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Abstract

Bismuth oxyiodide/zinc oxide (BiOI/ZnO) composite photocatalyst films were successfully prepared by a
simple low temperature co-precipitation method coupled with a reflux procedure. Mole ratios of BiOI and ZnO
were varied from 0, 0.125, 0.25 and 0.50 mol% while X-ray diffraction patterns confirmed characteristic peaks
of BiOI and ZnO in all composite samples. Optimal photocatalytic efficiency of methomyl photodegradation
under visible light irradiation was recorded for 0.25 mol% BiOI/ZnO photocatalyst at 58%. Increase in BiOI
content resulted in higher photocatalytic activity than for pure ZnO and commercial ZnO. Optimal heterojunction
content at 0.25 mol% BiOI/ZnO was recorded between hexagonal wurtzite ZnO and tetragonal BiOI, with high
crystalline particles leading to enhanced specific surface light absorption capacity in the visible region. Based
on these good characterization results for interfacial surface and X-ray Photoelectron Spectroscopy (XPS), the
combination of both semiconductors generated more electrons, resulting in enhanced photocatalytic performance
of methomyl degradation under visible light irradiation.
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1 Introduction

Methomyl is a carbamate insecticide which is used
in agricultural areas at high volumes in Thailand [1],
thereby contaminating soil and water. Many reports
have examined photocatalysis applications for treating
insecticide-contaminated wastewater [2]-[4]. Zinc
oxide (ZnO) semiconductors have attracted increased

interest in applications of photocatalysis, gas sensors,
solar cells, and supercapacitors because of their
promising properties such as low cost, physical and
chemical stability, and easy preparation. However,
performance of intrinsic ZnO semiconductors is
limited by several factors including insufficient light
absorption, poor charge transport and low conductivity
[5]. Furthermore, the wide band gap of ZnO (3.37 eV)
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can absorb photon energy from only the UV light
region; thus, researchers have attempted to enhance ZnO
nanoparticles as a visible-light-driven photocatalyst
and reduce the band gap by coupling ZnO with
conductors such as g-C;N, [6]. Recently, bismuth
oxyiodide photocatalyst has gained interest as a
coupling semiconductor because of its narrow band
gap energy (1.82 eV) [7], [8]. Combined bismuth
oxyiodide/titanium dioxide (BiOI/TiO,) photocatalysts
have shown enhanced photocatalytic activities in the
visible light region by typical catalytic processes [9].
Thus, BiOI has potential as a composite semiconductor
to prepare a BiOI/ZnO heterostructure which could
improve absorption activity through 1) reducing the
band gap energy required in the visible range, and
2) obtaining an appropriate ratio between BiOI and ZnO
for optimal interfacial connection to facilitate transfer
of electron-hole pairs [10]. Following the typical
method, an aqueous suspension was investigated
for photocatalysis. Separation step of the catalyst
was applied with loss of photocatalyst amount in the
heterogeneous system while under irradiation [11]. To
our knowledge, no research has so far been conducted
concerning the degradation of methomyl carbonate
pesticides over BiOI/ZnO photocatalyst films synthesized
under visible light irradiation (A > 400 nm). Formation
of catalyst film is a promising method to decrease
loss of catalyst during reaction interval time as well as
reducing filter syringe experimental cost. Moreover,
film catalysts are convenient and can be reused as
photocatalysts [12].

In this work, BiOI/ZnO heterostructure
photocatalyst films were prepared using a simple low
temperature co-precipitation method coupled with a
reflux procedure. Physicochemical properties of the
samples were determined to evaluate results attributed
to photoactivity and photocatalytic degradation of
aqueous methomyl solution over the as-prepared films
was investigated under visible light illumination.

2 Experimental

2.1 Photocatalyst synthesis

BiOI/ZnO composite powder was synthesized
using a simple low temperature co-precipitation with

reflux method. Percentage molar ratio of Bi : Zn was
varied as 0.125, 0.25 and 0.50 (denoted as 0.125%

BZ, 0.25% BZ and 0.50% BZ). Zinc acetate dihydrate
(Zn(CH,;C0O0),.2H,0) was dissolved deionized (DI)
water and the solution was slowly dropped into 0.4 M
NaOH solution. The mixture was vigorously stirred at
80°C for 2 h when the transparent suspension suddenly
turned white. The precipitate was washed several
times with 95% ethanol and deionized water and dried
at 60°C for 24 h. Synthesized ZnO (pure ZnO) was
obtained by calcination at 500°C for 3 h. BiOl/ZnO
composite catalysts were subsequently prepared using
bismuth nitrate pentahydrate (Bi(NO,);.5H,0) as the
bismuth precursor and potassium iodide (KI) as the
iodine source. A stoichiometric Bi source solution was
mixed with KI solution and continuously stirred at
room temperature for 30 min. Then, ZnO suspension
was added drop by drop and the pH was adjusted to
7.0. Finally, the suspension was refluxed at 95°C for
3 h under continuous stirring. Pure BiOI was also
produced by the same method for comparison purpose.

2.2 Film preparation

The photocatalyst film was coated by doctor blading
following the protocol used in our previous report
[13]. One gram of sample was mixed in 40 pL of
glacial acetic acid, then 10 pL Triton X was added as
a surfactant and subsequently 0.5 uL of DI water was
dropped into the slurry. The mixture was ground and
sonicated to disperse the agglomerated particles. Films
were annealed at 350°C for 1 h. Finally, catalyst film
thicknesses were measured by a Veeco Dektak 6M
Stylus Profilometer.

2.3 Characterization

X-ray diffraction patterns were obtained using an
XRD diffractometer (XRD, PANalytical X'Pert PRO
MPD with Cu—K, radiation, A = 1.5401 A) for phase
crystalline confirmation. Diffused reflectance UV-vis
spectra were recorded by a UV-vis-DRS (Shimadzu
UV-3101PC) and the Kubelka-Munk emission
function was used to calculate absorption spectra.
Morphological structure was determined by field
emission scanning electron microscopy with energy
dispersive X-ray spectroscopy (FE-SEM-EDS, Hitachi
S-4800) and transmission electron microscope (TEM,
Hitachi S-4800). Specific surface area (SBET) values
were performed by N, adsorption (Micromeritics
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Tristar 3000). Finally, the oxidation state was
obtained using X-ray photoelectron spectroscopy (XPS,
PHOIBOS 100 Al, K, radiation). Peaks in XPS spectra
were calibrated with the C 1s peak at 285 eV.

2.4 Photocatalytic studies

Photocatalyst film was laid in a cylindrical reservoir
containing 20 mg/L of methomyl solution. A 50 W
halogen lamp with light density of 340 m%W was
utilized. A cut-off filter was used to remove photons
with & < 400 nm. Before turning the light on, the
dark adsorption was established for 30 min to obtain
adsorption-desorption equilibrium. After illumination,
4 mL of clear solution was withdrawn at interval
time of 30 min to measure the absorption spectra of
methomyl (A, = 234 nm) by a T92+ PG Instrument
UV-vis spectrophotometer [14].

3 Results and Discussion
3.1 X-rays diffraction patterns

Figure 1 shows the XRD patterns of BiOI/ZnO
composite photocatalysts compared to pure BiOI
and pure ZnO. Peaks of pure BiOI at 29.6°, 31.6°,
37.0° 39.3° and 45.3° of tetragonal BiOI correspond
to (012), (110), (013), (014) and (112) crystal planes
of tetragonal structure in agreement with JCPDS file
n0.10-0445 [15]. Diffraction peaks of pure ZnO at 20
of 31.7°, 34.4°, 36.3°, 47.5°, 56.6° and 62.9° can be
assigned to (100), (002), (101), (102), (110), and (103)
crystal planes of hexagonal wurtzite ZnO (JCPDS
file no. 36-1451) [16]. XRD patterns of all BiOI/ZnO
composites exhibit characteristic peaks of both pure
BiOI and ZnO crystalline phases. Using the strongest
peaks of ZnO (101) and BiOI (012) planes, average
crystallite sizes of BiOI and ZnO, determined by the
Scherrer equation [Equation (1)], can be obtained as
shown in Table 1 [17].
L=0.9Mf (cosO) (1
where A is the wavelength of the X-ray in Angstrom
(1.541), g is full width at half maximum in radians, 0
is the angle between the incident and diffracted beams
in degrees and L is an average crystallite size of the
sample in nm. Brunauer-Emmett-Teller surface area
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Figure 1: XRD Patterns of as-prepared photocatalyst
films with varying molar ratios.

(Sger), pore size diameter and pore volume of as-
synthesized samples are shown in Table 1. As clearly
seen in Figure 1 and Table 1, diffraction peaks of
BiOI become broader and shift toward the lower
angles when BiOI content in BiOI/ZnO composites
increased. Tetragonal BiOI might penetrate into the
hexagonal wurtzite ZnO crystal structure and influence
crystal growth-induced collapse [18]. This result can
be seen from the XRD pattern of 0.5% BZ, suggesting
the smallest average crystallite size compared to
the other samples. In addition, good crystallinity
of the heterostructure catalyst is needed to achieve
crystallization of the pore walls; thus, for photocatalytic
application, crystalline ZnO is much preferred [19],
[20]. High content of BiOI was the major reason for
changed crystal structure of the heterojunction BiOl/
ZnO. However, loading high BiOI content into the ZnO
component gave values of SBET, pore sizes diameter
and pore volumes significantly higher than pure ZnO and
BiOL. This suggested that more molecules of methomyl
were adsorbed on the catalyst surface leading to
beneficial factors of enhanced photocatalytic activity [21].

Table 1: Average crystallite size, SBET, pore size
diameter and pore volume of as-synthesized samples

Sample Average Crystallite SanT ) Pore Size Pore V;)lume
Size (nm) (m’/g) | Diameter (nm) (cm’/g)
Pure BiOI 15.55 15.55 33.18 0.139
Pure ZnO 37.07 25.60 35.47 0.227
0.125% BZ 41.42 31.09 37.83 0.284
0.25% BZ 32.40 35.65 38.37 0.302
0.50% BZ 23.28 42.10 41.62 0.363
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Figure 2: DR-UV-Vis Absorption spectra inset of band
gap energies of prepared photocatalyst.

3.2 DR-UV-vis spectra results

As seen from Figure 2, pure ZnO has spectrum onset
of 384 nm, with pure BiOI as ~610 nm corresponding
to band gap energy of ~1.84 eV. Photocatalysts were
observed at 0.125, 0.25 and 0.5 mol% corresponding
to ~2.05, ~1.95 and ~1.92 eV, respectively (inset in
Figure 2).

The narrowed-band-gap of prepared photocatalyst
samples required less photon energy to improve
absorption harvesting under the visible light region.
These results suggested that as-synthesized composite
samples were able to generate electron-hole pairs
under visible light irradiation which further enhanced
photocatalytic degradation of methomyl solution.

3.3 Morphology and microstructure

The appearance and color of photocatalyst films
change from pale white to light brown as BiOl
increases from 0.125 to 0.50 mol% in the composite
samples [Figure 3(a)]. FE-SEM micrographs of 0.25%
BZ samples exhibit thickness of ~13 um [Figure 3(b)]
measured by a profilometer. Thicknesses of pure ZnO,
pure BiOI, 0.125% BZ, 0.25% BZ and 0.50% BZ
films were 13.03, 12.98, 13.02, 13.00, 12.98 and
13.02 um, respectively. SEM-EDX and TEM analytical
techniques were employed for morphology and
microstructure, element composition and particle size
of synthesized samples. Images of pure ZnO and pure
BiOlI are displayed in Figure 4. Pure ZnO has a plate-

@

Pure ZnO 0.125%BZ  0.25% BZ

025%BZ |

Figure 3: (a) Appearance of photocatalyst samples
film and (b) thickness of 0.25% BZ composite film.

like shape with BiOI showing a rod-like structure. In
addition, 0.25% BZ exhibits a rod-like shape of ZnO
particles penetrated into BiOI sheet in the composite
sample, with agglomerated large sizes in the range of
100-200 nm. TEM images of ZnO, BiOlI, 0.25% BZ
and HR-TEM of composite samples are exhibited in
Figure 4(c), (d), () and (g), respectively. ZnO displays
rod-like shape with diameter ~40 nm while BiOI
has a 2D plate-like lamella structure with average
diameter in the range of 25-40 nm. Rod-like ZnO are
embedded in the plate-like structure of BiOI in the
composite sample [Figure 4(f)], while Figure 4(g)
exhibits the interfacial connection between BiOI and
ZnO nanoparticles with lattice spacing of 0.30 nm that
corresponded well with (102) tetragonal BiOI plane,
(101) crystal plane of wurtzite ZnO, and 0.28 nm of
BiOI [22]. This result is consistent with XRD analysis.
Moreover, EDX spectra confirmed the existence of
Bi, O, I and Zn elements composed in the composite
photocatalyst.

3.4 XPS Analysis
Oxidation states and surface chemical compositions

were examined by XPS. Figure 5(a) shows Bi**
composed in the survey spectra of 0.25% BZ, pure
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Figure 4: (a), (c) SEM and TEM micrographs of pure Z

nO, (b,d) SEM and TEM micrographs of pure BiOl (e),

(f) SEM and TEM images of 0.25% BZ sample, (g) HR-TEM with lattice fringe of 0.25% BZ and (h) EDS of

0.25% BZ sample.

BiOI and ZnO, respectively. Composite samples were
composed of Bi, O, I, C and Zn elements. Figure 4(e)
shows the binding energies of ca. 618.5 eV (I 3d,)
and 630.5 eV (I 3ds,) in agreement with BiOI [23].
For all spectra of composite films, peaks shifted to
higher wavelength in comparison to pure ZnO. This
implied consolidation of BiOI and ZnO catalysts
due to electron transformation in the process of
photocatalysis as chemical interaction [24]. The O 1s
spectrum [Figure 5(d)] of composite sample can be
fitted into 3 peaks with binding energies of 529.5,
531.5and 532.5 eV ascribed to O-H surface hydroxyls
from water, Zn-O bond, and Bi-O chemical bond
from the sample of 0.25 mol% nanocomposite [25],
respectively. The 13d core level is consistent with
the EDS spectrum. The Cls peak at 284.8 eV might
occur from hydrocarbon calibration in the XPS
instrument. Binding energies of 1021.5 and 1044.5 eV
can be indexed to Zn 2p,, and Zn 2p,,, respectively.
This evidence could be attributed to Zn** in pure ZnO
[Figure 5(b)] [26]. Peaks in Figure 5(c) at 159.2 eV
and 164.5 eV are for Bi 4f,, and Bi 4f; ,, respectively.
This XPS analysis shows that n-type ZnO nanorods are
deposited on p-type BiOI nanosheets and electrons in
ZnO diffuse to BiOI forming p-n heterojunctions; thus,
in the space charge region, ZnO is positively charged
which increases the binding energy of electrons in
Ti 2p chemical states [27].
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Figure 5: (a) XPS survey scan of pure ZnO, pure
BiOl, 0.25% BZ, (b) XPS spectra of Zn 2p, (c) Bi 4f,
(d) Ols, and (e) I 3d of 0.25% BZ photocatalyst film,

respectively.
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Figure 6: Photocatalytic activities of obtained catalyst

films for methomyl degradation under visible light

irradiation.

3.5 Photocatalytic activity

Photocatalytic activity was evaluated by decomposition
of aqueous methomyl insecticide over the entire
photocatalyst films under visible light irradiation.
Commercial ZnO film and direct photolysis were
also investigated for comparison. Figure 6 shows that
enhanced BiOI/ZnO composite photocatalyst films
reveal ~3 times higher activities than pristine ZnO
and commercial ZnO. The UV-vis DRS results clearly
suggest that the heterojunction of the BiOI/ZnO sample
influences and encourages photocatalytic performance
due to a shift of the ZnO band gap toward the visible
light region. Composite films showed a decrease of
ZnO band gap energy with increased BiOI content,
concurring with DR UV-vis results in Figure 2.
However, physiochemical properties of the obtained
photocatalysts such as phase composition, surface
area, pore volume and morphology can also affect
their photocatalytic behaviors, and this should not be
neglected [28]. As discussed above, our results suggested
0.25% BZ as the optimal photocatalyst. These films
exhibited highest photocatalytic activity under visible
light irradiation (58%) with good crystallinity and
phase composition between BiOI and ZnO as seen from
the XRD pattern, increase of surface area, together
with appropriated pore size and pore volume [29].
Moreover, simultaneous aggregation of two
semiconductors and interfacial connection between
BiOI and ZnO in the composite material, as clearly
observed from SEM and TEM results, also influence

higher electron-hole transfer. Thus, more electrons are
easily transferred, and more *OH radicals are generated
[30], resulting in enhancement of photocatalytic
efficiency as seen from Figure 6. However, as BiOl
content further increased to 0.5 mol%, low phase
crystallinity was observed from the XRD results, with
relatively lower photocatalytic activity than 0.25%
BZ catalyst. In addition, 0.125% BZ exhibited less
photocatalytic activity as a result of the wider band
gap energy compared to the optimal photocatalyst film.

4 Conclusions

BiOI/ZnO composite photocatalyst films were
successfully prepared using a simple low temperature
co-precipitation method coupled with reflux and
doctor blading. Increase in photodegradation activities
was shown by all composite photocatalyst films
with 0.25 mol% BiOl/ZnO recording the highest
photocatalytic performance in comparison with pure
ZnO, pure BiOI and commercial ZnO. Narrowed
band gap energy caused high absorption of photons
from the visible light region, while strong crystalline
structure with high SBET values and good arrangement
of morphological structure and chemical composition
of the catalyst all enhanced methomyl insecticide
photocatalytic removal efficiency.
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