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We reported a facile route to large-scale ZnO nanostructures by a poly (styrene-alt-maleic acid sodium)
(PSMA)-assisted hydrothermal process. Various nanostructures including nanowires, nanobelts and
nanorod arrays were fabricated depending on the experimental conditions. The structural studies reveal
that all the nanostructures are single crystal with hexagonal phase and preferentially grow along [0 0 0 1].
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The organic additive PSMA offers a spatial template for the one-dimensional (1D) growth of ZnO. The pho-
toluminescence (PL) spectra of these nanostructures exhibit coexistence properties of ultraviolet (UV)
and green emission. The nanorod arrays and nanobelts exhibit the strongest UV performance and green
emission, respectively. We deduce that quantity of surface defects should be responsible for the difference
in PL properties of these nanostructures.
hemical synthesis
ptical property

. Introduction

One-dimensional (1D) nanostructures such as nanowires,
anobelts and nanorods have attracted considerable attentions
ver past two decades due to their unique physical, optical and
lectric properties [1–5]. As a direct wide band-gap (3.37 eV) semi-
onductor with large exciton binding energy (60 mV), ZnO is one of
he most important semiconductors for its unique optical and elec-
ronic applications in future electronic and photonic devices [6,7].
D ZnO nanostructures are among the most promising and exten-
ively studied nanostructures due to their potential optoelectronic
pplications including light-emitting diodes, laser diodes, photode-
ectors, solar cells, nanogenerators and nanopiezotronics [8–13]. A
umber of methods have been used to fabricate ZnO nanowires
uch as MBE, MOCVD, PLD, thermal evaporation, chemical vapor
ransport, template-assisted method, solution-phase synthesis,
nd hydrothermal/solvothermal synthesis [14–21]. Among these
ynthesis methods, hydrothermal/solvothermal methods are the
ost efficient to synthesize various nanostructures due to their

imple, high yield and low cost. In the hydrothermal/solvothermal
rocess, organic additive-assisted synthesis of ZnO nanostructures
s more attractive because these organic additives can induce
ulti-growth models that further result in various nanostruc-

ures. In this paper, we develop a novel hydrothermal route to
ynthesize ZnO nanostructures assisted by an organic additive
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poly (styrene-alt-maleic acid sodium) (PSMA). ZnO nanowires,
nanobelts and nanorod arrays grown on 6H–SiC substrates were
fabricated depending on the experimental conditions. Moreover,
the growth mechanisms of the nanostructures are proposed and
the corresponding photoluminescence (PL) properties are studied.

2. Experimental procedure

2.1. Synthesis of ZnO nanowires and nanobelts

The organic additive poly (styrene-alt-maleic acid sodium) (30 wt.% solution in
water, typical Mw: 120,000) (PSMA) was purchased from Sigma–Aldrich Inc., and all
the chemicals were analytic grade reagents without further purification. Experimen-
tal details were listed as follows: 5 ml aqueous solution of Zn(NO3)2·6H2O (0.05 M),
2 ml solution of PSMA and 35 ml aqueous solution of Na2CO3 (2.5 M) were succes-
sively added into 50 ml Telfon-lined stainless steel autoclave. The obtained mixture
was stirred for an hour and then the autoclave was sealed and maintained at 160 ◦C
for 24 h. After the reaction was completed, the as-synthesized precipitates were
confirmed as ZnO nanowires. By the similar experimental procedure, 5 ml aque-
ous solution of Zn(NO3)2·6H2O (0.05 M), 4 ml solution of PSMA and 35 ml aqueous
solution of Na2CO3 (2.5 M) were mixed together, and the chemical reaction was
conducted at the similar experimental condition. The final product was identified
as ZnO nanobelts.

2.2. Synthesis of ZnO nanorod arrays on 6H–SiC substrates

Well-aligned ZnO nanowire arrays on 6H–SiC substrates were synthesized by
two-step growth process. First, ZnO seeding layer was grown on the 6H–SiC sub-

strates by a facile sol–gel method reported from the literatures [22,23]. Then, 5 ml
aqueous solution of Zn(NO3)2·6H2O (0.05 M) and 35 ml aqueous solution of Na2CO3

(2 M) were successively added into 50 ml Telfon-lined stainless steel autoclave
and stirring for an hour. Finally, ZnO seeding layer-coated 6H–SiC substrates were
put into the mixed solution and the maintained at 150 ◦C for 24 h in the sealed
Telfon-lined stainless steel autoclave. Finally the autoclaves was cooled to room
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emperature, the 6H–SiC substrates were then washed with distilled water for sev-
ral times, and the as-deposited product was identified as ZnO nanorod arrays.

.3. Characterization

Powder X-ray diffraction (XRD) data used for structural analysis was collected
n rotating-anode rigaku Pint-2400 X-ray diffractometer with Cu K� radiation. The
iffraction peaks was indexed according to the standard diffraction data shown

n the software PCPDFWIN (http://icdd.com/products/pdf2.htm). The crystal lattice
onstants were calculated by using the computer software Dicyol [24]. We add the
ontent in the characterization section. The morphologies of the as-synthesized
nO were examined by field-emission scanning electron microscope (FEI XL30
-FEG). The transition electronic microscopy (TEM) images and high-resolution
EM (HRTEM) of samples were collected on the JEOL 2010F transmission electron
icroscope equipped with energy-dispersive X-ray spectroscopy (EDS). Photolumi-

escence (PL) spectra of the products were carried out at RT using the 325 nm line
f a He–Cd laser with an output power of about 2 mW as the excitation source.

. Results and discussion
Fig. 1a shows a typical XRD pattern of the as-synthesized ZnO
anowires. All the diffraction peaks can be indexed to wurtzite
nO with lattice constants of a = 3.251 Å and c = 5.212 Å, agreeing
ell with the calculated diffraction pattern (JSPDS No. 36–1451).
o other diffraction peaks are detected within the instrumental

ig. 2. (a–b) SEM and enlarged SEM images of the obtained ZnO nanowires, respectively.
ndividual ZnO nanowire. (e) FFT pattern of the nanowire. (f) HRTEM image of the nanow
Fig. 1. XRD patterns of the obtained ZnO nanostructures: (a) nanowires; (b)
nanobelts; (c) nanorod arrays.
resolution, indicating that the products are ZnO with high purity.
Fig. 2a gives an overview of the products, revealing well-defined
nanowires formation of the products. These nanowires are of uni-
form size, smooth surface and good toughness, as shown in the

(c) TEM image of an individual ZnO nanowire. (d) EDS spectrum collected from the
ire.

http://icdd.com/products/pdf2.htm
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ig. 3. (a–b) SEM and enlarged SEM images of the obtained ZnO nanobelts, respect
H–SiC substrates, respectively.

nlarged SEM image of the products (Fig. 2b). The average diameter
nd length of these nanowires are 100 nm and 4 �m, respectively,
ypically shown in Fig. 2c. No rough double tips of the nanowires
re observed, indicating the perfect hydrothermal growth process
f the ZnO nanowires. The composition of the nanowires can be
urther confirmed by the TEM-based EDS measurement. As shown
n Fig. 2d, the nanowire is composed of Zn and O elements, fur-
her confirming the chemical formation of ZnO. The detected C
nd Cu come from the Cu grid. The corresponding HRTEM image
ecorded along [2 1̄ 1̄ 0] zone axis clearly shows fringe spacings
f 0.52 nm, well corresponding to d0001 spacings of wurtzite ZnO
Fig. 2f). Based on HRTEM image of the nanowire and the fast Fourier
ransformation (FFT) (Fig. 2e), the nanowire is determined to grow
long [0 0 0 1], and no stacking faults and dislocations are observed,
evealing the well crystalline nature of the ZnO nanowire.

As shown in Fig. 1b, all the XRD diffractions peaks of the
anobelts agree well with wurtzite ZnO. The XRD pattern is sim-

lar to that of ZnO nanowires, in addition to that the intensity
f the diffraction peaks was lowered. Fig. 3a–b shows the over-
ll and enlarged SEM image of the ZnO nanobelts, respectively. It
an be observed that the products are composed of predominant
anobelts and few nanowires (Fig. 3a). The length and width of
anobelts are not uniform and widths of ZnO nanobelts are in the
ange of 60–120 nm, as shown in Fig. 3b. Nevertheless, if the ZnO
eed layer was used in the hydrothermal process, ZnO nanorod
rrays can be grown on the ZnO seed layer-coated 6H–SiC sub-
trates. Fig. 1c shows the XRD pattern of the as-deposited ZnO
anorod arrays. Only four diffraction peaks of the nanowire arrays

ndexed as (0 0 2), (1 0 1), (1 0 2) and (1 0 3) are observed. The over-
helming (0 0 2) peak indicates that the preferred orientation of

nO product is along the c-axis and almost perpendicular to the

H–SiC substrates, which can be further confirmed by SEM images
f the products. Fig. 3c gives an on overall view of the sample
evealing that there are large-scale nanorods with high density dis-
ributed over the entire surface of the substrate. These nanorods are
f uniform size, and the average diameter and length are 80 nm and
(c–d) SEM and enlarged SEM images of the obtained ZnO nanorod arrays grown on

1 �m, respectively, as shown in Fig. 3d. The nanorod arrays grown
on special substrates e.g. SiC are of the promising applications in
light-emitting diodes, laser devices, and light detectors [25].

It is reported that some capping molecules can influence the
growth pattern of nanosized nuclei under non-equilibrium kinetic
growth conditions in the solution-based methods [26,27]. PSMA,
one of the important organic chemicals, is used in templating some
nuclei and growth of alkaline-earth metals-related compounds
such as CaCO3 [28]. In the hydrothermal process, PSMA can interact
with ZnO nuclei to form complex intermediates, and the intermedi-
ates are adsorbed on the circumference of the ZnO nuclei, resulting
in the active sites generating on the surface due to the decrease
of surface energy of ZnO. ZnO nanowires and nanobelts can grow
on those active sites. So, PSMA is used as a spatial template for the
one-dimensional growth of ZnO nuclei. Nevertheless, the detailed
mechanism between PSMA and ZnO nuclei is unclear and needs to
be further investigated.

Fig. 4 shows the room-temperature PL spectra of the ZnO nanos-
tructures obtained at different experimental conditions. Though
all the samples show the UV emission and green emission, the
intensity ratio of the UV emission and green emission is differ-
ent, indicating the diverse PL properties of the nanostructures. The
intensity ratio of the UV emission and green emission observed
in nanorod arrays is largest (Fig. 4c), while lowest in nanobelts
(Fig. 4b). Though several different hypotheses on the origin of the
green emission have been proposed and are still the subjects of con-
siderable debates, the origin of green emission from ZnO is gener-
ally associated with intrinsic point defects such as oxygen vacancy
(VO), zinc vacancy (VZn), zinc interstitial (Zni), and oxygen intersti-
tial (Oi), and/or surface defects, and related to synthesis methods
[29–32]. As for the ZnO synthesized in the hydrothermal conditions,

surface defects are main reason for the detected green emission
[32]. As mentioned above, the organic additive PSMA offers space
template for 1D growth of ZnO and are further attached on the sur-
face of the ZnO during the secondary growth, which results in more
surface defects of ZnO nanobelts. Nevertheless, assisted by the ZnO
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ig. 4. Room-temperature PL spectra of the obtained ZnO nanostructures: (a)
anowires; (b) nanobelts; (c) nanorod arrays.

eed layers, the ZnO nanorod arrays began to vertically grow initi-
ting from the ZnO seed grains via self-assembly process without
SMA. In the self-assembly process, the surface defects only orig-
nate from secondary growth and are not related to PSMA, which
esults in the green emission with the lowest intensity.

. Conclusions

ZnO nanowires, nanobelts and nanorod arrays grown on 6H–SiC
ubstrates with the same [0 0 0 1] growth direction were fabricated
y a facile PSMA-assisted hydrothermal method. The nanowires
re of uniform size, smooth surface and good toughness, and the
verage diameter and length of these nanowires are 100 nm and
�m, respectively. The nanobelts are not uniform in length and
idth, and widths of ZnO nanobelts are in the range of 60–120 nm.
ighly dense nanorod arrays with uniform size and hexagonal
ross-section are also fabricated on the 6H–SiC substrates. The PL
easurements reveal that these nanostructures exhibit different

L properties. Though these nanostructures exhibit coexistence of

V and green emission, the strongest and weakest UV performance
re observed in ZnO nanorod arrays and nanobelts. We deduce that
urface defects introduced by PSMA and secondary self-assembly
rowth of ZnO should be responsible for the difference in PL prop-
rties of these nanostructures.
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