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a b s t r a c t

ZnO@BiOI nanocomposite has been prepared by a one-step calcination method and characterized by XRD,
SEM and HRTEM. The photocatalytic activity of ZnO@BiOI nanocomposite was examined by the photoox-
idation of 1,4-dihydro-2,6-dimethylpyridine-3,5-dicarboxylate (1,4-DHP) under visible light irradiation
(k > 400 nm). Compared with pure ZnO and BiOI, the photocatalytic activity of ZnO@BiOI was dramati-
cally enhanced. In addition, the 1,4-DHP was quantitatively converted to its pyridine derivatives by
the mild oxidation without deep oxidation or degradation. Mechanism study showed that superoxide
anionic radicals (�O2

�) and photogenerated holes (h+) were the major active species.
� 2018 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor photocatalyst has attracted great interest due to
the potential application in environmental remediation and energy
transformation [1–6]. Among various semiconductors, ZnO has
been extensively investigated owing to its high stability, low cost
and nontoxicity [7–9]. However, ZnO is only responsive to UV light
because of its wide band gap energy (�3.3 eV) [7,10]. Moreover, a
high recombination rate of photoinduced electron-hole pairs also
decreases the photocatalytic performance of ZnO semiconductor.
These drawbacks largely limited the practical application of ZnO
in the field of photocatalysis. One of the strategies to overcome
these shortcomings is to combine ZnO with other narrow band
gap semiconductors [11,12].

Bismuth oxyhalides (BiOX, X = Cl, Br, and I) are well known
layered compounds that have a crystal structure of [Bi2O2] layers
interleaved by slabs of halide atoms [3]. Among BiOX compounds,
BiOI, with a band gap of 1.8 eV, has the strongest absorption in
visible light region, and is considered as an excellent visible light
photocatalyst [3,13]. Recently, ZnO@BiOI composite materials have
been fabricated by chemical bath method [3] and microwave-
assisted solution method [14], and applied as heterojunction

photocatalyst or adsorbent for the photodegradation or adsorptive
removal of organic pollutants. However, to the best of our knowl-
edge, ZnO@BiOI composite prepared by a one-step calcination
method and utilized as a visible light photocatalyst for mild
photooxidation reaction has not yet been reported. In this work,
ZnO@BiOI composite was prepared by a one-step calcination
method, and its photocatalytic activity was examined by the pho-
tocatalytic oxidation of 1,4-DHP under visible light irradiation.
Results showed that the ZnO@BiOI composite exhibited remark-
ably enhanced visible light photocatalytic activity compared with
pure ZnO and BiOI due to the formation of heterojunction struc-
ture. In addition, the 1,4-DHP was almost completely converted
to its pyridine derivatives without deep oxidation.

2. Experimental

ZnO@BiOI was prepared by the calcination of zinc nitrate and
bismuth iodide in a programmed muffle furnace. Briefly, 0.59 g of
BiI3 and 0.15 g of Zn(NO3)2�6H2O were mixed in a mortar and
ground to a homogeneous mixture. The mixture was transferred
into a 30 mL crucible, calcined at 300 �C for 8 h with a heating rate
of 3 �C min–1, and then cooled to room temperature naturally.

Powder X-ray diffraction (XRD) datumwas recorded on a Rigaku
Dmax/Ultima IV X-ray diffractometer. Scanning electron micro-
scopy (SEM) measurement was carried out on a Hitachi SU8010
scanning electron microscope. High-resolution transmission
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electron microscopy (HRTEM) was measured on an FEI Tecnai F20
microscope.

The photocatalytic activity of the ZnO@BiOI was evaluated by
the photooxidation of 1,4-DHP under visible light irradiation. The
visible light was provided by a 70 W metal halide lamp with a cut-
off filter (k>400 nm). Typically, 50 mg of ZnO@BiOI was dispersed
into 50 mL of 0.1 mM 1,4-DHP H2O/ethanol solution (v/v = 1:1).
Prior to visible light irradiation, the mixture was magnetically stir-
red for 30 min to obtain an adsorption-desorption equilibrium.
This reaction was monitored spectroscopically by measuring the
absorption of 1,4-DHP at the wavelength of 374 nm [15].

3. Results and discussion

Two sets of XRD peaks could be identified in the XRD pattern of
the ZnO@BiOI sample (Fig. 1A). The diffraction peaks denoted with
* and # marks could be indexed to the tetragonal phase of BiOI
(JCPDS No. 10-0445) and the hexagonal phase of ZnO (JCPDS No.
36-1451), respectively. SEM images showed that the ZnO@BiOI
sample was composed of worm-like nanoparticles with diameter
of about 50 nm (Fig. 1B and C).

Fig. 1D shows the HRTEM image of the ZnO@BiOI sample. The
observed lattice spacings of 0.280 and 0.303 nm correspond to
the (1 0 0) and (1 0 2) planes of hexagonal ZnO and tetragonal BiOI
[16], respectively. The good crystallinity nature of ZnO@BiOI and
clear interface between ZnO and BiOI revealed by the HRTEM are
beneficial for the separation of electron-hole pairs [16].

The photocatalytic activity of the BiOI@ZnO was evaluated by
the photooxidation of 1,4-DHP [15], which is the key component
in a variety of bioactive compounds, such as anti-hypertensives
[17], calcium-channel blockers [18], and cell proliferation modula-
tors [19]. Fig. 2A shows the UV-visible spectral changes of 1,4-DHP

under visible light irradiation (k > 400 nm) in the presence of
ZnO@BiOI. It can be seen that the absorption band at 374 nm grad-
ually decreased with irradiation time, accompanied with the
increase in intensity at �280 nm, indicating the conversion of
1,4-DHP to its pyridine derivatives [15]. The absorbance at k = 37
4 nm was only slightly decreased under visible light irradiation
in the presence of pure ZnO or BiOI, suggesting a little bit conver-
sion of 1,4-DHP (Fig. 2B and C). After 25 min of irradiation, the con-
version percentages of 1,4-DHP were 97.1%, 3.8%, and 6.0% in the
presence of ZnO@BiOI, ZnO and BiOI, respectively (Fig. 2D). The
photooxidation of 1,4-DHP was negligible under only visible light
irradiation without addition of any photocatalysts.

According to the UV–visible spectral evolution of 1,4-DHP [15],
it is likely that 1,4-DHP is converted to its pyridine derivatives of
1b as shown in Fig. 3A. Mass spectroscopy (MS) was carried out
to confirm this conversion. As shown in Fig. 3B, the measured
molecular weight (MW) of 1,4-DHP was 253 Da, which was in
agreement with the calculated MS (253.3 Da). After visible light
irradiation for 10 min in the presence of ZnO@BiOI, two sets of
MW peaks were observed, the MW of 253 Da was ascribed to
1,4-DHP, while the MW observed at 251 Da should be attributed
to 1b, the dehydrogen product of 1,4-DHP (Fig. 3C). After 25 min
of light irradiation, the MW peaks of 1,4-DHP almost disappeared,
while the peaks for 1b was dominant in the MS spectrum (Fig. 3D).
The MS spectral changes were well in agreement with the UV-
visible spectral evolution. The absorption peaks at 374 and 280
nm correspond to 1,4-DHP (MW = 253 Da) and 1b (MW = 251 D
a), respectively. The intensity decrease at 374 nm and increase at
280 nm are due to the conversion of 1,4-DHP to 1b.

The excellent photocatalytic performance of the ZnO@BiOI
inspired us to examine the underlying photocatalytic mechanism.
As shown in Fig. 4A, addition of isopropyl alcohol (IPA) as hydroxyl
radicals (�OH) scavenger showed negligible effect on the

Fig. 1. XRD pattern, SEM and HRTEM images of BiOI@ZnO composite.
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