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Abstract—Given the changes in environmental conditions in the world, photocatalytic conversion of greenhouse gases
is of great interest today. Our aim was to increase the photocatalytic efficiency of BiFeO,/ZnS (p-n heterojunction pho-
tocatalyst) by varying the molar ratio of ZnS to perovskite structure of BiFeO, using hydrothermal synthesis. The
results of X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), FT-IR
spectroscopy showed the small crystal size and suitable distribution of ZnS particles on the BiFeO; structure. The
results of UV-visible, and photoluminescence (PL) spectroscopy analyses showed the good behavior of p-n heterostruc-
ture in absorption of visible light and lowering electron-hole recombination. The best visible light photocatalytic effi-
ciency of CO, reduction, 24.8%, was obtained by an equimolar ratio of BiFeO,/ZnS.
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INTRODUCTION

In recent years, the greenhouse effect has caused many difficult
environmental problems [1]. The greenhouse effect is caused by
increased emanation of greenhouse gases, such as carbon dioxide,
and methane. Evidently, the increase in greenhouse gasses will
change environmental patterns and contribute to the rise of global
warming. Photocatalytic reduction of CO, using solar radiation to
other useful carbon-based compounds is a promising route for
recycling carbon materials [2,3].

Photocatalysts are frequently used for degrading pollutants either
in the visible or ultraviolet light range. Perovskite-based photocata-
lysts are an important category of semiconductors activating in
both visible and UV light irradiation [4-6]. Coupling the photocat-
alysts is one of the strategies for upgrading the photo-activity of them,
as the pure photocatalysts often show a limited efficiency.

Perovskite structure of BiFeO; is a photocatalyst with a narrow
band gap of about 2.5eV and shows multiferroic behavior [7,8],
which can be well activated by receiving visible photons [9]. The
holes generated in this photocatalyst are often suitable for oxida-
tion of various organic pollutants. However, electrons do not have
the potential for injection to CO, or reduction of silver cations.

ZnS is a photocatalyst with a wide band gap (3.4 eV) which is
well activated by UV photons. The excited electrons of conduction
band of ZnS are energetic enough to reduce the stable molecules
of CO, [10]. Moreover, the life time of generated charge carriers in
ZnS is more than that of BiFeO; because the higher band gap of ZnS
reduces the effect of inner electric field for attraction and recombi-
nation of opposite charges.

So far, some studies have been conducted on the effect of BiFeO,
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as a p-type photocatalyst coupled with an n-type one for degrada-
tion of various organic pollutants. Zhang et al. [11] reported on
the photocatalytic activity of TiO,/BiFeO, under visible light to
reduce silver cations in an aqueous environment. They attributed
the appropriate photocatalytic activity TiO,/BiFeO; to multi-frac-
tional properties of BiFeOj as well as the effect of p-n binding be-
tween them. Ramadan et al. [12] conducted a study to investigate
the positive effects of p-n photocatalytic compound, BiFeO,/Fe,O;,
on methylene blue degradation. The results showed an increase in
the efficiency of charge separation, and they concluded that the
construction of p-n structure causes an internal electric field lead-
ing to the transfer of charge carriers on opposite direction.

The main aim of this study was to construct a visible-light-active
coupling photocatalyst for which its photocatalytic activity is higher
than that of each pure one. For the first time, we used BiFeO,/ZnS
for the study of direct photocatalytic reduction of CO, under visi-
ble light. ZnS and BiFeO; nanoparticles were synthesized through
precipitation and hydrothermal methods, respectively. Next, the
various molar ratios of these photocatalysts were synthesized to assess
the photocatalytic reduction of gaseous CO, in the presence of CH,
as a reducing agent under visible light.

EXPERIMENTAL

1. Synthesis of BiFeO,

Equimolar ratios of bismuth nitrate and iron nitrate 1.01 g (1.2 g
Fe(NO,)-9H,0 and 1.2 g Bi(NO;)-5H,0) were simultaneously dis-
solved in 20 mL of diluted nitric acid (HNO,, 30%). Then, 200 mL
of KOH (8.0 M) solution with a concentration of 8 mL was gradu-
ally added to the solution within a large magnetic stirrer (1,000 rpm)
until reaching a homogeneous and uniform brown suspension. The
obtained suspension was transferred into a stainless steel autoclave
and incubated at 200 °C for 6 h and then cooled at ambient tem-
perature. Using distilled water and ethanol, the obtained powder
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was washed several times and finally dried at 80 °C for 6 h.
2. Synthesis of ZnS

The co-precipitation method was used to prepare ZnS. Based
on this method, first, 10 mL of 0.5 M zinc acetate dehydrate solu-
tion (Zn(OAC),-2H,0) along with 10 mL of 0.5M sodium sul-
fide solution (Na,S-9H,0) were stirred on a stirrer. Then these
two, in drops, were added into 10 mL of 0.5M sodium dodecyl
sulfate (SDS) and the solution was placed on a stirrer for 30 min
to obtain a homogeneous solution. The obtained solution was then
passed through a filter paper and washed with distilled water and
ethanol; finally; the obtained precipitates were placed in the oven
at 60 °C for 24 h [13].

3. Synthesis of BiFeOs/ZnS

To prepare the couple of BiFeO,/ZnS with different ratios, at the
end of ZnS synthesis, the completely homogeneous BiFeO; pow-
der was added to the solution and placed under ultrasonic (fre-
quency 20 kHz, amplitude 3 mm) for 30 min. Then, it was filtered
and washed with ethanol and distilled water. The obtained precipi-
tates were dried at 80 °C for 24 h. In this study we synthesized and
analyzed different molar ratios of BiFeO,/ZnS including 1:1, 1:2,
and 2: 1, and denoted as BZ11, BZ12, and BZ21, respectively.

4. Photocatalytic Reduction of CO,

Previous studies have widely investigated the effect of photocat-
alytic reduction of CO, in aqueous solutions under UV-Vis radia-
tion. We used a laboratory system to investigate the performance
of BiFeO; and ZnS photocatalytic compounds at various molar
ratios on the conversion of greenhouse gases, including carbon
dioxide and methane. The experiments were carried out in a steel
reactor with an internal volume of one liter under visible light radi-
ation. In each experiment, first webnets with a mesh size of 120
were coated with photocatalytic material and calcined at 350 °C for
2h and then placed inside the reactor. In the next step, the reactor
was vacuumed using a vacuum pump and then filled with a gas
feed, which was a mixture of carbon dioxide, methane, and helium
with a ratio of CO, (45%), CH, (45%), and He (10%). Before start-
ing the reaction and turning on the light within the reactor, we
analyzed the initial feed composition by gas chromatograph GC-
CGCA-1 apparatus equipped with a thermal conductivity detec-
tor (TCD). These analyses were done isothermally at 50 °C using a
parallel setup of two packed columns (Molecular sieve and Pora-
pak Q). The source of the visible light radiation was a 125W UV
lamp with a high pressure mercury vapor (Osrum, Germany). A
glass cover was placed around the lamp to filter and remove UV
radiation. After analysis of the feed, the lamp was switched on and
the catalyst surface was continuously exposed to the light for 5 h.
During this time, the combinations of gases in the reactor were
analyzed by the GC every one hour. For each test, first a control
test was performed to determine the potential absorbance of CO,
molecules on the photocatalyst. A sample of gas mixture for the
GC was taken after 4 h in the reactor when the light was switched
off; the results obtained in this stage were compared with the results
obtained from the feed, and the absorption rate was calculated.
The results showed that the amount of absorption was negligible.
The amount of CO, conversion at any time was calculated using
Eq. (1), where COj and COj, respectively, are the amount of CO,
at zero and t times:
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Fig. 1. The XRD patterns of ZnS, BiFeO;, and BZ11 samples.
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RESULTS AND DISCUSSION

1. Material Characterization

Fig. 1 presents the XRD patterns of BiFeOs, ZnS, and BZ11 sam-
ples. As shown, the hydrothermal and precipitation methods are
suitable for synthesis BiFeO;, Zns and their coupling. The XRD
pattern of ZnS has a number of diffraction peaks in 26=57.52,
48.94, and 30.16° which were, respectively, related to (311), (220),
and (111) faces of the hexagonal crystalline structure of ZnS Wurtz-
ite [14]. Similarly, the BiFeO, pattern has a number of diffraction
peaks in 26 equal to 57.4, 51.58, 45.88, 39.7, 32.26, and 22.72°
which were, respectively; related to (300), (116), (024), (202), (110),
and (012) faces in the structure of BiFeO, [11]. It is believed that
when the crystalline semiconductor network is more complete
and has fewer structural defects or impurities, the mobility and
length of penetration of charge carriers will be increased because
the defects or impurities may act as trapping sites for electron-
holes. Thus, the efficiency of photocatalytic activity may be im-
proved by improving the charge carrier transfer process [15]. In
the spectrum related to the equimolar ratio of BiFeO; and ZnS,
the peaks associated with both photocatalysts appearing at three
points, 26 equal to 57.4, 50.14, and 32.1° corresponding to (311),
(220), and (111) faces in ZnS and BiFeO;, respectively. It indicates
the concurrent presence of both photocatalysts of BiFeO; and ZnS
in the BZ11 sample.

Fig. 2 shows the EDX and SEM images of BiFeO;, ZnS, and
BZ11 samples. As shown in Fig. 2(a), we observed the semi-spher-
ical particles of the BiFeO; photocatalyst. The particle size distri-
bution in this photocatalyst seems to be in the range of 200 nm to
micron, which is dlearly larger than ZnS particles (Fig. 2(b)). The
SEM image of ZnS in Fig. 2(b) shows the nano-sheet morphol-
ogy of ZnS synthesized by precipitation method. Fig. 2(c) presents
the ZnS and BiFeO; photocatalyst in BZ11 composite. As shown,
the ZnS particles are well distributed on the BiFeO; surface. More-
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Fig. 2. The FESEM images and the EDX of (a), (d) BiFeOs, (b), (e) ZnS, and (c), (f) BZ11.

over, unique peaks appeared in the EDX spectrum of each of the
Table 1. The EDX data fOl' elemental composition Of ZnS, BiFeO3, photocatalysts’ ]_ndlcat]_ng the presence of Bl, Fe’ Zn, S, O elements

and BZ11 (Fig. 2(d)-(f)). The information of weight percent of each elements
wt% is presented in Table 1.

Element 7nS BiFeO, BZ11 Fig. 3 presents the FTIR spectrum of BiFeQO;, ZnS, and their nano-
composites at room temperature. The ZnS characterization peaks

© 49.11 4285 24.84 of 1,221, 991 and 677 cm ™" are properly in line with the reported
S G 0 2444 results of previous work [16,17]. As observed in BiFeO; perovskite
Fe 0 4502 2825 peaks, there is a bending vibration of Fe-O-Fe at the range of 400-
Zn 9.22 0 9.09 440 cm™. In addition, Bi-O bonds in the BiO, octahedral structure
Bi 0 12.13 13.38 are observed at a range of 473-548 cm ™', which is in line with the
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Fig. 3. The FTIR spectra of BiFeO;, ZnS and different molar ratios
of BiFeQ,/ZnS.
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Fig. 4. The UV-vis spectra of BiFeO,, ZnS and different molar ratios
of BiFeO,/ZnS.

reported results [18-20]. The peaks observed at a range of 1,488-
1,640 cm™" indicate the stretching models of C=0, and the absorp-
tion peaks observed at a range of 3,100-3,600 cm™ indicate the
stretching models of O-H which are involved in increasing water
adsorption for -COOH nanocomposite group [16].

UV-vis analysis is used to find the wavelength range that a pho-
tocatalytic response is received. Fig. 4 shows the UV-Vis spectra of
BiFeOs, ZnS, BZ21, BZ11, and BZ12 samples in the range of 300-
800 nm. As shown, pure ZnS is excited at 354 nm. This wave-
length is fully in the ultraviolet A (UVA) region. Also, the BiFeO;,
wavelength was excited at about 548 nm, which is fully located in
the visible region [21]. The spectra of the photocatalytic compounds
clearly show that with increasing the BiFeO; content of photocata-
lyst, the light absorption spectrum extends to visible light. The exci-
tation wavelengths of 427, 455, and 467 nm correspond to BZ12,
BZ21, and BZ11 photocatalysts, respectively. The UV-vis spectrum
also is used to extract other information such as the photocatalyst
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Fig. 5. The PL spectra of BiFeOs, ZnS and different molar ratios of
BiFeO,/ZnS.

band gap energy. The experimental Eq. (2) was used to calculate the
photocatalyst band gap energy with a good approximation [11].

E,=1240/2 @

where E, is the photocatalyst band gap, and 4 is the photocatalyst
wavelength of excitation. According to Eq. (2), the band gap ener-
gies of BiFeO,, ZnS, BZ12, BZ21, and BZ11 photocatalysts were
estimated to be 2.26, 3.5, 2.9, 2.72, and 2.65 eV, respectively. Thus,
among the coupled photocatalysts, BZ11 had the best performance
in absorption of visible-light photons.

The PL spectrum shown in Fig. 5 presents some information
on the rate of charge separation efficiency in the semiconductors.
It is believed that the surface area under the curve of PL analysis
indicates the released energy caused by recombination of charge
carriers so that the higher recombination rate, the larger surface
area. Accordingly, the highest and lowest charge separation effi-
ciencies belong to the pure BiFeO; and ZnS, respectively. Gener-
ally, being narrow the band gap of photocatalyst resulted in high
rate recombination of charge carries because the attraction forces
made in the activated narrow band gap photocatalyst is greater
than a wide band gap photocatalyst. But, In spite of this fact, BiFeO,
which had the limited band gap of 2.26 eV showed the highest
efficiency of charge separation. It follows from this finding that
BiFeO; well supplied electrons but they do not have enough energy
to initiate CO, conversion reactions. Coupling ZnS with BiFeO; is
a proper strategy to overcome this issue by upgrading the poten-
tial level of these low-energy electrons. In the coupled samples, it
can be seen that with increasing BiFeO; content, the life time of
charge carriers increased. Thus, the best coupled sample is BZ21.
2. Photocatalytic Reduction of CO,

Fig. 6 shows the schematic energy levels of BiFeO; and ZnS
photocatalysts. When BiFeO; and ZnS photocatalysts are in con-
tact with each other, because of electrostatic forces between oppo-
site loads charges, a load a charge density slope gradient is created
at the borderline of the semiconductors and a Fermi level balance
occurs. This Fermi level balance leads to promoting potential level
of conduction band of BiFeO;. Thus, the excited electrons of BiFeO,
which is coupled with ZnS are more energetic than those of pure
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Fig. 6. Schematic energy levels of BiFeO; and ZnS after connection
and load transfer process.

BiFeO,. In addition, the p-n junction make an internal electric
field in the interface of two photocatalysts. This electric field is ori-
ented from n-type photocatalyst to the p-type one forces the excited
electrons of BiFeO; in the opposite direction of the internal elec-
tric field, from conduction band of BiFeO, to conduction band of
ZnS. This means that the life time of electron-holes is increased
significantly. In general, the p-n junction of BiFeO,/ZnS resulted
in two positive effects. First, upgrading potential level of excited
electrons of BiFeO; which is needed for appropriate reduction of
CO,; second, increasing life time of charge carriers by transfer of
electrons from conduction band of BiFeO, to the conduction band
of ZnS due to inner electric field made in p-n interface which
forces electrons to be moved in opposite direction of electric field.
Fig. 7 presents the results of photocatalytic conversion of CO,
by BiFeO;, ZnS, and the coupled samples after 270 min experi-
ment under visible light irradiation. The lowest visible light photo-
catalytic conversion of CO, belongs to ZnS by 3.2%. This behavior
may be due to high electron mobility of ZnS. BiFeO; showed pho-
tocatalytic conversion of 7.36% under visible light. Despite being
visible-light active photocatalyst, BiFeQ; is not able to reduce CO,
significantly because its generated electrons do not have enough
energy as discussed earlier. At the same time with the reduction
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Fig. 7. The photodegradation percentage of CO, in the presence of
pure BiFeO;, ZnS and different molar ratios of BiFeO; : ZnS,
after 4 h of experimentation.

process, the holes generated in the valence band of BiFeOs, which
have enough potential for oxidation process, initiate the oxidizing
reactions of CH,. The oxidation reactions lead to consumption of
holes and thus the density of electrons in the conduction band of
pure BiFeO; will increase. These dense electrons could give their
energy to each other, and thus some electrons with enough energy
are generated to reduce the target CO, [22,23]. By coupling BiFeO,
with ZnS, the photocatalytic efficiency of CO, conversion was in-
creased significantly. One can see that BZ11 as the efficient sample
showed the best photocatalytic conversion of CO,, 24.8%, under
visible light. This result is in agreement with the interpretation of
Fig. 6. Considering the PL and UV-vis analyses, the best coupled
sample for absorption of visible light photons and for separation of
charge carriers is BZ21. But the results of photoreactor experiments
indicated only 16.13% CO, conversion by BZ21 sample, which is
lower than that of BZ11. This behavior can be attributed to the
effect of p-n structure. When coupled photocatalyst includes an
equimolar ratio of two photocatalysts, the p-n structure is pro-
moted and its positive effects resulted in effective conversion of
CO,. But the p-n structure vanished gradually in the coupled sam-
ples with non-equimolar ratio of photocatalysts [24].

One can see from Fig. 7 that the photocatalytic reactions were
saturated with passing time. The saturation in the conversion of
CO, may be due to two reasons. (1) The product accumulation on
catalysts surface caused by not being desorption of surface prod-
ucts. (2) The backward reactions leading to reoxidizing photocata-
lytic products back into CO,. This phenomenon happens in the
presence of O, and O, is an inevitable product of CO, conversion.
Thus, it is reasonable that the photocatalytic conversion of CO, is
saturated after a while. By literature review and our previous exper-
imental researches [25-27], the decreasing concentration of CO,
could be attributed to formation of C,-based products like CO,
CH,, CH,;OH. Although, the published researches and the pro-
posed mechanisms in reference [28] showed that the formation of
methane in gaseous media is more probable than the formation of
methanol and methanol seems to be the dominant product of
aqueous media. Egs. (3) to (11) propose a reaction route for pro-
duction of the main C,-based products by simultaneous oxidation
of CH, as reductant agent and reduction of CO,.

CO,+e —'CO;, 3)
CH,+h"—'CH,+H" 4)
H'+e »'H €
"H+'CO,—~CO+OH ©)
CO+e >CO” 7)
‘CO +H—>"C+OH (8)
‘C+3'H—'CH, ©)
‘CH,+H—CH, (10)
*CH,+OH—>CH,0H (11)

CONCLUSION
Different molar ratios of BiFeO,/ZnS composite were synthe-
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sized by hydrothermal and precipitation methods and used for
direct photocatalytic conversion of CO, under visible light. The
results of characterization analyses showed the good synthesis of
the photocatalysts and desirable optical features in the absorption
of UV light irradiation. The highest visible-light photocatalytic
conversion of CO, was 24.8% by BZ11 sample. This behavior is
attributed to the effect of p-n junction in promoting charge sepa-
ration efficiency caused by internal electric field made in interface
of two photocatalysts.
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