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Abstract

High quality and mono-dispersed ZnO nanowire and nanorod were firstly synthesized using co-precipitation method
without using any organic solvents in the whole preparation process, which is consistent with the development of green
chemistry and also can be used for large-scale production. The co-precipitation method is so popular with us that it is
conducive to control and industrialize, which is also useful to save energy and protect our environment in part because
we never utilize organic solvents and even ethanol in fabricating one-dimension (1D) ZnO. Although the focus here will be
on the preparation of nanowired and nanoroded ZnO, we also explore the reaction mechanisms for semiconductor ZnO
and commit to provide a prospective blueprint for how understanding growth mechanisms can be used to synthesize
other one-dimensional metal oxide with environmental friendly method. As a semiconductor, it can be used in the field
of the photocatalytic property, which was tested by the degradation of rhodamine B (RhB) solution. 1D ZnO nanowire
products exhibit a high rate degradation of 10 mg L' RhB aqueous solution and achieve almost complete degradation

of RhB from aqueous solution under light resource within 60 min.
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1 Introduction

ZnO as a semiconductor and piezoelectric material have
a wide band gap and a large exciton binding energy of
60 meV at room temperature [1, 2], which have been
widely studied in recent years due to its outstanding prop-
erties. It has been demonstrated to have comprehensive
applications in various fields such as nanosensors [3],
catalysts [4], electrical and optical devices [5-7], nano-
generators [8], active filler for rubber [9] and UV absorber
in cosmetics [10]. It is well known that one-dimensional
(1D) nanosized ZnO can be synthesized by a wide range
of methods, such as physical vapor deposition [11, 12],
chemical vapor deposition [13, 14], sputtering [15], pulsed
laser deposition [16], co-precipitation method [17], elec-
trospinning [18], and hydrothermal method [19]. Among
these methods, they have different abilities with their own

advantages and disadvantages. Physical vapor deposition
usually need high temperature to obtain 1D ZnO nano-
structures. Chemical vapor deposition can give rise to
high-quality 1D ZnO, but its use is limited due to low prod-
uct yield. Sputtering and electrospinning not only require
sophisticated criteria but also have less repeatability. In
comparison to above methods, co-precipitation method
is well received because of its low cost and flexible pro-
cesses. ZnO nanostructures can be grown on a large scale
which paves the way for industrialization. Up to now, there
are so many methods to synthesis ZnO such as hydrother-
mal method, spray pyrolysis method, sputtering method
and co-precipitation method. In contrast, few publications
on the fabrication of 1D ZnO by co-precipitation have
been reported. 1D ZnO nanoparticles can also be filled
in rubber and resin to improve its mechanical properties
because one dimension can be bent. Moreover, it can also
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be applied in gas sensors, catalysts and solar cells due to
its larger ration of length to diameter. It is noted that semi-
conductors such as ZnO, SnS,, TiO, could well be used in
the field of photocatatalysis, and present an outstanding
property [20-25].

Here in our work, we fix our attention on 1D ZnO
nanostructures that are synthesized by co-precipitation
method. Moreover, we introduce a new technique com-
bining with the development of green chemistry without
using any organic solvents in the process of fabrication.
At the same time, the growth of 1D ZnO is carried out at
room temperature. There is no high temperature and high
pressure, consequently the fabrication method is cheap,
non-hazardous, and thus capable of easily controlling and
industrializing. In order to control the morphology and the
size of ZnO nanocrystals by impeding kinetically the nucle-
ation and growth of nanocrystals, we are supposed to vary
reaction conditions such as the precursor concentrations,
ligand concentrations, the speed of stirring, surfactants,
reaction time etc. Under room temperature, the reactions
could take place by controlling the ratio of Zn** and OH",
giving rise to 1D ZnO with diameter about 50 nm.

2 Experimental details
2.1 Materials

All chemicals used in this work are of analytical grade
without further purification. Zn(CH;C00),-2H,0 and
ZnS0,-7H,0 (AR, Sinopharm Chemical Reagent Co,, Ltd.)
are used as zinc cation precursor. Citric acid monohydrate
is used as biological ligands for metal ions. Polyvinylpyr-
rolidone (PVP-30K) (AR, Shanghai Lingfeng Chemical Rea-
gent) is proposed to graft onto the ZnO nanostructures
as a surfactant to reduce the grain size and decrease the
aggregation. De-ionized water is used to wash glasswares,
dilute the chemicals and wash the final sample for two
times. All the chemicals purchased are of analytical grade
without further purification.

2.2 Synthesis of 1D ZnO nanostructures

The 1D ZnO nanostructures is synthesized in de-ionized
water in room temperature. In a typical experiment, 0.25 g
Zn(CH;C00),-2H,0 for nanorod (0.327 g ZnSO,-7H,0 for
nanowire) is dissolved in 50 ml water, respectively. 0.25 g
or 0.327 g of citric acid is added to the above aqueous.
0.28 g of PVP is dissolved in 20 ml de-ionized water and
added into the above solution drop by drop. Finally, 0.8 g
of NaOH is dissolved in 10 ml de-ionized water and added
into the above solution drop by drop. The mixture is stirred
magnificently at room temperature. A white precipitate is
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obtained after 1 h. The obtained precipitate is washed by
de-ionized water to remove impurities and then the final
product is dried into powder at around 160 °C.

2.3 Materials characterization

X-ray diffraction (XRD) patterns were characterized by
Panalytical diffractometer (X’PERT) using Cu target at a
scanning rate of 0.1° s~'. Raman spectra were measured
by Renishaw inVia with 532 nm laser excitation. The mor-
phologies of MoS2 were investigated by the scanning elec-
tron microscope (SEM; S-4700) and transmission electron
microscopy (TEM, Tecnai G2-F30) with 300 kV accelerating
voltage. Photocatalytic characterization was tested by the
UV-Vis (UV-3150).

3 Results and discussion
3.1 Morphological study

Figure 1 shows the SEM images of 1D ZnO nanostruc-
tures. ZnO, as an amphoteric oxide, which has an isoelec-
tric point value of about 9.5 [26]. Generally speaking, ZnO
can be formed using strong or weak alkalis owing to the
hydrolysis of Zn salts in a basic solution. From the Fig. 1a,
b, there is a little aggregation and the shape of the ZnO
nanoparticles is nanowire structure. Each nanowire has a
uniform diameter along its growth orientation, and the
typical diameters of the nanowires are in the range of 50
to 80 nm. No purities were observed at the ends of the
nanowires, which indicates that the obtained 1D ZnO
nanoparticles are high quality. From the Fig. 1¢, d, ZnO
nanorod was obtained. TEM image furthermore indicates
ZnO nanowire structure as shown in Fig. 2.

3.2 Structural study

The structure of the obtained 1D ZnO nanostructures
is characterized by X-ray diffraction, which is shown in
Fig. 3a. The diffraction peaks show that sample is in sin-
gle phase, which can be indexed as (100), (002), (101),
(102), (110), (103) and (112) planes of hexagonal wurtz-
ite structure that matched well with the standard JCPDS
values (JCPDS Card No. 89-7102). From the figure, all the
observed wide diffraction peaks are in good accordance
with those of wurtzite structure ZnO, which clearly indi-
cated the nature of the well-dispersed nanoparticles.
No other diffraction peaks of any other impurities are
observed by adding complex agent and surfactant, which
indicates that high quality and mono-dispersed 1D ZnO
nanostructures were obtained.
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Fig. 1 a, b The SEM images of ZnO nanowire nanostructures. ¢, d The SEM images of ZnO nanorod nanostructures

Fig.2 a, b The HRTEM image of ZnO nanowire nanostructures
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Fig.3 a X-ray diffraction pattern of 1D ZnO nanoparticles. b Raman spectra about the crystal structure on the scale of a few lattice con-
stants. ¢, d UV-Vis diffuse reflection spectra (DRS) of 1D ZnO nanoparticles

3.3 Raman study

The Raman spectra is recorded with the excitation wave-
length set at 532 nm as shown in Fig. 3b. As we know,
we can get information about the crystal structure on
the scale of a few lattice constants from Raman spectra.
Obviously, any distortion of the lattice, crystal defect,
surface bonding and surface adsorption, will exert an
influence on crystal structure and vibration modes. As
a consequence, the characteristic Raman frequency will
be altered from its ideal value. ZnQ is one of the simplest
uniaxial crystals, which belongs to hexagonal wurtzite
crystal with C,,* symmetry. The optical phonos at the
center of the Brillouin zone are just involved in first-order
Raman scattering. In group theory, there are eight sets
of phonon modes: 2E,, 2A,, 2E, and 2B,. Among them,
A, and E; modes are split into transverse and longitudi-
nal optical (TO and LO) components because they are
polar. The two modes are not only Raman active but also
infrared active. The E2 modes are Raman active merely.
In contrast, B, modes are infrared and Raman inactive
[27]. From Fig. 3, E, (high), A,y and A, o phonon

modes were observed clearly at 436, 577 and 382 cm™!,
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respectively. Although each ZnO nanowire is c-axis
oriented, the whole nanowires are randomly arrayed
when the samples were synthesized by co-precipitation
method [28, 29].

3.4 Optical study

Figure 3c shows that the UV images of 1D ZnO nanopar-
ticles. The band gap of 1D ZnO nanostructure is studied
by UV-Vis diffuse reflection spectra (DRS) in the range of
200-700 nm. Generally, the band gap of semiconductor
nanoparticles is calculated simply by the wave energy
equation (E=hc/A) [19, 22] and the band gap value for
ZnO nanowire is 2.72 eV, indicating its narrower band
gap when compared to ZnO nanorod which the band
gap is 2.90 eV. In comparison with a majority of ZnO
nanoparticles [10], the absorption peak of our 1D ZnO
nanostructures is more red shifted owing to the quan-
tum size effects, and it is in consistent with the small size
and uniformity of nanosized ZnO. Thus, the above results
suggest that ZnO nanowire exhibit excellent photocata-
lytic performance.
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3.5 Photocatalytic property

The Photocatalytic properties of 1D ZnO were investigated
by degrading RhB solution (10 mg L™"), using a Xe lamp
(PLS-SXE300-300UV). The characteristic UV-Vis adsorp-
tion spectra of degradation of RhB solution was shown in
Fig. 4a. The photocatalytic performance of ZnO nanow-
ire is better than ZnO nanorod (Fig. 4b). The linear fitting
curve of the equation of ZnO nanowire is In(C,/C)=0.017
ti,+0.06, and the linear fitting degree R*=0.988 is high
(Fig. 4c), indicating that the photocatalytic reaction is sim-
ilar to the pseudo-first-order reaction. Furthermore, ZnO
nanowire also possess outstanding cycling ability as shown
in Fig. 4d.

ZnO+hv > ZnO+ht + e~

h* + H,0 — -OH + H*

RhB dye + -O>~ + -OH — decomposition products  (4)

The schematic of the reaction mechanism of 1D
nanowire for the photocatalytic degradation of RhB dye
was shown in Scheme 1. We can found that ZnO nanow-
ire products exhibit good activity, which can be attrib-
uted to the 1D nanowire generating more carriers and
1D nanowire are good for electron transport. The inter-
mediate band gap of ZnO nanowire between valence
band and conduction band becomes more active owing
to the increase of carrier concentration. H* and -OH can
be generated because of the influence of hole (h*) on
water. Furthermore, electron (e7) can generate 0% to
be superoxide anion radicals -O>". RhB dye can be then
decomposed by the generated radicals. The reaction
mechanism of major initial steps under visible light
source is listed on the above equations [30].
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Fig.4 a UV-Vis adsorption spectra change of RhB solution for ZnO nanowire. b Degradation percentage of ZnO nanorod and nanowire,
respectively. ¢ Fitting curves of sample ZnO nanowire. d Cycle ability of degradation percentage of ZnO nanowire
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Scheme 1 Schematic of the reaction mechanism for RhB dye deg-
radation

4 Conclusion

In summary, high quality and uniform 1D ZnO structures
were prepared by a co-precipitation method without using
any organic solvents in the fabrication process, which is in
consistent with the development of green chemistry. In
addition, it is easy to control and industrialize. The Raman
study means that each 1D ZnO is c-axis oriented, the whole
nanorods and nanowires are randomly arrayed when the
products were synthesized by co-precipitation method.
Moreover, ZnO nanowire have better photoexcitation of
charge carriers and exhibit outstanding photocatalytic
activity. This work paves a new way for the design of 1D
materials and offers profound insights into the fabrication
of 1D materials.
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