
Apple-like Zinc-Oxide Mesocrystals as Robust and Versatile
Photocatalysts for Efficient Degradation of Eight Different Organic
Dyes
Huixia He, Caihong Fu, Wenyu Wei, Jianrui Ma, Xiaoyu Guo, and Jianxi Xiao*

Cite This: ACS Omega 2022, 7, 409−418 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The discovery of efficient photocatalysts is a promising key approach
to solve the environmental crisis caused by hazardous organic dyes. Herein, we have
for the first time created ZnO mesocrystals with a novel apple-like morphology. We
have developed a one-pot biomineralization route to synthesize ZnO nanostruc-
tures at room temperature by using the rod-like protein collagen as the template.
The shape of ZnO mesocrystals can be conveniently tuned from fusiform-like and
kiwi-like to orange-like, apple-like, and snack-like structures. The apple-like ZnO
mesocrystals show a significantly better photodegradation efficiency than the
commercial ZnO powder as well as other nanostructured ZnO materials for both
rhodamine B (RhB) and methyl orange (MO). Furthermore, the apple-like zinc-
oxide mesocrystals can degrade all of the tested eight different types of organic dyes
(RhB, rhodamine 6G, methylene blue, Coomassie brilliant blue R250, BPB, MO, Li
Chunhong S, and carmine) simply under the exposure of sunlight, demonstrating
their superior photodegradation prowess, environmental amiability, and energy-
saving features. The novel robust and versatile photocatalyst has greatly advanced our abilities for the elimination of organic dyes.
The green, one-pot strategy provides a convenient method for the construction of novel metal-oxide nanostructures with promising
applications in environmental protection.

■ INTRODUCTION

Hazardous organic pollutants from a wide range of industries
such as leather and textile have caused alarming environmental
deterioration.1−3 Organic dyes are among the predominant
pollutants, and they are well known for their resistance to
degradation under ambient conditions due to their chemical
structure and stability.4 About a half of these dyes belong to
the Azo dye family including methyl orange (MO), which
share the chromophore (−NN−) in their molecular
structure.5−7 The Azo dyes have been reported to cause
carcinogenic, genotoxic, and mutagenic hazards on living
beings.4,6,8 Rhodamines are another popular type of organic
dyes found in the effluents produced by cosmetic and
pharmaceutical factories. Therefore, it is of top priority to
find an efficient solution for the remediation of dye
contamination in waste water.
A variety of chemical and physical methods such as chemical

precipitation and adsorption have been established for the
treatment of organic dyes.9−13 However, these conventional
approaches often suffered from severe drawbacks such as
incomplete degradation, secondary pollution, and high opera-
tional cost.14−16 Photocatalysis has thus attracted increasing
attention as a promising technique for the degradation of
organic dyes in contaminated water due to its high efficiency
and low cost.17−20 Metal semiconductor materials have

advantages such as low energy consumption and nontoxicity,
and they have recently been investigated as potential
photocatalysts to remove dye pollutants.21−23

As an important n-type semiconductor, zinc oxide (ZnO)
has a room-temperature wide band gap of 3.37 eV and a high
excitation binding energy of 60 meV.24−26 Zinc-oxide nano-
particles have shown exceptional ability to utilize UV and/or
visible light, leading to the production of electron−hole pairs.27
The interaction between the electron/hole and O2/H2O
results in the generation of free radicals ·O2− and ·OH,
which are capable of complete degradation of organic
dyes.28−34 Compared with other reported metal semiconduc-
tors, ZnO nanoparticles have shown higher efficiency in the
photocatalytic degradation of some organic dyes.35,36

Extensive efforts have been devoted to synthesize zinc oxide
with well-ordered nanostructures. Different techniques includ-
ing electrochemical deposition, sol−gel, hydrothermal, and
biological methods have been explored, and a broad range of

Received: August 31, 2021
Accepted: December 9, 2021
Published: December 23, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

409
https://doi.org/10.1021/acsomega.1c04782

ACS Omega 2022, 7, 409−418

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huixia+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caihong+Fu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenyu+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianrui+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyu+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianxi+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c04782&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04782?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04782?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04782?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04782?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04782?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/1?ref=pdf
https://pubs.acs.org/toc/acsodf/7/1?ref=pdf
https://pubs.acs.org/toc/acsodf/7/1?ref=pdf
https://pubs.acs.org/toc/acsodf/7/1?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c04782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


hierarchical structures such as nanospindles, nanopropellers,
nanoflowers, nanoplants, nanocages, nanodisks, nanorings,
hollow microspheres, and peanut-like, doughnut-like, and
tower-like structures have been achieved.37−46 It has been
proposed that the morphologies and sizes of ZnO nano-
particles play a determinant role in their degradation
efficiency.47 The discovery of novel nanostructures is essential
for the development of a robust ZnO photocatalyst.
Biomineralization is a ubiquitous strategy adopted by living

beings to synthesize inorganic crystals, while the unique triple
helical protein collagen has been selected as one of the most
important templates for the fabrication of nanostructured
mesocrystals (e.g., bones, cartilage, and teeth) in animals.48,49

Herein, we have for the first time reported the production of
hierarchical apple-like ZnO mesocrystals. Collagen has been
established as a robust template to finely tune the
nanostructures of ZnO under mild biomineralization con-
ditions. The novel apple-like ZnO mesocrystals displayed
superior photocatalytic degradation capability against all of the
eight tested organic dyes, with great potential in environmental
applications.

■ RESULTS AND DISCUSSION
Characterization of Zinc-Oxide Nanostructures. The

crystal type of the nanomaterials prepared by collagen-
templated biomineralization ([collagen] = 0.2 wt % and [Zn
(II)] = 0.1 M) for 8 days at room temperature was evaluated
by the X-ray diffraction (XRD) technique (Figure 1). The

diffraction profile was completely matched with the standard
XRD pattern of pure ZnO crystal (zinc oxide JCPDS no. 36-
1451) (Figure 1). The chemical composition of the prepared
nanomaterials was analyzed by X-ray photoelectron spectros-
copy (XPS) (Figure S1). The observed XPS peaks
corresponding to C 1s and N 1s indicated the presence of
collagen in the nanomaterials, while the two strong peaks
assigned to Zn 2p 1/2 and Zn 2p 3/2 suggested the production
of ZnO. The XRD and XPS results indicated that the
nanomaterials produced by collagen-templated biomineraliza-
tion were pure ZnO without any other phases.
The morphology of zinc-oxide samples was characterized by

field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM). Zinc-oxide meso-
crystals were prepared by 8 days of collagen-templated
biomineralization with the concentration of collagen as 0.2

wt % and that of Zn (II) as 0.1 M at room temperature. The
SEM images showed a uniform apple-like geometry of 4 μm ×
2.5 μm in the long axis and short axis (Figure 2a). A closer
observation indicated that the apple-like mesocrystal had a
rough surface, and it consisted of primary nanoparticle units
(Figure 2b). The TEM image further confirmed that the zinc-
oxide mesocrytals were assembled by primary nanoparticles in
orientation (Figure 2c). The selected area electron diffraction
(SAED) pattern obtained from the edge of the sample showed
a typical single-crystal spot pattern, indicating that the primary
zinc-oxide nanoparticles were assembled in quite an oriented
way (Figure 2d). The high-resolution transmission electron
microscopy (HRTEM) image showed the characteristic (101)
lattice spacing (0.26 nm), demonstrating the highly ordered
arrangement of the nanoparticles (Figure 2e). The high-angle
annular dark-field scanning TEM (HAADF-STEM) image
showed the porous nature of the apple-like zinc-oxide
mesocrystals, suggesting that the primary zinc-oxide nano-
particles gradually assemble to form mesocrystals with
hierarchical nanostructures (Figure 2g). The energy-dispersive
X-ray spectroscopy (EDX) spectrum indicated the presence of
elements C, Zn, and O, demonstrating the inclusion of
collagen in the ZnO particles (Figure 2f). Elemental mapping
results by EDX indicated that the elements C, O, and Zn were
homogeneously distributed throughout the mesocrystal,
further confirming the presence of collagen in the zinc-oxide
mesocrystals (Figure 2h).
Thermogravimetric analysis (TGA) was carried out to

examine the content of the collagen in the zinc-oxide
mesocrystals (Figure S2). There were two steps for the weight
loss. The first step was water elimination, which occurred at
temperatures below 200 °C. When the temperature was
between 200 and 700 °C, the second step corresponding to the
thermal decomposition of collagen took place (Figure S2).
When the addition of collagen in the reaction mixture was 0.01
and 0.2 wt %, the content of collagen in the final zinc-oxide
mesocrystal was estimated to be 2.6 and 8.3 wt %, respectively.
It indicated that collagen played a crucial role in the formation
process of ZnO nanostructures, and a significant amount of
collagen was packed within the zinc-oxide mesocrystals. In
addition, the nitrogen adsorption/desorption isotherms of the
apple-like zinc-oxide mesocrystal were obtained (Figure S3).
By using the Barrett−Joyner−Halenda (BJH) model, its
specific surface area was calculated as 93.54 m2/g with an
average pore size of approximately 10 nm, indicating the
porous nature of the zinc-oxide mesocrystals (Figure S3). All
these results demonstrated that the mild biomineralization
process using collagen as the biotemplate can produce zinc-
oxide mesocrystals with highly ordered hierarchical structures.

Time-dependent Growth of the Apple-like Zinc-
Oxide Mesocrystals. In order to decipher the formation
mechanism of apple-like ZnO mesocrystal, FESEM and XRD
techniques were employed to monitor the time-dependent
evolution process (Figures 3, 4). At the initial stage, the
mixture of collagen and zinc nitrate under alkali condition led
to nanoneedle-like particles after 10 min of incubation (Figure
3a−c). They started to form apple-like particles after 1 h of
incubation (Figure 3d−f). The apple-like nanostructure
became the dominant product after 4 days of incubation
(Figure 3g,h). When the reaction was extended to 7 days,
uniform apple-like particles were observed (Figure 3i).
Meanwhile, the nanomaterials obtained at different times of

incubation (10 min, 15 min, 30 min, 1 h, 12 h, 2 d, 4 d, 6 d,

Figure 1. XRD pattern of the zinc-oxide samples obtained after 8 days
of collagen-templated biomineralization at room temperature
([collagen] = 0.2 wt %, [Zn (II)] = 0.1 M). The standard XRD
pattern (zinc oxide, JCPDS no. 36-1451) is shown beneath the plot.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04782
ACS Omega 2022, 7, 409−418

410

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04782/suppl_file/ao1c04782_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04782/suppl_file/ao1c04782_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04782/suppl_file/ao1c04782_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04782/suppl_file/ao1c04782_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04782/suppl_file/ao1c04782_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04782?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04782?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04782?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04782?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. (a,b) FESEM images of the apple-like zinc-oxide mesocrystal obtained after 8 days of collagen-templated biomineralization at room
temperature ([collagen] = 0.2 wt %, [Zn2+ ] = 0.1 M); (c) TEM image, (d) SAED pattern, and (e) HRTEM image (e) of the ZnO mesocrystal; (f)
EDX spectrum of the apple-like ZnO mesocrystal, where the signals of Cu are generated from the Cu grid support film; (g) HAADF-STEM image
of the apple-like zinc-oxide particles; (h) EDS mapping images of O, C, and Zn for the square region of the ZnO particles in (g).

Figure 3. FESEM images of the apple-like ZnO mesocrystal obtained via collagen-templated biomineralization at room temperature ([collagen] =
0.2 wt %, [Zn(II)] = 0.1 M) at different incubation times: (a) 10 min; (b) 15 min; (c) 30 min; (d) 1 h; (e) 12 h; (f) 2 days; (g) 4 days; (h) 6 days;
(i) 7 days.
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and 7 d) displayed the same XRD pattern assigned to a pure
zinc-oxide crystal (Figure 4). It suggested that the mixture
formed primary zinc-oxide crystals at the initial stage and
maintained the same crystal phase during the growth of
mesocrystals. Importantly, it is noteworthy that the exposure of
the (002) crystal face was relatively high within the first hour,
while the exposure of the (100) crystal face got much increased
after 12 h of incubation (Figure 4). The reduction in D002
suggested that collagen controlled the crystalline morphology
by preferential adsorption on the basal plane. All results
indicated that the mild biomineralization condition resulted in
zinc-oxide crystals in a short time, while it took a long process
to form an exquisite apple-like morphology, and collagen
played a predominant role through interaction with prefer-
ential crystal faces.
Critical Role of Collagen in Biomineralized ZnO

Nanostructures. In order to explore the role of collagen in
the biomineralization, the morphologies of zinc-oxide meso-
crystals were examined under a range of collagen concen-
trations from 0 to 0.5 wt % while maintaining a constant Zn
(II) concentration of 0.1 M (Figure 5). When no collagen was
added in the reaction mixture, disordered particles were

observed (Figure 5a). With only a tiny amount of collagen
(0.01 wt %), relatively uniform fusiform-like ZnO mesocrystals
were formed (Figure 5b). With the collagen concentration
increased to 0.05 w %, kiwi-like ZnO mesocrystals were formed
(Figure 5c). When the concentration of collagen was further
increased to 0.1 wt %, the shape of zinc-oxide mesocrystals
changed to an orange-like structure and formed a uniform
apple-like structure at 0.2 wt % (Figure 5d,e). When the
concentration of collagen reached 0.5 wt %, zinc-oxide
mesocrystals formed a dominantly snack-like shape (Figure
5f). The remarkable dependence of the morphologies of zinc-
oxide mesocrystals on the concentration of collagen suggested
that collagen could finely modulate the ZnO nanostructures.
A possible mechanism has been proposed for the

biomineralized synthesis of various ZnO nanostructures
(Scheme 1). At the initial stage, the addition of zinc nitrate

into collagen solution leads to the formation of the Zn(II)-
collagen complexes triggered by the interaction of the zinc ions
with the polar groups in collagen. Then, the addition of sodium
hydroxide immediately drives the formation of primary ZnO
nanoparticles. Third, these primary nanoparticles further

Figure 4. XRD patterns of the apple-like ZnO mesocrystal obtained
via collagen-templated biomineralization at room temperature
([collagen] = 0.2 wt %, [Zn (II)] = 0.1 M) at different incubation
times: (a) 10 min; (b) 15 min; (c) 30 min; (d) 1 h; (e) 12 h; (f) 2
days; (g) 4 days; (h) 6 days; (i) 7 days. The standard XRD pattern
(zinc oxide, JCPDS no. 36-1451) is shown beneath the plot.

Figure 5. FESEM images of the as-prepared zinc-oxide mesocrystals obtained after 8 days of biomineralization at room temperature with a constant
concentration of Zn(II) (0.1 M) and varying concentrations of collagen: (a) 0, (b) 0.01, (c) 0.05, (d) 0.1, (e) 0.2, and (f) 0.5 wt %.

Scheme 1. Illustration of the Critical Role of Collagen in the
Modulation of Zinc-Oxide Nanostructures
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assemble into larger nanoparticles and finally form various
mature nanostructures. Collagen provides a unique rod-like
template to mediate the assembly, while the morphologies of
the assemblies could be conveniently mediated by adjusting
the collagen concentration.
Effect of Zinc Ions on ZnO Nanostructures. In order to

evaluate the role of Zn(II) in the biomineralization, the
morphologies of zinc-oxide mesocrystals were characterized
under different Zn(II) concentrations ranging from 0.01 to 0.4
M while keeping a constant collagen concentration of 0.2 wt %
(Figure S4). When the Zn(II) concentration was 0.01 and 0.05
M, the zinc-oxide mesocrystals displayed star-like and plane-
like shapes, respectively (Figure S4a,b). When the Zn(II)
concentration was increased to 0.2 and 0.4 M, the zinc-oxide
mesocrystals formed a sheet-like structure (Figure S4c,d).
These results indicated that Zn(II) played a critical role in
modulating the morphologies of ZnO mesocrystals in the
biomineralization process.
Photodegradation Performance of Zinc-Oxide Nano-

structures. Zinc oxide has been well known as a semi-
conductor photocatalyst to catalyze the photodegradation of
organic contaminants in aqueous solutions.50,51 As potential
applications, the photodegradation performance of the as-
prepared zinc-oxide mesocrystals using rhodamine B (RhB) as
the substrate was examined (Figure 6). 10 mg of apple-like
ZnO mesocrystals was dispersed in 100 mL of RhB aqueous
solution (12 mg/L), and the mixture was exposed to ultraviolet
light irradiation for different periods of time. Before the

irradiation, UV−vis spectra of RhB showed a strong absorption
at 553 nm (Figure 6a). As the exposure time was increased, the
characteristic absorption peak at 553 nm got decreased rapidly.
After 180 min of exposure, the absorption at 553 nm became
almost zero, indicating that all RhB had been degraded (Figure
6a). The graphs of the mixture showed a similar phenomenon,
where its red color became weaker and finally disappeared,
visually confirming the successful degradation of RhB (Figure
6a).
The effect of morphology on the photodegradation

efficiency of zinc-oxide mesocrystals was further investigated
(Figure 6b). Commercial ZnO samples without any ordered
structure were used as the control. All forms of ZnO particles
showed some capability to degrade RhB, while the degradation
efficiency clearly depended on the morphology (Figure 6b).
After 180 min, the commercial ZnO had degraded 39.1% of
RhB. In contrast, ZnO mesocrystals with fusiform-like, kiwi-
like, orange-like, and snack-like shapes had degraded 59.6,
89.2, 91.7, and 93.5% of RhB, respectively. It indicated that all
biomineralized ZnO mesocrystals with an ordered geometry
possessed much stronger photocatalytic power. Most impor-
tantly, the apple-like ZnO mesocrystals showed the highest
degradation efficiency of RhB (98.8%) (Figure S5).
The photodegradation performance of the as-prepared zinc-

oxide mesocrystals using MO as the second substrate was
investigated (Figure 7). 10 mg of apple-like ZnO mesocrystals
was dispersed in 100 mL of MO aqueous solution (12 mg/L),

Figure 6. (a) Photocatalytic degradation of RhB by apple-like ZnO
mesocrystals. UV−vis spectra of the RhB solution mixed with apple-
like ZnO mesocrystals after different exposure times; inset:
corresponding photographs of the RhB solutions. (b) Photocatalytic
degradation of RhB under UV light irradiation in the presence of ZnO
samples with different morphologies. The UV−vis absorption
intensity at 553 nm as a function of exposure time for different
ZnO samples.

Figure 7. (a) Photocatalytic degradation of MO by apple-like ZnO
mesocrystals. UV−vis spectra of the MO solution mixed with apple-
like ZnO mesocrystals after different exposure times; inset:
corresponding photographs of the MO solutions. (b) Photocatalytic
degradation of MO under UV light irradiation in the presence of ZnO
samples with different morphologies. The UV−vis absorption
intensity at 464 nm as a function of exposure time for different
ZnO samples.
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and the mixture was exposed to ultraviolet light irradiation for
different periods of time. Before irradiation, the UV−vis
spectra of MO showed a strong absorption at 464 nm (Figure
7a). As the exposure time was increased, the characteristic
absorption peak at 464 nm got decreased rapidly. After 120
min of exposure, the absorption at 464 nm became almost
zero, indicating all MO had been degraded (Figure 7a). The
graphs of the mixture showed a similar phenomenon, where its
red color became weaker and finally disappeared, visually

confirming the successful degradation of MO (Figure 7a). The
degradation efficiency also depended on the morphology of
ZnO, while ZnO mesocrystals with kiwi-like and apple-like
shapes had degraded 74.7 and 96.9% of MO. These results
indicated that apple-like zinc-oxide mesocrystals were the best
photocatalyst for both RhB and MO.
The photodegradation performance of the apple-like zinc-

oxide mesocrystals was evaluated using a broad variety of
organic dyes including RhB, rhodamine 6G, methylene blue,

Figure 8. Photocatalytic degradation of different organic dyes [(a) BPB, (b) Coomassie brilliant blue R250, (c) MO, (d) Li Chunhong S, (e)
methylene blue, (f) carmine, (g) rhodamine 6G, and (h) RhB] by apple-like ZnO mesocrystals. UV−vis spectra of each dye solution treated (red)
and untreated (black) by apple-like ZnO mesocrystals; inset: corresponding photographs of each dye solution treated (left) and untreated (right)
by apple-like ZnO mesocrystals.
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Coomassie brilliant blue R250, BPB, MO, Li Chunhong S, and
carmine under sunlight (Figure 8). 10 mg of apple-like ZnO
mesocrystals was dispersed in 100 mL of each organic dye
solution (12 mg/L), and the mixture was exposed to sunlight
for 2 days. It is worth noting that all tested organic dyes were
completely degraded by apple-like zinc-oxide mesocrystals,
demonstrating apple-like zinc-oxide mesocrystals as a robust
and versatile photocatalyst for organic dyes. Furthermore,
besides ultraviolet light, the apple-like zinc-oxide mesocrystals
can degrade all dyes simply under the exposure of sunlight,
demonstrating the superior photodegradation prowess, envi-
ronmental amiability, and energy-saving features.
Previous studies have shown that ZnO mesocrystals with a

well-ordered morphology displayed excellent photodegrada-
tion capability.42,46,52 It was suggested that the photocatalytic
degradation of organic dyes occurred in an indirect pathway
involving hydroxyl radicals as the oxidizing intermediates.29,53

When zinc oxide was irradiated with ultraviolet light, the
conduction band electrons and valence holes were generated
on the surface of the zinc-oxide nanoparticles.54 The vacancy
could react with the water adhering to the surface of the zinc
oxide to form a highly reactive hydroxyl radical, which had
strong oxidation capacity and could degrade organic dyes.55

■ CONCLUSIONS

The development of efficient photocatalysts is essential for the
remediation of organic dyes in polluted water. To our
knowledge, a novel apple-like nanostructure has been for the
first time achieved for zinc-oxide mesocrystals. Collagen, the
main protein template for the production of mineralized tissues
in human beings, has been utilized to assist the synthesis of
ZnO mesocrystals via a one-pot biomineralization route at
room temperature. XRD and XPS characterizations demon-
strated that pure ZnO crystal was produced via this collagen-
templated biomineralization process, while the SEM and TEM
images indicated a well-ordered apple-like geometry for the as-
prepared ZnO mesocrystals. The TGA experiments further
confirmed the presence of significant collagen in the ZnO
mesocrystals. As the concentration of collagen got increased,
the shape of ZnO mesocrystals changed from fusiform-like to
kiwi-like, orange-like, apple-like, and finally snack-like.
Collagen has been demonstrated as a determinant factor in
modulating the morphologies of ZnO mesocrystals.
The photodegradation performance of the as-prepared ZnO

mesocrystals of various nanostructures were tested using two
substrates RhB and MO. Notably, the apple-like ZnO
mesocrystals showed much higher photodegradation efficiency
than the commercial ZnO powder as well as other nano-
structured ZnO materials (fusiform-like, kiwi-like, orange-like,
and finally snack-like) for both RhB and MO. Remarkably, the
novel apple-like ZnO mesocrystals demonstrated superior
photocatalytic degradation capability against all of the eight
tested organic dyes (BPB, Coomassie brilliant blue R250, MO,
Li Chunhong S, methylene blue, carmine, rhodamine 6G, and
RhB). The discovery of the green, robust, and versatile
photocatalyst has greatly advanced our capabilities for the
remediation of organic dyes. The energy-saving, environ-
mentally friendly, one-pot strategy provides a convenient
method for the fabrication of novel metal-oxide nanostruc-
tures, which have great potential in the construction of
powerful semiconductor photocatalysts with promising appli-
cations in environmental protection.

■ EXPERIMENTAL SECTION

Preparation of Recombinant Collagen. Recombinant
collagen was expressed in Escherichia coli (E. coli) BL21 strain
as previously described.56 Cells were grown in LB medium
with 100 μg/mL ampicillin at 37 °C, and 1 mM isopropyl beta-
D-thiogalactopyranoside was added to initiate protein ex-
pression at 25 °C when OD600nm reached 0.8. Cells were
disrupted by sonication, and the supernatant was harvested.
Crude proteins were purified on a Ni-NTA-Sepharose column
using the elution buffer (20 mM sodium phosphate buffer pH
7.4, 500 mM NaCl, 500 mM imidazole). Recombinant
collagen was obtained from the purified protein by trypsin
digestion to remove the folding domain as previously reported.
The purified collagen was confirmed by SDS-PAGE and
dialyzed against 20 mM tris−HCl buffer (pH 7.4). The
lyophilized samples were stored at −20 °C for future use.

Synthesis of Zinc-Oxide Mesocrystals. A typical
synthetic route of ZnO nanostructures is as follows. 297.5
mg of solid Zn(NO3)2·6H2O (5.0 mmol) and 1 mL of 2 wt %
collagen solution were added to 8 mL of water and stirred for
30 min to form a colorless transparent solution. 1 mL of 2 M
NaOH aqueous solution was added to the mixture, and a white
suspension was obtained. The final concentration of collagen
and Zn(II) in the reaction system was estimated as 0.2 wt %
and 0.1 M, respectively. The mixture was maintained at room
temperature (∼25 °C) for 8 days. White precipitates were
harvested by centrifugation, washed with distilled water and
ethanol in turn several times, and dried in air at room
temperature. In order to investigate the effect of collagen on
the morphology of the nanoparticles, the collagen concen-
tration was varied from 0.01 to 0.5 wt % under a constant
Zn(II) concentration of 0.1 M. In order to evaluate the role of
Zn(II), the Zn(II) concentration was adjusted from 0.05 to 0.4
M, while the collagen concentration was kept as 0.2 wt %.

Characterization of Zinc-Oxide Mesocrystals. FESEM
images of the precipitates were recorded using a Hitachi S-
4800 field emission scanning electron microscope (Hitachi
Limited, Japan) with an operating voltage of 5.0 kV. The
samples were sputter-coated with Au for 25 s prior to imaging.
TEM, HRTEM, SAED, and electron diffraction (EDX)
measurements were carried out using a JEM-2100 transmission
electron microscope (JEOL, Japan) at 200 kV. Powder XRD
patterns were obtained on a Rigaku D/max-2400 X-ray
diffractometer (Japan) with Cu Kα radiation (40 kV, 40
mA) at a scanning rate of 0.02°/s in the 2θ range from 10 to
80°. XPS experiments were performed on a Kratos Axis
UltraDLD X-ray photoelectron spectrometer (England) with a
monochrome X-ray source using AlKα (1486.6 eV) radiation.
The measured binding energies were corrected by referencing
the C 1s line to 284.5 eV. TGA was carried out on a TGA/
NETZSCH STA449 F3 instrument under a nitrogen
atmosphere at a heating rate of 10 °C/min from 27 °C to
800 °C. The Brunauer−Emmett−Teller (BET) method was
employed to calculate the specific surface areas (SBET). The
room-temperature photoluminescence spectra were acquired
on a Hitachi F-7000 luminescence spectrometer using a Xe
lamp with an excitation wavelength of 325 nm. The UV−vis
spectra of the ZnO samples were measured on a UV-1750
UV−vis spectrophotometer.

Photodegradation Performance of Zinc-Oxide Nano-
structures. The photodegradation performance of the as-
prepared zinc-oxide mesocrystals was evaluated using a broad
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variety of organic dyes including RhB, rhodamine 6G,
methylene blue, Coomassie brilliant blue R250, BPB, MO, Li
Chunhong S, and carmine. The degradation of RhB was
performed under ultraviolet light irradiation from a UV lamp
(10 W). 10 mg of the ZnO sample was dispersed in 100 mL of
RhB aqueous solution (12 mg/L). The suspension was stirred
in the dark for 30 min before irradiation to achieve an
adsorption−desorption equilibrium. The suspension was
centrifuged at 8000 rpm for 5 min to remove the catalysts.
The UV−vis absorption spectra of the supernatant were
recorded using an Agilent UV-1750 spectrophotometer to
monitor the concentration of RhB. The degradation of MO
(12 mg/L) was performed under ultraviolet light irradiation
following similar protocols. All other organic dyes (12 mg/L)
were tested by exposure to sunlight for 2 days.
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