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Abstract

Flower-like ZnO on polyhedron CuO microstructures have been fabricated on Cu substrate via a simple hydrothermal method without any
surfactant at low temperature (70 1C). The time-dependent experiments indicated that flower-like ZnO and the polyhedron CuO crystallites were
obtained when the reaction time is 30 min and 1 h, respectively. Based on these experiments, possible growth mechanism was proposed to
account for the growth of the flower-like ZnO on polyhedron CuO. The different ionic radius and charge density of alkali metal hydroxide used to
generate Zn(OH)4

2� ions have significant influences on the growth of ZnO. The different concentrations of alkali metal hydroxide result in
different concentrations of Zn(OH)4

2� , which leads to the different rates of nucleation and crystal growth. The multinuclei aggregates serve as
the sites for the intrinsic growth of one dimension ZnO to form early forms of flower-like ZnO microstructures under hydrothermal conditions.
The strong electrolyte neutralizes the surface charges of the CuO, which causes the formation of dispersed CuO.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Semiconductors have attracted much interest due to their
physical properties and potential for diverse electronic and
photonic device applications [1]. Zinc oxide (ZnO) is one of the
most important and versatile semiconductors due to its wide band
gap (�3.37 eV), large exciton binding energy (�60 meV), and a
noncentral symmetric wurtzite crystal structure. Because the novel
properties of nanomaterials depend on their sizes and shapes,
various methods [2–5] have been developed for the synthesis of
ZnO with different sizes and shapes during the past several years.
Among these methods, the hydrothermal method has also attracted
considerable attention because of its simple, lower temperature,
higher yield and more controllable process [6–8]. Therefore, well-
defined ZnO nanostructures with an abundant variety of shapes
[9–13] have been obtained through the facile hydrothermal
method.

Among these shapes, the flower-like ZnO, as a special three-
dimensional structure of nano-ZnO, has been paid much attention
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in recent years. Flower-like ZnO microstructures composed of
nanorods are usually prepared with hydrothermal or solvent-
thermal methods, in which some polymers and surfactants are
used as the structure-directing agents. For instance, Raula and
coworkers have fabricated mainly flowerlike zinc oxide nanos-
tructures using the ascorbate ion as a shape-directing/capping agent
at relatively low temperature (30 and 60 1C) [14]. Zeng et al. have
prepared flower-like ZnO nanostructures by a polyethylene glycol-
assisted hydrothermal process at 80 1C [15]. With the introduction
of mannite, Feng et al. have synthesized hollow flower-like
complex superstructures assembled by ZnO nanorods via a simple
hydrothermal method [16].
In addition, some of the studies focused on the synthesis of

ZnO nanostructures on the substrate via inhomogeneous
nucleation. Wang et al. prepared flower-like ZnO particles
on various substrates such as amorphous glass, crystalline
quartz, and PET without any surfactant [17]. However, when
the reaction temperature is lower than 75 1C, ZnO crystals
cannot form on the substrates. Jia and coworkers have
fabricated large scale flower-like ZnO nanosheets on zinc
foil at 150 1C for 12 h by a simple hydrothermal method [18].
Lin and Jiang hydrothermally synthesized flower-like ZnO on
ghts reserved.
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glass and aluminum substrates, which demonstrated that
different substrates have important effects on the morphologies
of the ZnO nanostructures [19]. The results demonstrate that
the surface morphologies of the resulting ZnO nanostructures
are governed by the highly anisotropic surface energies of
the substrate. The crystal orientation of the substrate is one of
the main factors determining the surface morphologies of the
nanostructures. Xu and coworkers fabricated zinc oxide
nanorods on copper substrate by a hydrothermal reaction in
ammonia and zinc chloride solution without any surfactant at
95 1C in a sealed bottle [20]. Guo et al. prepared ZnO/CuO
heterohierarchical nanotrees array via a simple hydrothermal
approach combined with the thermal oxidation method on Cu
substrates [21].

CuO is an important p-type semiconductor with a narrow band
gap and has wide and potential applications [22–24]. By
combining the advantages of both nanostructures in a composite
a simple, reliable and cost effective synthesis route might be
realized [25]. Consequently, many combinations of CuO and
ZnO nanostructures have been investigated, but involve high
temperature (4500 1C) to oxidize a Cu foil to CuO followed by
the deposition of ZnO [26]. Jung et al. recently demonstrated the
fabrication of flower-like CuO–ZnO nanowire heterostructures by
photochemical deposition, which is a slow and rather expensive
process [27]. Zainelabdin and coworkers demonstrated hydro-
thermal synthesis of coral-like CuO nanostructures by selective
growth on ZnO nanorods (NRs) on ITO substrate at low tem-
peratures [25]. However, flower-like ZnO grown on polyhedron
CuO hydrothermally fabricated on Cu substrate is still not
reported. Moreover, copper substrate, as a good conductor, is
also rarely employed during other fabrication methods. Conse-
quently, it is necessary to investigate the effects of copper
substrate on morphologies of ZnO.

In the present work, flower-like ZnO grown on polyhedron
CuO were fabricated on copper substrate by a facile, cost-efficient
and environmentally-friendly hydrothermal method. The effects
of different alkali and concentration of Zn2þ and OH� on the
Table 1
Preparation conditions of ZnO products on Cu substrate synthesized in
deionized water.

Sample ZnAc2 � 2H2O
(M)

Alkali
(M)

H2O
(ml)

Temperature
(1C)

Time
(h)

1 0.035 NaOH 0.65 40 70 24
2 0.035 NaOH 0.55 40 70 24
3 0.035 NaOH 0.45 40 70 24
4 0.035 NaOH 0.35 40 70 24
5 0.035 NaOH 0.25 40 70 24
6 0.0175 NaOH

0.275
40 70 24

7 0.007 NaOH 0.11 40 70 24
8 0.035 KOH 0.65 40 70 24
9 0.035 KOH 0.55 40 70 24
10 0.035 KOH 0.45 40 70 24
11 0.035 LiOH 0.65 40 70 24
12 0.035 LiOH 0.55 40 70 24
13 0.035 LiOH 0.45 40 70 24
14 0.035 LiOH 0.25 40 70 24
morphologies of ZnO were discussed in some detail. In addition,
time-dependent experiments of morphology evolution process
were examined by field-emission scanning electron microscopy
(FESEM). On the basis of above experiments and mechanisms
Fig. 1. Typical SEM micrographs of ZnO prepared using NaOH on Cu substrate
(a, b)sample 1; (c, d) sample 2; (e, f) sample 3; (g, h) sample 4; and (I, j) sample 5.



en
si

ty
 (a

.u
.)

R. Shi et al. / Ceramics International 40 (2014) 3637–3646 3639
proposed previously, the possible growth mechanism of flower-
like ZnO on copper substrate was proposed.

2. Experimental section

2.1. Experimental procedures

All the reagents and solvents, which were purchased from the
Chinese National Medicine Group, were of analytical grade and
used as received without further purification. ZnO grown on
polyhedron CuO on Cu substrate were fabricated according to
following typical procedures. Briefly, the Cu foils (1 cm� 1 cm)
were ultrasonicated in alcohol and distilled water for about
10 min to refresh the surface, respectively. The 40 ml solution of
0.035 M Zn(AC)2 � 2H2O and 0.55 M sodium hydroxide is
magnetically stirred for 15 min in autoclave. Then the Cu
substrate cleaned is put into the bottom of reaction solution.
Subsequently, the autoclave is heated at 70 1C for 24 h. Finally,
the sample with a white deposition layer is rinsed with distilled
water and alcohol and dried in air for further characterization.
Other parallel experiments were carried out just by changing the
alkaline or the concentration of alkaline. Detailed preparation
conditions were summarized in Table 1. Additionally, the time-
dependent experiments were conducted to study the growth
mechanism of the ZnO and CuO microstructures.

2.2. Characterization

The morphologies and microstructures of as-synthesized
ZnO were investigated with a Quanta 200 FEG environmental
scanning electronic microscopy (ESEM) equipped with an
attached EDS system for elemental analysis (X-MAX50,
Oxford). XRD patterns of the samples were recorded on
a multipurpose X-ray diffraction system (D8 ADVANCE,
Bruker) with a Cu Kα radiation source.
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Fig. 3. XRD patterns of sample 2 prepared from precursor with 0.55 M NaOH.
3. Results and discussion

3.1. Role of sodium hydroxide

SEM analysis of samples 1–5 with various amounts of
sodium hydroxide is shown in Fig. 1. Fig. 1a and b shows the
Fig. 2. SEM images of sample 5 with 0.25 M NaOH (a) and EDS anal
hexagonal rod structured ZnO prepared with 0.65 M sodium
hydroxide (sample 1). The diameters of rods ranged from
400 nm to 1.7 μm. Further reducing the concentration of
sodium hydroxide to 0.55 M, flower-like ZnO with nonuni-
form petals were obtained (sample 2, Fig. 1c and d).
The diameters of petals ranged from 100 to 500 nm. When
the concentration of sodium hydroxide was lowered to 0.45 M,
the flower-like ZnO with few and nonuniform petals were
formed (sample 3, Fig. 1e and f). Then, many flower-like ZnO
consisted of rough short rods in diameters of 500 nm were
observed when decreasing the concentration of sodium hydro-
xide to 0.35 M (sample 4, Fig. 1g and h). When the
concentration of sodium hydroxide is further decreased to
0.25 M, flower-like ZnO and some irregular aggregates were
emerged (sample 5, Fig. 1i and j). It is worth to mention that
the polyhedrons were both observed when the concentration of
sodium hydroxide is 0.35 M and 0.25 M. The EDS results
demonstrated that the irregular aggregates comprised Zn and O
elements and the polyhedron only contained the Cu and
O elements. Furthermore, the atomic ratios of Zn to O and
Cu to O are both equal to 1:1, respectively (Fig. 2).
To confirm the phase composition the XRD experiment was

carried out. Fig. 3 revealed the crystal structure and phase
purity of the ZnO/CuO structures. It could be found that the
ZnO diffraction peaks are very weak, which is likely due to the
small amount of ZnO formed on the Cu substrate. However, all
ysis of point 1 (b) and point 2 (c). The sample coated with carbon.



Fig. 4. SEM images of lowering the concentration of Zn2þ and OH� (a, b) sample 6; (c, d) sample 7.
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ZnO diffraction peaks are clearly seen and match very well
with those of wurtzite ZnO (a¼3.253 Å, c¼5.209 Å, JCPDS
file No. 04-0831). The Cu diffraction peaks are very strong,
which match well with those of face-centered cubic Cu
(a¼3.6150 Å, JCPDS file No. 04-0836). In addition, the
crystallographic phase is in good agreement with the JCPDS
card (No. 05-0661, a0¼4.688 Å, b0¼3.423 Å, c0¼5.132 Å)
for the monoclinic CuO crystals. The above results indicated
that the irregular aggregates are ZnO and the polyhedron
products are CuO crystals.
3.2. Role of concentration

According to the above results it can be known that the
amount of NaOH solution has important effects on the ZnO
growth. In order to know the influence of the concentration of
Zn2þ and OH� on morphology the experiments of lowering
concentration of Zn2þ and OH� were performed. The sample
2 was investigated. The concentrations of sample 6 and sample
7 were reduced to one half and one fifth, respectively, while
keeping the ratio of Zn2þ and OH� the same as the sample 2.
Fig. 4 shows the morphologies of samples 6 and 7. Fig. 4a and
b indicated that some flower-like ZnO with nonuniform petals
and many polyhedron CuO were formed when lowering the
concentration of Zn2þ and OH� to one half (sample 6). The
diameters of petals varied greatly from 40 to 500 nm. Further
decreasing the concentration of sample to one fifth, it can be
seen that ZnO with irregular shapes on the polyhedron CuO
were fabricated (sample7, Fig. 4c and d).
3.3. Role of potassium hydroxide and lithium hydroxide

To investigate the effect of the used alkali metal hydroxide
molecules on the morphology of the ZnO, ZnO are fabricated
by using KOH and LiOH. Fig. 5 shows the morphologies of
samples 8–10 with different amounts of potassium hydroxide.
The flower-like ZnO was obtained when potassium hydroxide
is 0.65 M, 0.55 M and 0.45 M. However, the symmetry of
flower-like ZnO decreased with lowering the concentration of
potassium hydroxide and the diameters of petals also became
more and more nonuniform.
The SEM images of samples 11–13 with 0.65 M, 0.55 M

and 0.45 M lithium hydroxide are shown in Fig. 6. The
morphologies of ZnO prepared using lithium hydroxide were
totally different from ones using sodium hydroxide and
potassium hydroxide. Flower-like ZnO was not observed in
this case when lithium hydroxide is 0.65 M. Instead, irregular
ZnO crystallites with various sizes were obtained (sample 11,
Fig. 6a and b). And it is found that some small ZnO crystallites
grew on large ones. By decreasing the concentration of lithium
hydroxide to 0.55 M flower-like ZnO grown on irregular ZnO
was obtained (sample 12, Fig. 6c and d). Further reducing
lithium hydroxide to 0.45 M some spherical assemblies com-
prised many nanoleaves were formed on the irregular ZnO



Fig. 5. Typical SEM images of ZnO prepared using KOH on Cu substrate (a, b) sample 8; (c, d) sample 9; and (e, f) sample 10.
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(sample 13, Fig. 6e and f). When the concentration of lithium
hydroxide is further lowered to 0.25 M while keeping other
reaction parameters constant the similar spherical assemblies
also were observed (sample 14, Fig. 7a and b). The EDS
spectrums correspond to Cu and O, showing that the spherical
flowers are composed of Cu and O (Fig. 7c, d and e). And the
ratio of Cu and O is 1:1, which indicates the product was CuO.

On the basis of the above experimental results and analysis it
is easily found that the morphology of the zinc oxide is greatly
influenced by the alkali metal hydroxide, which should be
attributed to the different ionic radius of the octahedrally
coordinated cations Liþ , Naþ , Kþ and their charge density
[28]. Additionally, the sizes of the rods tend to be uniform upon
the erosion effect of extra base as reported [29]. Therefore, when
the concentration of KOH is reduced the sizes of petals become
nonuniform due to the lower concentration of OH� (Fig. 5).

3.4. Growth process and mechanism

To reveal the morphological evolution and formation
mechanism of ZnO on Cu substrate time-dependent experi-
ments were carried out. The morphological evolution of
sample 2 with 0.55 M NaOH on Cu substrate can be clearly
observed by varying the hydrothermal reaction time (Fig. 8).
When the reaction time is 10 min, irregular aggregations with
different sizes were obtained (Fig. 8a). When the reaction is
prolonged to 20 min, the early forms of flower-like ZnO with a
diameter about 1 μm were observed. The products mainly



Fig. 6. Typical SEM images of ZnO prepared on Cu substrate (a, b) sample 11; (c, d) sample 12; and (e, f) sample 13.
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consisted of several leaflike crystal structures around a single
center (Fig. 8b). And the size of the widest petal is about
500 nm. By increasing the reaction time to 30 min, flower-like
ZnO with more petals were formed (Fig. 8c). The diameters of
the petals do not vary significantly. Until now, we can
conclude that the flower-like structure of ZnO could be
produced when the reaction time is above 30 min. Using
the reaction time of 1 h, well-defined flower-like structures
were observed (Fig. 8d). It is worth to mention that the largest
diameter of the flower-like ZnO is 2 μm and the size of the
widest petal decreased to about 400 nm. In particular, a layer
of CuO crystallites on the surface of Cu substrate appeared.
However, the sizes of CuO crystallites ranged greatly. When
the reaction time is 2 h, flower-like structures comprised of
nonuniform petals with diameters about 2–3.5 μm were
obtained. Nevertheless, the largest diameter of the petals had
no significant change (Fig.8e). Moreover, it is obvious that the
sizes of CuO crystallites became large. Further extending the
reaction time to 4 h, more flower-like structures were formed
so that the CuO almost cannot be observed (Fig. 8f). And the
diameters of petals become more uniform and the numbers of
petals become more and more. However, the sizes of products
and the largest diameter of petals increased to about 3.5–4 μm
and 500 nm, respectively. When the reaction time is 6 h, the
sizes of polyhedron CuO became large and the largest diameter
can reach 1 μm (Fig. 8g). However, the sizes of flower-like
ZnO and petals had no evident change. When the reaction time
is 12 h, CuO crystallites almost cannot be observed due to



Fig. 7. SEM images of sample 14 prepared with 0.25 M LiOH on Cu substrate (a, b, c) SEM images and EDS spectrums of point 1 (d) and point 2 (e). Sample
coated with carbon.
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the formation of a large amount of flower-like ZnO (Fig. 8h).
Further increasing the reaction time to 24 h makes the flower-
like ZnO structures more defined in the function of Ostwald
ripening mechanism (Fig. 8i) [30]. Finally, the sizes of flower-
like ZnO increased to about 4–5 μm and the diameters of
petals became more uniform, whereas the wider petals can be
observed occasionally.

Based on the above experiments, it can be concluded that
flower-like ZnO and the polyhedron CuO crystallites were
obtained when the reaction time is 30 min and 1 h, respec-
tively. Regarding the formation of rod-like and flower-like
ZnO, the concentrations of Zn2þ and OH� must have played
key roles, since no template, organic additive, or surfactant
existed in the reaction system. Therefore, we propose the
following explanation for the formation of the rod-like and
flower-like ZnO microstructures and polyhedron CuO on Cu
substrate, and the schematic illustration of the formation
process and mechanism is presented in Fig. 9.

At the early stage of the reaction, when the concentration of
NaOH is 0.65 M, both nucleation and crystal growth are very
fast so that ZnO nuclei with high surface energy grow along
c-axis, which leads to the formation of numerous ZnO
nanorods randomly distributed (Fig. 1a and b). When the
concentration of sodium hydroxide is decreased from 0.65 M
to 0.55 M (0.45 M and 0.35 M), both the nucleation rate and
crystal growth of the ZnO crystal became relatively slower
than ones with 0.65 M sodium hydroxide. In general, slow
crystallization is required to form products with a thermo-
dynamically stable structure because the crystallizing partners
would aggregate and follow the lowest-energy path [31].
Consequently, at the beginning of the reaction, Zn2þ reacts
with sodium hydroxide to produce a suitable quantity of
growth unit of Zn(OH)4

2�( Eqs. 1 and 2). Afterwards, Zn
(OH)4

2� would transform into very tiny ZnO particles in situ
via the dehydration reaction under the hydrothermal conditions
at stage B (Eq. 3). With the reaction extending, ZnO nucleates
spontaneously form the solution of Zn(OH)4

2� to multinuclei
aggregates (Step C). The multinuclei aggregates serve as the
sites for the growth of one dimension ZnO nanostructures
along the direction of [0001] to form early forms of flower-like
ZnO nanostructures under hydrothermal conditions (Step D).
However, the diameters of petals are very large and nonuni-
form. Then, with reaction time proceeding, Cu reacted with
oxygen and H2O and formed Cu(OH)2 (Eq. 4). However, Cu
(OH)2 is a metastable phase which would transform into more
stable CuO in NaOH solutions (Eq. 5) [32,33], and it occurred
more readily at higher temperature because of the activated
nature of this process. It is reported that during the solution
synthesis of CuO, the composition and morphology of final
product are largely dependent on the synthesis condition, such
as alkalinity and solvent, and the solid precursors including Cu
(OH)2 may exist only momentarily or may not exist at all [34].
Therefore, polyhedron CuO subsequently was obtained at
stage E. In the meanwhile, fast growth of ZnO in the c-axis
causes a situation of metastability, which is thermodynamically
favorable for a large crystal to small one. As a consequence,
the wide petals of the flower-like ZnO transformed into thinner
ones. Then, some small and thin petals grew out and the
sizes of the nanorods tend to be uniform at the erosion effect of
extra alkali at step F [35,36]. Moreover, NaOH is a strong



Fig. 8. Typical SEM images of sample 2 obtained with different reaction time: (a)10 min; (b)20 min; (c)30 min; (d) 1 h; (e) 2 h; (f) 4 h; (g) 6 h; (h) 12 h; and (i) 24 h.
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electrolyte, and it may neutralize the surface charges of the
CuO, preventing them from possible crystallite aggregation
[37]. Thus, dispersed CuO formed and the sizes of CuO
crystallites became larger. Finally, the sizes of petals did not
become very uniform due to shortage of base and flower-like
ZnO with nonuniform petals was also formed at stage F.
However, it is worth to note the polyhedron CuO cannot be
observed due to the formation of a great number of flower-like
ZnO.

Zn2þ þ2OH�-ZnðOHÞ2 ð1Þ

ZnðOHÞ2þ2OH�-ZnðOHÞ2�4 ð2Þ



Fig. 9. Schematic diagram of the possible growth process for flower-like ZnO grown on polyhedron CuO prepared on Cu substrate.
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ZnðOHÞ2�4 -ZnOþ2H2Oþ2OH� ð3Þ

2CuþO2þ2H2O-2CuðOHÞ2 ð4Þ

CuðOHÞ2-CuOþH2O ð5Þ

4. Conclusions

In summary, flower-like ZnO grown on polyhedron CuO
have been hydrothermally fabricated on Cu substrate at 70 1C.
The alkaline metal hydroxide plays an important role in this
system. The rod-like zinc oxide would transform into flower-
like ones when the concentration of sodium hydroxide is
decreased. Moreover, the polyhedron CuO can be observed
when proportionally decreasing the concentrations of Zn2þ

and OH�. The flower-like ZnO was easily formed when using
potassium hydroxide compared with the equivalent sodium
hydroxide. Specially, irregular ZnO and the flower-like CuO
were obtained when using lithium hydroxide. Time-dependent
experiments indicated that the formation of flower-like ZnO
was prior to polyhedron CuO on Cu substrate. The evolution
of morphology and size of ZnO and CuO depended on reaction
time. The numbers and diameters of petals of flower-like ZnO
changed and the sizes of polyhedron CuO became larger and
larger with increasing time. On the basis of experiments, a
growth mechanism was proposed to account for the growth of
the flower-like ZnO on polyhedron CuO.
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