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Abstract: In this article, the flower-like, urchin-like, and
rod-like ZnOs were synthesized by a convenient atmo-
spheric hydrothermal method. The crystalline structures,
morphologies, exposed crystal faces, and specific surface
areas of the as-prepared ZnO samples were analyzed.
Rhodamine B (RhB) was used as the simulated pollutant
to evaluate the photocatalytic performance of the ZnO
nanostructures. The flower-like ZnO prepared by con-
trolled hydrothermal method at room temperature for
2h displayed highest specific surface area and exposed
more high active {2110} facets compared to the other two
morphologies of ZnO. In addition, within 2 h of the photo-
catalytic reaction, the flower-like ZnO results in 99.3%
degradation of RhB and produces the most hydroxyl radi-
cals (OH) 47.83 pmol/g and superoxide anions ('03)
102.78 pmol/g. Due to the existence of oxygen vacancies
on the surface of {2110} facets, the flower-like ZnO can effi-
ciently catalyze the production of active oxygen, leading to
the improvement in the photocatalytic efficiency.
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1 Introduction

Semiconductor materials are widely studied by a number
of researchers for the significant roles, which are used in
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sensors [1], photocatalysis [2], reduction of CO, [3], air
purification [4], and other fields. The different morpho-
logies of semiconductor materials show special character-
istics and are beneficial to explore novel functions.
Common metal oxides such as TiO, [5], ZnO [6], SnO,
[71, BiVO, [8], and CuO [9] recently have become research
hotspots in many fields. Among them, ZnO, owning var-
ious morphologies, good thermal stability, low cost, and
biocompatible, has the potential to substitute TiO, [10] to
be used in photocatalysis and antibacterial field [11].

As a semiconductor material with a wide band gap
(Eg = 3.37 eV) and large exciton binding energy (60 meV),
ZnO has been extensively studied in solar cells [12], anti-
bacterial materials [13], photocatalytic degradation of pol-
lutants [14], and catalytic hydrogen production [15]. In
recent years, researchers have commonly used many
methods such as material recombination [16], morphology
control, and doping [17] to enhance various properties of
materials. Among them, ZnO with different morphologies
prepared by morphology control exhibits a significant
effect on their photocatalytic performance. The difference
in morphologies not only leads to different specific surface
areas and surface energy, but also results in difference in
atom arrangement, which affects the activities and defect
concentration. So far, the methods for synthesizing ZnO
include hydrothermal [18], chemical vapor deposition [19],
ion sputtering [20], sol-gel [21], precipitation method [22],
etc. The exposure of different facets of ZnO can be con-
trolled by using different solvents, adjusting raw material
molar ratio, and changing the traction temperature.
Through a large number of theoretical calculations, it
can be known that the {0001} facets have the highest cat-
alytic activity [23], followed by the {2110} facets [24]. How-
ever, due to the high surface energy of {0001}, it is difficult
to obtain these facets under mild conditions. ZnO prefer-
entially grow along c-axis direction. Xu et al. [25] proposed
that the growth element is easily adsorbed on the (0001)
facets by electrostatic interaction with the hydroxide ions
in the solution, which can take {2110} as the main exposed
crystal surface to control the facets to form a flower-like
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structure. Chen et al. [26] used mixed solvents (ethanol
and water) to regulate the self-assembly of ZnO crystals
and found that stacking along the direction of the [0001]
facets has an important regulatory effect. A diol composed
of two hydroxyl groups at both ends can be effectively
attached to the (0001) facets of the ZnO crystal. This inter-
action inhibits the preferential growth of ZnO crystals,
leading to different orientations of surface morphology
[27]. Therefore, methods for preparing ZnO such as vapor
deposition, ion sputtering, and crystal assisted methods
are not only costly, but also have a complicated process.
Furthermore, the use of capping agents and organic addi-
tives can probably selectively control the exposed crystal
faces of ZnO. But these agents are toxic or corrosive. There-
fore, there are few reports on the photocatalytic perfor-
mance of ZnO with high active exposed crystal faces pre-
pared by an efficient, environmentally friendly, and simple
process.

In this article, a mild condition for preparing the
highly active ZnO by atmospheric hydrothermal method,
without any surfactants, templates, and organic solvents,
is reported. The structure of ZnO could be modified by
adjusting the molar ratio of raw materials, reaction time,
and temperature. The result shows that the flower-like
ZnO prepared by hydrothermal method under room tem-
perature exhibits obvious advantage for the photocata-
lytic performance over the other two kinds of ZnO under
simulated sunlight. Due to the different exposed facets
of ZnO, this study proposes that the exposed {2110} facets
of ZnO have a high concentration of oxygen vacancies
and outstanding ability to catalyze the production of
active oxygen, showing highly efficient photocatalytic
performance. The growth principle of flower-like ZnO
and the mechanism of high photocatalysis are shown in
Figure 1.
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2 Experimental methods

2.1 Materials

Zinc nitrate hexahydrate (Zn(NOs),-6H,0), nitro blue tet-
razolium chloride (NBT), terephthalic acid (TA), 2-hydro-
xyterephthalic acid (2-OH-TA), and hexamethylenetetra-
mine (HMTA, (CH,)¢N,) were purchased from Aladdin
Bio-Chem Technology Co., Ltd. (Shanghai, China). NBT,
sodium hydroxide (NaOH), ammonia (NHs-H,0), and rho-
damine B (RhB) were purchased from Chengdu Kelong
Chemical Co., Ltd., P.R. China. All chemical reagents used
in this study were used without any further purification.

2.2 Synthesis of ZnO

(1) Flower-like ZnO were synthesized using the room tem-
perature hydrothermal method. 2.23 g of Zn(NO3),6H,0
and 3.00 g of NaOH were dissolved in 150 mL of deio-
nized water followed by adding the NaOH solution
into the zinc nitrate solution. The mixed solution was
reacted for 2 h under magnetic stirring at room tempera-
ture. The corresponding product was washed and cen-
trifuged for several times with deionized water and
ethanol, and finally dried in air at 60°C for 12 h.

(2) The preparation of urchin-like ZnO was prepared by the
hydrothermal method. Typically, 8.92 g of Zn(NO3),-6H,0
and 10.50 g of NH5-H,0 were added into 50 mL of deio-
nized water and 200 mL of deionized water, respec-
tively. Then, ammonia solution was added dropwise
to the continuously stirred ZnO solution at a rate of
10 mL/min. The mixture was then reacted at 90°C
for 20 h. After reaction, the precipitate was naturally

Figure 1: Schematic diagram of growth and photocatalysis of flower-like ZnO.
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cooled and washed with deionized water and ethanol.
Then, it was centrifuged for several times and finally
dried in air at 60°C for 12h.

Rod-like ZnOs were also synthesized by hydrothermal
route. Briefly, 8.94 g of Zn(NOs),-6H,0 were dissolved
in 300 mL of deionized water. 4.20 g of HMTA were
added to the above solution. Then, the mixture solu-
tion was stirred magnetically at room temperature
for 24 h. After stirring, the above solution was trans-
ferred into a water bath reacting for 8 h at 90°C.
Similarly, the white precipitate obtained after the
reaction was washed with water and ethanol fol-
lowed by centrifuging and then drying in an oven
at 60°C for 12 h.

G)

The preparation flow chart of three morphologies of
ZnO0 is shown in Figure 2.

2.3 Characterization

The crystal structure of the samples was tested by X-ray
diffraction (XRD, Bruker D8 ADVANCE), with CuKa radia-
tion in the 20 range of 5-85°. The surface morphologies of
three kinds of samples were studied by field emission
scanning electron microscopy (FE-SEM; Inspect F, FEI,
Netherlands), operated at 20.0 kV. More details about
the structure of ZnO were studied by transmission electron
microscopy (TEM; JSM2100F, JEOL, Japan) and selected-
area electron diffraction (SAED) patterns were obtained at
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an accelerating voltage of 200.0 kV. X-ray photoelectron
spectroscopy (XPS) analysis was performed on a Thermo
Fisher ESCALAB Xi+ multifunctional imaging electron
spectrometer, and the data were corrected by setting the
adventitious C 1s peak at a fixed value of 284.8 eV. The
Brunauer-Emmett-Teller (BET) special specific surface
areas of the samples were detected through measuring
the N, adsorption—desorption isotherms at 77 K using a
surface area analyzer (Autosorb iQ, Quantachrome, USA).
All samples were studied by ultraviolet-visible (UV-Vis)
spectrophotometer (UV-2600, Shimadzu, Japan) to ana-
lyze the light absorption ability and detect superoxide
radical content. The fluorescence spectrophotometer (Hitachi
F-7000) was used to detect the amount of hydroxyl radicals
produced by the samples.

2.4 Photocatalytic activity tests

Photocatalytic performance of different samples under
simulated sunlight were evaluated by degrading RhB at the
same temperature using a 150W Xe lamp (XBO 150W/CR
OFR, Osram) as the light source. Typically, 40 mg of photo-
catalysts were dispersed in 40 mL of 10 mg/L RhB solution
under continuous stirring. The mixed solution was stirred
for 30 min to achieve adsorption—desorption equilibrium at
room temperature before irradiation. After photocatalytic
reaction for every 20min, 3mL of the suspension was
taken out followed by centrifuging to remove the catalysts.
The UV-Vis spectrophotometer was used to record the
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Figure 2: Preparation flow chart of ZnO with different morphologies.
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concentration change in RhB during the reaction at a
wavelength of 553 nm.

2.5 Analysis of the hydroxyl radicals

The content of hydroxyl radicals (OH) was mainly detected
by using TA as the probe molecule. TA can react with
hydroxyl radicals to generate 2-TA-OH which can emit a
strong fluorescence signal at around 425 nm under an exci-
tation wavelength of 315 nm. Its production in the solution
was detected with the fluorescence spectrophotometer
[28,29]. It is known that the PL peak intensity of 2-TA-
OH is proportional to the output of hydroxyl radicals.
Therefore, through analyzing the PL intensity of 2-OH-TA
in the reaction solution, the amount of hydroxyl radicals
can be further obtained. This process is similar to the
photocatalytic reaction with the difference that the pollu-
tants solution was replaced by TA (1 x 107> M) dissolved in
NaOH solution (1 x 10"2M). At different time intervals, the
suspension was collected and centrifuged to determine the
PL intensity using the fluorescence spectrophotometer
with excitation at 315 nm.

2.6 Analysis of the superoxide radicals

The production of superoxide radicals (0;) can be measured
by using NBT as a probe molecule [30]. NBT has a charac-
teristic absorption peak under ultraviolet visible light at
259 nm. Under the simulated sunlight, NBT can react with
‘03, generating a blue—purple precipitate. Therefore, the
amount of O; can be calculated by comparing the absorp-
tion intensity of NBT at 259 nm in ultraviolet-visible absorp-
tion spectrum. This reaction is also similar to the photoca-
talytic test, using NBT instead of RhB as a degradation
product. Put a certain amount of NBT and ZnO into a beaker,
collect the suspension for centrifugation within the same reac-
tion time interval, and detect the intensity of NBT by UV-Vis to
further calculate the amount of superoxide radicals.

3 Results and discussion

3.1 Characterization of ZnO

The crystal structure of the prepared samples was studied
by XRD as shown in Figure 3. All diffraction peaks are
well matched to the wurtzite ZnO (space group P6smc;
JCPDS 36-1451). No other peaks were observed, indicating
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Figure 3: XRD patterns of the three samples.

the successful preparation of pure ZnO crystal. At the
same time, the grain size and crystallinity of the samples
were calculated by Scherrer’s formula, and the results are
shown in Table 1. It can be seen from Table 1 that the
crystal grain size of flower-like ZnO was 37.1 nm, which is
smaller than the urchin-like and rod-like ZnOs. The cor-
responding crystallinity was only 93.88%, which is also
the lowest compared with other samples.

According to Figure 3, the diffraction peaks of the
flower-like ZnO were broad and the full width at half
maxima were large. Unlike the flower-like ZnO, the dif-
fraction peaks of the urchin-like ZnO and rod-like ZnO
were both sharp. Combined with the ZnO crystal data
as shown in Table 1, the crystallization and formation
of flower-like ZnO was incomplete due to the short reac-
tion time and moderate preparation temperature, leading
to the lower crystallinity than the other two ZnOs. In
addition, The relative intensity ratio Ioi0)/I0002) reflects
the preferred growth direction of the samples. A higher
Ino10)/I0002) demonstrates the existence of a larger crystal
face of polar {0001} facets on the sample surface. On the
contrary, a lower Ioi0)/I0002) indicates the formation of
oriented ZnO along the c-axis with [0001] direction,
resulting from the interaction between the crystal planes

Table 1: The grain size and crystallinity of ZnO with different
morphologies

Sample Grain size (nm) Crystallinity (%)
Flower-like ZnO 37.1 93.88
Urchin-like ZnO >100 98.41
Rod-like ZnO >100 97.71
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and the ions from the solution during the formation of
Zn0. The Ixo10y/I0002) values of the three kinds of ZnO
were 0.94, 1.27 and 1.41, respectively, indicating that
the exposed {0001} facets proportion was the largest in
rod-like ZnO and the smallest in flower-like ZnO. The
possible reason could be that the different kinds of alkalis
can produce different ions which will selectively be adsorbed
on the growth crystal plane of ZnO, thereby changing the
preferential growth of the crystal nucleus to the [0001] direc-
tion. At last, it will result in the difference in growth direction
and different morphologies of ZnO.

After analyzing the crystal structure of the prepared
samples, their microscopic morphologies were further stu-
died. As shown in Figure 4, the SEM micrographs of the
three different morphologies of ZnO could be observed.
It can be seen obviously from Figure 4(a) and (d) that the
flower-like ZnOs consisted of multiple slice structures
whose thicknesses were 30—-60 nm.The size of the flower-
like ZnOs were approximately 2-3 pm. Figure 4(b) and (e)
illustrates that the urchin-like ZnOs were made up of
needle-like structures whose diameters were about 5-6 pm.
Figure 4(c) and (f) showed that the rod-like ZnOs are com-
posed of hexagonal prism structures with lengths of 3-4 um
and diameters of 300-600 nm. In combination with Figure 3,

Room temperature growth of ZnO with highly active exposed facets
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it can be concluded that the difference in the growth direction
of ZnO can lead to the difference in its morphology.

The exposed facets will change when ZnOs are formed
under different conditions. So it is necessary to observe the
exposed surface of ZnO by TEM. According to Figure 5,
different facets were exposed as the surface of the samples
when the morphologies of ZnO were changed. It can be
seen from Figure 5(a) that the morphology of ZnO was
flower-like shape and Figure 5(a;) is the corresponding
HRTEM image of this sample. It revealed that the lattice
spacing between neighboring lattices is 0.28 and 0.52nm
corresponding to the {0110} and {0001} facets, respec-
tively. Meanwhile, the angle between these two crystal
planes is 90°. It can also be calculated based on the
distance of the diffraction spot in the SAED pattern in
Figure 5(a,), which implied that flower-like ZnO were
orderly grown along the c-axis and vertical direction
of c-axis. In addition, the I0i0)/I0002) Value of flower-
like ZnO in Figure 3 was close to 1:1, suggesting that ZnO
grows directionally in these two directions and mainly
exposed {2110} facets.

Figure 5(b)—(b,) are the TEM images that exhibit the
morphologies and exposed facets of urchin-like ZnO.
Figure 5(b,) indicated that the clear lattice fringe with

Figure 4: SEM images of (a and d) flower-like ZnO, (b and e) sea urchin ZnO, and (c and f) rod-like ZnO.



924 —— |Jiahao Hu et al.

(by)

90° (0001)

(0110)

( 0(502 )

DE GRUYTER

—fl— 0.26nm
\ £

(0002) *

. (11200

(1120)

Figure 5: TEM and HRTEM images of samples, (a, a;, and a,) flower-like ZnO, (b, by, and b,) urchin-like Zn0, and (c, c;, and ¢,) rod-like ZnO.

lattice distance was 0.244 nm which corresponded to the
{1011} facets. Combined with Figure 3 and SAED pattern,
it could be concluded that the growth direction of urchin-
like ZnO is preferential along the [0001] direction. There-
fore, the main exposed facets of urchin-like ZnO are
{1010} facets and part of {1011} facets [31].

The TEM images of rod-like ZnO are shown in Figure
5(c)—(cy). Figure 5(c;) exhibits the growth direction of a
single rod-like ZnO along the c-axis with the lattice fringe
of 0.26 nm, corresponding to the distance between the
{0001} facets. So that the {1010} facets on the side and
{0001} facets on the top of rod-like ZnO were exposed. In
addition, it is worth to mention that rod-like ZnO has a
lower aspect ratio compared with the urchin-like ZnO.
Therefore, more {0001} facets are exposed during the

formation of this sample. This also corresponds to the
relative intensity ratio I10i0)/I(0002) Of Figure 3. The rod-
like ZnO showed an higher Iioi0)/I0002) ratio compared
with urchin-like ZnO, indicating the rod-like ZnO exposes
a larger proportion of {0001} facets. The specific surface
areas of ZnO will also change due to its different morphol-
ogies, which have a certain influence on the number of
surface contact substances.

The nitrogen adsorption—desorption isotherms of flower-
like ZnO, urchin-like ZnO, and rod-like ZnO are shown in
Figure 6. All the samples displayed type-IV isotherms.
According to Table 2, the specific surface areas of the sam-
ples can be calculated. All three kinds of ZnO had small
specific surface areas value (27.0, 9.1 and 4.8 m%/g). The
specific surface area of the flower-like ZnO was larger than
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Figure 6: N, adsorption—desorption isotherm of (a) flower-like ZnO, (b) urchin-like ZnO, and (c) rod-like ZnO.

the others. Therefore, the exposure of active surface of
flower-like ZnO was larger than the others [32].

3.2 Growth mechanism of ZnO with different
morphologies

Based on the above analysis, formation mechanisms of
ZnO with different morphologies were proposed. The for-
mation of ZnO mainly go through two steps: nucleation
and growth. The related reaction chemistry processes are
shown as follows:

HMTA + 6H,0 — 6HCHO + 4NH;, 6))
NH; - H,0 — NHj, + OH", )

Zn?* + 20H" — Zn(OH), | < Zn(OH)Z", (3)
Zn(OH);” — ZnO | + H,0 + 20H". (4)

The basic principle was to mix zinc salt with alkali to
form growth units, which acted as the nucleus for growth.
The growth units finally dehydrated to form ZnO [33]. For
flower-like ZnO, the molar ratio nop-y:nE2+ was 10:1.
Since the {0001} facets of ZnO have a higher surface
energy, the crystal will preferentially grow along the c-
axis under room temperature [34]. However, with a large
amount of OH™ existing in the solution, OH™ will interact
with Zn?* under electrostatic Coulomb force since the
(0001) facet was full of zinc ions, which would change

Table 2: Specific surface areas and oxygen vacancy concentration
of ZnO with different morphologies

Samples BET (m?/g) ov (%)
Flower-like ZnO 27.0 47.4
Urchin-like ZnO 9.1 421
Rod-like ZnO 4.8 44.2

the surface energy of the (0001) facet. That is why the
growth rate in these facets’ direction decreased and the
growth rate of ZnO toward non-polar facet was enhanced.
Therefore, the crystal will grow along the c-axis direction
and the non-c-axis direction at the same time. Finally, the
crystals directionally assembled into {2110} exposed crystal
surface.

When NH;5-H,0 was used as the structural regulator
for preparing ZnO, there were both OH™ and NHj, in the
solution, acting as the coordinated ions. Finally, they will
be selectively adsorbed on different facets of ZnO [35]. In
general, the dominant growth is along c-axis direction.
Furthermore, due to the adsorption of NH; on the non-
polar surface, the particles finally formed needle-shaped
ZnO with a small amount of {0001} facets on the top and
{1010} as well as {1011} facets on the side.

For rod-like ZnO, HMTA can decompose into methanol
and ammonia which lead to the formation of OH™ and
NHj. Compared with the direct addition of ammonia, the
pH value of adding HMTA is lower. Furthermore, OH™ has
a weak effect on the growth process of ZnO, which would
result in the growth along the c-axis direction. So rod-like
particles could be formed [36]. Meanwhile, the exposed
facets of ZnO rods are mainly the side {1010} and the top
{0001} facets.

Therefore, it can be seen that the different morphol-
ogies of ZnO comes from the ionization of different alkalis
to produce different anions and cations, and the ionized
concentrations of ions are also different, so that the inter-
action between different ions and ZnO is different, thus
forming the three specific morphologies.

3.3 Photocatalytic performance of ZnO with
different morphologies

After successful preparation of the three kinds of ZnO
with different exposed facets, the systematic study about
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photocatalytic properties was carried out. RhB was used
as a model pollutant to analyze the catalytic perfor-
mance. The photocatalytic activities of the three kinds
of samples were evaluated by the degradation efficiency
of RhB under simulated sunlight irradiation. Figure 7
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shows the detailed behavior of RhB photodegradation
of flower-like ZnO, urchin-like ZnO, and rod-like ZnO.
Figure 7(a)—(c) shows the UV-visible absorption spectra
of RhB during degradation and it can be seen that the char-
acteristic absorption wavelength of RhB is 553 nm. This
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Figure 7: The UV-visible absorbance spectra of RhB during degradation by (a) flower-like ZnO, (b) urchin-like ZnO, and (c) rod-like ZnO.
(d) Photocatalytic activities of the three samples evaluated by the degradation of RhB under simulated sunlight, and (e) fitted curves with

pseudo-first-order kinetic model of samples under simulated sunlight.
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characteristic absorption peak of RhB had significant
decrease. It proves that flower-like ZnO showed the best
photocatalytic performance. After 2 h of simulated sunlight
irradiation, the photodegradation efficiencies of RhB were
about 99.3, 35.1, and 63.6% for flower-like ZnO, urchin-like
Zn0, and rod-like ZnO, respectively. This result does not
correspond to the previous BET test results of ZnO. Further-
more, Figure 7(e) represents that the degradation kinetic
behaviors of RhB quite fit the pseudo-first-order Kinetic
model: In (C/C,) = kt, where C and C, are the concentrations
of the RhB at time t and at the original time (f = 0), respec-
tively. The slope k of these curves represents the apparent
reaction rate constant. The bigger degradation rate constant
means higher photocatalytic degradation efficiency. The
degradation rate constant of the flower-like ZnO is up to
0.0197, which is about 2.3 times that of the urchin-like
Zn0O and 5.1 times that of the rod-like ZnO. This result
also indicates that the flower-like ZnO has a great degrada-
tion rate for RhB.
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Based on the above results shown in Figure 7, the
three types of ZnO have different photocatalytic proper-
ties. Besides, there is no correspondence between the
difference in photocatalytic performance and the specific
surface areas of ZnO, which indicates that the size of the
specific surface area of ZnO has a limited effect on its
photocatalytic performance.

3.4 Photocatalytic mechanism

Since ZnO has different exposed facets, it will result in a
difference in the surface oxygen vacancies concentration
[37]. Oxygen vacancies will affect the photocatalytic per-
formance of ZnO. Therefore, it is vital to study the surface
oxygen vacancies concentration of different samples.
Figure 8 shows the high-resolution of Zn and O of the
samples. The binding energy of Zn element in ZnO had
two peaks at 1,022 and 1,044 eV due to spin splitting. The
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Figure 8: XPS analysis of samples showing (a) Zn 2p, (b—d) O 1s spectra of flower-like ZnO, urchin-like ZnO, and rod-like ZnO.
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O 1s peak was mainly fitted to two band, as shown in
Figure 8(b)-(d). The lattice oxygen (O;) was 530.2eV
which corresponds to the O-Zn bond. The other peak at
531.6 eV was attributed to the binding energy of the ZnO
surface to adsorb oxygen from the environment. Because
most of the oxygen adsorbed on the surface of ZnO was
caused by highly active oxygen vacancies, to a certain
extent, the concentration of oxygen vacancies on the

surface of ZnO can be expressed by the concentration of
adsorbed oxygen on the surface [38]. As displayed in
Table 2, the concentration of oxygen vacancies in various
ZnO can be calculated by the results of O 1s peak split-
ting. The results showed that the percentages of oxygen
vacancies of these samples were 47.4, 42.1, and 44.2%,
respectively. Flower-like ZnO has the most oxygen vacan-
cies content and urchin-like ZnO has the least content.
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Figure 10: UV-Vis absorption spectra of NBT degraded by ZnO with three morphologies of (a—c) flower-like ZnO, urchin-like ZnO, and rod-
like ZnO, and (d) the yield of ‘05 in ZnO suspension under simulated sunlight with time.

Since the photocatalytic performance of ZnO is related
to the content of reactive oxygen species produced, the
photocatalytic mechanism was further analyzed by quan-
titatively detecting the amount of O; and ‘OH produced by
ZnO with different morphologies. The schematic diagram
of ZnO generating ‘0, and 'OH under simulated sunlight is
shown in Figure 9. The ultraviolet-visible absorption spec-
trum of degrading NBT obtained by using three kinds of
ZnO after simulated sunlight for 2 h is shown in Figure 10.
It can be seen that as time passed by, flower-like ZnO had
the most obvious degradation effect on NBT, followed by
rod-like ZnO and urchin-like ZnO. Therefore, it can be con-
cluded that the ‘0, content of the samples were 102.78, 53.8,
and 16.58 pmol/g. The sample with the highest amount of 05
was the flower-like ZnO. It indicates that flower-like ZnO
produces more ‘0, than the other two ZnO under simulated
sunlight. Similarly, the amount of 2-OH-TA produced by the
three ZnO in the TA solution was detected by fluorescence
spectroscopy in Figure 11. The fluorescence intensity of

2-OH-TA produced by flower-like ZnO was the strongest,
and the amount of ‘'OH was 47.83, 24.13, and 10.99 pmol/g.
This shows that the flower-like ZnO has the ability to effi-
ciently generate active oxygen compared with others at the
same time.

Based on the above analysis, we can know from
Figures 10 and 11 that under simulated sunlight, flower-
like ZnO with {2110} as exposed facets produces the most
active substances, which can effectively improve the
photocatalytic efficiency. The results of the active oxygen
detection and the photocatalysis test were consistent. The
possible reason might be that the oxygen vacancies on
the different exposed crystal surfaces have different abili-
ties to produce active oxygen. According to the previous
work of our research group, the oxygen vacancies in zinc
oxide with {2110} as exposed crystal planes have a higher
capacity for oxygen adsorption and can generate more
active oxygen than {1010} and other facets [35]. Therefore,
flower-like ZnO with high concentration of oxygen vacancies
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Figure 11: Fluorescence spectra of the amount of 2-OH-TA produced by the samples under simulated sunlight over time: (a—c) are the spectra
of flower-like ZnO, urchin-like Zn0O, and rod-like ZnO, respectively, (d) is the yield of 'OH in ZnO suspension under simulated sunlight

with time.

can produce more active oxygen than the other two samples,
exhibiting better catalytic performance.

In short, it can be known that the specific surface
area are not the main reasons for the difference in photo-
catalytic performance. Because ZnOs with different morphol-
ogies have different exposed facets, their oxygen vacancy
concentration is also different. According to the previous
research work of our research group [34], the surface oxygen
vacancies of flower-like ZnO with exposed {2110} facets com-
pared with the urchin-like and rod-like ZnO with exposed
{1010} facets can efficiently convert the adsorbed molecular
oxygen into 05 in a certain period of time. The photocatalytic
mechanism is shown in Figure 12. Therefore, the difference in
photocatalytic performance of ZnO with various morpholo-
gies are caused by the different abilities in catalyzing the
production of active oxygen through their exposed specific
facets and surface oxygen vacancies. So, it can be concluded
that the specific surface area of ZnO is not the main reason for

Figure 12: The photocatalytic mechanism of flower-like ZnO with
exposed {2110} facets.

the difference in photocatalytic performance and the exposed
facets of ZnO has a significant influence on this performance.
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4 Conclusion

In summary, ZnO with different morphologies including
flower-like ZnO, urchin-like ZnO, and rod-like ZnO were
synthesized by an atmospheric hydrothermal method.
The electrostatic adsorption between different ions in
the solution and the ZnO crystal nucleus had a significant
effect on the growth of ZnO, which further affected the
formation of various morphologies. Photocatalytic results
showed that under the simulated sunlight, the flower-like
Zn0O exhibited higher photocatalytic activity and pro-
duced more active oxygen compared with the other two
kinds of ZnO. The excellent photocatalytic performance
of flower-like ZnO was attributed to the larger amount of
oxygen vacancies on the exposed {2110} facets that can
catalyze the oxygen and water vapor adsorbed from the
environment to generate more active oxygen. The flower-
like ZnO with high activity prepared by the room tem-
perature hydrothermal method can be beneficial to the
mass production and morphology control of ZnO. It plays
an important role in the demand for such semiconductor
materials in the fields of photocatalysis, antibacterial,
etc. For the mechanism study of exposed {2110} facets
with high catalytic activity, more characterization and
theoretical calculations are needed to support these results
in order to make this work more complete and detailed.
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