX data
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(Fig. 2 and Table 1). The XRD patterns and EDX data show
that a-Fe, Fe3Os4, and Fe,O3; were produced on CNFs.

There are three possibilities of mechanisms that we
proposed in this study. One is redox mechanisms dealing with
the formation of a-Fe that take place at liquid phase adsorption
assisted by ultrasonic energy. The proposed mechanisms are
written as follow:

. %% + 3¢ (Oxidation) €))]

Fe*+ 3e"— Fe (0) (Reduction)  (2)

The overall reaction can be written as follow;

%% . %% o @)

In this case, CNFs can act as reducing agents while Fe3+
ions act as an oxidizing agent, and therefore, CNFs might play
an essential role in reducing Fe(IIl) ions into Fe (0). The role
of CNFs as a reduction agent of a transition metal ion was also
found in the production of silver nanoparticles on nanocarbon
where 7-bond in the nanocarbon played an essential role for
growing the metal nanoparticles [35]. In general, the formation
of Fe nanoparticles takes place at a relatively higher
temperature, such as ~700 K under inert gas atmosphere [28]
and under air atmosphere at 593 K for one h [31] and 973 K
for three h [36]. In our work, however, we found that
transformation of Fe (III) ions into Fe nanoparticles occurred
at a relatively low temperature of 573 K for 0.5 h, which was
relatively shorter than the calcination time of other groups.

The second mechanism is that reaction between the
remained Fe(NO3)3.9H,O and the oxidized CNFs resulted
from the former mechanisms giving iron oxide of Fe,O;. The
mechanisms occurred when the Fe(NO3)3.9H20 doped onto
the oxidized CNFs was calcined at 573 K at above 0.5 h.
According to the thermal decomposition mechanisms of iron
nitrate salt proposed by Melnikov et al. [37], only a
tetranuclear skeleton Fe4O4(OH)4 remains upon completion
of denitrification. Finally, this cyclic oxyhydroxide loses 2
moles of the remaining water, providing an unstable dimer of
ferric oxide. By referring to those mechanisms, we propose
thermal mechanisms of the formation of Fe;O; on CNFs.
Briefly, the mechanisms can be ascribed as follow; when the
skeleton Fe4O4(OH), interacts with the oxidized CNFs under
573 K, it releases two water molecules giving an unstable
dimer of ferric oxide. Then, each O atom signed O" in ferric
oxide dimer interacts coordinately with C* in CNFs, giving 2
moles of ferric oxide bounded coordinately in CNFs structure.
In this case, a lone pair electron on O in ferric oxide dimer is
donated to C* in CNFs, and then coordination bonds between
C atoms of CNFs and O atoms of Fe,O3 are formed. Briefly,
the mechanisms can be described as Lewis acid-base reaction
that is written in the following mechanisms;
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Fe(NO3);.9H,0  +

The third mechanism is the formation of FesO4 that might
be produced by a redox reaction between the remained CNFs
and Fe,O3 bound on CNFs. Kawana et al. [38] suggested that
carbon can reduce Fe;Os to be Fe;O4 accompanied by the
formation of CO gas. Based on the redox mechanism
suggested by Kawanari et al., then presumably that 3 moles of
Fe, 03 react with 1 mole of the oxidized CNFs, it should then
give 2 moles of Fe;04-CNFs accompanied by the formation of
1 mole of CNFs-O gas (eq.5). It means that Fe,O3 bound on
CNFs are reduced to be Fe;Os. However, both Fe>Os; and
Fes;0, are observed on XRD patterns. It suggests that Fe;O;
found on XRD patterns are Fe;O; remains that are not
consumed in the redox reaction. Hence, we propose the

mechanism as follows;
9‘:
+ (5)

155303

Fe,0,
Fei05 ¢

Fes0: §
(0]

+

1 mole of the oxidized CNFs

remains (as solid phase)
3 moles of Fe,05 -CNFs

(as solid phase)

2 moles of Fe;0,4-CNFs

h
(as solid phase) (as gas phase)

Theoretically, the existence of carbon can reduce Fe;Os4 to
be FeO [36]. Nevertheless, in our work, the FeO was not
produced. It agrees with the XRD patterns in Figure 1, which
indicates that crystal planes of FeO were not formed.

4. CONCLUSIONS

We succeeded produced a-Fe, o-Fe,Os; and Fes;Os
nanoparticles with a Simple Liquid Phase Adsorption (LPA)
followed by Thermal Oxidation through three steps of
mechanisms. The first step is the ultrasonic formation of a-Fe
nanoparticles from Fe** ions in the liquid phase via oxidation-
reduction mechanisms. The second is the thermal production
of a-Fe;O3; nanoparticles through Lewis acid-base
mechanisms. The last step is the thermal formation of Fe;O4
via reduction of a-Fe2O3; by CNFs. We found an exciting and
unexpected phenomenon in which Fe nanoparticles were
produced onto CNFs at an earlier calcination time of 0.5 h.
Formation a-Fe nanoparticles might occur during the
interaction between Fe*" ions and CNFs in the liquid phase
assisted by ultrasonic energy as first step mechanisms. a-

1 mole of CNFs-O



Formation Mechanisms of Co-existence of a-Fe and Iron Oxides Nanoparticles Decorated... / J. New Mat. Electrochem. Systems

Fe>0; and Fe;04 were formed at calcination time above 0.5 h
through the second and third pathways.
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NOMENCLATURE

CNFs carbon nanofibers

H high magnification

L low magnification
LPA liquid phase adsorption
wt% percent of weight



