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ZnO nanopowders with different morphologies were successfully synthesized via hydrothermal method. By
using different surfactants and controlling the concentration of surfactant in the reaction mixture, ZnO nanopar-
ticles and nanoplates were obtained at 160 °C. The analysis of photoluminescence spectra shows that there exist
more oxygen vacancies in the samples with small particle size and rough surface. The as prepared samples are
used as photocatalysts for the rhodamine B (RhB) photodegradation, and the results show that ZnO with small
particle size is more active for the photocatalytic process. This is attributed to the fact that the smaller particles

Ié%words' have larger BET surface area and contain more surface oxygen vacancies, which are considered as stimulative
Morphology for catalyzing the RhB reaction. The results suggest a positive relationship among particle size, oxygen vacancies
Growth mechanism and photocatalytic activity for RhB.

Photocatalytic property © 2015 Elsevier B.V. All rights reserved.
1. Introduction on a large scale using a two-phase solution method in the presence of

Since environmental pollution has exceeded the limit of natural self-
cleaning ability [1,2], semiconductor-based photocatalytic processes
have attracted intense interest as an effective way of purifying contam-
inants [3-6]. Among the various semiconductors, ZnO, with a direct
wide bandgap (Eg = 3.37 eV), is of special importance for the photo-
catalysis reaction [7,8], which can be utilized for the degradation of or-
ganic pollutants [4-6].

Because the photocatalytic reaction occurs at the interface between
catalyst surfaces and organic pollutants [9], the photocatalytic activity
of ZnO is strongly dependent on its morphology. Scientists have
made great efforts in controlling the morphology of ZnO. Previous stud-
ies on the growth habits of ZnO under hydrothermal conditions have
established that precursor, temperature, concentration, pH and using
surfactants are all influencing factors on the resulting particle size and
morphology [10-14].

Among these factors, surfactants play important roles in determin-
ing the different growth behaviors of ZnO [14,15]. The crystal growth
habit can be modified by selective adsorption of surfactants on the
planes of the polar crystals. Some surfactants have been introduced
into the hydrothermal reactions to control the shape of ZnO. For exam-
ple, specific novel ZnO morphology of layer-built spherical particles was
prepared by a facile solution route in the presence of cetyltrimethyl-
ammonium chloride (CTAC) [16]. ZnO twin-spheres were synthesized
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the water-soluble sodium bis (2-ethylhexyl) sulfosuccinate (AOT)
[13]. However, there are still lots of unanswered questions about the ef-
fects of different surfactants on ZnO growth.

In addition, the introduction of surfactants can also bring great influ-
ence on the concentration of oxygen vacancies of ZnO [17]. According to
the published work, the concentration of oxygen vacancies was one im-
portant factor to determine the photocatalytic performance of ZnO [18,
19]. Surface oxygen vacancies always act as the photogenerated elec-
tron traps and the adsorption sites, in which the electron can transfer
to the adsorbed sites, thus prevent the recombination of photoinduced
electron-hole pairs, resulting in the enhancement of the photocatalytic
activity.

In this work, ZnO with various morphologies was synthesized via
a facile hydrothermal process under the assistance of different sur-
factants. Growth mechanism of the various ZnO morphologies was
discussed. The effects of ZnO particle size and surface oxygen vacancies
on the catalytic activity were investigated by RhB photodegradation.

2. Experimental
2.1. Materials

All reagents (including zinc nitrate hexahydrate (Zn(NOs),-6H,0),
sodium hydroxide (NaOH), cetyl trimethyl ammonium bromide

(CTAB), polyethylene glycol-400 (PEG-400), and rhodamine B (RhB))
used in the experiments were of analytical grade (purchased from
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Table 1

Experimental condition of all samples.
Zn0 Zn(NOs),-6H,0 NaOH CTAB  PEG-400
nanopowders concentration (M) concentration (M) (M) (ml/1)
Sample 1# 0.1 0.2 - -
Sample 2# 0.1 0.2 0.01 -
Sample 3# 0.1 0.2 0.5 -
Sample 4# 0.1 0.2 - 40
Sample 5# 0.1 0.2 - 200

Sinopharm Chemical Reagent Co., Ltd.) and used without further
purification.

2.2. Synthesis

In a typical procedure for preparing sample 1#, Zn(NOs), - 6H,0 was
dissolved in deionized water. Subsequently, the appropriate dosage of
NaOH solution in deionized water was added to the Zn precursor solu-
tion. This mixed solution was stirred for 10 min and then transferred
to a Teflon-lined stainless steel autoclave and was thermally treated
at 160 °C for 5 h. After cooling to room temperature, the white pre-
cipitate was washed with deionized water and ethanol several
times and dried in an oven at 80 °C for 12 h to remove the solvent. For
other ZnO nanopowders, the only change in the experimental condition
is that the appropriate dosage of surfactant was dissolved with
Zn(NOs),-6H,0 when preparing Zn precursor solution. The following
steps are the same with the procedure for preparing sample 1#. Exper-
imental conditions for all samples are summarized in Table. 1.

2.3. Characterization

The crystallinity and phase purity of the products were characterized
by using X-ray diffraction (XRD, MAC Science, MXP18, Japan). The
morphologies and structures of the as-prepared nanopowders were
analyzed by field emission scanning electron microscopy (FE-SEM,
XL30ESEM-FEG and Hitachi S-4800) and transition electron microscopy
(TEM, JEOL JEM-2010HR). N, adsorption isotherms were measured
using an AUTOSORB-IQ (Quantachrome Instruments, USA). The photo-
luminescence spectrum was recorded at room temperature in a spec-
tral range of 330 to 750 nm using a He-Cd laser with a wavelength of
325 nm as the excitation source. UV-vis absorption spectra were
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Det WD gxu \"F EOD{lm

)x | SE 103

acquired with an UV-vis spectrophotometer (UV-5800PC, Shanghai
Metash Instruments Co., Ltd.). The total organic carbon (TOC) was ana-
lyzed using vario TOC analyzer (vario TOC, Elementar, Germany).

2.4. Photocatalytic activity measurements

The photocatalytic activity measurement is as follows: the
reaction system containing RhB aqueous solutions (7 mg/l) and the
as-synthesized products were magnetically stirred thoroughly in
the dark until reaching the adsorption equilibrium of RhB on catalyst
before exposure to UV irradiation providing a 250 W high-pressure Hg
lamp (centered at 365 nm). After different irradiation intervals, the
solution concentration of RhB was analyzed by an UV-vis spectropho-
tometer at room temperature. The degradation efficiency of RhB was
calculated from the following expression: the RhB degradation efficien-
cy (%) = (Co — C) / Co x 100%, where Cy and C are the concentrations of
RhB before and after UV irradiation, respectively.

3. Results and discussion
3.1. Morphology and structure

Fig. 1 presents the SEM images of the as-prepared ZnO nano-
powders. Five ZnO samples with different morphologies were obtained
by changing the kind and dosage of surfactant. Fig. 1a shows the SEM
image of ZnO hexagonal nanoplatforms (sample 1#) synthesized from
the reaction without any surfactant. The average diameter and thick-
ness of these nanopowders are about 230 and 200 nm, respectively.
Fig. 1b shows the SEM image of sample 2#, synthesized from the reac-
tion with 0.01 M CTAB acting as surfactant in the reaction solution.
The morphology of ZnO nanopowders converted to plate-like nano-
structures. The average lateral dimension and thickness of these
nanopowders are 290 and 44 nm, respectively. If the dosage of CTAB
was added to 0.5 M, ZnO nanoplates became bigger (sample 3#,
Fig. 1c). The average lateral dimension and thickness of the nanoplates
are approximately 350 and 50 nm, respectively. Fig. 1d shows the SEM
image of the products (sample 4#) synthesized from the reaction with
40 ml/l PEG-400 serving as surfactant in the reaction solution. Sample
44# had a similar morphology with sample 1#, but the surface of sample
4# was not smooth and intact. The average diameter of these
nanopowders is 150 nm. If the concentration of PEG-400 was added to

Fig. 1. SEM images of (a) samples 1#, (b) 2#, (c) 3#, (d) 4# and (e) 5#. Each inset shows a schematic model of each sample.
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200 ml/l, ZnO nanoparticles became smaller (sample 5#, Fig. 1e). The
average diameter of these nanopowders is 115 nm. Surfactants changed
morphology of ZnO and we want to know if the crystalline type was also
changed.

Particle size has great influence on the BET surface areas of nano-
materials. Without pores, particles with small size always have large
BET surface areas. In this research, based on the N, adsorption isotherms
(Fig. 2a) the BET specific surface areas of ZnO nanopowders were calcu-
lated using the Brunauer-Emmett-Teller (BET) method and the result is
presented in Fig. 2b. Sample 5# whose particle size is the smallest has
the largest BET surface area (13.39 m?/g) among the as prepared nano-
powders. The BET surface area decreases in turn for the ZnO nano-
powders: 5# > 4# > 1# > 2# > 3#.

The crystal structures of as-prepared ZnO nanopowders were inves-
tigated by X-ray diffraction (XRD). Fig. 3 displays the XRD patterns of
Zn0 nanopowders with different morphologies. All the XRD patterns
can be indexed as the pure hexagonal wurtzite ZnO nanostructure
(JCPDS card, no. 36-1451). Because no diffraction peaks are observed
from other impurities in the XRD patterns, it can be concluded that
pure hexagonal-phase ZnO nanostructures are synthesized through
this fast and simple hydrothermal method.

The crystalline natures of ZnO nanopowders (samples 1#, 3#, and
5#) were also investigated by using TEM. Fig. 4al shows the TEM
image of sample 1#. The HRTEM image (Fig. 4a2) indicates that the
structure is highly crystalline with a lattice spacing of 0.28 nm, which
corresponded to the distance between the {10-10} planes in the ZnO
crystal lattice. The SAED pattern laid on the [0001] zone axes and the
sharp spots indicates the single crystalline nature of the structure
(Fig. 4a3). Fig. 4b1 shows the TEM image of sample 3# obtained from
the reaction with 0.5 M CTAB acting as surfactant in the reaction solu-
tion. The HRTEM image (Fig. 4b2) shows that the sample was highly
crystalline with a lattice spacing of 0.26 nm, corresponding to the dis-
tance between the (0002) planes in the ZnO crystal lattice. The SAED
pattern of the nanostructure revealed that it was single-crystalline
(Fig. 4b3). Fig. 4c1 shows the TEM image of sample 5# synthesized
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Fig. 2. N, sorption isotherms (a) and BET special surface (b) of all samples.
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Fig. 3. XRD patterns of ZnO nanopowders.

from the reaction with 40 ml/l PEG-400 serving as surfactant in the
reaction solution. The HRTEM image (Fig. 4c2) shows that the nano-
structure was highly crystalline with a lattice spacing of 0.26 nm, corre-
sponding to the distance between the (0002) planes in the ZnO crystal
lattice. The SAED pattern of the nanostructure showed that the sample
was also single-crystalline (Fig. 4c3).
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Fig. 4. (a1) TEM image of sample 1#; (a2) HR-TEM image and (a3) SAED pattern of the
area indicated by the circle in (al1); (b1) TEM image of sample 3#; (b2) HR-TEM image
and (b3) SAED pattern of the area indicated by the circle in (b1); (c1) TEM image of
sample 5#; (c2) HR-TEM image and (c3) SAED pattern of the area indicated by the circle
in (c1).
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3.2. Growth mechanism

To understand the growth mechanism is indispensable in order
to control and design tailored nanostructures. Based on the above ex-
perimental results, the growth mechanisms of ZnO nanopowders with
different morphologies are proposed. In order to give a visual explana-
tion, schematic illustration of growth mechanisms for ZnO nano-
powders with different morphologies was displayed in Fig. 5.

The growth habit and morphology of the crystal depend on the
relative growth rate of the different faces of the crystal [20-22]. Fig. 5a
shows the schematic diagram of sample 1# which was prepared
without any surfactants. The growth rate along the c axis should be a lit-
tle higher than or at least equal to that along the radial axis, that is,
V[0001] > V[011-0]. This keeps the rod very uniform, well-faceted, and
with both terminations flat.

The addition of surfactant in the reaction solution will induce chang-
es in the kinetic parameters which can change the morphology. When
the cation surfactant CTAB was introduced into the reaction system
the surface tension of the solution was reduced and it will lower the en-
ergy needed to form a new phase. As we know, the growth unit of ZnO
crystal is [Zn(OH)4]% ™ in aqueous solutions, therefore, ion-pairs be-
tween CTA™ and [Zn(OH)4]>~ could come into being through electro-
static interaction. During the hydrothermal reaction, CTAB plays a role
as template and medium to transport the growth unit [Zn(OH)4J?>~.
According to the internal structure and growth habit of ZnO crystal,
ZnO has the behavior of preferred growth along the c-axis [23]. These
growth units combine with each other and decompose into ZnO nuclei
simultaneously, which aggregate into ZnO nanorods. Meanwhile ZnO
nanorods tend to conglomerate to form the structure of two dimension-
al nanoplate in order to lower the surface potential. The whole process
can be clearly illustrated in Fig. 5b. When the dosage of CTAB was in-
creased to 0.5 M, the size of ZnO nanoplate increased. That means
more ZnO nanorods conglomerated together, as illustrated in Fig. 5c.

The morphology of ZnO nanopowders would look very different
when the surfactant was replaced by a nonionic surfactant-PEG-400
(Fig. 1d and e). Along with the introduction of PEG-400 into hydrother-
mal system, the particle size decreased and surfaces of these particles
became rough. This phenomenon might attribute to the restricting ef-
fect of the surfactant molecules present at the interface embracing the

crystals and controlling their excess growth. With appropriate amounts
of PEG-400 in the reaction solution, the additive molecules adsorb on
the surfaces of ZnO nuclei during its growth process, including the
face in the (0001) direction. Therefore, the active sites were covered
and the growth of the crystals in all directions was restricted. The ad-
sorption induced the formation of small ZnO nanoparticles with imper-
fect crystal faces, as illustrated in Fig. 5d. More PEG-400 molecules
adsorbed on ZnO nuclei surfaces with 200 ml/1 of PEG-400 in the reac-
tion solution. Then the effect of PEG-400 molecules on the control of
the crystal growth became stronger. Thus, nanoparticles with smaller
mean particle sizes were obtained, as illustrated in Fig. 5e.

3.3. Optical properties and photocatalytic activities

PL spectra of as-synthesized ZnO nanopowders with different mor-
phologies are presented in Fig. 6. On the whole, the room temperature
PL spectra of all samples show similar features. There appeared one
sharp UV emission band at about 380 nm, generally assigned as a
near-band-edge (NBE) emission band, and another broad deep-level
emission (DLE) band extending from 450 to 650 nm. The UV emission
band ascribes to the free recombination of excitons. Such emission is
in correspondence with the emission band reported in the literature
[24,25]. The DLE emission has been associated to single ionized oxygen
vacancies, oxygen antisites, zinc vacancies, and oxygen deficiency
[26-29]. The green emission, which acts as the main ingredients
among DLE emission for these samples, comes from the recombination
of electrons in singly occupied oxygen vacancies with photoexcited
holes [30,31]. Based on the above explanation, the relative density of
the oxygen vacancies can be estimated by comparing the ratio of inten-
sity of visible emission and UV emission (ly;s/Iuyv), and the higher Iy;s/Iyy
ratio indicates the higher concentration of oxygen vacancies. So accord-
ing to the inset of Fig. 6 the concentration of oxygen vacancies varies
with different ZnO nanopowders showing the following order:
5% > 4# > 13 > 2# > 34#.

To compare the UV-vis absorb ability of the as prepared ZnO
nanopowders, the UV-vis absorption spectra of ZnO nanopowders
with different morphologies were shown in Fig. 7a. Sample 5# shows
enhanced UV-vis absorption almost in the whole wavelength range
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Fig. 5. Schematic illustration of growth mechanism for ZnO nanopowders with different morphologies.
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Fig. 6. PL spectra of all samples.

compared with others. On the contrary, sample 3# shows weaker ab-
sorption especially in UV range.

By using the Urbach model, band gaps of as prepared ZnO can be es-
timated as [32]

n
o A(hv—Eg)
hv

where A is a constant related to the mass of electron-hole pairs and the
refractive index. As a direct band gap semiconductor, the value of A for
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Fig. 7. UV-vis absorption spectra (a) and the plot of (athv)? versus hv of ZnO nanopowders.

ZnO is equal to 1/2. The curve of (ahv)? versus hv (photon energy)
(Fig. 7b) was utilized to estimate the band gap of samples 1#, 3# and
5#. The calculated energy gaps for samples 1#, 3# and 5# are about
3.25,3.31 and 3.01 eV in accordance with the previous reports. The dif-
ference in band gap might attribute to the content of oxygen vacancies.
Wang et al. reported that when the concentration of oxygen vacancies is
increased, the impurity states become more delocalized and overlap
with the valence band edge, resulting to the band gap narrowing [19].

The results of the RhB degradation that used different ZnO photo-
catalysts are shown in Fig. 8. Without any catalyst, only a slow decrease
in the concentration of RhB is detected (pink curve in Fig. 8a). The addi-
tion of catalysts leads to obvious degradation of RhB, and the photocat-
alytic activity depends on the morphology. Sample 5# showed the
highest photocatalytic activity among the as prepared ZnO nano-
powders and it can eliminate all RhB in the solution after 30 min UV ir-
radiation (cyan curve in Fig. 8a). The activity decreases in turn for the as
synthesized ZnO nanopowders: 5# > 4# > 1# > 2# > 34#. The first order
kinetic equation In(Co/C) = kt is used to fit the experimental data
in Fig. 8b, where k is the apparent rate constant. The k values obtained
from Fig. 8b are 0.040, 0.030, 0.019, 0.072 and 0.132 min~! in the
presence of sample 1#-5#, respectively.

The total organic carbon (TOC) removal efficiency actually presents
the true mineralization credibility of a photocatalyst. The time scale
TOC removal of RhB dye is shown in Fig. 9. Compared with Fig. 8a, min-
eralization (TOC removal) of RhB is slower than its degradation efficien-
cy. That means that RhB cannot be degraded into the final product
directly. There exists transitional product in the photocatalytic process.
Hence, longer irradiation time was required to obtain high TOC removal
efficiency.
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Fig. 8. (a) Degradation efficiency versus reaction time for all samples. (b) The relationship
curves of the In(Co/C) versus reaction time for the ZnO photocatalysts.
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Photocatalysis reaction is a complicated process, and the activity of
the catalyst is influenced by many factors. The particle size is vitally
important for the activity of oxide catalysts in photocatalytic reactions.
According to the BET test shown in Fig. 2 we can conclude that small
ZnO particles have large specific surface areas. A high specific surface
area has a beneficial effect on the activity for catalysts because it can
provide more chance for the contact between photocatalysts and con-
taminant. In this research, sample 5# has the smallest size, the largest
BET surface area performed best in RhB photodegradation process.

In addition, oxygen vacancies are also important to determine
the photocatalytic activity of ZnO photocatalysts [19,33,34]. It is well-
known that oxygen vacancies can act as electron donors and have a
contribution to enhance the donor density of semiconductor [35,36].
With the increase of donor density, charge transport in ZnO could be
improved. The Fermi level of ZnO could also be shifted toward the
conduction band [37]. This shift of the Fermi level can improve charge
separation at ZnO/electrolyte interface. The surface oxygen vacancies
can also absorb the oxygen species (such as O3, OH™) which could
change into high-activity *O; and *OH ™, and they can accelerate the
photocatalysis reaction [38-40]. Therefore, ZnO sample which contains
more oxygen vacancies has higher catalytic activity for the RhB
photodegradation reaction. According to the analysis result of PL test,
sample 5# has the largest number of oxygen vacancies. That is one rea-
son why sample 5# performed best in RhB photodegradation process.

4. Conclusions

We have synthesized ZnO nanopowders with different morphol-
ogies using a facile hydrothermal method by the assistance of surfac-
tant. It has been shown that the introduction of CTAB can serve as
template and obtain ZnO nanoplates in the hydrothermal reaction.
When the PEG-400 was introduced as surfactant, the restricting effect
of PEG-400 would make the particle small and rough in surface. In this
study, samples with small size and rough surface have high concentra-
tion of surface oxygen vacancies. Further photocatalytic experiments
confirm that ZnO samples with small particle sizes and high concentra-
tion of surface oxygen vacancies exhibit better photocatalytic activity in
photodecomposition of RhB. This research may provide support for de-
signing high photoactivity, environmental-friendly photocatalysts for
environmental protection.
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