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The size-dependent morphological evolution of one-dimensional �1D� SnO2 nanostructures has been ob-
served in experiment. It was found that the shape formations of nanowire and nanobelt of SnO2 are size
dependent, i.e., the wire is favorable when the size is less than 90 nm and the belt is favorable when the size
more than 90 nm, respectively, indicating that a critical size exists in the growth of SnO2 nanostructures to
determine their morphologies. The nucleation thermodynamics, growth kinetics, and morphological transition
thermodynamics were established to elucidate the size-dependent morphological evolution. The theoretical
predictions are consistent with experiments, suggesting that the thermodynamic driving force seems to be the
physical origin of the shape evolution.
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One-dimensional �1D� nanostructures such as wires, rods,
belts, and tubes have become the focus of intensive research
owing to their unique applications in mesoscopis physics and
fabrication of nanoscaled devices. They not only provide a
good system to study the electrical and thermal transport in
one-dimensional confinement, but also are expected to play
an important role in both interconnection and functional
units in fabricating electronic, optoelectronic, and magnetic
storage devices with nanoscale dimension.1 It is well known
that SnO2 is an important functional material, which has
been widely applied in the field of opto- and microelectron-
ics. For instance, SnO2 can be utilized in solar cells,2 trans-
parent conducting electrodes,3 gas sensors,4,5 and
transistors.6 In recent years, the assembly and synthesis of
1D SnO2 nanostructures such as wires7 and belts8–10 have
attracted great interest due to their unique applications in gas
sensors and field-effect transistors. Therefore, to attain vari-
ous nanometer sized building blocks, a lot of self-assembly
and synthesis processes have emerged in recent years.11 Im-
portantly, these assembly and synthesis at the nanometer
scale have revealed many unusual thermodynamic and ki-
netic behaviors of the microphase growth,12–19 which plays
an important role in the development of the classical
thermodynamics.20 Basically, self-assembly processes re-
quire atomic or clustering interactions as the thermodynamic
driving force to organize those atoms or clusters to form
nanosized domain morphologies.21 For instance, Bartelt et al.
recently reported the self-assembly of the regular arrays of
two-dimensional �2D�-vacancy islands via absorbate-driven
dislocation reactions.22 Therefore, it is essential to pursue the
physical and chemical origin causing the nanostructure to
control the growth. On the other hand, the surface shape of
1D nanostructures plays a particular important role in their
application. For instance, nanowires as wraparound gate
transistors or core-shell heterostructures require good control
of the surface shape to achieve uniform cross section and
minimize carrier scattering at rough interface.23 Accordingly,
a quantitative understanding of the surface shape formation
of 1D nanostructures is needed for the application of interest.

In this contribution we report the size-dependent morpho-
logical evolution of the 1D SnO2 nanostructure growth using

metal catalysts assistant thermal chemical vapor transport
and condensation �vapor-liquid-solid �VLS� process�. In de-
tail, we found that the shape formations of nanowires and
nanobelts of SnO2 are size dependent, i.e., the wire is favor-
able when the size is less than 90 nm and the belt is favor-
able when the size is more than 90 nm. For this issue, we
proposed the nucleation thermodynamics, the growth kinet-
ics, and the shape transition thermodynamics to elucidate our
findings on the basis of the thermodynamic analysis at the
nanometer scale.24–29 Note that the size-dependent shape
transformation from the initial stage of the nanowires nuclei
to the nanobelts nuclei originates from the thermodynamic
driving force of nucleation and growth of 1D nanostructures.

1D SnO2 nanostructures including the nanowires and the
nanobelts are grown on silicon substrates30 using thermal
chemical vapor transport and condensation with Au catalysts,
and the detailed experiments and the characterization of mor-
phologies and structures of the productions have been re-
ported in the previous works.30 Field emission scanning elec-
tron microscopy �FESEM�, resolution transmission electron
microscopy �HRTEM�, and selected area electronic diffrac-
tion �SAD� are employed to identify the morphology and
structure of 1D SnO2 nanostructures. Figure 1�a� shows the
morphology of typical 1D SnO2 nanostructures. Interest-
ingly, the FESEM statistic results definitely indicate that
there are two kinds of 1D nanostructure, wire �b� and belt
�c�. In detail, the wire formation is favorable when the diam-
eter of 1D nanostructures is less than 90 nm, and the belt
formation is favorable when the diameter is more than
90 nm. Further, the size dependence of the shape of 1D SnO2

nanostructures is shown in Fig. 1�d�. Clearly, the optimal
sizes of nanowires and nanobelts are 60 and 120 nm, respec-
tively, the ratios of wires and belts in the prepared nanostruc-
tures are 63% and 37%, respectively, and a critical size of the
shape transition from wire to belt is about 90 nm. Moreover,
growth directions of nanowires and nanobelts are �200� and
�211�, respectively. We need to point out the reason that the
�200� growth direction of the nanowires in this case is dif-

ferent from the �002̄� growth direction of the nanowires
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described in Ref. 30 is mainly due to the nanostructures not
growing on the same substrate. In the case of Ref. 30, there
are two substrates, i.e., substrates 1 and 2. On substrate 2, the

growth direction of the nanowires is not only along �002̄�,
and the �301� growth direction is also observed in the nano-
wires with little Sn nanocrystal or SnO2 nanocrystal. Simi-
larly, some nanobelts grow along the �301� direction, and
some ones grow along the �211� direction on substrate 1.30

Additionally, the SnO2 nanoribbons can grow along the �110�
direction or along the �203� direction,31 and the ZnO nano-

belts can grow along the �0001� direction or along the �011̄0�
direction.32 Accordingly, these experimental results reveal
that �i� the shape formation in the 1D SnO2 nanostructure
growth is size dependent; �ii� the optimal size of nanobelts is
two times larger than that of nanowires; �iii� the ratios of
wires and belts in the total synthesized nanostructures are
63% and 37%, respectively. Well known, 1D nanostructures
grown by the VLS process are natural candidates.23,33 How-
ever, there exists a fundamental issue: which physical and
chemical mechanisms cause the size dependence of the shape
formation during the 1D nanostructure growth by the VLS
process. In the following section, we propose a series of
theoretical analyses to pursue the issue on the basis of those
observations above.

Nucleation thermodynamics. Generally, the Gibbs free en-
ergy is an adaptable measure of the energy of a state in phase
transformation among competing phases. Thermodynami-
cally, the phase transformation is promoted by the difference
of the Gibbs free energies.34 Therefore, we perform the
nucleation of SnO2 on the basis of the thermodynamic nucle-
ation at the nanometer scale.26,27 Considering the nanowire
growth originates from the column-shape nuclei, and the for-
mation of nuclei of the nanowire shown in Fig 1�b� is a
process of the reaction precursors extracting from the satu-
rated Au catalyst,30 the Gibbs free energy difference of a
column-shape nucleus is expressed

�G1 = − �gv�r1
2L1 + �r1

2��1 + �1�� + 2�r1L1�1, �1�

where �1 and �1� are the nucleus-vapor and the nucleus-
liquid interface energies, and the r1 and L1 are the radius and
the height of the nucleus. The �gv=−RT /Vmln�P / Pe� is the
Gibbs free energy difference per unit volume, in which T, R,
and Vm are the temperature, the gas constant, and the mole
volume, and .P and Pe are the partial pressure of the Sn and
the Sn vapor phase pressure in the thermal equilibrium co-
existence with the liquid of composition in a flat surface.
From Eq. �1�, we deduce that the critical radius of r*

1, the
critical height of L*

1, and the critical energy of �G*
1 of

FIG. 1. �a� Low-magnifying FESEM image of SnO2 nanowires and nanobelts. �b� High-magnifying FESEM image of a nanowire, in
which a corresponding HRTEM image and SAD are shown below left right, respectively. �c� High-magnifying FESEM image of a nanobelt
�the white line contrast on the nanobelt is another nanobelt whose wider plane of the cross-section inclines extremely towards left inside so
as to seem thinner than the practical size�, in which a corresponding HRTEM image and SAD are shown below left right, respectively. �d�
The SEM statistics result of the radial size distribution of nanowires and nanobelts in the total prepared 1D nanostructures.
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nuclei are 2�1 /�gv, 2��1+�1�� /�gv, and 4��1
2��1

+�1�� /�gv
2. Considering the nanobelt growth originates

from the rectangle-shape nuclei. Note that, we use square-
shape nuclei instead of rectangle-shape nuclei for simplify-
ing the calculation in our case. Thus, the Gibbs free energy
difference of a rectangle-shape nucleus is expressed

�G2 = − �gvr2
2L2 + r2

2��2 + �2�� + 4r2L2�2, �2�

where �2 and �2� are the nucleus-vapor and nucleus-liquid
interface energies, and the r2 and L2 are the side length and
the height of the nucleus. Similarly, we have that the critical
radius of r*

2, the critical height of L*
2, and the critical energy

of �G*
2 of nuclei are 4�2 /�gv, 2��2+�2�� /�gv, and

16�2
2��2+�2�� /�gv

2. Considering different growth direc-
tions of nanowires �the �200� direction� and nanobelts �the
�211� or the �301� direction�, Au catalyst, and the VLS nucle-
ation mechanism,27,28 �1 and �2 are 1.14 and 2.14
�or 1.82� J m−2,35,36 �1� and �2� are 1.32 and 1.82
�or 1.66� J m−2,27,37 T and Vm are 1223 K, and
16.24 cm3/mole, and P and Pe are 3.29 and 1.047 Pa. Ac-
cordingly, r*

1 and L*
1 of nanowire nuclei are calculated to be

3.18 and 6.86 nm, r*
2 and L*

2 of nanobelt nuclei are calcu-
lated to be 11.94 �the �211� direction� or 10.18 nm �the �301�
direction� and 11.05 �the �211� direction� or 9.73 nm �the
�301� direction�, and the size dependence of the nanowire
and nanobelt nucleation is shown in Fig 2. Clearly, the radial
size of the critical nucleus of nanobelts is approximately two
times larger than the diameter of the critical nucleus of nano-
wires. Moreover, the nucleation energy of nanowire nuclei is
lower than that of nanobelt nuclei that means that the nucle-
ation probabilities of nanowires is higher than that of nano-
belts, which are well consistent with our observations that
the ratios of wires and belts in the total synthesized nano-
structures are 63% and 37%, respectively.

Growth kinetics. Once the nucleation takes place, the in-
creases in volume afforded by the continuous supply of the
reaction precursors extracting from the saturated Au catalyst

contributes to the increases in two feature sizes, radial size,
and height, of nanowires and nanobelts on the basis of the
VLS process.27,28,38 The growth mechanism sketch map of
the nanowire or the nanobelt is shown in Fig. 3�a�. Thus, the
radial growth rate of 1D nanostructures determines their final
size. Well known, the surface free energy of nuclei and the
concentration of the reaction precursors play key roles in the
growth of nuclei,39 in which the surface free energy is con-
sisted of the surface energy38,40,41 and the strain energy.41,42

Meanwhile, the supply of the reaction precursors comes from
the axial direction reaction precursors extracting from the
saturated Au catalyst. The supply mechanism lead to the
growth of the radius and height of 1D nanostructures, i.e., �i�
axial supply resulting in an augment in the height �Paa�, �ii�
axial supply resulting in an augment in the radius �Par� as
follows:41

FIG. 2. The nucleation energies of a column-shape nucleus of
nanowires and a rectangle-shape nucleus of nanobelts growing
along the �211� and the �301� directions, respectively.

FIG. 3. �a� The growth mechanism sketch map of the 1D nano-
structure �the radial cross section of the nanowire or nanobelt is
shown here�. �b� The growth rates of nanowire and nanobelt.
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Pij =

exp�−
�Eij

KT
�

�
i,j

exp�−
�Eij

KT
� , �Eij = �ESij + �ETij, i, j = a,r .

�3�

K is the Boltzman constant and T is the growth temperature.
Thinking of the free energy �Eij gaining in each case, we
assume that the radial size of nanowires and nanobelts is
large enough to make the surface energy �ESij much smaller
than the strain energy �ETij. Thus, in each case, �ETij is
written by:41 �ETaa=Em�1−�m��a

2, �ETar=Em�m�a
2, where

Em is the elastic modulus, �m is the Poisson’s ratio of nano-
wires or nanobelts, and �a is the strain in the axial. There-
fore, �t, the volume additivities of nanowires along the radial
and axial are shown as follows:41

1

4
L1�t�d1�t�

�d1�t�
�t

= A
1

4
Pard1�t�2, �4�

1

4
d1�t�2�L1�t�

�t
= 2A

1

4
Paad1�t�2. �5�

Similarly, in the case of nanobelts, we have

1

4
L2�t�d2�t�

�d2�t�
�t

= A
1

4
Pard2�t�2, �6�

1

4
d2�t�2�L2�t�

�t
= 2A

1

4
Paad2�t�2, �7�

where d1�t� and d2�t� are the diameter �which is the function
of the time t� of nanowires and the side length �which is the
function of the time t� of nanobelts, L1�t� and L2�t� are the
height �which is the function of the time t� of the nanowires
and the nanobelts, A is the constant that is relative with the
growth. In Eq. �4�, the left section of the equation is the
radial volume increase of the nanowire and the right section
of the equation is the volume increase resulting from the
axial supply precursors extracting from the Au catalyst,
which leads to the augment of the radius of the nanowire. In
Eq. �5�, the left section of the equation is the axial volume
increase of the nanowire and the right section of the equation
is the volume increase resulting from the axial supply pre-
cursors extracting from the Au catalyst, which leads to the
augment of the height of the nanowire. Meanwhile, in Eq.
�6�, the left section of the equation is the radial volume in-
crease of the nanobelt and the right section of the equation is
the volume increase resulting from the axial supply precur-
sors extracting from the Au catalyst, which leads to the aug-
ment of the side length of the nanobelt. In Eq. �7�, the left
section of the equation is the axial volume increase of the
nanobelt and the right section of the equation is the volume
increase resulting from the axial supply precursors extracting
from the Au catalyst, which leads to the augment of the
height of the nanobelt. Neglecting the difference in strain
energies in every type of growth, we attain approximate con-
clusions as follows:

d1�t� � �2�t + 2r*
1

2��1/2, d2�t� � 	2�t +
r*

2
2

2
�
1/2

, �8�

where t is the growth time of nanostructures after nucleating,
and r*

1 and r*
2 are critical sizes of nanowires and nanobelts.

According to Eq. �8�, the growth rates of nanowires and
nanobelts are shown in Fig. 3�b�. Distinctly, both growth
rates of nanowire and nanobelt are basically the same during
the growth of nanostructures. Therefore, the final size of
nanobelts is approximately two times larger than that of
nanowires, as r*

2 is double that of r*
1. This theoretical result

is well in agreement with our findings shown in Fig. 1�d�.
Shape transition thermodynamics. During the initial stage

of the growth of nanowire nuclei, there are two probabilities
of the shape transitions. One is from the wire nuclei to belt

FIG. 4. Dependence of the Gibbs free energy of the shape tran-
sition during the initial stage of the nuclei growth. �a� The shape
transition from the wire nuclei to the belt nuclei that grows along
the �211� direction on the radial size of the nanowires nuclei under
conditions of d1=150, 175, and 200 nm, respectively, and L1

=12 nm. �b� The shape transition from the wire nuclei to the belt
nuclei that growing along the �301� direction on the radial size of a
nanowires nuclei under conditions of d1=150, 175, and 200 nm,
respectively, and L1=12 nm.
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nuclei with an increase to the volume of nanowire nuclei,
and another one is from the belt nuclei to wire nuclei with
and increase to the volume of nanobelt nuclei. In order to
clarify which shape transition is preferable in thermodynami-
cal, we need to compare the Gibbs free energies of wire and
belt nuclei. Therefore, the Gibbs free energy of the shape
transition, i.e., the Gibbs free energy difference between wire
nuclei and belt nuclei, is given as �G=V�P+��S,43 where
�P is a pressure difference between nanowire nuclei and
nanobelt nuclei, which is small enough to ignore. V
=�d1

2L1 /4=d2
2L2 is the volume of nanowire nuclei and

nanobelt nuclei, in which d1 and L1 are the diameter and
height of nanowire nuclei, and d2 and L2 are the side length
and height of the nanobelt nuclei, and L2=�d1

2L1 /4d2
2. � is

the surface energy difference of the �200� plane of nanowire
nuclei and the �211� plane of nanobelt nuclei. �S is the sur-
face area difference between nanowires nuclei and nanobelt
nuclei. Thus, �G can be expressed

�G = �2�4d2L2 + d2
2� + �2�d2

2 − �1��d1L1 + �d1
2/4� − �d1

2�1�/4.

�9�

According to Eq. �9�, when d1 is equal to 150, 175, and
200 nm and L1=12 nm, the relationships between �G and d2
are shown in Fig. 4�a�. Clearly, three curves intersect at the A
point ��G=0 and d2=43 nm�, and �G�0 in these regions
of AB, AC, and AD. In detail, in these regions, �G�0 means
the Gibbs free energy of nanowire nuclei is larger than that
of nanobelt nuclei, suggesting that the shape transition from
wire nuclei to belt nuclei is probable. In instance, the nano-
wire nuclei with diameters of 150, 175, and 200 nm could
transform into the nanobelt nuclei with radial sizes of 60, 70,
and 80 nm, respectively. Note that, �G�0, when d1
�120 nm, implying that the shape transition from wire nu-
clei to belt nuclei of nanowire nuclei with the diameter less
than 120 nm is not thermodynamically expected. When the
nanobelts grow along the �301� direction, according to the
Eq. �9�, the relationships between �G and d2 are shown in
Fig. 4�b�. Clearly, three curves intersect at the E point ��G

=0 and d2=34 nm�, and �G�0 in these regions of EF, EG,
and EH. The nanowire nuclei with diameters of 150, 175,
and 200 nm could transform into the nanobelt nuclei with
radial sizes of 60, 70, and 80 nm, respectively. Note that,
�G�0, when d1�90 nm, implying that the shape transition
from the wire nuclei to the belt nuclei of nanowire nuclei
with the diameter less than 90 nm is not thermodynamically
expected. To sum up, the difference between the calculation
results according to two different growth directions of the
nanobelts is not so large that the conclusions are basically
consistent and acceptable. Therefore, the larger nanowire nu-
clei sizes are, the easier the shape transition from wire nuclei
to belt nuclei is, from the viewpoint of thermodynamic driv-
ing force. In fact, these theoretical predictions are not only
consistent with experiments shown in Fig. 1�d�, but also are
physical origins of the experimental observations that both
the wire formation with small size and the belt formation
with large size are favorable during the growth of nanostruc-
tures.

In summary, we have systematically investigated the
physical and chemical mechanisms of the shape evolution of
1D SnO2 nanostructures in both experimental and theoreti-
cal. Based on experiments and theories, we found that the
thermodynamic driving force, the Gibbs free energy differ-
ence between two phases, is always responsible for the shape
choice in the different growth stages such as nucleation,
growth, and structural transition of 1D nanostructures, im-
plying that the thermodynamic driving force is one of the
physical origins causing the interesting morphological trans-
formation in the growth of 1D nanostructures. Meanwhile,
our studies suggested that the revealed physical mechanisms
could be expected to generally apply to control the shape of
1D nanostructures during the growth for purpose of funda-
mental researches and potential applications.
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