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Well-defined nanosheet-assembled (BiOCl)
𝑥
(ZnO)

1−𝑥
nanoflowers were synthesized by a solvothermal method. It was found that

ZnO nanoparticles were anchored on the flower-like BiOCl nanostructures, as demonstrated by varying the initial compositions
of the Bi precursor and the volume ratios of mixed solvents (ethylene glycol to water). The as-prepared (BiOCl)

0.6
(ZnO)

0.4

nanocomposites showed enhanced photocatalytic activity toward rhodamine B degradation under ultraviolet (UV) irradiation.
And the photocatalytic mechanism was discussed in detail.

1. Introduction

Zinc oxide (ZnO) has broad applications in transparent elec-
tronics, solar cells, piezoelectric devices, chemical sensors,
spin electronics, and optical devices, owing to its excellent
electrical, biocompatible, optical, and chemical properties
[1–6]. However, only ultraviolet light (𝜆 < 385 nm) can be
utilized for pure ZnO, because of its wide band gap energy
(3.37 eV) that severely hinders its practical applications [1,
2, 7, 8]. Furthermore, the fast recombination rate of pho-
togenerated electron-hole pairs is another critical drawback
in photocatalytic reactions. Therefore, it is still a challenge
to extend its photoresponses and improve the separation
efficiency of electron-hole pairs.

To date, one effective approach is to modify ZnO surface
with a narrow and proper band gap semiconductor, because
the built-in potential gradient at the interface promotes the
separation of electron-hole pairs and reduces the chance
of recombination, resulting in the improved photocatalytic
efficiency as compared to pure ZnO counterparts [9, 10].
Therefore, a series of hybrid nanomaterials were prepared,
on the basis of ZnO coupled with many metals (e.g., Ce, Al,
Cr, Ag, and Zr) [11–14], metal oxides (e.g., TiO

2
, SnO

2
, and

Bi
2
O
3
) [15–18], and metal sulfides (e.g., Cu

2
S and CdS) [19–

21].

Recently, bismuth oxyhalides (BiOX, X = Cl, Br, and
I) display unique optical properties such as the improved
photocatalytic activity on the degradation of organic con-
taminant [15] and industrial applications [22–24], compared
with single counterparts. Zhang and coworkers synthesized
BiOI/TiO

2
heterostructures at low temperature [15]. Lately,

BiOCl with heterostructures as a kind of new photocatalyst
has attracted great attention [25–28]. For example, Cheng’s
groups prepared Bi

2
S
3
nanocrystals/BiOCl nanocomposites

under solvothermal conditions [25]. Weng et al. constructed
Bi/BiOCl hybrid nanosheets by a UV light-induced chemical
reduction route [26].

In this work, a facile solvothermal method was developed
to prepare monodisperse nanosheet-assembled nanoflowers
of (BiOCl)

𝑥
(ZnO)

1−𝑥
.Their photocatalytic activity was inves-

tigated through the degradation of rhodamine B (RhB) under
ultraviolet (UV) irradiation. And the possible photocatalytic
mechanism was discussed in some detail.

2. Experimental Section

2.1. Chemicals and Materials. Ethylene glycol (EG), Zn(Ac)
2
⋅

2H
2
O, Bi(NO

3
)
3
⋅5H
2
O, and rhodamine B were purchased

from Shanghai Chemical Reagent Corporation. All the other
chemicals were of analytical grade and used as received.
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Figure 1: XRD patterns of the (BiOCl)
𝑥
(ZnO)

1−𝑥
powders: ZnO

(curve (a)), (BiOCl)
0.4
(ZnO)

0.6
(curve (b)), (BiOCl)

0.6
(ZnO)

0.4

(curve (c)), (BiOCl)
0.7
(ZnO)

0.3
(curve (d)), (BiOCl)

0.75
(ZnO)

0.25

(curve (e)), and BiOCl (curve (f)).

All the aqueous solutions were prepared with twice-distilled
water throughout the whole experiments.

2.2. Preparation. For preparation of (BiOCl)
𝑥
(ZnO)

1−𝑥
het-

erostructures, different amounts of Bi(NO
3
)
3
⋅5H
2
O were

slowly put into 15mL of EG solution containing 0.01mol
of Zn(Ac)

2
under stirring for 1 h, followed by dropwise

addition of 5mL of water. Next, 5mL of KCl solution with
the same content of Bi(NO

3
)
3
was put into the mixed

solution and continuously stirred for 1 h. The resulting
mixture was transferred into 50mL Teflon-lined stainless
steel autoclave, sealed tightly, heated at 120∘C for 12 h, and
then cooled to room temperature naturally. Finally, the
products were collected by thoroughly washing with water
and ethanol and dried in vacuum at 50∘C. The BiOCl
contents (wt%) were 0%, 40%, 60%, 70%, 75%, and 100%,
denoted by ZnO, (BiOCl)

0.4
(ZnO)

0.6
, (BiOCl)

0.6
(ZnO)

0.4
,

(BiOCl)
0.7
(ZnO)

0.3
, (BiOCl)

0.75
(ZnO)

0.25
, and BiOCl of the

final products, respectively.
For comparison, pure BiOCl and ZnOweremechanically

mixed (denoted by (BiOCl)
𝑥
+ (ZnO)

1−𝑥
) to evaluate the

role of heterojunctions on the photocatalytic activity of the
BiOCl/ZnO samples.

2.3. Characterization. The crystal structures of the samples
were characterized by X-ray diffraction (XRD) on a Bruker-
D8-AXS diffractometer system equipped with a Cu K𝛼
source. The morphology and particle size were analyzed
by a scanning electron microscope (SEM, JEOL-JSM-6390
LV). Transmission electron microscopy (TEM) and high-
resolutionTEM(HRTEM) imageswere obtainedwith a JEOL
JEM-2100F system at 200 kV accelerating voltage. A small
amount of the sample was prepared by dispersing the final
products in ethanol by ultrasonication and then a drop of the
solution was deposited on a Cu grid for TEM observation.
UV-vis diffuse reflectance spectra (DRS) were analyzed by

a PerkinElmer Lambda 950 UV-vis spectrometer and BaSO
4

was used as a reference. X-ray photoelectron spectra (XPS)
were recorded by using a K-Alpha (K𝛼) XPS spectrometer
(ThermoFisher, E. Grinstead, UK) with an Al K𝛼 X-ray
radiation (1486.6 eV) for excitation. The contaminant carbon
(C
1S = 284.6 eV) was used as a standard to calibrate all

binding energies.

2.4. Photocatalytic Measurements. The photocatalytic ability
of the sampleswas examined by photocatalytic decolorization
of RhB in aqueous solution using UV irradiation at ambient
temperature. A 300WHg lamp (YamingCompany, Shanghai,
8 cm away from the suspension) was used as a light source
to trigger the photocatalytic reaction. Typically, 0.06 g of the
sample was put into a 60mL of the RhB solution (40mg L−1)
in a reaction cell with a Pyrex jacket. Before irradiation
with UV, the suspension was stirred for 1 h in dark to reach
an adsorption-desorption equilibrium. After irradiation for
different time intervals, the samples were taken out from
the reaction system, centrifuged at 12000 rpm for 10min
to remove the photocatalyst, followed by measuring the
corresponding UV-vis spectra. All the experiments were
conducted at room temperature.

3. Results and Discussion

3.1. Characterization of the BiOCl/ZnO Heterostructures.
Solvothermal synthesis is a robust method for preparing
heterostructures such as alloys and homogeneous compo-
sitions that display practical applications in catalytic field
and thereby is an advantageous way to tune the properties
of a catalyst [4]. X-ray diffraction (XRD) patterns of the
(BiOCl)

𝑥
(ZnO)

1−𝑥
heterostructures (Figure 1) exhibit typical

diffraction peaks corresponding to the wurtzite structured
ZnO (JCPDS card number 36-1451) and/or the tetragonal
phase BiOCl (JCPDS card number 06-0249), respectively.
The sharp peaks reveal a high degree of crystallization
for the products. Furthermore, with the increase of the
BiOCl content (wt%) up to 100%, the peaks from BiOCl are
gradually increased, while the peaks from ZnO phase are
almost unchanged as the BiOCl content (wt%) is at or above
60% (Figure 1, curve c–f). It means crystal growth inhibition
of ZnO for the existence of BiOCl. Additionally, no other
crystalline impurities are detected, further confirming high
purity of the products.

The surface chemical compositions and oxidation states
of the (BiOCl)

𝑥
(ZnO)

1−𝑥
heterostructures were further

investigated by X-ray photoelectron spectroscopy (XPS).
Taking the surface of the (BiOCl)

0.6
(ZnO)

0.4
sample as an

example (see Figure S1 in Supplementary Material available
online at http://dx.doi.org/10.1155/2014/347061), Zn, O, Bi,
Cl, and a trace amount of C elements coexist based on
the XPS survey spectrum. Moreover, as revealed by high-
resolution XPS spectra (Figure 2), the peaks located at 1021.5
and 1044.7 eV are assigned to the binding energy of Zn

2p3/2
and Zn

2p1/2, respectively (Figure 2(a)), which are in good
agreement with those in ZnO structures [7]. The peaks
emerged at 159.0 and 164.3 eV are attributed to the binding
energy of Bi

4f7/2 and Bi4f5/2, respectively (Figure 2(b)), which
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Figure 2: High-resolution XPS spectra of the (BiOCl)
0.6
(ZnO)

0.4
powders: Zn

2p (a), Bi4f (b), O1s (c), and Cl
2p (d).

are associated with Bi3+ and Bi4+ [15, 29], respectively.
Meanwhile, the satellite peaks appeared near the peaks of
Bi
4f7/2 and Bi

4f5/2 with a distance of 1.8 eV, which is similar
to that in the previous literature [15]. And an asymmetric
peak of O

1s is detected (Figure 2(c)), indicating the presence
of two oxygen species in the adjacent regions. The peak at
531.1 eV corresponds to theZn–Obonds [7], whereas the peak
at 529.1 eV is attributed to the Bi–O bond in Bi

2
O
2
slabs of

BiOCl layered structures [15]. In addition, the peaks at 197.7
(Cl
2p3/2) and 199.2 (Cl

2p1/2) eV are ascribed to pure BiOCl
in the XPS spectrum of the Cl

2p core level (Figure 2(d)).
The above XRD and XPS analysis confirm the coexistence of
BiOCl and ZnO in the (BiOCl)

𝑥
(ZnO)

1−𝑥
heterostructures,

while either Bi or Cl species is not incorporated into ZnO
lattice because of low temperature, as supported by the XRD
data.

The physiochemical property of one solvent is essential
to its solubility, reactivity, and diffusion behaviors, along

with its intermediates [30]. In this system, the growth of
(BiOCl)

0.6
(ZnO)

0.4
heterostructures strongly depends on the

mixed solvents of EG and water by varying their volume
ratios (Figure 3), while other conditions are kept the same.
Using EG as a single solvent yields numerous interconnected
nanosheet-assembled spheres with the average diameter of
2 𝜇m (Figure 3(a)). When the volume ratio of EG to water is
23 : 2 (Figure 3(b)), similar spheres are obtained, while their
size is enlarged to 10 𝜇m. These microspheres are assembled
by a lot of nanoplates aligned radically and tightlywith several
nanometers in thickness, as revealed by higher magnification
SEM image (inset in Figure 3(b)). Interestingly, by reducing
the ratio to 21 : 4, some microspheres are transformed to
sheet-like nanostructures (Figure 3(c)). Flower-like struc-
tures are dominated with the ratio of 18 : 7 (Figure 3(d)),
in which each flower contains four petals assembled by
nanosheets. Decreasing the ratio to 15 : 10 produces many
well-defined microflowers with smaller diameter of 4-5𝜇m



4 Journal of Nanomaterials

2𝜇m

(a)

10𝜇m

(b)

10𝜇m

(c)

10𝜇m

(d)

10𝜇m

(e)

10𝜇m

(f)

Figure 3: SEM images of the (BiOCl)
0.6
(ZnO)

0.4
composites prepared by different volume ratios of EG to water: (a) 25 : 0, (b) 23 : 2, (c) 21 : 4,

(d) 18 : 7, (e) 15 : 10, and (f) 0 : 25.

(Figure 3(e)). However, a large number of nanoplates are
obtained only using water as a solvent (Figure 3(f)).

In our work, water is an amphiprotic solvent, where
most inorganic salts are readily dissolved. In contrast, EG
possesses strong chelation, which can coordinate with free
Bi3+and Zn2+to form alkoxides, leading to the decrease of
the growth rate of BiOCl and ZnO. This is ascribed to
the fact that EG molecules can exist in long chains where
hydrogen bonds are formed between hydroxyl groups [23].
Herein, EG acts as a soft template and directs the growth
of heterogeneous nanoparticles into nanoplates at the very
early stage, followed by the EG-induced self-assembly of
unstable microspheres, eventually resulting in well-defined
microspheres via a dissolution-recrystallization process, as
demonstrated by the SEM experiments (Figure 3).

Furthermore, the amount of the Bi precursor is also
important for the (BiOCl)

𝑥
(ZnO)

1−𝑥
heterostructures

(Figure 4), while other conditions remain constant. The
absence of the Bi precursor yields plenty of ZnO flowers
assembled by many smooth nanoplates, with the average
diameter of 3–6 𝜇m (Figure S2A, Supporting Information).
In the presence of 40% BiOCl, the products contain a series
of flower-like spheres with the mean diameter size of 4 𝜇m,
which are built by many nanopetals connected together
from the centre to form flower-like structures (Figure 4(a)).
Similar structures are obtained by increasing the supply of
BiOCl up to 75% (Figures 4(c)-4(d)). However, the only
presence of the Bi precursor produces uniform apple-like
BiOCl hierarchical structures with the average diameter of
3 𝜇m (Figure S2B, Supporting Information). These results
indicate that the Bi precursor is critical to the formation of
the (BiOCl)

𝑥
(ZnO)

1−𝑥
nanocomposites.

A more detailed insight of the (BiOCl)
0.6
(ZnO)

0.4

heterostructures was examined by TEM and HRTEM
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Figure 4: SEM images of the (BiOCl)
𝑥
(ZnO)

1−𝑥
composites: (BiOCl)
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Figure 5: TEM (a) and HRTEM (b) images of the (BiOCl)
0.6
(ZnO)

0.4
composites.

measurements after dispersion of the sample under ultrason-
ication (Figure 5). Some nanoparticles are still attached but
not peeled off from the sheet-like subunits (Figure 5(a)), indi-
cating the strong interactions between the ZnOnanoparticles
and the sheets. The as-prepared composites are highly crys-
tallized, as confirmed by the lattice fringes with a 𝑑-spacing
values of 0.275 nm and 0.190 nm from the HRTEM mea-
surements (Figure 5(b)), corresponding to the (110) planes
of BiOCl [26–28] and the (102) planes of ZnO [31, 32],
respectively, indicating the coexistence of BiOCl and ZnO
in the present synthesis. The ZnO nanoparticles exist in the
nanosheets subunits of the BiOCl flowers. Meanwhile, the
ZnO nanoparticles further confirm why the associated ZnO
diffraction peaks are difficult to distinguish when the content
of BiOCl is at or above 60%.

3.2. Optical Properties. TheUV-vis diffuse reflectance spectra
(DRS) patterns of the (BiOCl)

𝑥
(ZnO)

1−𝑥
composites reveal

the optical responses are greatly changed in the range of
350–420 nm (Figure 6(a)). Varying the BiOCl content has
significant effects on the absorption peak for the samples.This
is ascribed to light absorption of BiOCl nanoparticles on the
ZnO nanosheet. The band gap energy (𝐸

𝑔
) of a semiconduc-

tor would be estimated from the following equation:

𝛼ℎ] = 𝐴 (ℎ] − 𝐸
𝑔
)
𝑛/2

, (1)

where 𝛼, ], 𝐸
𝑔
, and 𝐴 are absorption coefficient, light

frequency, band gap energy, and a constant, respectively.
For individual ZnO or BiOCl, the value of 𝑛 is 4 for the
indirect transition. As displayed in Figure 6(b), the 𝐸

𝑔
for



6 Journal of Nanomaterials

1.2

0.0

0.2

0.4

0.6

0.8

1.0

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)
200 250 300 350 400 450 500 550

ZnO

BiOCl
(BiOCl)0.4(ZnO)0.6
(BiOCl)0.6(ZnO)0.4

(BiOCl)0.7(ZnO)0.3
(BiOCl)0.75(ZnO)0.25

(a)

0.0

0.2

0.4

0.6

ZnO

Photon energy (eV)
3.2 3.4 3.6 3.8

(𝛼
h
�)

0.
5

(e
V
)0
.5

BiOCl
(BiOCl)0.4(ZnO)0.6
(BiOCl)0.6(ZnO)0.4

(BiOCl)0.7(ZnO)0.3
(BiOCl)0.75(ZnO)0.25

(b)

Figure 6: (a) UV-vis diffuse reflectance spectra of the (BiOCl)
𝑥
(ZnO)

1−𝑥
composites. (b) The corresponding plot of (𝛼h])0.5 versus photon

energy.

Table 1: Band gaps and photocatalytic activities of the
(BiOCl)

𝑥
(ZnO)

1−𝑥
composites.

Samples Band gap (eV) 𝑘 (min−1)
ZnO 3.35 0.00030
(BiOCl)0.4(ZnO)0.6 3.24 0.00539
(BiOCl)0.6(ZnO)0.4 3.22 0.00732
(BiOCl)0.7(ZnO)0.3 3.19 0.00465
(BiOCl)0.75(ZnO)0.25 3.18 0.00241
BiOCl 3.23 0.00014
(BiOCl)0.6 + (ZnO)0.4 — 0.00214

the (BiOCl)
𝑥
(ZnO)

1−𝑥
composites can be determined by

the intercept of the tangent to the 𝑥-axis (Table 1), which
is slightly decreased as the content of BiOCl is increased,
accompanied with the slight red shift of the associated
absorption peaks (Figure 6(a)), owing to the recombination
of BiOCl and ZnO in this work.

3.3. Photocatalytic Activity. It is known that the absorption
in UV region would increase the number of photogenerated
electrons and holes in the photocatalytic reaction [20]. RhB
is a kind of chemically stable dye pollutants. Herein, the
photolysis of RhB by UV irradiation is significant under
our experimental conditions. Thus, the photocatalytic ability
of the (BiOCl)x(ZnO)1−x composites was investigated, using
the photocatalytic degradation of RhB by UV irradiation as
a model system. Taking the (BiOCl)

0.6
(ZnO)

0.4
composites

as an example, a series of UV-vis absorption spectra were
recorded in a 60mL aqueous solution containing 40mg L−1
RhB and 0.06 g (BiOCl)

0.6
(ZnO)

0.4
at different time intervals

(Figure 7, curves (a)–(i)). The characteristic absorption peak

0.0

0.2

0.4

0.6

0.8

(i)

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

(a)

300 400 500 600 700

Figure 7:UV-vis absorption spectra of theRhB solution (40mg L−1)
containing 1.0mgmL−1 (BiOCl)

0.6
(ZnO)

0.4
composites at different

time intervals; (a) to (i) 0min, 10min, 20min, 40min, 60min,
80min, 100min, 120min, and 140min.

of RhB at 551 nm quickly decreases by increasing the irra-
diation time and even disappears when the time is 140min,
indicating complete degradation of RhB in the system.

During the photocatalytic reaction process, using
the mechanically mixed (BiOCl)

0.6
+ (ZnO)

0.4
instead

of the (BiOCl)
0.6
(ZnO)

0.4
composites, while other

conditions remain constant (Figure 8), the absorption
peak of RhB at 551 nm is slightly decreased, implying the
existence of heterojunctions between BiOCl and ZnO
in the (BiOCl)

0.6
(ZnO)

0.4
composites. This is due to the

effective separation of electron-hole pairs from ZnO by
the heterojunctions and the abundant hydroxyl groups
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Figure 9: Schematic illustration of the electron-transfer process in
the (BiOCl)

𝑥
(ZnO)

1−𝑥
heterostructures under UV irradiation.

on the samples surface. However, further increasing
the content of BiOCl (e.g., the (BiOCl)

0.4
(ZnO)

0.6
and

(BiOCl)
0.7
(ZnO)

0.3
samples) leads to incomplete degradation

of RhB, because excess BiOCl would cover the surface active
sites of ZnO. Interestingly, single ZnO and BiOCl in the
reaction media would cause negligible RhB degradation
with the value of 4% and 6%, respectively. It indicates that
the coupling of BiOCl with ZnO clearly contributed to the
degradation of RhB.These results demonstrate the enhanced
photocatalytic activity of the (BiOCl)

0.6
(ZnO)

0.4
composites

among the (BiOCl)x(ZnO)1−x composites.
In addition, the stability of the (BiOCl)

0.6
(ZnO)

0.4
com-

posites was examined. After repeated use of the catalysts for
5 times, the degradation of RhB still remained above 85% of
their initial values (∼96%).Meanwhile, for a storage period of
2 months, the RhB degradation is above 90% of their initial
values under the same conditions.These resultsmean that the
(BiOCl)

0.6
(ZnO)

0.4
composites can be recycled and stored.

Assuming initial low concentration of the pollutant, the
pseudo-first-order model was used to elucidate the reaction
kinetics, as expressed by

ln(
𝐶
0

𝐶
) = 𝑘𝑡, (2)

where C/𝐶
0
was used to denote the percentage of degra-

dation, C is the concentration of RhB after degradation
and 𝐶

0
is the initial concentration of RhB, and 𝑘 is the

pseudo-first-order rate constant. The rate constant for the
(BiOCl)x(ZnO)1−x composites was calculated from Figure 8
and listed in Table 1. When the BiOCl content is at or
below 60%, the rate constant (k) increases, and the band
gap is reduced. The 𝑘 achieves the maximum by increasing
the BiOCl content to 75% and then reversely decreases,
albeit with the decreased band gap. It is known that the 𝑘
represents the photocatalytic degradation activity. Therefore,
with the increase of the k, the photocatalytic degradation
activity is increased. These results demonstrate that the
(BiOCl)

0.6
(ZnO)

0.4
composites are much more effective,

compared with the other cases.
When the (BiOCl)

𝑥
(ZnO)

1−𝑥
composites are irradiated

by UV light, the excited electrons in the conduction band
(CB) of BiOCl easily jump into the CB of ZnO, because
of their different band energy. Meanwhile, the holes that
emerged in the valence band (VB) of ZnO can migrate to
that of BiOCl, which can react with the adsorbed water on
the surface of the BiOCl nanoparticles to form highly reactive
hydroxyl radicals (OH∙). These hydroxyl radicals can oxidize
and destroy organic molecules. Meanwhile, the CB electrons
accumulated on the ZnO surface are removed by dissolved
O
2
molecules to form highly oxidative species such as OH∙

and superoxide radical (O
2

−∙), which can degrade organic
molecules effectively.

Specifically, the photocatalytic degradation of RhB is
initiated through the formation of electron-hole pairs on
the surface of the photocatalyst (Figure 9). The possible
mechanism might be described as follows:

(
BiOCl
ZnO
) + ℎ] →

BiOCl (⊕)
ZnO (⊖)

ZnO (⊖) +O
2
→ ZnO +O

2

−∙

O
2

−∙

+H
2
O → OH− +HO

2

∙

HO
2

∙

+H
2
O → 3OH∙

O
2

−∙

+ RhB → products

OH∙ + RhB → products.

(3)

In general, the enhanced photocatalytic activity of
BiOCl/ZnO heterostructures is attributed to the synergistic
photocatalytic effects between BiOCl and ZnO, its strong
absorption in the UV region, and low recombination rate
of the electron-hole pairs because of the heterojunction
formed between BiOCl and ZnO. Therefore, the prepared
composites can be explored as a promising photocatalyst for
the degradation of organic pollutants in dyeing and printing
industry.
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4. Conclusions

In summary, well-defined nanosheet-assembled nanoflow-
ers of (BiOCl)x(ZnO)1−x with various compositions were
synthesized by a simple solvothermal method. The initial
content of the Bi precursor and the mixed solvent with
different volume ratios of EG to water are essential for the
final size, morphology, and composition of the product. The
(BiOCl)

0.6
(ZnO)

0.4
composites exhibit improved photocat-

alytic activity toward the degradation of RhB under UV
irradiation.The improved photocatalytic activity is attributed
to the unique (BiOCl)

0.6
(ZnO)

0.4
heterostructures and the

synergistic effects between BiOCl and ZnO, which promote
the photoelectrons transfer and thereby inhibit their recom-
bination with holes. The developed strategy about surface
structure-property correlation can be further generalized and
applied for the design of advanced functional nanomaterials
and degradation of organic pollutants in dyeing and printing
industry.
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