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The melting behavior of Zn nanowires embedded in the holes of porous anodic alumina membrane
with different diameters was studied by using the differential scanning calorimetry. The crystalline
structure and morphology of Zn nanowire arrays were characterized by x-ray diffraction and
transmission electron microscopy. The melting temperature of Zn nanowire arrays shows the strong
dependence on nanowire sizes. The melting temperature was curvilinear with the reciprocal of the
diameter of nanowires with the change of the diameter, which was discussed in terms of
size-dependent heat of fusion change. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2199469�
As one of the most important one-dimensional �1D�
nanostructures, metal nanowires have attracted a great deal
of research interest in recent years, because of their impor-
tance in fundamental low-dimensional physics research as
well as in technological application.1–3 To implement these
nanowires’ building blocks for nanoscale electronics,4,5 their
melting properties, which are one of the basic properties of
materials, have to be carefully considered because of their
extremely fine sizes and high surface areas. However, most
studies on the melting properties of nanomaterials are fo-
cused on the nanoparticles, and only a few relate to the nano-
wires. The reported results show that the melting behavior of
nanowires has exhibited dramatically different character
from that of their bulk counterpart.6–14 Using the molecular
dynamics �MD� simulation method, Wang et al.10 have in-
vestigated the melting behavior of ultrathin nanowires,
which reveals that the melting of nanowires starts from the
interior atoms. Wu and Yang et al.12 reported the melting
process of the single Ge nanowire using in situ transmission
electron microscopy, which indicated that the melting of the
Ge nanowire started at the two ends of the nanowire. Al-
though these studies accounted for the general feature of the
melting transition, the size-dependent melting behavior of
the nanowire arrays with different diameters is still scarce. In
this letter, we employed the direct current electrodeposition
method to prepare the Zn nanowire arrays in the holes of the
porous anodic alumina membrane �PAAM� with the diameter
from 22 to 225 nm, respectively, and we also discussed the
influence of the diameter on the melting point.

The PAAM templates were prepared according to the
method proposed by Masuda and Fukuda15 of using a two-
step anodization process as described previously.16 Prior to
anodizing, high-purity aluminum foils �99.999%� were an-
nealed in a vacuum of 10−3 Pa at 500 °C for 5 h to remove
the mechanical stress and to obtain the homogenous struc-
ture. To prepare the PAAM with different diameters, anod-
ization was first carried out in different acid solutions �0.3M
H2SO4, 0.3M H2C2O4, or 0.1M H3PO4� at 2 °C for 4 h,
respectively. After removing the alumina layer formed at the
above step in a mixture of phosphoric acid �6 wt % � and
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chromic acid �1.5 wt % �, the aluminum foils were oxidized
again in the same condition for 20 h. After the second anod-
ization, the PAAM template was etched by a saturated SnCl4
solution to remove the remaining aluminum. The alumina
barrier layer was then dissolved in 5 wt % H3PO4 solution at
30 °C. Finally, a layer of Au film �about 200 nm in thick-
ness� was sputtered onto one side of the PAAM template to
serve as the working electrode. The Zn nanowires were elec-
trodeposited into the holes of the PAAM from the electrolyte
containing a mixture of 100 g/L ZnSO4·7H2O, 40 g/L
ZnCl2, and 40 g/L H3BO3 solution. The pH value of the
solution was adjusted to 5 with 1M NH3·H2O.

X-ray diffractometer �Philips X’Pert� with Cu K�1 radia-
tion ��=1.540 56 Å� and transmission electron microscopy
�TEM, JEM-2010� were used to study the crystalline struc-
ture and morphology of nanowires. For x-ray diffraction
�XRD� measurements, the overfilled nanowires on the sur-
face of the PAAM template were mechanically polished
away. For TEM observation, the PAAM was completely dis-
solved with 1M NaOH solution, and then the residual nano-
wires were rinsed with absolute ethanol for several times.
Differential scanning calorimetry �DSC� experiments were
carried out with a Perkin-Elmer Pyris Diamond DSC equip-
ment. The measured DSC trace was the collective result of a
bundle of Zn nanowires embedded in the holes of PAAM.
The heat flow was recorded at the scanning rate of
10 °C/min.

Figure 1�a� shows the typical XRD pattern of the as-
prepared sample with the diameter of 45 nm together with
the standard diffraction peaks of hexagonal close packed
�HCP� phase Zn �JCPDF 04-0831�. It can be seen that all
peaks of the samples can be indexed to the HCP phase. The
intensity of �002� planes is higher than that of others, which
indicates that the Zn nanowires have a preferred orientation
along the �001� direction. Moreover, we have checked Zn
nanowires with different diameters and found that they have
the same HCP structure and the preferred orientation. Figure
1�b� shows a typical TEM image of Zn nanowires. It is clear
that the nanowires have a high-aspect ratio and the diameter
is uniform. In the electrodeposition process, Zn nucleates at
the bottom of the pores and grows along the pores to the top.
The diameter of nanowires is restricted by the diameter of
pores of PAAM, and the length of the nanowires is the same

as the thickness of the PAAM used. Meanwhile, the PAAM
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has the ordered pore arrangement and the uniform diameter
of the pore. So, the diameter of nanowires is uniform.

Figure 2 shows the heating measurement DSC curves of
Zn nanowire arrays with different diameters. There is one
endothermic peak locating around the melting point of Zn
that appears in each curve, and the peak is related to the
melting fusion of Zn nanowires. One important fact is that
the size-dependent endothermic peak of the nanowires is ob-
served. It is clear that the onset point of the endothermic
peak shifts to low temperature with the decrease of the
diameter.

Figure 3�a� is the relation between the melting tempera-
ture and the diameter of Zn nanowires. The size-dependent
nature of melting temperature for Zn nanowires is apparent
in our experiments. One can see that the melting temperature
decreases with the diameter of nanowires decreasing. More-
over, the smaller the diameter of nanowires becomes, the
faster the melting temperature decreases. The mutative trend
of the melting point for Zn nanowires resembles that for
nanoscale particles which has been reported.17–19

The melting temperature depression for materials in con-
fined geometry has been simulated with a confined 1D liquid
model.19–21 Within this model, the decrease of the melting
point �T can be related to the diameter �D� of nanowires as
follow:

�T = T0 − Tm�D� = 4���T0/�HfD , �1�

where �Hf is the heat of fusion, T0 is the melting point of
bulk material, Tm�D� is the melting point of nanowires, � is
the molar volume of a liquid at the melting point Tm�D�, and
�� is the difference between the solid/wall interfacial energy
and the liquid/wall interfacial energy. From Eq. �1�, it can be
seen that Tm should show a linear dependence on 1/D ac-

FIG. 2. DSC trace of Zn nanowire arrays with diameters of 25 nm �curve a�,
45 nm �curve b�, 65 nm �curve c�, 90 nm �curve d�, 145 nm �curve e�, and

225 nm �curve f�.
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cording to the viewpoint of classical thermodynamics. To
explore the size dependence of the melting temperature for
Zn nanowires, we plotted the melting temperature Tm versus
the reciprocal diameter �1/D� of Zn nanowires in Fig. 3�b�
and found that the Tm�D� obviously deviated from the linear
relation with the diameter though they were a roughly linear
relation when the diameter was lower than 65 nm �as curve a
shown in Fig. 3�b��.

Many works have discussed the melting mechanism of
metal materials. On the one hand, Hui et al.14 reported that
the atomic structures of nanowires played a significant role
on determining the melting behavior of nanowires. The dif-
ferences of the interior structures for the nanowires could
induce the change of melting point of nanowires because the
melting of nanowires started from the interior atoms. On the
other hand, it has been reported that with respect to the
nanoscale particles, the heat of fusion �Hf is size
dependent.17,22,23 As for the linear deviation of the melting
temperature, with the change of the diameter of nanowires in
our case, we think that the heat of fusion �Hf change should
be considered because Zn nanowires with different diameters
have the same HCP structure and the same preferred orien-

FIG. 1. The XRD pattern of Zn nanowire arrays �a� and
TEM image of Zn nanowires with the diameter of
45 nm �b�.

FIG. 3. Melting temperature Tm of Zn nanowire arrays as a function of the

diameters �a� and as a function of the reciprocal of the diameters �b�.
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tation. According to the report of Lai et al.,17 we can obtain
the expression for the heat of fusion �Hf in terms of the
diameter of nanowire D, as shown in the following equation:

�Hf = �H0�1 − 2t0/D�2, �2�

where �H0 is the heat of fusion for bulk materials, and t0 is
the given critical thickness of liquid overlayer covering the
cylindrical core at the melting temperature Tm. It can be seen
from the Eq. �2� that with the increase of diameter D the
value of t0 /D obviously decreases, which results in the ob-
vious increase of the heat of fusion �Hf. Therefore, accord-
ing to Eq. �1�, the relation between Tm�D� and 1/D should be
curvilinear, and this is in agreement with the result of Fig.
3�b�.

Moreover, if we linearly extrapolate the melting tem-
perature from the small diameter to the bulk Zn, it is about
414.3 °C �as line b shown in Fig. 3�b�� lower than the ex-
perimental value of 419.58 °C.24 There are two reports that
give similar results. The first one is the MD simulation in the
heating process of titanium nanowires by Wang et al.10 The
extrapolated bulk melting temperature of 1542 K is also re-
markably lower than the experimental value of 1943 K for
bulk titanium. The second one is also the MD simulation on
the Ni nanowires by Wen et al.25 All these studies have got-
ten significantly lower melting temperature of the bulk when
linearly extrapolating from the nanowires studies. However,
if we extrapolate the curve from the large diameter to the
bulk Zn, we will find that the melting point is near the ex-
periment value for the bulk �as curve a shown in Fig. 3�b��,
which means that the �Hf change with the diameters should
be considered.

In summary, we have prepared Zn nanowire arrays using
a direct current electrodeposition in the holes of PAAM tem-
plates with different diameters. Using the differential scan-
ning calorimetry, the melting behavior of Zn nanowires has
been investigated. The melting temperature of Zn nanowires
has been found depending on the sizes of nanowires and
being curvilinear with the reciprocal of the diameter of the
nanowires due to the heat of fusion change with the change
of the diameter. Therefore, after understanding the nature and
the trend of the melting point change, it is possible to tune
the melting point of nanomaterials by simply controlling the
size of nanomaterials.
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