
O

J
D

a

A
R
R
A
A

K
O
T
C
O
S

1

t
e
s
e
s
o
b
H
i
d
i
d
t

w
o
s
[
e
c
w
n
p

0
d

Journal of Alloys and Compounds 480 (2009) 741–746

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

riented ZnO nanoplates on Al substrate by solution growth technique

.P. Cheng ∗, Z.M. Liao, D. Shi, F. Liu, X.B. Zhang
epartment of Materials Science and Engineering, State Key Laboratory of Silicon Materials, Zhejiang University, Hangzhou 310027, China

r t i c l e i n f o

rticle history:
eceived 7 December 2008
eceived in revised form 8 February 2009
ccepted 10 February 2009

a b s t r a c t

ZnO nanoplate thin films have been synthesized by a one-step solution technique in a surfactant-free
system. The structure and morphology of the fabricated ZnO nanoplates were characterized by X-ray
diffraction, scanning electron microscopy and transmission electron microscopy. These network-like
nanoplates were dispersed quasi-vertically and homogenously on aluminum substrates. The size of ZnO
vailable online 23 February 2009
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nanoplate was depended on the reaction temperature. Increasing the reaction temperature would result
in much thicker and wider ZnO nanoplates. The density of ZnO nanoplates was determined by zinc con-
centration. Under high temperature, these ZnO nanoplates tended to recrystallization and its density
would decrease. Photoluminescence properties of the as-prepared and annealed ZnO nanoplate films
were studied in this work.

© 2009 Elsevier B.V. All rights reserved.

canning electron microscopy

. Introduction

Oriented growth of nanostructured inorganic solid on conduc-
ive substrates possesses prospective significance in manufacturing
lectronic and optoelectrinic nanodevices [1–3], especially for
emi-conductor materials, such as ZnO, SnO2, TiO2, etc., having
normous potential as building blocks for electronic, photonic, and
ensor devices. Especially, for the past few years, a wide variety
f ZnO nanostructures have been prepared, including rods, wires,
elts, tubes, cages, walls, spirals, rings, flowers, and so on [2–5].
owever, for the nanostructured ZnO building blocks to incorporate

nto nanodevices, the control of the synthesized nanostructures for
esired size, shape, and orientation should be first fulfilled and this

s a rather challenging issue [2,5,6]. Substantial efforts had been
evoted to the synthesis of uniform shape-controlled ZnO nanos-
ructures on conductive substrates [2,5–9].

Two-dimensional (2D) nano-scaled sheets or platelets of ZnO
ith a high surface to volume ratio are suggested to be ideal

bjects for the nanodevices used in energy storage and conver-
ion [10], chemical and biological sensors, solar cells, field emission
7–9,11] and photocatalytic degradation of organic dye [12]. How-
ver, studies regarding 2D ZnO nanostructures are less common

ompared those regarding 1D ZnO nanomaterials. Ryan and co-
orkers reported an electrochemical method to grow vertically ZnO
anoplates on Zn foil, where small variations in the electrochemical
otential gave rise to a variety of crystal morphologies includ-
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925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ing 1D and 3D growth [13]. Fujihuara and co-workers fabricated
oriented ZnO nanoplates on glass slide with layered hydroxide
zinc acetate as precursor by pyrolytic transformation [14]. Su and
co-workers reported a hydrothermal procedure for high-yield syn-
thesis of ZnO hexagonal nanoplates on Zn foil [15]. Ye et al. reported
ZnO nanoplates as thin as 10 nm on Al substrate that had higher
efficiency in photodegrading organic dyes than ZnO nanorods did
[12]. Recently, Weng and co-workers applied a two-step route to
prepare ZnO nanosheets on Si substrate on which ZnO seed-layer
was pre-coated [16]. Quasi-vertical ZnO nanosheet films had been
synthesized by solvothermal route on copper substrates and their
field emission properties had also been investigated by Bai et al.
[8].

There have a strong demand for low-cost and simple fabrication
on 2D ZnO synthesis. In contrast to energy-consuming vapor phase
method [4,5], the solution method can be carried out in soft envi-
ronments on a large scale. Hence, it is worth investigating to realize
the controllable synthesis of ZnO nanoplates with good orienta-
tion on conductive substrates through chemical solution method.
In this work, ZnO network-like nanoplate films with orientation are
prepared through a simple solution technique on metallic Al sub-
strate. The variation in reaction conditions is discussed in detail.
Our results represent a cost effective method on the fabrication of
metal-oxide nanostructures for large scale applications.
2. Experimental

The procedure to prepare ZnO nanoplate films was simplified from our previous
method [17], similarly to what Ye et al. reported [12]. A high-purity aluminum slice
as substrate, rinsed with acetone and deionized water in the ultrasonic cleaner, was
immersed into the reaction solution under mild temperature.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chengjp@zju.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.02.041
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Table 1
Summarized experimental conditions on the synthesis of ZnO nanoplate films.

Sample code Zn2+ con.
(M)

HMT con.
(M)

Growth temp.
(◦C)

Annealing
temp. (◦C)

S1 0.02 0.02 90
S2 0.02 0.02 120
S3 0.02 0.02 150
S4 0.2 0.02 120
S5 0.2 0.2 120
S6 0.02 0.2 120
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S3 are prepared at 90, 120 and 150 C, respectively. Parts a–c in
7 0.02 0.2 120 500
8 0.2 0.02 120 500

In a typical experiment, the reaction solution was composed of equal volume of
inc nitrate (Zn(NO3)2) solution with concentrations from 0.02 to 0.2 M and hexam-
thylenetetramine (HMT) solution with concentrations from 0.02 to 0.2 M. All of the
olutions were prepared with reagent-grade chemicals and deionized water. The
ixture solution was transferred into a Teflon-lined stainless steel autoclave and

n Al substrate was vertically dipped into the nutrient solution. The autoclave was
ealed and heated to a constant temperature from 90 to 150 ◦C for 2 h. After cool-
ng to room temperature naturally, a white layer of product was covered on the Al
ubstrate. The resulted thin film was thoroughly washed with deionized water and
thanol, respectively, to eliminate residual salts, and dried in air at 50 ◦C for hours.
or comparison, parallel experiments were also carried out under various conditions
hat were listed in Table 1. The obtained product was denoted as different code. In
nnealing process, Al substrates covered with ZnO films were subjected to thermal
nnealing in a muffle furnace that was heated and kept at 500 ◦C in an air ambient
or 1 h.

Structural identification of the products was carried out using X-ray powder
iffraction (XRD, D/max-rA) meter using Cu-K� radiation. The morphologies of ZnO
anocrystals were observed using scanning electron microscopy (SEM, Hitachi S-
800) equipped with an energy dispersive X-ray spectrometer (EDS). Sample for
ransmission electron microscopy (TEM, Philips CM200) measurement was pre-
ared by making a clear dispersion of ZnO nanoplates on carbon coated copper

rid, where these ZnO nanoplates were directly scraped from substrates. Photolumi-
escence (PL) measurement was conducted on a Hitachi F-4500 ultraviolet–visible
pectrophotometer with a Xe lamp as the excitation light source at room tempera-
ure. The excitation wavelength was 325 nm.

Fig. 1. SEM images of ZnO nanoplates sample S3
ompounds 480 (2009) 741–746

3. Result and discussion

After reaction, the color of aluminum surface changed from
metallic sheen to faint brightness. It looks like a very thin homoge-
nous film coated on the surface of aluminum slice. The morphology
and microstructure of the films were investigated by SEM. Fig. 1
shows the images of the film on Al substrate reacted at 150 ◦C,
i.e. sample S3, under different magnifications. An overview SEM
image of the film is presented in Fig. 1a, from which one can see
a porous film deposited on the substrate. The whole surface of
the substrate is covered by the porous film. A magnified image
in Fig. 1b clearly indicates that the porous film is composed of a
large amount of plate-like nanostructures. These nanostructures
are plate morphology with their 2D planes predominantly perpen-
dicular to the substrate. According to the carefully examination
from the enlarged image in Fig. 1c, these nanoplates exhibit curved
anomalous morphology with a smooth surface and approximately
50 nm in thickness. They are self-assembled to form interlaced con-
figuration and free from the cracks or holes.

The phase composition of as-obtained samples was examined by
XRD. Fig. 1d shows the XRD pattern of as-deposited ZnO nanoplates
on Al substrate (S3). It can be seen that the film deposited on Al
substrate shows three strong peaks that fit with standard powder
diffraction peaks of aluminum (JCPDS card No. 85-1327), in addition
to five weak diffraction peaks of wurtzite-type phase zinc oxide. No
diffraction peaks for impurities are found. It is confirmed that these
oriented sheet-like nanoplates are ZnO in structure.

The thickness of ZnO nanoplates can be tuned by changing the
reaction temperature. As described in Section 2, sample S1, S2 and

◦

Fig. 2 all reveal the plate morphology in the product under the
same magnification. Both the thickness and planar width of the
nanoplates are increased with reaction temperature. As shown in
the images, nanoplates in S1, S2, and S3 are about 20, 30, and 50 nm

(a–c) and corresponding XRD pattern (d).
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Fig. 2. SEM images of ZnO nanoplates S
n thickness, respectively. These results imply that different size
f ZnO nanoplates can be fabricated by controlling the reaction
emperature. This is similar to what Ye reported [12], where a
igh pH value resulted to a thinner nanoplate. Under such a low

Fig. 3. SEM images of ZnO nanopla
S2 (b), S3 (c), and EDS pattern of S2 (d).
temperature in our cases, the growth process of ZnO nanoplates
cannot follow vapor–liquid–solid [18,19] and vapor–solid [4]
process. The formation of ZnO nanoplates consists of three steps:
formation of primary particles, coalescence of them and growth

tes S4 (a), S5 (b) and S6 (c).
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perature. Moreover, the decrease in the density of ZnO nanoplate
ig. 4. (a) and (b) TEM images of ZnO nanoplate S2 under different magnifications.

f the aggregates. The size of ultimate product is related to the
umber of the formed aggregates under a given condition. The

ormation of the primary particles is fast at the initial stage at a
igh temperature, which is helpful to form more aggregates. In our
ases, the acceleration of the primary particles should be dominant
nd it corresponds to the decrease of the surface free energy.

EDS was scanned for elemental analysis and to know the content
f nitrogen if any in the final product as it was the part of source
aterial. A typical EDS pattern of sample S2 in Fig. 2d shows the

DS results. The strong peaks for oxygen and zinc are noted in the
pectrum. The aluminum signal results from the substrate. No other
mpurities such as nitrogen are detected confirming the high-purity
f ZnO product. All of the ZnO samples in our experiments have a
imilar EDS result.

Parts Fig. 3a–c shows SEM images of S4, S5 and S6, respectively,
nder the same magnification. From Fig. 3a and b, one can see very
ense stacked nanoplates with their lateral plane perpendicular
o the substrate, when zinc concentration is 0.2 M. Tens of curved
late-like crystals are closely combined and they almost cover on
ll the substrate. However, the density of nanoplates is dramati-
ally decreased, when zinc concentration is 0.02 M, as shown in
ig. 3c. It is reasonable to understand that the density of resulting
nO nanoplates is strongly related to zinc concentration. The higher
oncentration of zinc is, the higher density of ZnO nanoplate is. This
s a simple strategy to control the density of ZnO nanoplate on Al

ubstrate.

TEM measurement is crucial for investigating the structure
f nanocrystals as it allows a direct evolution of both the size
nd shape of the nanocrystals. Fig. 4 shows TEM images of ZnO
Fig. 5. SEM images of ZnO nanoplates S7 (a) and S8 (b) calcined at 500 ◦C.

nanoplates of sample S2. The image of the product accords well with
the SEM results, exhibiting crooked anomalous nanoplate morphol-
ogy. Sharp edges are observed. From the image contrast in Fig. 4a,
it can be concluded that these ZnO nanoplates are homogeneous
in thickness. The selected area electron diffraction (SAED) pat-
tern shows diffused rings and regular spots as our previous report
[17], confirming the nanocrystalline nature of ZnO nanoplates. The
top and bottom wide surfaces of the nanoplates are ZnO (0 0 1)
facets. However, these ZnO nanoplates could be easily destroyed
and become polycrystalline ZnO under electron beam irradiation,
proving these ZnO nanoplates were metastable [17]. Fig. 4b depicts
a higher magnification TEM image of a nanoplate after irradiation,
where it can be found that the nanoplate is made up of poly-
crystal grains with extremely small size, i.e. about 5 nm. These
grains are single crystalline in nature (see supplementary data
A).

Parts Fig. 5a and b shows the SEM morphology of samples S7
and S8, respectively. From Fig. 5a, it is found that the density of ZnO
nanoplate is sparse. However, some nanoparticles are generated in
the matrix of nanoplates, and it is presumed that they are ZnO crys-
tals. Comparing sample S6 with S7, the latter is calcined from the
former at 500 ◦C for 1 h. These ZnO nanoparticles may be caused
by the recrystallization of pre-formed ZnO nanoplates. Similarly,
the density of ZnO nanoplates is remarkably decreased after calci-
nation from Figs. 3a and 5b. One can find some recrystallized ZnO
nanoparticles distributed on nanoplates that are typically indicated
by arrows in Fig. 5b. It is thus acceptable that the decreased density
of ZnO nanoplates is caused by the recrystallization under high tem-
may be also attributed to the release of residual strain in the
ZnO nanoplate matrix after calcination. All these provide clear-cut
evidence that the solution-grown ZnO nanoplates are metastable
under elevated temperature, consistent with TEM observation.
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Due to its unconventional properties, the fabrication of 2D ZnO
anoplates has been intensively studied and some routes based on
olution method have been developed [20–22]. However, most of
D ZnO nanocrystals were powdered product in the case of solu-
ion method [11,20–22]. Only a few routes were devised to produce
D ZnO nanoplates generally vertical to substrates [7–9,13,16,17],
hich was more convenient for nanodevices fabrication. It is well

nown that the fastest growth rate of ZnO is along [0 0 1] direction
ue to the higher surface energy under thermodynamic equilib-
ium conditions. Concerning 2D ZnO growth mechanism, there has
popular viewpoint in literatures that the (0 0 1) polar surface is

ompensated on charges by passivating agents [11,20,21]. One case
as the assistance of citric acid which absorbed preferably on the

0 0 1) surface of ZnO and then slowed down the c-axis growth
20]. The increased concentration of OH− in solution would pre-
ent the new Zn(OH)4

2− ions from incorporating effectively and
uppress the crystal growth along [0 0 1] direction [11]. The addition
f diblock copolymers into aqueous solution could lead to a lower-
ng of surface energy and inhibition of the growth along instinctive
irection [21]. In the present case, the passivating agent to con-
rol 2D ZnO growth should be Al(OH)4

− [12,17] that is formed by
he reaction between OH− and Al substrate, and it is presumably
ttached to Zn2+ terminated (0 0 1) surface. The composition of ZnO
anoplates in our case actually contained aluminum measured by
DS system attached to a transmission electron microscope that
llowed chemical composition to be determined at nanometer res-
lution [17].

Room-temperature PL measurements were performed to inves-
igate the influence of growth and annealing temperature on the
ptical properties of ZnO thin film. As we known, the optical proper-
ies of semiconductors are mainly determined by the crystal quality
nd impurities, which are all related to the preparation conditions.
ut the PL spectra of S1, S2 and S3 show similar emission spectra
see supplementary data B). This may result from their low growth
emperature. Fig. 6a shows the PL spectra of ZnO nanoplate films
eposited on Al substrate before (sample S6) and after anneal-

ng (sample S7), respectively. For S6, it consists of a UV emission
and located at about 390 nm and two blue emission bands cen-
ered at about 450 and 470 nm, respectively. The near UV emission
s attributed to free-exciton recombination [23]. The blue lumi-
escence is induced by zinc vacancies and zinc interstitial defects
24]. Concerning sample S7, there have a UV emission located at
390 nm, a blue emission at ∼430 nm and a green peak at ∼505 nm.

t is generally accepted that the green emission (505 nm) is related
o a deep-level or trap-state emission. Vaneusden et al. [25] proved
hat the green transition had been attributed to the singly ionized
xygen vacancy in the ZnO. In spite of numerous studies on the visi-
le luminescence of ZnO, its origin is still controversial [23–25]. All
hese blue and green emissions are related with oxygen vacancy
hich had an increasing trend after annealing in present case.

his may result from the strong combination between Al and O
nd a loss of oxygen from ZnO at a higher temperature [26]. To
mprove the crystalline quality and the stoichiometric proportion
f ZnO nanoplates, an oxygen-enriched environmental and mod-
rate temperature are both necessary. It is clear that the emission
haracteristics of S8 in Fig. 6b are similar to those of S7 in Fig. 6a.
he PL intensity changes of sample S8 is more remarkable than S7
fter annealing, for its density of ZnO nanoplates is higher.

. Conclusions
A large amount of ZnO nanoplates could be grown on a large
cale by a simple hydrothermal process in a surfactant-free system
nder low temperature. These network-like nanoplates dispersed
uasi-vertically and homogenously on aluminum substrates. The
hickness of nanoplates was ten of nanometer. The width and
Fig. 6. PL spectra of ZnO nanoplates before and after anneal S6 and S7 (a), S4 and S8
(b).

thickness of the nanoplates would differ by varying the growth tem-
perature. Increasing the temperature would result in much thicker
and wider nanoplate. The density of ZnO nanoplates was strongly
related to zinc concentration. After high temperature calcination,
these nanoplates tended to recrystallization and its density would
be decreased. The simple synthesis approach casts new light on
the development of novel nanostructures for practical applications,
such as nanodevices fabrication and photocatalytic degradation.
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