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The work reported here involved a study of the growth kinetics of V,05nH,0 nanostructures under
hydrothermal conditions. The coarsening process of V,05nH,0 nanoribbons was followed by subjecting
the as-prepared suspensions to hydrothermal treatments at 80 °C for periods ranging from 0 to
7200 min. X-ray diffraction (XRD) confirms that the hydrothermal treatments at 80 °C caused no
significant modification of the long-range order structure of samples subjected to different periods of
hydrothermal treatment. Field emission scanning transmission electron microscope (FE-STEM) was
used to analyze the morphology and width distribution of the nanostructures. The results indicated that
the crystal growth mechanism in the [1 0 0] direction of vanadium pentoxide 1D nanostructure under
hydrothermal conditions is well described by the oriented attachment (OA) mechanism. This evidence
was supported by HRTEM images showing the existence of defects at the interface between

nanostructures, which is characteristic of the oriented attachment (OA) mechanism.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Vanadium oxide 1D nanostructures have attracted the interest
of many researches in the last decade due to their chemical and
physical properties and their great potential for application in
catalysis [1], photocatalytic activities [2], as sensors [3-6] and in
electrochromic devices [7].

The literature contains several reports about the synthesis of
vanadium oxide 1D nanostructures [2,3,8-11]. The hydrothermal
method has been used extensively to obtain high anisotropic
nanostructures, since it allows for the modification of synthesis
parameters such as reaction temperature, pH and solvent
concentration, as well as the addition of templates or additives,
making it possible to obtain samples with different morphologies
and structures [2,3,12-15]. The possibility of varying these
synthesis parameters is important since technological applica-
tions of nanostructured materials are strongly related to their
crystalline structure, crystal size and morphology.

In this approach, knowledge of the crystal growth mechanism
of nanomaterials is very important in order to obtain controlled
nanostructures. The Ostwald ripening (OR) model, which is a
dissolution-reprecipitation growth mechanism, is a common
process of the crystal growth mechanism assigned to several
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nanomaterials [16]. On the other hand, a different mechanism,
known as oriented attachment (OA) or “cementing mechanism”,
has also proved to be an effective mechanism to describe the
anisotropic growth of some nanomaterials [17-23]. It has been
proposed that the OA mechanism may occur in two ways for
colloids: (1) nonaligned particles undergo crystallographic rota-
tions until a favorable geometry is obtained and coalescence takes
place, and (2) coalescence may occur by effective collision
between particles with the same crystallographic orientation.
The former is possible when particle-to-particle contact occurs, as
in agglomerates for example, while the latter is the dominant
mechanism in dispersed suspensions [17-21]. After collisions in a
particular crystallographic orientation, the coalescence of nano-
particles leads to the formation of defects such as dislocations
and/or twin boundaries at the interface between nanoparticles
[18,20]. Some parameters such as the treatment temperature and
concentration of suspensions, which are related to the collision
frequency between nanoparticles, are important to increase
coalescence in the OA mechanism [20]. In addition, it seems
that the anisotropic growth may be controlled through the
introduction of different additives during the reaction [24].
Recently, Ribeiro et al. [25] applied a “polymeric” approach,
which interprets particle coarsening analogously to polyconden-
sation reactions to describe the structural formation of aniso-
tropic nanoparticles in colloidal suspensions. In this model, called
the polymerization-oriented attachment model (polymerization
OA model), formation of the structure may be interpreted as the
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connection of two active surfaces, like in a polymerization
reaction. The equation that describes the crystal growth kinetics
in the polymerization OA model is given by

1
Xmax zialn(gm/]+8m)

where x4 indicates the degree of coalescence related to the size
of nanostructures as a function of treatment time and the size of
primary particles, i.e., particles that do not coalesce. The term Sy
represents the initial concentration of active surfaces, t is the time
of treatment and o a constant related to the particles, which are
considered as monomers and are involved in the coarsening
process. An important feature of this model is the applicability in
any direction of the crystal growth, i.e., an independent analysis
can be made in each direction in the final particle morphology,
since the primary assumptions of the model are dependent only
on the number of connected particles [25].

Based on these trends, the aim of this work is to verify which
growth mechanism is present during the formation of vanadium
pentoxide 1D nanostructures. To the best of our knowledge, this is
the first time such an evaluation using the OA mechanism has
been done in the case of V,05nH,0 nanostructures obtained
under hydrothermal conditions. No surfactant, ligants or mono-
mers were added to the solution in order to minimize the effects
that could affect the crystal growth kinetics.

M

2. Experimental section

The synthesis of V,05nH,0 nanostructures obtained in hydro-
thermal conditions, which is described in greater detail elsewhere
by Avansi et al. [26], is based on the dissolution of 0.06 M of V5,05
powder in distilled water with the addition of 30% H,0, and then
subjected in hydrothermal treatment. The samples used to study
the growth kinetics of V,0snH,0 nanostructures were obtained
by hydrothermal treatment at 80 °C for 4 h. After synthesis, the
solution was subjected to a treatment in ultrasound for 30 min to
ensure the total decomposition of the peroxide. According to our
previous work, this solution consists of a stable colloidal
suspension of V,0snH,0 presenting a nanoribbon morphology
[26]. For the sake of clarity, this solution is referred to as precursor
solution. To follow the kinetics of crystal growth, this sample was
diluted in distilled water to obtain a solution with 0.006 M of
V,05nH,0. This “new solution” was subjected for a second time to
hydrothermal treatment at 80 °C for periods of time ranging from
“0” to 7200 min. The solution prepared at 80 °C with “0” min of
treatment, i.e., when the reaction was interrupted immediately
upon reaching 80 °C, was called the “primary solution”. In each
case, the samples were placed in an ice bath upon reaching the
desired hydrothermal treatment time.

The long-range order structure of the samples was investi-
gated by X-ray diffraction (XRD) using a Rigaku D/Max-2500PC
diffractometer, with Cu ky (41=1.5406 A) radiation. To undertake
the XRD analysis, the sample was deposited on a glass substrate,
which was placed on a heating plate at 50 °C to remove the
solvent (water). The size and morphology of the vanadium oxide
nanostructures were determined using, respectively, a Zeiss VP
Supra 35 field emission scanning transmission electron micro-
scope (FE-STEM) and a JEOL JEM 3010 URP high-resolution
transmission electron microscope (HRTEM), operating at
300 KeV. FEG-STEM and HRTEM images were obtained from
samples deposited in thin film form on a copper grid covered with
a thin layer of carbon.

The mean width distribution of all the samples was estimated
based on the measurement of at least 350 nanoribbons appearing
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Fig. 1. XRD patterns of samples obtained from the precursor solution, the primary
solution (0 min of heat-treatment) and the solution subjected to 7200 min of
treatment.

in the FE-STEM images and by fitting the resulting distribution
using a Gaussian function.

3. Results and discussion

Fig. 1 presents the XRD patterns of the samples obtained from
the precursor solution, the primary solution (0 min of heat-
treatment) and the solution subjected to 7200 min of treatment.

The XRD patterns of all the samples display a series of 00l
diffraction peaks, confirming a preferential orientation in the
¢ direction [26]. These diffraction peaks were indexed as
V,05nH,0 monoclinic phase [26]. This behavior confirms that
the hydrothermal treatment at this temperature did not cause
any significant change in the long-range order structure of
these samples, which is in good agreement with our previous
results [26].

Fig. 2a and b present, respectively, the FE-STEM images of the
precursor solution and the solution treated for 7200 min. Fig. 2a and
b shows the presence of nanoparticles in nanoribbon form, which is
consistent with the XRD results. An analysis of Fig. 2b reveals the
presence of nanoribbon-to-nanoribbon attachment in the sample
treated for 7200 min. This morphology and behavior, i.e., nanor-
ibbon-to-nanoribbon attachment, was also observed in all the
samples under study and therefore will not be presented here.
This behavior indicates that the growth process related to an
increase in the width of these V,05nH,0 nanoribbon samples can be
described by the oriented attachment mechanism [22,23].
Liu et al. [22] observed a similar behavior in the hydrothermal
treatment of ZnO nanorods, which also led to the formation of a
“larger” ZnO crystal, i.e., the oriented attachment of the nanocrystals
formed a “larger” ZnO crystal. Recently, Portehault et al. [23] also
reported the growth of y-MnO, nanocones through the oriented
attachment of y-MnOOH nanorods.

To study in greater detail the growth process of these
nanoribbons, which, according to Fig. 2, occurs by the coarsening
of two nanoribbons side by side, the kinetics of the coarsening
process was investigated by measuring the width of nanoribbons
in precursor solution hydrothermally heat-treated for different
period of times. For illustration purposes, Figs. 3a and b show,
respectively, the mean width distribution in the primary solution
(0 min) and in the as-prepared solution treated for 7200 min.



W. Avansi Jr. et al. / Journal of Crystal Growth 312 (2010) 3555-3559

3557

Fig. 2. FE-STEM images of precursor solution (a) and solution treated for 7200 min (b).
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Fig. 3. (a) Mean width distribution of nanoribbons in the primary solution and (b) in the solution subjected to hydrothermal treatment for 7200 min.
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Fig. 4. Evolution of the nanoribbon’s mean width as a function of hydrothermal
treatment time.

Fig. 4 shows the mean width of nanoribbons as a function of
hydrothermal treatment time. We can clearly observe the evolu-
tion from the primary solution from the significant growth of the
nanoribbon width as a function of hydrothermal treatment time, as
well as the fact that the width of the nanoribbons does not vary
significantly from 4000 to 7200 min of hydrothermal treatment.

As can be seen in Fig. 4, the evolution of nanoribbon width
displays a sharp increase for short periods of treatment up to
1000 min. As the treatment time increases, this variation is very low
and tends to stabilize starting from 4000 min. This growth kinetics is
very similar to that observed in other anisotropic materials

subjected to hydrothermal treatment [17-20]. It is clear that the
experimental behavior observed here cannot be fitted by the
equation that describes the Ostwald ripening mechanism [16]. On
the other hand, the classic equation used to describe the OA
mechanism can also not be used, because this mechanism considers
the process involving spherical particles where the term r} is
derived from the particle volume [20]. In fact, the model denoted as
the polymerization approach appears to be the most suitable one,
since it was applied considering the active surface of the
nanoparticles—in this case the nanoribbons’ width [25]. Eq. (1),
which describes the crystal growth kinetics in the polymerization
OA model, was used to analyze the crystal growth kinetics of
nanoribbon width. In this case, the term x4, in Eq. (1) is related to
the nanoribbon width (w) of the nanostructures as a function of
treatment time and the nanoribbon width of primary particles (wy),
i.e., Xmax=W/wo. The experimental data was fitted by this model,
considering wo as a constant [25], with a nanoribbon width of
22.1 nm. The analysis of Fig. 4 indicates that the fitting of
experimental data (line in Fig. 4) using the polymerization approach
equation, Eq. (1), fits quite well. The fitting parameter, R?, was found
to be equal to 0.92, whereas the o value is equal to 0.041 + 0.005.
According to this model, a low value of « is expected because, as
observed in the STEM images, the length of attached nanoribbons
varies significantly, affecting the nanoribbon side coarsening
process. Ribeiro et al. [25] reported a similar low value of « in the
case of a higher dispersion of events. An important point in this
kinetic model is related to primary solution (primary nanoribbons)
considered as the sample obtained at “0” time of hydrothermal
treatment. It is very difficult to affirm that no coalescence occurs in
this condition, although the treatment time is equal to zero.
Moreover, the proposed model is based on the hypothesis that
each nanoparticle will coalesce only twice. From Fig. 2b one can see
that more than two points of coalescence may occur.

Thus, although the experiments were limited to only one
treatment temperature, the relatively good agreement of the OA
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polymerization approach to the experimental data suggests that
this mechanism is present in the evolution of width growth of the
V,05nH,0 nanoribbons obtained under hydrothermal conditions.
The formation of defects, such as dislocations and/or twin
boundaries at the nanoparticle interface, has also been observed
in the coalescence process of nanostructured materials when the
OA mechanism occurs [18,20]. Thus, it seems interesting to
analyze in greater detail the interfacial region between two
V,0snH,;0 nanoribbons after coalescence. Unfortunately, we
observed that the V,05nH,0 presenting nanoribbon morphology
is highly unstable in the presence of the electron beam due to the
large amount of intercalated water in its structure. This suggests
that a more dehydrated form should be used in order to observe
the defects that could be present at the interface between
nanoparticles after coarsening. In a previous work, we showed
that V,050.5H,0 with nanorod morphology containing a smaller
amount of intercalated water can be obtained at 200 °C for 24 h
[26]. We also observed that the difference in the amount of water,
n, between these samples treated at 80 and 200 °C does not affect
the growth direction in which we are interested. Therefore, the
analysis applied to nanoribbons is also applicable to nanorods. In
fact, Lee et al. [20] showed that an increase in the synthesis
temperature plays an important role in increasing the degree of
coalescence in the OA mechanism, which could be related to an
increase in nanoparticle mobility and consequently of collision
frequency. As a result, in our case, it is expected that raising the
temperature causes the degree of coalescence to increase,
similarly to what has been observed in other nanostructures.
Confirming this supposition, Fig. 5a and b shows the nanorod-
to-nanorod attachment in the sample treated at 200 °C for 24 h.
Fig. 5¢ shows a HRTEM image of attached nanorods. The regions
identified as A and B correspond, respectively, to one nanorod and
to the interface of two attached nanorods. From the analysis of an
expanded HRTEM image of region A, Fig. 5d, one can see that the
distance between neighboring planes is about b=0.36 nm along
the nanorod’s length and about a=0.64 nm along its width. These

distances are related, respectively, to the (010) and (200)
crystallographic planes in the V,0snH,0 nanostructure [26]. These
features indicate that in the first step, growth occurs preferentially
along the [0 1 0] direction (nanoparticle length), which, according
to the literature, is attributed to the OR mechanism [27]. In the
second step, growth occurs along the [1 0 0] direction (nanoparticle
width), following the OA mechanism.

Region B in Fig. 5c was analyzed in more detail to verify the
existence of defects in the region of coalescence. Fig. 5e shows the
presence of dislocations in the region of coalescence, confirming
that growth in the width (along the [1 0 0] direction) is governed
by the OA mechanism.

In summary, the results reported here indicate that, under
hydrothermal conditions, the OA mechanism appears to be an
effective process in the growth of V,0snH,0 1-D nanostructures.

4. Conclusion

The growth kinetics of V,0snH,0 nanoribbons was studied by
subjecting a precursor solution to a hydrothermal treatment at 80 °C
for different periods of time. The evolution of the nanoribbons’ width
in this hydrothermal condition indicated that oriented attachment
(OA) plays an important role in the growth mechanism of these
samples. The variation in nanoribbon width as a function of treatment
time was well fitted by the OA polymerization approach, and the
presence of defects in the region of nanoparticle coalescence
confirmed the OA mechanism in the [1 0 0] direction. These results
therefore show that the OA mechanism occurs as a second growth
step, and that the first one is the OR mechanism in the [01 0]
direction, i.e., the nanoparticle length. In summary, the results
reported in this work provide a better understanding of the growth
kinetics of V,05nH,0 1-D nanostructures in hydrothermal conditions,
allowing for better control of the growth or shape of 1-D anisotropic
nanostructures.

Fig. 5. (a) and (b) FE-STEM image of nanorods; (c) HRTEM images showing the side attachment of nanorods and an expanded HRTEM image of region A (d) and region B (e).
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