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Carbothermal Reduction Synthesis:
An Alternative Approach to Obtain
Single-Crystalline Metal Oxide Nanostructures
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1 Introduction

In recent years, researchers in nanoscience and nanotechnology fields have focused
on the development of new devices with optimized performance. Nanoscale materi-
als, especially the single-crystalline ones, have attracted special attention as result of
their size-dependent properties, which make them interesting candidates to be used
as building blocks for the next generation of nanoelectronic/optoelectronic devices
[1–3]. It is well known that material properties depend strongly on the processing
parameters. Thereby, manufacturing materials in nanoscale with well-defined char-
acteristics such as size, morphology, crystallinity, and chemical compositions have
become a big challenge for technological applications [4–6].

Different approaches have been widely used to synthesize a variety of single-
crystalline metal oxide nanostructures [7–9]. However, among these methods, the
carbothermal reduction process emerges to be an interesting route, mainly due to
its simplicity as well as its low cost and good quality of obtained materials [10].
This method is typically a chemical vapor deposition (CVD) process, in which a
carbon source (e.g., carbon black, carbon nanotubes, graphite, etc.) is used as a
reducing agent for increasing the vapor pressure of desired precursor. In this way,
by controlling parameters like temperature, time, and the atmosphere of synthesis,
single-crystalline nano- and microstructures can be grown in temperatures lower
than the ones typically used in a conventional thermal evaporation route [10, 11].
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Based on the carbothermal reduction method, our group has synthesized several
single-crystalline structures, such as tin oxide nanobelts in different oxidation states
(SnO2, SnO, and Sn3O4) and SnO micro-disks [10–12] as well as indium tin oxide
(ITO) nanowires [13] and zinc oxide (ZnO) tetrapods [14]. These materials present
high potential to be used in gas sensor application or transparent and conductive
composite thin films [15, 16]. Other materials like carbides and phosphates have
also been produced by using this method [17, 18].

Overall, controlling the synthesis of materials in nanoscale as well as under-
standing its growth mechanism is essential to produce materials in large scale. In
this direction, the carbothermal reduction synthesis presents great potential to be
used as a straightforward approach to producing single-crystalline nanomaterials
for high-performance applications.

2 Principles of Carbothermal Reduction Process

Carbon is one of the most important chemical elements on Earth, and life is based
on it. Besides, chemistry has a specific field focused on carbon study, which is the
organic chemistry. So, carbon can be the main actor in many types of research, but
it can also aim the research in materials science, working as a coadjutant actor. This
is the base of carbothermal reduction method, in which the carbon is used to assist
in the synthesis process.

The carbothermal reduction process is a versatile method, and it is based on the
Ellingham diagram, as presented in Fig. 2.1. The Ellingham diagram is a plot of
Gibbs free energy versus temperature and reactions appears like straight lines due
to the following equation:


G D 
H–T 
S (2.1)

in which 
G is the change in the Gibbs free energy, 
H is the enthalpy of formation,

S is the entropy variation, and T is the temperature. It is known that the free energy
of an element decreases when it becomes an oxide, so the 
G axis presents negative
values in Fig. 2.1. The intercept is related to the enthalpy of formation, meaning the
reaction is a spontaneous process. Besides, increasing the temperature the entropy
of material decreases (
S < 0), so straight lines with positive slope are expected.

Materials with small enthalpy of formation are at the top of the diagram, while
materials with high enthalpy of formation are located at the bottom of it. So, it is
expected that a material positioned at the bottom of Ellingham diagram can reduce
a material located at the top of the diagram. However, instead of using one oxide
to reduce another one, it is easier to use carbon. It is observed that the reaction
2C C O2 ! 2CO has a negative slope, because 2 moles of solid carbon reacts with
1 mol of oxygen to generate 2 moles of CO, becoming more disordered.

In this way, it is possible to use carbon to reduce most of the oxides, since the
temperature used is higher than the crossing point between the oxide reaction line
and the abovementioned carbon reaction line. Using the Sn-O system as an example,
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Fig. 2.1 The Ellingham diagram for several elements. The crossing points related to the formation
of tin oxide and zinc oxide are indicated

Ellingham diagram shows that the crossing point between the Sn C O2 ! SnO2

and the 2C C O2 ! 2CO reactions is around 680 ıC, meaning that temperatures
higher than it are enough to reduce the SnO2. In fact, previous results showed that
it is possible to synthesize SnO nanobelts at 900 ıC [10]. Moreover, results also
show that reducing an oxide increases its vapor pressure for most of oxides [19].
For instance, the SnO2 vapor pressure at 1,250 ıC is 3.6 � 10�5 Pa, while at the
same temperature, the vapor pressure of SnO is 234.4 Pa [20], which is a large
difference. In fact, results indicate that the vapor pressure of SnO2 is enough to
produce single-crystalline materials at temperatures higher than 1,350 ıC [20, 21].
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It means that the carbothermal reduction method enables to obtain nanocrystals of
tin oxide at temperatures much lower than using direct evaporation, implying saving
both costs and time of synthesis.

To perform the carbothermal reduction synthesis, in principle, any carbon source
can be used, but the most common is the carbon black, although we also observed
the growth of materials using graphite, carbon nanotubes, or even sugar. However,
it is important to keep in mind that carbon black is a generic material used mainly
as pigment, and there is variety of it, changing the particle size, morphology, and
the conductivity. Up to now, there is no study about the efficiency of synthesis using
different carbon sources.

Once the reaction between the carbon and the oxide is of fundamental importance
for the synthesis process, the atmosphere must be carefully controlled, and oxygen
leaks have to be avoided since it can react with carbon and jeopardize all this
process.

Although studying the Ellingham diagram is a good starting point to have success
in the synthesis of new complex materials, no rare a careful and dedicated work to
find the best synthesis conditions is necessary.

Lieber et al. [22, 23] used the carbothermal reduction method to produce one-
dimensional (1D) single-crystalline MgO nanorods with an average diameter of
20 nm. A detailed characterization showed rods grew in the [001] direction and were
used to produce a composite in order to obtain high-temperature superconductors
based on copper oxide. Guo et al. [24] reported beaded nanochains of silicon carbide
obtained using carbothermal reduction method and its use to reinforce (0.5 wt%)
epoxy-based composites. The mechanical tests showed an improvement of 32% in
the tensile strength, which was attributed to the unique morphology obtained for
the SiC material. Lead sulfide (PbS), which is an interesting material for nonlinear
optical devices, was also prepared by carbothermal reduction process, resulting in
PbS nanowires and nanobelts, both growing in the [110] direction.

Then, the carbothermal reduction process is an interesting method to use when
it is desired to obtain single-crystalline 1D materials. Besides, it is very common
that the grown materials are free of defects. Since 1D materials are the best ones to
study electrical transport at the nanoscale, the carbothermal synthesis provides an
excellent alternative to produce these complex materials.

Below we report a short introduction about the most common growth processes
from the vapor phase, which are vapor-liquid-solid (VLS) and vapor-solid (VS), and
after that we present the main results obtained by our group using the carbothermal
reduction process, especially growing single-crystalline 1D materials.

3 Growth Mechanisms from Vapor Phase

Structures produced from vapor phase can follow basically two main growth mech-
anisms: vapor-liquid-solid (VLS) or vapor-solid (VS) [25, 26]. Other mechanisms
were reported, but all of them are related in some way to the VS or VLS methods.
A typical VLS growth mechanism starts with the adsorption of gaseous species in
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a liquid metallic droplet. When the droplets become supersaturated by the vapor,
the nucleation occurs followed by the growth of a solid from the droplet. The liquid
droplet limits the lateral growth of material, which is important when 1D materials
with controlled dimensions are desired [27, 28]. Besides, it is possible to have more
control about the growth position by depositing catalyst droplets on specific sites on
a substrate.

In contrast, in the VS method, 1D structures are generated only by changing the
physical state of a starting material, usually by sublimation. It can occur in two
different ways, called direct and indirect evaporation. In the indirect method, it is
necessary for some chemical reaction to obtain the desired material. It occurs, for
instance, when Mg vapor reacts with oxygen to provide MgO nanorods [23]. For
the direct method, no chemical reaction is necessary, and it can occur to SiC, for
example. In the VS process, no liquid particles are present during the growth of
the structures, which allows to produce materials without any contamination by
the metallic droplet. However, for the same reason, it is not possible to control
accurately the structure dimensions and the position of the grown material.

4 Multiple Stoichiometries of Tin Oxide
Nano- and Microstructures

Tin dioxide (SnO2) is one of the most studied semiconducting materials, and due
to its interesting physical and chemical properties, it has been used in several
technological applications, such as sensors, fuel cells, and optical and electronic
devices [29–32]. Pan, Dai, and Wang reported, for the first time, the synthesis
of single-crystalline SnO2 nanobelts by a simple thermal evaporation of oxide
powders at high temperatures [33]. Since then, SnO2 nanostructures including
nanowires, nanotubes, and nanorods have been produced using several methods
[34–36]. Moreover, other stoichiometries of tin oxide (e.g., SnO and Sn3O4) have
also attracted a great attention in recent years [12, 15, 16].

Nano- and microstructures in different oxidation states of tin oxide (SnO2, SnO,
and Sn3O4) were synthesized by carbothermal reduction method from a mixture
of SnO2 powder (Sigma-Aldrich, 99.9% purity) and carbon black (Union Carbide,
>99% purity) in the molar ratio of 1.5:1 (SnO2:C). In a typical synthesis process, 1 g
of this mixture was put into an alumina boat, which was introduced in the hot zone of
a furnace tube with a sealing system at tube extremities, where both the temperature
and the synthesis atmosphere are carefully controlled. The same starting material
was used to perform synthesis runs at 1135 ıC for 75 min but, using two different
synthesis atmospheres, one inert and other oxidizing. To prepare SnO micro-disks
and nanobelts, an inert synthesis atmosphere was established by a nitrogen gas
flow of 80 sccm, whereas both SnO2 and Sn3O4 nanobelts were synthesized in a
controlled oxidizing synthesis atmosphere by using a nitrogen gas flow of 150 sccm
and an oxygen gas flow of 0.5 sccm, which was introduced in the counterflow of
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Fig. 2.2 XRD pattern of the
(a) white, (b) dark, and (c)
yellow woollike materials
collected after the synthesis
by carbothermal reduction
method (Figure from Ref.
[16] with permission from
Elsevier)

nitrogen gas when the temperature reached 900 ıC. Optimized parameters used to
prepare all of these materials are described in detail in our previous reports [10, 12].

After both syntheses, woollike materials with different colors were collected in
different regions from the inner walls of the alumina tube. In an inert synthesis atmo-
sphere, a dark material was removed from the tube region where the temperature
was about 350 ıC. On the other hand, when an oxidizing synthesis atmosphere was
established, both white and yellow materials were obtained where the temperature
was about 500 ıC and 700 ıC, respectively.

Figure 2.2 shows the XRD spectra of the materials obtained after the synthesis by
carbothermal reduction method. The XRD pattern of the white material (Fig. 2.2a)
shows it is composed only by materials in the tetragonal structure of cassiterite
SnO2 phase (card JCPDS #41-1445), with evident preferential growth in the [101]
direction. Figure 2.2b reveals that the dark material consists of three phases: SnO
(card JCPDS #6-395), SnO2 (card JCPDS #41-1445), and Snı (card JCPDS #4-
673). However, from the relative intensities of the peaks, it is clear that the SnO
phase is the largest one, with minor contributions from SnO2 and Snı phases. It was
found from Fig. 2.2c that the yellow material is constituted mainly of material’s
growth in the triclinic structure of the Sn3O4 (card JCPDS #16-0737) and a small
amount in the tetragonal structure of cassiterite SnO2 phase (card JCPDS #41-1445),
as reported in the literature [2, 37]. The peaks marked with “-” (2� D 38.4ı, 44.7ı
and 65.0ı) are related to the aluminum sample holder. Based on the results obtained
by XRD, it is notable that by controlling the synthesis atmosphere, structures in
different stoichiometries of tin oxide can be produced.

Figure 2.3 shows the FE-SEM images of the SnO2 materials collected after the
synthesis. A low-magnification image (Fig. 2.3a) reveals that this material consists
of 1D nanostructures with micrometers or even millimeters in length and rectangular
cross-section, which are called nanobelts (Fig. 2.3b–c). Besides, it was observed
that these structures present homogenous width along the length and have a smooth
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Fig. 2.3 FE-SEM images showing (a) a general view of the 1D SnO2 structures and (b, c) the
rectangular cross-section of the nanobelts. (d) Width distribution histogram of the nanobelts

surface. Figure 2.3d shows the histogram of the width distribution of the SnO2

nanobelts presenting a single-modal width distribution with a maximum frequency
between 50 and 100 nm and approximately 70% of the nanobelts smaller than
150 nm in width.

The proposed growth mechanism of SnO2 nanobelts is the vapor-solid (VS)
process [33, 38], since no metallic particles were observed at belts extremities. This
process occurs due to the reduction of the SnO2 power by the carbon black forming
SnO and CO vapors inside the tube, according to the reaction showed in Eq. 2.2.
The products of this reaction are transported to a lower temperature region by the
N2 gas flow and react with the O2 inserted in the counterflow, forming the SnO2

nanobelts and CO2 gas (Eqs. 2.3 and 2.4).
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SnO2.s/ C C.s/ ! SnO.g/ C CO.g/ (2.2)

SnO.g/ C 1=2 O2.g/ ! SnO2.s/ (2.3)

CO.g/ C 1=2 O2.g/ ! CO2.g/ (2.4)

Figure 2.4 shows FE-SEM images of the SnO material grown using inert
synthesis atmosphere. It was found that this material is composed of both micro-
disks and nanobelts. Due to the size difference between these structures, it was
possible to separate them by sedimentation. The diameter of the disks ranging from
500 nm up to several microns and their surface can be flat and smooth (Fig. 2.4a) or
in steps with a sphere in the top (Fig. 2.4b), as also reported by Dai et al. and Orlandi
et al. [11, 39]. Figure 2.4c indicated that the nanobelts are also flat and homogeneous
along their length; most of them presenting metallic tin particles at their tips (Fig.
2.4d). The presence of these particles is related to their growth mechanism, which
occurs by a self-catalytic VLS method [8, 11, 25]. It also is possible to observe from
Fig. 2.4e that some SnO nanobelts present dendrites perpendicular to the growth
axis of the belt. The dendrites are very thin and generally present a metallic sphere
at its extremity. The width distribution histogram of the SnO nanobelts shown in
Fig. 2.4f reveals the maximum width frequency to be between 20 and 30 nm and
approximately 90% of the nanobelts smaller than 50 nm in width.

Since the presence of metallic spheres in one end of the SnO nanobelts was
observed, it is proposed that the growth mechanism of these structures occurs
by VLS [11, 25]. The VLS growth mechanism involves the presence of catalyst
particles, and once they were formed during the synthesis, the SnO nanobelts grow
by a self-catalytic VLS process. After the reduction of the SnO2 power by the carbon
black, only vapor of SnO and CO is formed inside the tube according to the Eq. 2.2.
Since no oxygen is considered to be in the synthesis atmosphere, the SnO vapor can
react with CO and produce metallic tin in the liquid phase (Eq. 2.5) and CO2. The
Snı particles act as active sites for adsorption of SnO vapor molecules, and after
they become supersaturated with SnO vapor, the first solid core of SnO is obtained.
Thus, while the metallic drop remains in the liquid form and enough SnO vapor is
present, the growth of the nanobelt will occur in a direction oriented by the core [11].

SnO.g/ C CO.g/ ! Sn0
.l/ C CO2.g/ (2.5)

FE-SEM images of the Sn3O4 materials collected after the synthesis are shown in
Fig. 2.5. In general, these structures present the same characteristics of the SnO2 and
SnO nanobelts, i.e., they are 1D nanostructures with dozens of micrometers in length
and rectangular cross-section (Fig. 2.5a). These structures exhibit homogeneous
width along the length, but a detailed characterization performed by high-resolution
FE-SEM reveals that Sn3O4 nanobelts present a layered surface (Fig. 2.5b). The
layered characteristic is related to their growth mechanisms, and it is similar to the
model proposed by Ma et al. for layered SnO2 nanobelts [40]. Figure 2.5c shows
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Fig. 2.4 FE-SEM images of SnO disks with (a) flat and (b) in-step surface. FE-SEM images
showing (c) a general view of the SnO nanobelts, (d) their smooth surface, and (e) one nanobelt
with dendrites in their structures. (f) Width distribution histogram of the belts
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Fig. 2.5 (a) General view of the structures present in the Sn3O4 material. (b) High-resolution
FE-SEM image showing the layered character of nanobelts. In (c) the initial stage of growth of a
new layer on the surface of a nanobelt is showed

the initial growth stage of a new Sn3O4 layer. The Sn3O4 nanobelts present single-
modal width distribution with a maximum frequency at the range of 80–120 nm.

Since no metallic particles were observed at Sn3O4 nanobelt extremities, it was
proposed that they grow by a VS process according to Eqs. 2.2 and 2.6. After the
reduction of the SnO2 powder by the carbon black (Eq. 2.2), some SnO vapor
molecules will react with the oxygen introduced in the counterflow (Eq. 2.6) in
order to grow structures in an intermediate phase of tin oxide (Sn3O4). Despite
the fact that SnO2 and Sn3O4 nanobelts grow in the same synthesis, the Sn3O4

nanobelts are formed in a region closest to the center of the tube, i.e., in a region of
lower oxygen concentration, which explains this material to grow in a more reduced
state of tin oxide.

3SnO.g/ C 1=2 O2.g/ ! Sn3O4.s/ (2.6)

All synthesized structures were also characterized by TEM. Figure 2.6a shows
a low-magnification TEM image of SnO2 nanobelt, confirming the homogeneous
width along the length. Figure 2.6b presents the selected area electron diffraction
(SAED) pattern of the nanobelt showing the single-crystalline character of each
belt. The SAED pattern confirms that nanobelts grow in the SnO2 cassiterite
phase. An HRTEM image of the SnO2 nanobelts is presented in Fig. 2.6c, and
the indexed interplanar distance showed are 0.26 ˙ 0.01 nm and 0.33 ˙ 0.01 nm,
which correspond to the (101) and (110) planes of the SnO2 tetragonal structure,
respectively. This means that belts grow preferentially in the [101] direction, which
agrees with the XRD results.

Figure 2.7a shows a low-magnification TEM image of a flat-surface disk with
an octagon shape. An HRTEM image of the disk is presented in Fig. 2.7b, and
the interplanar distance indexed is 0.27 ˙ 0.01 nm, related to the (110) planes
of the tetragonal structure of SnO (JCPDS card #6-395). The inset in Fig. 2.7b
presents the SAED pattern confirming that disks are single-crystalline materials.
All of the spots in the SAED pattern can be indexed by the litharge structure of SnO
(tetragonal), confirming the HRTEM results. The SnO disks presented the so-called
Giant Chemoresistance Response (GCR) when used as a sensor for NO2 gas.
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Fig. 2.6 (a) Low-mag TEM image of a SnO2 nanobelt, (b) SAED pattern, and (c) HRTEM image
of the belt

Figure 2.8 shows a low-magnification TEM image of typical SnO nanobelts.
The corresponding EDS spectrum of the smaller nanobelt and of the nanoparticle is
shown in Fig. 2.8a–c, respectively. From EDS results, it was found that the nanobelt
was composed of tin oxide, while the nanoparticles consisted basically of metallic
tin. Besides, the nanobelts presented a Sn concentration of 49 ˙ 3 (% atomic) and
of 51 ˙ 3 (% atomic) for O, which is close to SnO stoichiometry. A SnO nanobelt
with a metallic drop at one extremity is shown in Fig. 2.8d, which also presents the
SAED pattern of this belt (inset). The SAED shows that the nanobelt is a single
crystal and it can be indexed by the orthorhombic structure of SnO (JCPDS #13-
0111). The HRTEM image of the SnO nanobelt presented in Fig. 2.8e confirms that
the nanobelts are single crystalline. Additionally, the obtained interplanar distance
of 0.37 nm is related to the [110] planes of the orthorhombic structure of the SnO
which arises from a normal growth direction by about 8ı, meaning that the SnO
nanobelts grow in the [110] direction.
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Fig. 2.7 (a) Low-mag TEM image of a typical faceted disk and (b) HRTEM image of the white
square area selected in (a). The inset in (b) is the SAED pattern of the disk (Figure from Ref. [15]
with permission from Elsevier)

Figure 2.9a presents a low-magnification TEM image of a Sn3O4 nanobelt. The
color contrast is related to the mass difference along the belt, which is an evidence
of the layered character of these structures (darker part of the belts represents
the thicker regions). The chemical analysis performed by EDS characterization
confirms that the nanobelts are composed only by Sn and O atoms, as shown in
Fig. 2.9b (the carbon and copper peaks of EDS spectrum are due to the carbon-
coated copper grids used in the analysis). SAED pattern (Fig. 2.9c) reveals that the
nanobelts are single-crystalline structures and each layer is supposed to serve as a
substrate for a layer-by-layer growth. A HRTEM image of the belt is shown in Fig.
2.9d. The indexed interplanar distance of 3.7 ˙ 0.1 Å is related to [�101] and [101]
planes, while the 2.9 ˙ 0.1 Å interplanar distance is related to the [200] plane.

Tin oxide is one of the most studied materials for sensor application, so the ability
to synthesize tin oxide with different oxidation states can enable in obtaining more
sensitive and selective sensors. We have studied the sensor response of all tin oxide
materials reported above, and results show that SnO and Sn3O4 materials can present
better response than SnO2. This opens new applications of nonstoichiometric tin
oxide materials, and they also must be applied in other areas, such as solar cells and
electronic devices.

5 Obtaining ZnO Nanostructures

The carbothermal reduction process is one of the most used methods for the growth
of ZnO nanostructures with different morphologies. Along with the CVD method, it
has demonstrated the possibility of obtaining a wide variety of crystal morphologies
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Fig. 2.8 (a) Low-magnification TEM image of VLS nanobelts. (b) EDS spectrum of the nanobelt
of Fig. 2.4a. (c) EDS spectrum of a metallic tin nanoparticle. (d) Low-magnification TEM image
of other VLS nanobelt. The inset shows the SAED of the belt. (e) HRTEM image of the SnO VLS
nanobelt marked in (d) (Figure from Ref. [11] with permission from American Chemical Society)

with excellent properties for applications in several technological areas [41, 42].
The reduction of ZnO to Zn vapor by using carbon occurs at temperatures above
900 ıC (as indicated by the Ellingham diagram), and different structures can be
grown in lower temperatures with or without the presence of oxygen gas in the
synthesis atmosphere. There is a great interest in the growth of ZnO nanostructures
at low temperatures, since it would increase the kind of substrates for the oriented
growth reducing the effects of high temperature, such as the diffusion of elements
from the substrates to the nanostructures. This avoids the need for more elaborate
processes including the use of buffer layer as reported by Duclère et al. [43], which
used cerium oxide (CeO2) layer to obtain epitaxial growth of ZnO thin films by
pulsed laser deposition technique on sapphire substrates. The diffusion of aluminum
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from the sapphire (Al2O3) may be unfavorable to the production of epitaxial ZnO at
temperatures around 900 ıC, leading to the formation of the ZnAl2O4 layer located
at the interface between ZnO and sapphire [44].

Lim et al. [45] studied the formation of zinc oxide using graphite and three types
of carbon black as carbon sources, whose surface areas were 3.5 m2/g for graphite
and 70, 236 and 1,440 m2/g for carbon black materials. The study was conducted at
800 ıC for 30 min under airflow. Results suggested that the reduction of ZnO to Zn
vapor is strongly linked to the surface area of the carbon source, since increasing its
surface area increases the formation of zinc silicate islands until complete formation
of a zinc silicate layer. Finally, using the carbon black with larger surface area, ZnO
nanorods were grown over zinc silicate layer (Figure 2.10). Authors associated the
formation of zinc silicate, followed by the growth of ZnO nanorods, due to the
increased formation of the Zn vapor phase.

Hence, the proposed mechanism of ZnO reduction is associated with (i) carbon
vaporization via carbon dioxide to form carbon monoxide, (ii) the carbon monoxide
diffusion for surface of ZnO, (iii) reduction of ZnO by carbon monoxide forming
Zn vapor, and (iv) diffusion of Zn vapor and the carbon dioxide returning to the first
stage.

The ZnO reduction kinetics in the presence of carbon can be improved by using
additives such as Fe2O3, mills scale, and CaCO3 [46]. Usually, additives are used
to generate a percentage of Zn from the ZnO powder. The increased reaction rate
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Fig. 2.10 Cross-sectional TEM micrographs of samples fabricated by using (a) graphite
(3.5 m2/g), (b) carbon black (70 m2/g), (c) carbon black (236 m2/g), and (d) carbon black
(1440 m2/g) carbon source (Figure from Ref. [45] with permission from Elsevier)

by using additives to the mixture of ZnO and carbon may be related to the easy
production of CO and CO2 gases by reaction of these additives with solid carbon,
and, therefore, the Boudouard reaction is promoted on the carbon surface, which
results in a rapid reduction rate. Figure 2.11 compares the reduction rate curves
with various additives in certain weight percentages of ZnO at 1323 K. From this,
the spherical shrinking core model (SCM) is well diffused to calculate and compare
the energy response in the absence and presence of additives and has proven to be
useful to describe the kinetics of the reaction.

Carbothermic reduction processes using microwave radiation has been employed
in order to reduce energy costs and promote improvements in reduction rates
[47, 48]. The method consists of heating a mixture of ZnO and a reducing agent rich
in carbon with the incidence of microwave radiation. In the processing of ceramic
materials, the energy of microwaves interacts with the matter at the molecular level,
and material heating depends on the dielectric properties, the depth of penetration,
as well as the frequency of microwave [49]. The dielectric properties of materials
can in principle be considered as one of the most important features to evaluate
the effects of heating due to microwaves, and the ability of a dielectric material to
absorb microwave energy is given by its permittivity.
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Fig. 2.11 Effect of additives
on the ZnO carbon reaction
system (Figure from Ref. [46]
with permission from The
Japan Institute of Metals)

Fig. 2.12 Effect of carbon stoichiometry on microwave reduction of zinc oxide concentrate
(Figure from Ref. [52] with permission from Elsevier)

Although the permittivity (and dielectric loss) of ZnO increases by increasing
the temperature [50], its value is small at room temperature, resulting in a slower
heating in the presence of microwaves [51]. However, carbon sources present
high-microwave absorption and are the main responsible for the heating, which
consequently promote the reduction of ZnO. A higher reduction rate can be achieved
by increasing the carbon concentration in the mixture. Figure 2.12 shows the
percentage of the ZnO reduction as function of time for different stoichiometries
of ZnO and carbon source using microwave as a heating source.
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Fig. 2.13 FE-SEM images of ZnO tetrapods synthesized by the carbothermal reduction process,
(a) an individual tetrapod, (b) detail of the hexagonal shape, (c) nanowires grown on a silicon
substrate, and (d) growth of ZnO nanowires from plates

Using the carbothermal reduction process associated with other techniques, dif-
ferent ZnO nanostructured morphologies with peculiar properties can be obtained,
and tetrapods and nanowires are the most common shapes.

From Fig. 2.13a–d, it is possible to observe the effectiveness of the method for
obtaining tetrapods (Fig. 2.13a, b) [14] and nanowires (Fig. 2.13c, d). The carbon
black was used as carbon source in the molar ratio of 1:1, and the synthesis was
performed at 1,100 ıC. Tetrapods have a hexagonal cross-section and a diameter
lower than 100 nm. In this case, no support substrate or any types of metal catalyst
were necessary to induce the growth, which is based on the VS model. For the ZnO
nanowires, silicon substrates with Au catalyst layer were used to induce the growth.
However, the wires grow from a layer containing ZnO plates over the silicon
substrate. There is considerable homogeneity of wires with a circular cross-section,
and their diameters are below 100 nm. ZnO usually crystallizes in the hexagonal
wurtzite crystal structure, which is composed of Zn2C and O2� arranged in a
tetrahedral shape and stacked alternately along the direction of the c-axis.
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Fig. 2.14 Image of an
individual ZnO tetrapod. In
the inset, a HRTEM image is
shown (Figure from Ref. [14]
with permission from
Hindawi Publishing
Corporation)

Figure 2.14 shows the crystallinity degree of the tetrapods from the HRTEM
image, where it is possible to confirm that material grows free of defects, featuring
each “foot” of the tetrapod as a single crystal. The interplanar distance of the crystal
planes in the growth direction has 0.52 nm, which refers to the (001) plane. This
plane makes an angle of 90ı to the growth direction of each tetrapod foot. Therefore,
the [001] is the growth direction of ZnO tetrapods, which is preferred due to the self-
catalytic property of the (001) plane for the ZnO structure [53].

6 Indium Tin Oxide Nanowires

Indium tin oxide (ITO) is one of the most studied transparent and conductor
oxides (TCOs) used in optical electronics applications to combine high-optical
transparency and high electrical conductivity [54–56]. It may be formed either by
tin-doped indium oxide or vice versa, having the replacement of some indium atoms
by the tin atoms. The growth of 1D ITO nanostructures has been reported by several
groups since the first study on In2O3 nanobelts in 2001 [13, 57–59]. ITO nanowires,
which have a large surface area, high electrical conductivity, and high crystallinity,
can allow novel applications such as it interconnects in integrated nanoscale devices
and electrodes for solar cells [58, 60, 61].

Due to the practical importance of ITO material, many methods have been used
to prepare ITO nanostructures (e.g., nanowires, nanobelts, and nanorods), such as
sputtering [60], coprecipitation annealing [62], electrospinning [63], pulsed laser
ablation process [64], thermal evaporation [58, 59, 65], and carbothermal reduction
[13, 66, 67, 68].



2 Carbothermal Reduction Synthesis: An Alternative Approach. . . 61

Among these methods, the carbothermal reduction syntheses result in the pro-
duction of nanowires with features such as excellent homogeneity and crystallinity,
besides allowing the obtaining of materials at lower temperatures compared to
conventional thermal evaporation [13, 67].

ITO nanowires were synthesized by a carbothermal reduction method using the
co-evaporation of oxides (In2O3 e SnO2) mixed with carbon black as the reducing
agent. As discussed above, in this process, the reaction between carbon and oxides
is crucial, and thus the temperature and atmosphere during the synthesis must be
tightly controlled, especially for avoiding the presence of oxygen, given that this
can react with carbon before it reduces the oxides. Accordingly, several parameters
may alter the composition, morphology, and yield of the grown material; the most
significant parameters are the composition of the starting material (proportion of
carbon/oxide) and the inert gas flux, followed by the time and temperature of
synthesis.

Results obtained by changing the oxide to carbon black ratio in the starting
material allowed good control of the nanowire stoichiometry enabling to obtain ITO
nanowires in In2O3 or SnO2 structures. Thus, properly controlling the ratio between
carbon black and the oxides, the In:Sn ratio in the nanowires, and consequently the
doping level, can be controlled, which is a determining factor for the conductivity
of the material [68].

The influence of synthesis parameters was studied in detail for obtaining ITO
nanowires, and it was found that the growth parameters which combine character-
istics such as homogeneity, transparency, conductivity, and yield were the molar
ratio for the starting material of 1SnO2 C 1C and 1In2O3 C 1C, nitrogen flow rate
of 80 cm3/min, synthesis time of 60 min, and temperature of 1150 ıC. Synthesis
details are given in ref. [67].

The XRD pattern (Fig. 2.15) of the collected materials can be indexed by the
following phases: In0.2Sn0.8 (JCPDS card # 48-1547) and ITO (card # 89-4597).
It is important to mention that it is not possible to distinguish the ITO and In2O3

phases without Rietveld refinement. The Al peaks are related to the aluminum
sample holder used in the XRD measurements and have no correlation with the
sample. The ITO phase is present in a higher amount than the metallic alloy, and
have preferential orientation for the (400) planes (35.5ı). No tin oxide phases were
observed because following the phase diagram of In2O3 and SnO2 [69], up to about
15 mol% of tin atoms can be in the solid solution in the In2O3 matrix without any
secondary phase.

From the FE-SEM images in Fig. 2.16, it is possible to observe that ITO material
is composed of 1D structures with well-defined edges, having homogeneous width
along their lengths and no apparent superficial defects. Besides, we note that
materials have a square cross-section due to the cubic phase of ITO, meaning ITO
structures are nanowires. The metallic spheres at one extremity of wires suggest that
growth mechanism of the wires follows a vapor-liquid-solid (VLS) process.

Using HRTEM characterization, it was possible to confirm that the wires grow
in the (100) planes of the ITO phase (Fig. 2.17). This result agrees with the XRD
analysis, which showed preferential orientation for this family of planes and also
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Fig. 2.15 XRD pattern of the collected material after the synthesis

Fig. 2.16 (a,b) Low magnification FE-SEM images of typical ITO nanowires obtained at
1,150 ıC. (c,d) High magnification images of ITO nanowires presenting metallic droplets at
extremities
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Fig. 2.17 TEM image of a typical ITO nanowire and the respective high-resolution (HRTEM)
image showing the growth direction of wires

explains the origin of the square cross-section of ITO nanowires. The EDS study
revealed that the wires are constituted of indium, tin, and oxygen atoms with a
In:Sn proportion of 89:11 at%, confirming that carbothermal reduction is an efficient
method to obtain 1D ITO nanostructures. Meanwhile, the chemical analysis showed
that the spheres are composed of a Sn-rich Sn-In alloy with the same proportion
obtained by XRD [67].

When obtaining ITO nanowires, the catalyst is generated in its own synthesis,
meaning that the growth mechanism is related to a self-catalytic VLS process.
The reactions that occur from the mixture of indium oxide with carbon during
synthesis are:

In2O3.s/ C C.s/ ! In2O.g/ C CO2.g/ (2.7)

In2O.g/ C CO.g/ ! 2In0
.l/ C CO2.g/ (2.8)

Then, the SnO2 is reduced to metallic tin through the Eqs. (2.2) and (2.5). The
In2O3 can also be reduced to metallic indium by means of the Eqs. (2.7) and (2.8)
when the In2O reacts with the carbon monoxide generated by the Eq. (2.2). These
equations indicate how the catalyst metals are generated to adsorb vapor and allow
growth of ITO nanowires.

It is known that these reactions occur more readily at higher temperatures,
and ITO nanowires were synthesized from 1,000 to 1,200 ıC. However, results
indicated that at higher temperatures the carbothermal reduction process produces a
significant increase of tin amount in the synthesis atmosphere. Another consequence
of performing synthesis at higher temperatures is the increased width/thickness ratio
of the nanowires (Fig. 2.18a). In some cases, it leaves the formation of microwires
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Fig. 2.18 (a) Detail of a ITO nanowire presenting square cross section. (b) A ITO nanowire with
perpendicular dendrites and (c) initial stage of dendrite growth

(width greater than 1 �m) instead of nano-sized structures. The increase in the
nanowire’s width is related to the increased diameter of the catalyst metallic drop at
higher temperatures. Some synthesized nanowires showed a great concentration of
dendrites, which is related to the increased amount of metallic tin available in the
atmosphere of synthesis (Fig. 2.18b). Figure 2.18c illustrates the deposited metallic
spheres on a nanowire edge that would give rise to dendrites.

From the results shown above, it is possible to note the versatility to produce ITO
nanowires by carbothermal evaporation method. Wires grow by a self-catalytic VLS
process, which avoid contamination by an external catalytic agent. However, when
there is a need for growing nanowires on specific sites on a substrate, it is possible
to use the catalyst VLS growth (usually using gold as catalyst), which allows a more
controlled growth position [65, 70].

In short, it can be concluded that the ITO nanowire’s synthesis by carbothermal
reduction enables, besides versatility and high performance, to control the doping
level, the width/thickness ratio, and the presence of dendrites, depending on
the desired application. Therefore, it is possible to choose the optimal synthesis
conditions, which certainly will facilitate obtaining more complex materials with
properties/characteristics desired for a wide range of technological applications.
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