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Abstract: Zinc acetate is used as a raw material to synthesize the desired ZnO in hot solvent by controlling the amount of citric acid (CA) ad-
ded. Notably, the amount of CA added has a significant relationship with the control of the morphology of ZnO. Spherical ZnO wrapped in
nanosheets is synthesized through the secondary crystallization of Zn*'. The optical properties of the ZnO sample are tested through the de-
gradation of organic pollutants. Notably, the photocatalytic properties of ZnO vary with the different amounts of CA added. Exposure of the
active crystal face increases the photocatalytic activity of ZnO. In addition, the number of defects on the surface of the ZnO sample increases
because of its large specific surface area, thus changing the bandgap of ZnO. Therefore, the resulting sample can respond under visible light.

Keywords: active crystal face; citric acid; secondary crystallization; photocatalysis

1. Introduction

In recent years, with the continuous development of the
social economy, the environmental problems on Earth have
become increasingly serious, particularly the pollution of wa-
ter resources [1]. Severe shortage of water resources is occur-
ring in most parts of the world because of climate change and
poor water resource management. Thus, water resource re-
cycling, purification, and reuse technologies have attracted
considerable attention. As a kind of photocatalyst [2-3],
semiconductor materials can effectively degrade wastewater
by completely transforming organic pollutants into H,O and
CO, [4-6]. Compared with many other semiconductor ma-
terials, ZnO has the advantages of nontoxicity, high electron
mobility, high efficiency, and low cost [7-9]. However, ZnO,
as a photocatalyst, also has some inherent limitations, such as
rapid recombination of photogenerated carriers, wide
bandgap (3.37 eV), low solar energy utilization, and vulner-
ability to photo etching [10—11]. To improve the photocata-
lytic performance of ZnO, scientists have conducted a num-
ber of material development studies, such as coupling with
noble metal ions [12-13], combining with semiconductor
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materials [14—15], and doping with nonmetals [16—17].
Evidently, exposing the active crystal faces of ZnO is also
a good method to improve its photocatalytic performance.
Photocatalytic performance is closely related to the electron-
ic structure of the surface of the photocatalyst because pho-
tocatalytic reactions occur on the surface of the photocatalyst
and other reactants [18—19]. According to scientists, expos-
ure of the active crystal faces of ZnO has important effects on
its photocatalytic properties [20-21]. Scientists have also
proven that the (0001) crystal plane of ZnO is an important
active crystal plane and has a significant relationship with its
photocatalytic properties [22]. Exposure of the (0001) crystal
plane of ZnO to different reaction conditions has become the
main direction of research. Therefore, selecting the growth
direction of ZnO to expose more of its (0001) crystal planes
is one of the keys to increase its catalytic activity [23]. At the
same time, scientists have introduced the concept of inter-
face defects to improve the solar energy utilization of pure
ZnO. The formation of defects at the conduction band (CB)
of ZnO without introducing other elements provides an ef-
fective method for visible light catalysis [7,24]. The most im-
portant influencing factor is the oxygen vacancy defect on the
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surface of ZnO. Notably, the oxygen vacancy defect on the
surface of ZnO can narrow the bandgap of ZnO and make it
respond under visible light [24]. The visible light catalytic
process is largely dependent on the surface properties of ZnO
[25-26]. In the photocatalytic process, the surface defects of
ZnO can capture and transfer electrons to the surface of the
semiconductor, thereby improving the separation efficiency
of photogenerated electrons and holes [27]. A previous in-
vestigation determined that the photocatalytic performance of
pure ZnO depends mainly on the type and density of surface
defects [28]. Therefore, the construction of a large specific
surface area of ZnO photocatalyst increases the concentra-
tion of surface defects, thus improving the visible light cata-
lytic activity [29].

In this study, ZnO is synthesized through a simple solvo-
thermal method. The solvothermal method can easily control
the morphology of ZnO. The morphology of the special mo-
saic structure ZnO is controlled by changing the amount of
citric acid (CA) added. The effect of different amounts of CA
on the special morphology of ZnO is examined. In addition,
exposure of the active crystal face of ZnO can increase its
photocatalytic activity. The (0001) active crystal faces of
ZnO can be exposed by changing the amount of CA added.
Similarly, the surface oxygen vacancies of ZnO can narrow
the bandgap of ZnO. Moreover, a large specific surface area
can increase the concentration of surface defects, thereby in-
creasing the visible light catalytic performance of pure ZnO.
A battery of characterization methods are used to investigate
the morphology of ZnO. The photocatalytic properties of the
ZnO sample are also tested through the degradation of rhod-
amine B (RhB).

2. Experimental
2.1. Materials

Zinc acetate ((CH;COO),Zn-2H,0) and citric acid mono-
hydrate (C¢HzO,) were purchased from Sinopharm Chemical
Reagent Co. Ltd., China. Absolute ethanol (C,H;OH) was
purchased from Tianjin Fuyu Chemical Co. Ltd., China. All
chemicals used in this work were of analytical grade and used
as received without further purification. Distilled water was
used throughout the experiment.

2.2. Synthesis of ZnO spheres

First, 0.329 g (CH;C0OO0),Zn-2H,0 was added to 30 mL
absolute ethanol solution and stirred until completely dis-
solved. Then, 0.025 g CsHsO; was weighed, added to the
solution, and stirred continuously. The mixed solution was
stirred for 30 min and then transferred to a Teflon-lined reac-
tion vessel. The reaction vessel was closed and kept for 4 h at
160°C. After cooling to normal temperature, the sample was
suction filtered, washed, and dried to obtain the desired
product. Under the same conditions, the amount of CA ad-
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ded was adjusted to obtain different products.
2.3. Measurement of photocatalytic performance

The photocatalytic performance of ZnO was measured
through the decomposition of RhB, which was used as the
target pollutant. First, 0.1 g of the sample was dispersed in
100 mL RhB solution at room temperature. Then, the mixed
solution was stirred continuously in the dark (1 h) to achieve
adsorption equilibrium on the surface of the catalyst. Sub-
sequently, a certain amount of the solution was aspirated into
the test tube every 10 min. Finally, a given mass of super-
natant was measured using a UV—Vis spectrophotometer.

2.4. Characterization instruments

X-ray diffractometer (Bruker D8, Cu K, radiation, 1 =
0.1540562 nm), environmental scanning electron micro-
scope (SEM, Hitachi S-4800), field emission high-resolution
transmission electron microscope (HRTEM, JEM-2100F),
UV-Vis spectrophotometer (DRS, Shimadzu UV-3600), and
specific surface area aperture analyzer (GeminiV2380) were
the instruments used in this study.

3. Results and discussion

ZnO synthesized with different amounts of CA added was
measured through X-ray diffraction (XRD). From Fig. 1, the
distinguishable peaks at 31.7°, 34.4°, 36.3°, 47.6°, 56.5°,
62.9°, and 67.9° corresponded to the (100), (002), (101),
(102), (110), (103), and (112) planes of hexagonal wurtzite
ZnO (JCPDS No. 36-1451). In addition, no other diffraction
peaks were detected in the XRD patterns. The narrow-tip
peaks confirmed that the samples exhibited good crystallin-
ity. When a large amount of CA was added, the crystalliza-
tion of ZnO would be reduced; thus, the peak strength would
be reduced.

wm) (102 (110) (103200 (201
< ¥ i " P
E
< |(d
i~ @ UJL_ A A |
dlo L, b I W
£
| W
@ UJL_ -
20 40 60 80
20/ (°)
Fig. 1. XRD patterns of ZnO synthesized with different

amounts of CA added: (a) 0.000 g CA; (b) 0.010 g CA; (c) 0.025 g
CA; (d) 0.050 g CA; (e) 0.075 g CA; () 0.100 g CA.

The morphology of the synthesized ZnO was investigated
by SEM characterization. Fig. 2 shows the SEM images of
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Zn0O when the amount of CA added is 0.025 g. As shown in
Fig. 2, when CA was used as an additive, the morphology of
the resulting product was a ZnO micro/nanosphere. ZnO mi-
cro/nanospheres had a diameter of approximately 2 um. The
surface of the sphere had a number of nanosheets embedded
in it, which formed its special structure. The thickness of the
nanosheets was approximately several tens of nanometers.
Figs. 2(c) and 2(d) show that the nanosheets were uniformly
dispersed on the surface of the ZnO sphere, thus increasing

1 pm

the specific surface area of ZnO. In addition, the active crys-
tal face of each nanosheet was exposed on the surface of the
sphere, which enhanced the photocatalytic activity of
ZnO [30].

ZnO micro/nanospheres with different morphologies were
obtained when different amounts of CA were added. As
shown in Figs. 3(a) and 3(b), when the amount of CA added
was 0.010 g, the ZnO micro/nanopellets were clustered to-
gether. The diameter of the ZnO spheres was approximately

1 um

Fig. 2. SEM images of a ZnO sample synthesized by the addition of 0.025 g CA.

1 um

(b)

500 nm

Fig. 3. SEM images of ZnO samples with (a, b) 0.010 g CA and (c, d) 0.050 g CA added.
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50 nm. In addition, the surface of the sphere was smooth, in-
dicating that ZnO nanosheet was not formed. This finding
can be attributed to the small amount of CA added. Because
of its dense distribution, ZnO nanospheres had a relatively
small specific surface area. When the amount of CA added
was 0.050 g, the shape of the ZnO sphere changed. The mor-
phology of ZnO became an irregular aggregate morphology.
The surface of ZnO was covered with nanosheets, and ZnO
spheres with irregular aggregate morphology were clustered
together. Therefore, secondary crystalline nanospheres could
not be formed because of excessive or inadequate amount of
additive. The addition of CA had a significant influence on
the structure and morphology of ZnO.

HRTEM was further used to verify the structure of ZnO
when the amount of CA added was 0.025 g. As shown in Fig.
4(a), ZnO had a special spherical shape, consistent with those

500 nm 200 nm

10 nm™!
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displayed in the SEM images (Fig. 2). The flakes scattered
around the ZnO microspheres were flaky ZnO detached from
the ZnO microspheres during the grinding process. The se-
lected area electron diffraction (SAED) image (inset in Fig.
4(a)) showed a polycrystalline structure. The reason for this
finding was that the selected area exhibited a plurality of
single crystals overlapping each other. Figs. 4(b) and 4(c) il-
lustrate the partially enlarged views of the periphery of ZnO
micro/nanosphere and the lattice fringe, respectively. Fig.
4(c) shows a plurality of consecutive lattice fringes repres-
enting the (1070) crystal planes of ZnO. Therefore, the
(0001) active crystal planes perpendicular to these consecut-
ive lattice fringes were exposed. The results of HRTEM and
SAED indicated that preferential growth units of the sample
existed along other axis directions, which resulted in the
formation of ZnO with the exposure of the (0001) surface.

/\\/c]:O.Zﬁ nm
(1010)

Fig. 4. (a,b) TEM and (c) HRTEM images of ZnO with the addition of 0.025 g CA. Inset in (a) shows the SAED image of 0.025 g CA.

On the basis of the observation and analysis of the SEM
and HRTEM images, the growth mechanism of ZnO nano-
structures is shown in Fig. 5. First, on the basis of the chem-
ical reaction kinetics, under the appropriate conditions and
with the greater degree of supersaturation, the nucleation rate
of the grains is significantly higher than its growth rate.
Therefore, ZnO micro/nanospheres are rapidly formed
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[31-32]. The diffused Zn** ion forms a chelate with the cit-
rate ion in the solution [33]. The two main forms of Zn*" in
solution are growth unit (Zn(OH);") and chelate
(Zn(CA);™"). The chelate is deposited on the (0001) crystal
plane of ZnO. Because of the electrostatic repulsion of the
same charge, the crystal growth unit is deposited on the other
crystal surfaces. Consequently, the growth rate of the (0001)

ZnO sheet

Fig.S5. Diagram of the growth mechanism of ZnO nanostructures.
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crystal plane of ZnO is lower than those of other crystal
planes. The resulting sheet-like ZnO is embedded in the sur-
face of the initially formed ZnO sphere [34]. Because of sec-
ondary crystallization, the active crystal surface of ZnO is ex-
posed, which improves the photocatalytic activity of ZnO.
The X-ray photoelectron spectroscopy (XPS) spectra of
ZnO with the addition of 0.025 g CA were recorded, as

(a) Zn 2p
Zn 2p;,

Intensity / a.u.

1040 1030 1020

Binding energy / eV

1050
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shown in Fig. 6. The sample clearly consisted of Zn and O.
As shown in Fig. 6(a), the peaks at 1020.68 and 1043.82 eV
correspond to the Zn 2p;, and Zn 2p,, peaks, respectively.
As shown in Fig. 6(b), the peak at 528.79 eV corresponds to
the Zn—O bond, and the peak at 531.32 eV is attributed to the
H-O bond in the H,O molecule on the surface of the
sample.

(b) Ols
Z/n-0O

Intensity / a.u.

534 533 532 531 530 529 528
Binding energy / eV

Fig. 6. High-resolution XPS spectra of ZnO with the addition of 0.025 g CA: (a) Zn; (b) O.

The specific surface area of ZnO synthesized with differ-
ent amounts of CA added was measured using the N, adsorp-
tion—desorption isotherms obtained by the Brunauer-Em-
mett-Teller (BET) method (Fig. 7(a)). The isotherms of the
samples exhibited typical type IV curves, which represented
the characteristics of the mesoporous structure. The BET sur-
face areas of ZnO synthesized with different amounts of CA
added were 19.94, 21.03, 60.88, 53.28, 43.63, and 43.39
m’-g "', as shown in Table 1. Notably, the specific surface
area of the synthesized ZnO was the largest when the amount
of CA added was 0.025 g. Without the addition of CA, the
ZnO sample was formed by dense spherical particles. When
CA is added, a mosaic structure ZnO with a secondary crys-
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Fig. 7.

tal structure is formed, which increases the number of holes,
thereby increasing the specific surface area. Thus, the
specific surface area of ZnO was increased by controlling the
amount of CA added, which in turn increased the number of
photocatalytic active sites and enhanced the photocatalytic
activity. Similarly, a large specific surface area could im-
prove the density of defects on the surface of ZnO, thereby
improving the visible light catalytic activity of ZnO [29]. The
pore size distribution chart (inset in Fig. 7(a)) shows that the
pore size range of ZnO was 2-55 nm. When the amount of
CA added was 0.025 g, the pore volume of the sample was

the largest.
L (b
031 (®) ——0.000 g CA
——0.010 g CA
——0.025g CA
——0.050 g CA
0.2 ——0.075gCA
——0.100 g CA

Absorbance / a.u.

e
e

300 400 500 600
Wavelength / nm

(a) N, adsorption—desorption isotherms and (b) UV—Vis diffuse reflectance spectra of the ZnO synthesized with different

amounts of CA added. Inset in (a) corresponds the pore size distribution curves of the ZnO samples (P—Pressure of the gas in equi-
librium at adsorption temperature; P—Saturated vapor pressure of gas at adsorption temperature).
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Table 1. BET surface areas of ZnO synthesized with differ-

ent amounts of CA added
Amount of CA / g BET surface area / (m*g ')
0.000 19.94
0.010 21.03
0.025 60.88
0.050 53.28
0.075 43.63
0.100 43.39

The optical properties of ZnO synthesized with different
amounts of CA added were observed from the UV—Vis dif-
fuse reflectance spectra. The absorption of ZnO was high in
the UV range because of electronic transitions (Fig. 7(b)). As
shown in the figure, the critical peak of ZnO appeared at ap-
proximately 400 nm. The position of the critical peak of ZnO
was shifted to different extents because of the difference in
the amount of CA added. The reason for this finding was that
the oxygen vacancy defect on the surface of ZnO can narrow
the bandgap of ZnO [24]. As shown, when the amount of CA
added was 0.025 g, the absorption of ZnO in the visible range
was the highest. The enhancement of optical absorption was
due to the increase in the number of defect sites in the crystal

1.1
1.0
09}
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0.7}
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S 05t
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structure of the catalyst, which could inhibit carrier recom-
bination and improve the photocatalytic activity of the cata-
lyst [35-36].

The photocatalytic performance of ZnO synthesized with
different amounts of CA added was measured through the
degradation of RhB under ultraviolet light and visible light ir-
radiation. As shown in Fig. 8(a), the absorption value of RhB
at the maximum absorption peak (4 = 554 nm) gradually de-
creased with the increase in light duration. In addition, differ-
ent amounts of CA added to ZnO had different degradation
rates for RhB. When the amount of CA added was 0.025 g,
the degradation rate of ZnO for RhB was the highest. The de-
gradation efficiency of ZnO for RhB with the addition of
0.025 g CA reached 99.6% when the degradation time was
1 h. Therefore, the assumption was made that RhB had been
completely degraded. Fig. 8(b) shows the photodegradation
curves of RhB under visible light degradation. Notably, the
ZnO sample could degrade organic pollutants under visible
light because of the existence of defects, consistent with that
displayed in the DRS image (Fig. 7(b)) [24,37]. Simultan-
eously, a large specific surface area could increase the con-
centration of defects and improve the catalytic efficiency of
visible light [29,38].

(b)

[—=—0.000ig CA
|—+—0.010ig CA
——0.025{g CA
0.4 —+—0.050;g CA
—+—0.075!g CA
0.3 f—— 04100‘lg CA

-60 30 0 30 60 90 120 150 180 210
Irradiation time / min

Fig. 8. Photodegradation curves of RhB by different amounts of catalysts under (a) ultraviolet light and (b) visible light (C—Con-
centration of the RhB after an irradiation time (£); C,—Concentration of the RhB after 1 h of dark treatment).

The photocatalytic mechanism is analyzed, as shown in
Fig. 9. When ZnO is irradiated by light with energy (A4v)
greater than its energy gap, electrons (e¢) in the valence band
(VB) are excited into the CB and an equal number of holes
(h") are left in the VB [39-40]. These photogenerated elec-
trons (e") and holes (h") can be transferred to the surface of
ZnO to participate in the redox reaction [41]. The reaction is
as follows: Electrons in the CB can reduce O, on the surface
of ZnO to superoxide anionic radicals (-O5) and further react
to obtain hydroxyl radicals (-OH) because of the strong redu-
cibility of e [42—43]. At the same time, the photogenerated
holes (h") can directly oxidize OH™ and H,O in the aqueous
solution to form -OH. Hydroxyl radicals can decompose

RhB molecules into carbon dioxide and water molecules
[44-45].

0,
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e e e e e 1&:’“*
’ ,,.
)-OZ = e
-OOH
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‘OH VB
h* h* h* h*

Organic pollutants

€O, + H,0

Fig. 9. Diagram of the photocatalytic mechanism.
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4. Conclusion

In summary, morphologically specific ZnO was synthes-
ized through the solvothermal method using CA as an addit-
ive. After a series of tests, it was determined that the product
was a hexagonal wurtzite ZnO with good crystallinity.
Spherical ZnO wrapped in nanosheets was synthesized
through the secondary crystallization of Zn*". Similarly, the
formation of nanosheets exposed the (0001) active crystal
plane of ZnO and increased the specific surface area of ZnO.
Tests of the photocatalytic performance show that the de-
gradation efficiency of ZnO for RhB was high. The pho-
tocatalytic properties of ZnO varied depending on the differ-
ent amounts of CA added. The reason for this finding is that
the exposure of more active crystal faces can improve the
photocatalytic performance of ZnO. At the same time, the
oxygen vacancy defect on the surface of ZnO can degrade
RhB under visible light. Exposure of a large specific surface
area can increase the concentration of defects, thus improv-
ing the photocatalytic performance.
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