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Hydrothermal growth of ZnO nanoﬂowers and their photocatalyst
application
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Abstract. ZnO nanoﬂowers were prepared by the hydrothermal method and studied by X-ray diffraction,
Raman spectroscopy, scanning electron microscopy, transmission electron microscopy, energy-dispersive X-ray
spectroscopy and photoluminescence. ZnO nanoﬂowers with star-like morphology were of pure wurtzite phase. The
edges of the petals were composed of assemblies of smaller nanocrystallites. Green and orange emissions in photoluminescence were attributed to O vacancies and O interstitials, respectively. Furthermore, ZnO nanoﬂowers demonstrated the effective photocatalytic activities, and O vacancies and O interstitials were considered to be the active
sites of the ZnO photocatalyst.
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Introduction

With a wide band gap (3.37 eV) and a large exciton binding
energy of 60 meV at room temperature, ZnO has attracted
much attention due to its potential applications in electronic
and optoelectronic devices [1,2], gas sensors [3–5], ﬁeldemission devices [6–8], solar cells [9–11] and photocatalysts [12–14]. Besides TiO2 , ZnO is considered as a promising material for puriﬁcation and disinfection of water and
air owing to its nontoxic nature, low cost and high reactivity [15–17]. Under the ultraviolet (UV) irradiation, the
electrons in ZnO are excited from the valence band to the
conduction band, and the excited electrons and the corresponding holes can activate the surrounding chemical species
and then promote the chemical reactions. Therefore, ZnO
materials can be used as photocatalyst. Various ZnO nanomaterials, such as ZnO nanowires, nanotubes, nanocrystals, have been widely studied as the photocatalyst because
of larger speciﬁc surface-to-volume area, which exhibit
excellent photocatalytic behaviours [18–25]. Currently, the
researchers have developed many different approaches to
fabricate ZnO nanomaterials, among which hydrothermal
growth of ZnO nanostructures is one of the most widely
explored methods. The hydrothermal method can present the
good productivity without using any rigorous conditions or
sophisticated instrumentation [25–27]. ZnO nanomaterials
with a variety of new morphologies have been fabricated by
the hydrothermal method [25,27].

In this paper, the fabrication of ZnO nanoﬂowers on Si
substrate by the hydrothermal method and their photocatalyst application was reported. The crystal structure and optical properties of ZnO nanoﬂowers were characterized and
the formation mechanism was discussed. Specially, the photocatalytic performances of ZnO nanoﬂowers were investigated, exhibiting the effective photocatalytic behaviours for
the degradation of dyes. Photocatalytic mechanism was discussed and O vacancies and O interstitials were considered
to be the active sites of the ZnO photocatalyst.

2.

Experiment

2.1 Fabrication of ZnO seeds
For the preparation of ZnO seeds, the typical easy process is
summarized as follows: 0.2 g of Zn(CH3 COO)2 ·2H2 O was
dissolved into 50 ml N,N-dimethylformamide (C3 H7 NO),
and was magnetically stirred for 20 min at room temperature,
vigorously, and then the solution was transferred to incubator
and remained at 90◦ C for 4 h, and then was cooled to room
temperature. Finally, the solution was composed of the clear
solution (up) and white deposited gel solution (down). The
clear solution was removed and the white sol solution was
remained to prepare ZnO seeds for the fabrication of ZnO
nanoﬂowers.

2.2 Synthesis of ZnO nanoflowers
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Before the growth of ZnO nanoﬂowers, Si was cleaned in
acetone, ethanol and deionized (DI) water, and dried in air
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2.3 Characterization
The crystal structure and morphologies of ZnO nanoﬂowers
were performed by X-ray diffraction diffractometer (XRD,
BrukerD8, CuKα, λ = 0.15405 nm), Raman spectroscopy
(Jobin Yvon HR800UV, λ = 514 nm), scanning electron
microscopy (SEM, FEI Nova NanoSEM 430), and transmission electron microscope (TEM, JEM-2100F). The element compositions of the samples were characterized by an
energy-dispersive X-ray spectrometer (EDS, Oxford Instruments). Photoluminescence (PL) was measured with the
325 nm He–Cd laser as an optical excitation. All measurements were carried out at room temperature. To evaluate the
photocatalytic activities of ZnO nanoﬂowers, ZnO nanoﬂowers/Si (1.5 cm × 1.5 cm) was immersed into 25 ml Rhodamine B (RhB) aqueous solution (5 mg l−1 ) and irradiated
by 50 W UV light. Then, 2.5 ml reaction samples were withdrawn periodically for UV–vis analysis. The degradation efﬁciency was evaluated by the equation: η = (1−C/C0 ), where
C and C0 are the concentrations of RhB after and before
UV irradiation, respectively. C/C0 is calculated by A/A0 ,
because the concentration of RhB is linearly proportion to
absorption (A).
3.

Results and discussion

Figure 2 displays the XRD patterns of ZnO nanoﬂowers.
For the ZnO nanoﬂowers grown at 70◦ C, only a broad peak
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to remove the contaminants on the surface of Si. Then, Si
substrate was coated with the white sol solution prepared in
above step by dropping and dried in air. After that, the coated
Si was rinsed in acetone, ethanol and DI water to remove the
organic residue and ZnO seeds were remained on the surface
of Si. Then, the seeded Si was placed in an aqueous solution (160 ml, pH = 11) containing 0.3 g Zn(NO3 )2 ·6H2 O
and 0.1 g NaOH at 70 or 80◦ C for 70 min under continuous
magnetic stirring. After the reaction, ZnO nanoﬂowers were
grown on Si substrates. Finally, the samples were rinsed in
DI water to remove any residual salt and dried in air. The
samples grown at 70 and 80◦ C were marked Sample A and
Sample B, respectively. The process is schematically shown
in ﬁgure 1. Obviously, the chemicals used in the experiment
show some advantages, such as low cost and less hazardous.
The growth occurs at a relatively low temperature, there is
no need for the use of metal catalysts. It is believed that the
hydrothermal method with the chemicals is a very powerful
and versatile technique to fabricate ZnO nanomaterials.
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Figure 1. Schematic process for fabricating ZnO nanoﬂowers.
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Figure 2. XRD patterns of the ZnO nanoﬂowers grown at (a) 70
and (b) 80◦ C.

between 34.5◦ and 36.6◦ was observed (ﬁgure 2a), indicating that the poor crystallinity of ZnO nanoﬂowers grown at
lower temperature (70◦ C). However, in the XRD pattern of
ZnO nanoﬂowers grown at 80◦ C (ﬁgure 2b), three distinct
peaks at 31.9◦ , 34.5◦ and 36.4◦ were detected, corresponding to (100), (002) and (101) ZnO crystal planes, respectively. It could be assigned as hexagonal ZnO phase denoting
P63mc space group (JCPDS no. 361451). The lattice constants were calculated as a = 3.249 Å, c = 5.206 Å, corresponding to the wurtzite structure of ZnO. No impurity
peaks, such as Zn(OH)2 , were observed in XRD pattern of
ZnO nanoﬂowers, indicating the formation of a pure ZnO
phase.
Raman spectrum can be used to investigate the crystal
quality, structural defects and disorders of materials. The
wurtzite structure of ZnO belongs to the space group C46υ
(P63mc). One primitive cell includes two formula units
and all of the atoms occupy 2b sites of symmetry C3ν.
Group theory predicted, at the  point of the Brillouin
zone, there is an existence of following optic modes:  =
A1 + 2B1 + E1 + 2E2 , and the A1 , E1 and E2 modes are
Raman actives [28–30]. Figure 3 shows the Raman spectra
of ZnO nanoﬂowers. For ZnO nanoﬂower grown at 70◦ C, a
weak peak at 432 cm−1 was detected, while a remarkable
peak at 438 cm−1 was observed for ZnO nanoﬂower grown
at 80◦ C. Compared with the Raman spectra of ZnO crystal,
the remark peak could be assigned to the E2 mode of hexagonal wurtzite phase of ZnO nanoﬂowers, conﬁrming the good
crystallinity quality of ZnO nanoﬂowers grown at 80◦ C.
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Figure 3. Raman spectra of the ZnO nanoﬂowers.

Morphological properties of ZnO nanoﬂowers were investigated by SEM, as illustrated in ﬁgure 4. The image of
seeded Si surface (ﬁgure 4a) displays that the seeds were distributed uniformly and compactly. With 70◦ C and 70 min, a
large mass of quasispherical ZnO nanocrystals and a small
amount of ZnO ﬂower embryo were produced (ﬁgure 4b).
Afterward, ZnO nanoﬂowers were grown when the growth
temperature was increased to 80◦ C (ﬁgure 4c).
The growth process of ZnO nanoﬂowers could be
attributed to the initial precipitation of the Zn(OH)2 . The
formed Zn(OH)2 dissolved to a considerable extent in
water, forming Zn(OH)42− ions. When the concentrations of
Zn(OH)42− ions exceeded the critical value, ZnO nanoﬂowers were developed, and the relevant chemical reactions can
be written as follows [31]:
Zn2+ + 2OH− → Zn(OH)2 ↓,

(1)

Zn(OH)2 + 2OH− → Zn(OH)42− ,

(2)

Zn(OH)42− → ZnO + H2 O + 2OH− .

(3)

Compared to the ZnO precipitate, the Zn(OH)2 precipitate
was more soluble, which produced continuously Zn(OH)42−
ions and ZnO nanoﬂowers were produced.
Figure 5 shows SEM images of ZnO nanoﬂowers with
the different magniﬁcations. From low and middle magniﬁcations (ﬁgure 5a–c), it could be seen that ZnO nanoﬂowers
were distributed on the surface of Si substrate, indicating a
large-scale fabrication of ZnO nanoﬂowers. ZnO nanoﬂowers exhibited the petals with 200–400 nm in length and
100–200 nm in width (ﬁgure 5d).
The morphology of the as-grown ZnO nanoﬂowers was
further characterized by TEM analysis, as shown in ﬁgure 6.
It could be seen that the shape of ZnO nanoﬂowers resembled star-like morphology and the edges of ZnO petal were
not smooth and were composed of assemblies of smaller
nanocrystallites. The corresponding selected area electron
diffraction (SAED) pattern also conﬁrmed single crystalline

Figure 4. SEM images for (a) seeded Si substrate, (b) ZnO
nanoﬂowers grown with 70◦ C and 70 min and (c) ZnO nanoﬂowers
grown with 80◦ C and 70 min.

of ZnO nanoﬂowers. EDS analysis of ZnO nanoﬂowers indicated the presence of Zn and O (ﬁgure 6c), suggesting the
formation of a pure ZnO phase, which was consistent with
the XRD result (ﬁgure 2). Obviously, Si peak could be
attributed to Si substrate.
The HR-TEM image of ZnO nanocrystalline at the edge
of ZnO petal demonstrated the lattice spacing was around
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Figure 5. FE-SEM images of ZnO nanoﬂowers with (a) low magniﬁcation, (b and c) medium
magniﬁcation and (d) high magniﬁcation.

0.25 nm, corresponding to the interspacing of the (002)
planes (ﬁgure 7) [32–34].
The optical properties of ZnO nanoﬂowers were investigated by PL at room temperature. Figure 8 shows PL
spectra of ZnO nanoﬂowers prepared with various temperatures. The typical emissions of narrow violet (∼380 nm) and
broad visible bands were observed. The UV emission could
be attributed to the radiative annihilation of excitons origined from the exciton–exciton collisions in ZnO. The UV
luminescence from ZnO nanoﬂowers was enhanced with the
increase of the growth temperature, which indicated the better crystallinity of ZnO nanoﬂowers prepared at higher temperature (80◦ C) and was consisted with the results obtained
from SEM images (ﬁgure 4). At lower growth temperature
(70◦ C), ZnO nanoﬂowers could not be developed fully due
to the lower energy, resulting in the poor crystallinity. The
result was also conﬁrmed by weak UV luminescence
(ﬁgure 8a and b).
As shown in ﬁgure 8, both of samples grown at 70 and
80◦ C exhibited broad visible luminescences. Obviously, the
visible luminescence intensity of the sample at 70◦ C was
stronger than that of sample at 80◦ C, which indicated more
defects in the sample grown at lower temperature, because
the luminescence in the visible region was commonly

assigned to the deep-level defects in ZnO, such as vacancies and interstitials of oxygen and zinc, but the origin of the
visible emissions was still highly controversial [35,36]. The
native defects with different energy levels in ZnO have been
studied widely by the researchers [37–39]. O vacancy (VO )
and O interstitial (Oi ) are known to be the most common
defects in ZnO materials. They serve as the radiative centres
in luminescence processes and play the signiﬁcant roles to
determine the visible luminescence for ZnO materials. Specially, a O vacancy has three possible charge states: the neutral oxygen vacancy (VOx ), the singly ionized oxygen vacancy
(VO+ ) and the doubly ionized oxygen vacancy (VO++ ). The
different charge states of oxygen vacancies occupy different
energy levels in the ZnO band-gap, which are responsible for
the visible luminescence the different wavelengths [40,41].
Yellow, green and blue luminescences from ZnO could be
attributed to VO++ , VO+ and VOx , respectively [42]. In our
experiments, Gaussian ﬁtting was used to study the PL spectra of ZnO nanoﬂowers, as shown in ﬁgure 8b and c. The
ﬁtting peaks are summarized in table 1. PL spectra of ZnO
nanoﬂowers demonstrated four ﬁtting peaks at ∼380 (UV),
∼550 (green), ∼620 (orange) and ∼760 nm (near-infrared,
NIR), respectively. The green emission could be considered
to correspond to VO defects, due to the electron transition
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Figure 6. (a) TEM image of ﬂower-like ZnO nanostructure, (b) SAED pattern of ﬂower-like ZnO
nano-structures and (c) EDS spectrum of ZnO nanoﬂowers.

Figure 7. Typical HR-TEM image of the edge at the petal of ZnO
nanoﬂowers.

from the VO centres to the valence band edge. In the PL spectra of ZnO nanoﬂowers, orange emission centred ∼620 nm
was observed. Actually, orange emission has been less commonly detected than green emission, and could be assigned
to Oi defects [43–45].
NIR luminescence at ∼750 nm was detected in the PL
spectra. It was also noted that its intensity was enhanced
for ZnO nanoﬂowers with a strong UV luminescence. In
the case, the NIR luminescence in our experiments could be
assigned to the second-order diffraction of UV luminescence.
Generally, NIR luminescence in ZnO PL spectrum is contributed to the second-order diffraction of UV luminescence.

However, some researchers reported that the NIR luminescence at about 750 nm was attributed to the oxygen vacancies
in ZnO materials [46]. In our experiments, ZnO nanoﬂowers
with better crystalline and lower emission in visible region
exhibited a stronger NIR luminescence. The phenomenon
was not in agreement with the reports that NIR luminescence originated from O vacancies. Actually, the NIR luminescence at ∼750 nm was often observed in PL spectra with a
strong UV luminescence when PL spectra was measured for
ZnO materials, including ZnO nanopowders, nanorods and
nanoﬂowers. Therefore, the NIR luminescence in our experiments could be attributed to the second-order diffraction of
UV luminescence.
The photocatalytic properties of ZnO nanoﬂowers were
investigated through the photodegradation of RhB aqueous
solution under UV light irradiation. Figure 9 shows photocatalytic performances of ZnO nanoﬂowers. As shown in ﬁgure
9a, during the reaction process, the absorption intensity at
∼550 nm of RhB aqueous solution decreased gradually with
the irradiation time, indicating the successful reduction of
ZnO nanoﬂowers. After irradiation for 3 h, the degradation
efﬁciency (η) of RhB was found to be about 52%. The plot of
ln(C/C0 ) vs. time was almost linear (ﬁgure 8b inset), which
suggested that the photodecomposition reaction following
the ﬁrst-order rate law. Similarly, ZnO nanoﬂowers grown
at 70◦ C was immersed into RhB solution. After 3 h irradiation, the degradation efﬁciency (η) of RhB was about 42%.
To conﬁrm the photocatalytic properties of ZnO nanoﬂowers, RhB aqueous solution without ZnO nanoﬂowers/Si was
also irradiated in UV light. Even if after 4 h irradiation, no
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Table 1. Peak positions of the different luminescence bands from
the ﬁtted PL spectra.
Fitting peak (position, nm)

Figure 8. (a) PL spectra of the ZnO nanoﬂowers. (b) PL spectrum
of ZnO nanoﬂowers grown at 70◦ C is deconvoluted by four parts,
marked as UV band (I), green band (II), orange band (III) and NIR
band (IV); and (c) PL spectrum of ZnO nanoﬂowers grown at 80◦ C
is deconvoluted by four parts, marked as UV band (I), green band
(II), orange band (III) and NIR band (IV).

obvious changes for the absorption intensity of RhB aqueous solution were detected in our experiments. The results
revealed the degradations of RhB (ﬁgure 9) were due to ZnO
nanoﬂowers immersed in it. Therefore, ZnO nanoﬂowers
can work as the effective photocatalysts, which prompts the
potential application of our ZnO nanoﬂowers to the treatment
of wastewater.
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Figure 9. (a) Degradation of Rhodamine B with different irradiation times and (b) degradation rate of Rhodamine B with ZnO
nanoﬂowers.

Generally, for semiconductor materials, when a photon
with an energy of hν matches or exceeds the band gap energy
(Eg ), an electron (ecb− ) in the valence band (VB) can be
excited to the conduction band (CB), leaving a hole (h+
vb ) in
the VB. The photogenerated electrons and holes can recombine and dissipate the input energy as heat, get trapped in
metastable surface states, or react with electron donors and
electron acceptors adsorbed on the semiconductor surface.
With a suitable scavenger or surface defect state, the photoelectron can be trapped by electron acceptors, while the
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Figure 10. Schematic of the band structure and charge-transfer process, and photocatalytic reaction
process of ZnO nanoﬂowers.

photoinduced holes can be easily trapped by electronic
donors. Therefore, photoelectrons and holes restrain the
recombination, which results in subsequent redox reactions
[14,47–49]. Figure 10 shows schematically the band structure, charge-transfer process and photocatalytic reaction process of ZnO nanoﬂowers. For ZnO nanoﬂowers in the redox
reactions, the oxygen vacancies served as the electron acceptors and prevented the recombination of ecb− and hvb+ , while
OH− in the RhB aqueous solution acted as the hole capturing
centers and prevented the recombination of photoelectrons
and holes. Therefore, ZnO nanoﬂowers exhibited the effective photocatalystic behaviours and VO and Oi defects could
be considered to be the active sites of ZnO photocatalyst.
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