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The  synthesis  of  ordered  copper  oxide  (CuO)  nanorod  arrays  has been  obtained  using a seed-mediated
hydrothermal  method.  Aligned  CuO  nanorods  were  obtained  on  fluorine  doped  tin oxide  glass substrates
over a large  scale  at  low  temperature  ranging  from  75  to  85 ◦C.  It is found  the  CuO  nanoseeds  play  an
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important  role  to facilitate  the  growth  of  those  aligned  CuO  nanorods.  The  band  gap  energy  of  the  CuO
nanorods  was  estimated  by  ultraviolet–visible  absorption  spectroscopy.  The  growth  mechanism  of  this
method  was  also  investigated.

© 2011 Elsevier B.V. All rights reserved.
emiconducting materials

. Introduction

As a p-type semiconducting material with band-gap of 1.2 eV,
opper oxide (CuO) has been widely used in various applications,
uch as dye-sensitized solar cells [1],  heterogeneous catalyst [2],  gas
ensors [3] and lithium–copper oxide electrochemical cells [4],  etc.
uO is also renowned for its central function in cupric based high
c superconductors [5],  in which its Cu valence electrons and their
pin fluctuation dominate the characteristics of superconductivity.
uO nanostructures are expected to improve the performance of
hese devices as well as to open up new applications. Therefore, the
abrication of nanostructured CuO shows significant importance
oth in terms of fundamental studies and commercial applica-
ions. Recently, various CuO nanostructures, such as nanowires
6], nanotubes [7],  nanoribbons [8] and nanoplates [9],  have been
uccessfully synthesized by various techniques, including thermal
xidization of Cu foil [10], hydrothermal method [11,12],  tem-
lating method [13], microwave-assisted hydrothermal synthesis
ethod [14,15],  and electrospinning [16], etc. Any methods that

an yield production of large-area CuO nanorod arrays, of course at
n acceptable cost, are welcome to facilitate the realistic applica-
ions of CuO nanorods. However few studies have been reported on
he synthesis of well aligned CuO nanorod arrays on the conduct-

ng glass substrate at a large scale, with low temperature and easily
doptable. In this paper, the strategy for obtaining well aligned
nd large scale CuO nanorod arrays on the conducting glass will
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be discussed. We  used a seed-mediated growth method [17–19]
to fabricate vertically aligned CuO nanorods on fluorine doped
tin oxide (FTO) glass at low temperature of 75–80 ◦C by using a
hydrothermal method. It is found that coating the substrate with a
layer of CuO nanoseeds is favorable for the growth of those aligned
CuO nanorods.

2. Experimental details

Synthesis of CuO nanorods was carried out by using a CuO nanoseed-mediated
growth method. In a typical process, CuO nanoseed particles were first grown on
FTO  glass via an alcohothermal method [20]. Specifically, a clean FTO glass substrate
(2  cm × 3 cm)  was  wetted with a 10 mM ethanolic solution of copper acetate mono-
hydrate (Cu(CH3COO)2·H2O) for 10 s. After dried in air, this substrate was annealed
at  100 ◦C for 1 min  to enhance the adhesion. Then the substrate was  annealed at
250 ◦C for 2.5 h to obtain the CuO nanoseeds layer. Aligned CuO nanorod arrays were
prepared by dipping this substrate 5 cm under the solution of a mixture of equimo-
lar  25 mM copper nitrate trihydrate (Cu(NO3)2·3H2O) and hexamethylenetetramine
(HMTA, C6H12N4) in deionized (DI) water and being heated with an electric-heated
water bath. This heating process was performed for 2–5 h with different growth
temperature varied from 70 to 85 ◦C. Then the substrate was taken out from the
growth solution. A homogeneous red brown layer was observed full of the surface
of  FTO glasses. The samples were rinsed with DI water softly several times and dried
in  air flow.

The morphology of the CuO nanorods was evaluated by field emission scanning
electron microscopy (FESEM, JSM-7000F, JEOL). The crystal structure of the CuO
nanorods was inspected by X-ray diffractometer (Rigaku D8) with Cu K� radiation
(� = 0.15406 nm). Data acquisition was accomplished for 2� values varied from 20◦

to 80◦ at a step length of 0.02◦ . The UV–visible (UV–vis) absorption spectrum of the
products was recorded by a UV–Vis spectrophotometer (Shimadzu UV2450).
3. Results and discussion

Three samples were selected as the typical results in this work,
which were grown at temperature of 85, 80 and 75 ◦C for 4 h for
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ig. 1. XRD spectra of CuO nanorods grown on FTO glass substrates at temperature
5, 80 and 75 ◦C for 4 h for samples #1, #2 and #3, respectively.

amples #1, #2 and #3, respectively. The structure and the phase
f the CuO nanostructures were characterized by using XRD tech-
ique. Fig. 1 shows the typical XRD spectra of the CuO nanorods for
amples #1, #2 and #3 respectively. It is found the XRD spectra of
he three samples are almost the same as each other, which indi-
ates the grown CuO nanorods have the similar crystal structures.
he strongest peaks marked as asterisks are corresponding to the
rystal structures of SnO2, which come from the substrate of FTO
lasses. For the peaks corresponded to CuO, six peaks at 32.54◦,
5.56◦, 38.75◦, 53.56◦, 63.84◦ and 68.12◦ respectively, are clearly
ecognized (Fig. 1), which can be well indexed to the monoclinic-
hase CuO, with lattice parameters a = 0.689 nm,  b = 0.3420 nm,

 = 5.130 nm and  ̌ = 99.57◦ (JCPDS Card No. 89-5899). The relatively
eak peaks compared with those from the substrate are possibly
ue to the low growth temperature adopted. The broad Bragg peaks

f CuO in the current measurement could be related to small crys-
allite size of the nanorods. No characteristic peaks from impurities,
uch as Cu(OH)2 or Cu2O, can be obviously observed. EDX data
hows the molar ratio of Cu and O is 1:1.04, which is consistent

ig. 2. SEM images of CuO nanorod arrays on FTO glass substrates for samples #1 (a), #2 

f  (c).
mpounds 511 (2012) 195– 197

with the chemical composition of CuO, indicating high purity of
those CuO nanorods.

Fig. 2(a)–(c) shows the side view FESEM images of the typ-
ical CuO nanorod arrays growing on FTO glass substrates. From
Fig. 2(a)–(c), two layers are clearly observed. The bottom dense
layer is the CuO nanoseeds, with thickness of about 300 nm.  On
the nanoseeds layer, while the entire substrate surface is covered
by vertically aligned CuO nanorods. The detail morphology of the
samples shows these nanorods are not uniform along the length.
They have tapered tips with smaller diameters. Inset of Fig. 2(c)
shows the top view of sample #3, in which the tapered tips can be
clearly observed.

It is reported that several parameters affect the size and shape
of CuO nanorods grown from solution, such as temperature, molar
ratio of Cu2+ and OH–, reaction time and concentration of the solu-
tion [21–23],  etc. Especially the morphologies of CuO nanorods
are dramatically affected by the growth temperature. From the
SEM images of the samples synthesized with the same method
except adjusting the growth temperatures (Fig. 2(a)–(c)), it is
found the average diameter of nanorods decreases with the growth
temperature. The average diameter of these nanorods was  about
56 nm for growing at 85 ◦C, while larger diameter nanorods were
obtained with lower heating temperature. For example, the aver-
age diameters were 60 and 73 nm when growing at 80 ◦C and 75 ◦C,
respectively. The mechanism of this dependence of size on growth
temperature may  be explained as following. When heated in solu-
tion, HMTA will be decomposed to produce ammonia [24], which
then further hydrolyzes to provide OH−. The OH− ion will react
with copper nitrate to produce the insoluble copper hydroxides.
The concentration of OH− will increase with growth temperature
for fast decomposition speed of HMTA in high temperature. Then
more insoluble copper hydroxides are formed. This will increase
the supersaturation ratio of the insoluble copper hydroxides, facil-
itating the formation of smaller nanorods with higher density
according to the nucleation theory [25,26]. To reveal the role of
the seeds for the CuO nanorods growth, samples were also pre-

pared using the same method and conditions as above except that
the nanoseeds were omitted. No nanorod was  observed if there
was no such seed layer. Contrarily, if the nanoseed layer presented,
CuO nanorods can also grow on other solid supports by the same

(b) and #3 (c) respectively. The top morphology of sample #3 is shown as the inset
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ig. 3. UV–vis optical absorption spectra with 4 h for samples #1–3 on FTO glass
ubstrates (a), and the (Rh�)2 as a function of h� (b) according to the data from (a).

ethod, such as silicon wafer and micro microscope slide, etc. As
een in Fig. 2(c), small oriented nanocrystals are formed in the seed
ayer. These nanocrystals can produce the necessary nucleated sites
or the nanorods growing afterwards. The thickness of the seed
ayer also effects on the final morphologies. Relative thin seed layer
s preferred. To ensure the orientation and uniformity of the seed
lm, here seed layer with thickness of 50–300 nm is adopted in
his work. When using thick seed layer, these nanocrystals are ran-
omly orientated or form big crystals, thus retarding the nanorods
rowth.

For the determination of the band gap, UV–vis absorption spec-
ra of the CuO nanorod arrays of samples #1–3 are shown as curves
–3 in Fig. 3(a), respectively. The absorption peaks are centered
t 378, 398 and 439 nm for samples #1–3. The frequency depen-
ence of the absorption coefficient of semiconductors is given by:
h� = a(h� − Eg)n, where A is the absorption coefficient, � is the fre-
uency of photons, a is a proportionality constant, n = 1/2 for direct
ransitions and n = 2 for indirect transitions [27–29].  The (Ah�)2

s a function of h� in Fig. 3(b) has plotted according to the data
rom Fig. 3(a). The curves in the visible range can be linearly fit-
ed, indicating that the absorption edge is due to a direct allowed
ransition [19]. According to the prolongation of linear section, the
ptical band gap energy is calculated to be 2.2, 2.1, and 1.8 eV for
amples #1, #2, and #3, respectively (Fig. 3(b)). These values are
arger than the reported value of bulk CuO (1.2 eV) due to quan-
um confinement effects [30]. The band gap of the CuO nanorods
rown at high temperature is larger than that of the sample grown
t lower temperature due to large size confinement effects caused
y their relatively smaller diameter. The optical absorption spectra
hift toward higher energy with decrease in size of the nanorods.
. Conclusions

In this paper, we presented a simple seed-mediated approach
or growing large-scale, uniform vertically oriented CuO nanorods

[
[

[

pounds 511 (2012) 195– 197 197

on FTO glass substrates by hydrothermal method. The size of the
substrate is only limited by the growth chamber. The UV–vis spec-
tra show these CuO nanorods have band gaps of 2.2, 2.1, and 1.
8 eV for growth at 85, 80, and 75 ◦C, respectively. Therefore, this
method can produce aligned CuO nanorods at a large scale at low
temperature, which is useful for the application of CuO nanorods
and helpful to grow nanorod arrays of other materials.
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