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ABSTRACT

In the work, the direct Z-scheme Bi2MoO6/ZnIn2S4 (BMO ? x%–ZIS; x = 2, 4, 6,

8, 10) composite semiconductor photocatalysts were successfully constructed by

using a simple wet impregnation method. Then the oxidation of NO (*400 ppm)

with H2O2 solution injected (0.0075 mL min-1) was used to estimate their pho-

tocatalytic performances under visible light. The results indicate that

BMO ? x%–ZIS composites exhibit enhanced photocatalytic activity, wherein the

BMO ? 6%–ZIS composite possesses the highest photocatalytic activity (84.94%).

The enhanced photocatalytic performance is ascribed to the low rate of recom-

bination of photogenerated electrons and holes and the production and partici-

pation of active radical species as confirmed by PL spectra and trapping

experiment as well as fluorescence spectra. The existence of H2O2 is also essential

in the improvement of the photocatalytic efficiency via production of more active

species. The photocatalytic product in the PCO of NO is NO3
-, which was

detected by ion chromatography. In addition, the mechanism of PCO of NO was

discussed detailedly. The results indicate that �OH plays an important role, but

the effect of �O2
- is also crucial in the experiment of PCO of NO system.

Introduction

Semiconductor photocatalysis is a potential green

chemical technique, employing solar light as energy

source for water splitting, organic pollution degra-

dation and NO oxidation [1–5]. Since the discovery of

Honda–Fujishima effect in 1972 [6], an immense

amount of visible-light-responsive semiconductor

photocatalysts have been developed, including Bi-

based, Ag-based, Co-containing and Cu-containing

photocatalysts [7–10]. Among them, Bi-based semi-

conductor photocatalysts have attracted worldwide
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attention due to the low cost of synthetic materials

and widespread availability. Up to now, the Bi-con-

taining semiconductor photocatalysts mainly include

Bi2MoO6, BiVO4, Bi2O2CO3, Bi2WO6, BiOCl(Br),

Bi2O3, Bi2S3, and so forth [11–17]. Bi2MoO6, a typical

Aurivillius-related oxide, possesses a suitable band

gap, capable of capturing visible light and excellent

photocatalytic activity for organic pollution degra-

dation and water splitting [11, 18]. However, the

practical application of Bi2MoO6 is still limited due to

the poor quantum yield, which is caused by the rapid

recombination of photoinduced charges and holes.

To prolong the lifetimes of photoinduced charge

carriers and improve the visible-light-driven photo-

catalytic performance of Bi2MoO6, different modifi-

cations have been attempted. Therein large amounts

of Bi2MoO6-based composite photocatalysts (e.g.,

Bi2O2CO3/Bi2MoO6 [19], TiO2–Bi2MoO6/Bi3.64

Mo0.36O6.55 [20], Bi2MoO6/carbon nanofibers [21])

have been synthesized in attempt to enhance the

separation of photoinduced charges and holes.

As alternatives, the ternary metal sulfides (e.g.,

ZnIn2S4, CdIn2S4, CuGaS2, CaIn2S4, CuInS2) have

received worldwide attention due to their unique

optoelectronic properties, chemical stability and

outstanding photocatalytic activity [22–24]. In par-

ticular, the ZnIn2S4 (ZIS) not only possesses appro-

priate band gap and enhanced photocatalytic activity,

but also can be easily synthesized under relative mild

conditions using different precursors [25, 26]. Now it

has been applied in water splitting, organic pollution

degradation and photocatalytic CO2 reduction

[27–30], etc. However, the ternary metal sulfides have

the defect of self-photocorrosion. What’s more, it is

still a difficult problem to transfer the photoinduced

electron–hole pairs and enhance their separation rate

for an isolated ternary metal sulfide component.

Obviously, it is desirable to explore novel process

route to enhance the transfer efficiency of photoin-

duced electrons and holes for ternary metal sulfides.

To the best of our knowledge, little attention has

been given to PCO of NO in flue gas of power plant

over Bi2MoO6/ZnIn2S4 (BMO ? x%–ZIS; x = 2, 4, 6,

8, 10) composite photocatalysts. Herein, we have

designed direct Z-scheme BMO ? x%–ZIS composite

photocatalysts by a facial wet impregnation method,

which were expected to improve the separation rate

of photoinduced electrons and holes in ZIS and BMO

effectively, thus improving the photocatalytic per-

formance. The enhanced PCO efficiency of NO for the

BMO ? x%–ZIS composite photocatalysts was

achieved under visible light, and the reasons con-

tributing to this were analyzed minutely. Addition-

ally, the photocatalytic reaction production and

possible mechanism of PCO of NO were also inves-

tigated in this study.

Experimental section

Preparation of Bi2MoO6/ZnIn2S4 composites

All chemicals purchased were used directly. Bi2MoO6

was prepared by solvothermal method. In a typical

synthetic method, 3.4 mmol Bi(NO3)3�5H2O and

1.7 mmol Na2MoO4�2H2O were, respectively, dis-

solved in 10 mL of ethylene glycol (EG) under

ultrasonic conditions, labeled A solution and B

solution, respectively. Then the B solution was added

dropwise into B solution to form a homogeneous

mixture solution under stirring conditions. After that,

40 mL ethanol was slowly added dropwise into the

above solution, followed by stirring for 30 min. The

resulting buff solution was transferred into a 100 mL

Teflon-lined stainless steel autoclave, maintaining t

180 �C for 12 h. Subsequently, the autoclave was

cooled to room temperature naturally. The obtained

samples were centrifuged and washed with water

and ethanol and dried at 80 �C overnight in a vac-

uum oven. In the course of time, the as-prepared

sample was annealed at 400 �C for 3 h and labeled as

BMO.

ZnIn2S4 was synthesized by the hydrothermal

method. Briefly, 5 mmol Zn(NO3)2�4H2O, 10 mmol

In(NO3)3�xH2O (molecular weight 301 g mol-1) and

40 mmol thioacetamide were dissolved in 80 mL

deionized water in succession and stirred for 30 min

to form a homogeneous mixture solution at envi-

ronmental temperature. The pH of the solution was

adjusted to 1 by using 1 M hydrochloric acid solu-

tion. Then the mixed solution was transferred into a

100 mL Teflon-lined stainless steel autoclave and

heated at 160 �C for 12 h. Thereafter, the autoclave

was cooled naturally to ambient temperature. The

yellow precipitate was centrifuged and repeatedly

washed with copious amounts of deionized water

and ethanol. The final material, labeled as ZIS, was

dried at 80 �C for 12 h.

The composites of BMO loaded with different

weight percentages of ZIS (denoted as BMO ? x%–
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ZIS; x = 2, 4, 6, 8, 10) were synthesized by using a

simple wet impregnation method. First of all, 0.3 g

yellow BMO powders were dispersed in 50 mL

methanol to form BMO suspension by ultrasonic

method for 30 min. Then the calculated amount of

ZIS was added into the suspension to stir at ambient

temperature for 24 h in the fume hood. Afterward,

the obtained solid materials were dried at 80 �C for

12 h.

Characterization

The structures and chemical properties of samples

were studied by X-ray diffraction (XRD, Cu Ka,

Purkinjie XD-3, 35 kV, 20 mA), FTIR (Nicolet-iS10),

field-emission scanning electron microscopy (SEM,

FEI Quanta 250F), transmission electron microscope

(TEM, JEOL JEM-2100), X-ray photoelectron spec-

troscopy (XPS, PHI-5000C ESCA), nitrogen adsorp-

tion apparatus (Quantachrome, autosorb IQ), UV–vis

diffuse reflection spectra (DRS, Shimadzu UV-2600,

Photoluminescence spectra (PL, He-Cd laser, Lab-

ram-HR800). Ion chromatography (IC, DionexICS90)

was employed to analyze ions in solution.

The test of photocatalytic activity

The photocatalytic activity test for NO removal was

performed in a continuous flow reactor at environ-

mental temperature and atmospheric pressure. The

200-mL cylindrical reactor consisted of stainless steel

and covered with quartz glass. One Teflon omentum

containing photocatalysts was placed in the middle

of the reactor. A Xe lamp (350 W) was vertically

placed above the reactor, which was used as visible

light source.

Photocatalyst (0.1 g) was uniformly dispersed in a

small piece of clean round cotton (d = 3.5 cm,

h = 0.5 cm) and then placed on the Teflon omentum

of the reactor. The premixed reactant gases (400 ppm

NO, 7% O2 and N2 balance) were fed into the reactor

at a total flow rate of 100 mL min-1. After reaching

adsorption–desorption equilibrium between gases

and photocatalysts, 30% H2O2 solution was injected

into the reactor via a peristaltic pump at a flow rate of

0.0075 mL min-1 to produce more active species for

the PCO of NO and reduce the accumulation of

reaction products on the surface of photocatalysts.

Simultaneously, the Xe lamp was turned on and the

experiment was started. The outlet concentration of

NO was analyzed every 10 min by using SERVOMEX

flue gas analyzer (Britain). The reaction of NO with

O2 was ignorable because there was little change of

NO2 concentration in the process of reaction product

detection. Figure 1 depicts the schematic diagram of

experimental apparatus. The removal efficiency of

NO is defined as: NO conversion % = (NOin-

NOout)/NOin 9 100%.

Detection of hydroxyl radicals

The hydroxyl radicals formed in the PCO of NO

system were detected by using fluorescence tech-

nique, and terephthalic acid (TA) was used as a probe

molecule. The detailed procedures were as follows:

Four quartz tubes were labeled as the experimental

groups (A–C) and control group (D), which were

filled with 40 mL aqueous solution containing

0.3 mmol TA and 50 lL 30% H2O2 aqueous solution

at environmental temperature. Then 10 mg

BMO ? 6%–ZIS composite photocatalyst was,

respectively, dispersed in the solution of groups (A–

C). Subsequently, all tubes were irradiated by Xe

lamp (350 W) under stirring for 20 min (group A),

40 min (group B) and 60 min (groups C and D). After

reaction, the �OH concentration in the clear super-

natant was measured by using FL3-TCSPC fluores-

cence spectrophotometer.

Trapping experiment of active species

As shown in Fig. S1, six quartz tubes were divided

into four experimental groups (a–d) and two control

groups (e–f). The groups (a–e) were filled with

40 mL deionized water and 4 mL 30% H2O2 solu-

tion, while the group (f) was only injected into

40 mL deionized water. Then 10 mg BMO ? 6%–ZIS

composite was added into group (a–d and f),

respectively. Subsequently, 1 mL isopropyl alcohol

(IPA) was injected into group (b) so that �OH could

be quenched, 0.1 mmol p-benzoquinone (BQ) was

added into group (c) as the scavenger of �O2
-, 1 mL

ethanol (EtOH) was put into group (d) in order that

h? could be captured. Finally, NO was inputted in

six quartz tubes, which were exposed to the visible

light source under stirring condition for 30 min.

After reaction, 1 mL of clear supernatant obtained

was taken out and injected into IC to reveal effect of

active species.
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Photoelectrochemical measurement

Photocurrent curves were conducted on the CHI

760B electrochemical workstation with a conven-

tional three-electrode system using 0.5 mol L-1 Na2

SO4 as electrolyte solution. The work electrode was

prepared by the following process: 10 mg

BMO ? x%–ZIS powders were, respectively, dis-

persed in 1 mL ethanol containing 50 lL naphthol to

form homogeneous suspension by ultrasonic method.

The suspension was drop-coated on the exposed area

of the conductive side of the FTO glass

(1 cm 9 0.5 cm) to form 1.6 mg cm-2 of the photo-

catalyst on the FTO, and then dried at 180 �C for 12 h

in a vacuum oven.

Result and discussion

Structural characterization

The crystal structures of as-prepared samples were

identified by the patterns of XRD. As observed in

Fig. 2 and Fig. S2, the pure ZIS sample shows the

diffraction peaks at ca. 21.56�, 27.76�, 39.92 and

47.28�, which are, respectively, indexed as (006),

(102), (108) and (110) crystal planes of the hexagonal

ZIS (JCPDS No. 65-2023). For the pure BMO, the

diffraction peaks at ca. 28.16�, 32.48�, 47.12� and

55.36� are indexed as (131), (002), (062) and (133)

planes, respectively. The result indicates that the

orthorhombic phase of BMO is in line with the JCPDS

card No. 76-2388. No peaks indicating impurities

were observed. In terms of the BMO ? x%–ZIS

(x = 2, 4, 6, 8, 10) composites, all the X-ray diffraction

peaks of BMO are clearly observed, indicating the

crystal structure of BMO cannot be influenced during

the preparation process of BMO ? x%–ZIS composite

photocatalysts.

The FTIR spectra were also performed to investi-

gate chemical structure of as-synthesized samples. As

shown in Fig. 3, the absorption peaks at ca. 1396 and

1610 cm-1 corresponding to the hydroxyl group and

surface absorbed water molecules are found for ZIS

[31]. In terms of the pure BMO, the absorption bands

at 500–950 cm-1 are related to Bi–O and Mo–O

stretching and Mo–O–Mo bridging stretching modes.

The absorption peaks at ca. 797 and 843 cm-1 are

Figure 1 Schematic diagram of experimental apparatus for the PCO of NO.

Figure 2 XRD of as-prepared samples: a ZIS, b BMO,

c BMO ? 2%–ZIS, d BMO ? 4%-ZIS, e BMO ? 6%–ZIS,

f BMO ? 8%–ZIS, g BMO ? 10%–ZIS.
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labeled as the symmetric and asymmetric stretching

modes of MoO6 involving vibrations of apical oxygen

atoms, respectively. The band at ca. 734 cm-1 is

attributed to the asymmetric stretching mode of

MoO6 involving vibrations of the equatorial oxygen

atoms. The peaks at 566 and 603 cm-1 correspond to

the bending vibrations of MoO6 [32]. More impor-

tantly, no obvious change is observed for the FTIR

spectra of BMO ? x%–ZIS (x = 2, 4, 6, 8, 10) com-

posites in comparison with that of pure BMO. The

result also indicates that the structure of BMO

remains undamaged in the preparation process of

BMO ? x%–ZIS composites, which is consistent with

the result of XRD.

To investigate the surface chemical composition of

as-synthesized samples and the interaction between

ZIS and BMO, the X-ray photoelectron spectroscopy

(XPS) was performed. As shown in Fig. 4a, the sur-

vey spectra for BMO and ZIS indicate that C, Bi, Mo

and O exist on the surface of BMO and C, Zn, In and

S exist on the surface of ZIS and the survey spectrum

for BMO ? 6%–ZIS composite shows the existence of

C, Bi, Mo, O, Zn, In and S on the surface of the

composite photocatalyst. The C 1 s peak in the survey

spectra results from the carbon tape used for fixing

the sample or the adsorption of atmospheric CO2 on

the sample surface [21]. As for Fig. 4b–c, the peaks at

159.1 and 164.5 eV corresponding to the binding

energy of Bi 4f7/2 and Bi 4f5/2 of BMO obviously shift

toward high values. The peaks at 232.4 and 235.6 eV

corresponding to the binding energies of Mo 3d5/2

and Mo 3d3/2 of BMO also show a slight shift to high

values. The results demonstrate the existence of a

strong interaction between BMO and ZIS. In the O 1 s

spectra of Fig. 4d, the wide and asymmetric peak for

BMO ? 6%ZIS and BMO indicates the existence of

more than one chemical state. The peaks at 529.9,

530.7, 531.9 eV for BMO ? 6%ZIS, respectively, relate

to Bi–O (lattice O), surface hydroxyl groups (O–H)

and oxygen singly bonded to carbon (C–O) [19].

According to Fig. 4e–f, the peaks at 1021.8 and

1044.9 eV corresponding to Zn 2p3/2 and 2p1/2 of ZIS

show a slight shift to low values, respectively, and

the peaks at 444.9 and 452.5 eV corresponding to the

binding energies of In 3d5/2 and 3d3/2 of ZIS also

slightly shift to low values. The slight shifts of bind-

ing energy of Zn 2p and In 3d also indicate a effective

electronic interaction between ZIS and BMO in the

BMO ? 6%ZIS composite.

The field-emission scanning electron microscopy

(SEM) was employed to investigate the morphologies

and macrostructures of as-synthesized samples intu-

itively. As depicted in Fig. 5a1, a2, the pure BMO is

composed of flower-like microspheres. And the sin-

gle spheres are assembled by nanoplates. For the

SEM image of BMO ? 6%–ZIS composite (Fig. 5b1,

b2), we can find the BMO well attaches to the ZIS

surface, thus contributing to the electron transfer

between BMO and ZIS in the photocatalytic experi-

mental process. As displayed in Fig. 5c1, c2, the pure

ZIS is composed of a large number of microspheres

with an average diameter of ca. 4 lm and presents a

unique marigold-like spherical superstructure which

is made up of copious nanosheets. This is supported

by EDS mapping of Zn, In and S, which displays the

homogeneous distribution of these elements (Fig. 5d–

f). The energy-dispersive X-ray spectrum retrieved

from the collected data of these maps (Fig. S3)

demonstrates the presence of all relevant elements in

the area. To further confirm effective construction of

BMO ? x%–ZIS composites, the HRTEM, EDX and

corresponding mapping of BMO ? 6%–ZIS compos-

ite have been performed. As shown in Fig. S4, it can

be seen that the ZIS and BMO are connected together.

The EDX indicates the existence of Bi, Mo, O, Zn, In

and S in Z-scheme photocatalyst consisting of ZIS

and BMO, which is in accordance with the XPS

results. The elemental mapping images show a rela-

tive homogeneous distribution of Bi, Mo, O, C, Zn, In

and S. The results are in accordance with that of SEM

images. What’s more, the specific surface areas of

ZIS, BMO and BMO ? 6%–ZIS composite are deter-

mined to be 179.27, 13.33 and 19.83 m2�g-1,

Figure 3 FTIR of as-prepared samples: a ZIS, b BMO,

c BMO ? 2%–ZIS, d BMO ? 4%–ZIS, e BMO ? 6%–ZIS,

f BMO ? 8%–ZIS, g BMO ? 10%–ZIS.
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respectively. The enhanced specific surface area of

BMO ? 6%–ZIS composite as compared to BMO can

be ascribed to the introduction of ZIS with a high

surface area, which can provide more restive sites to

make the photocatalytic reaction more efficient.

To investigate the changes in the electronic prop-

erties of BMO ? x%–ZIS composite, their photo-

physical properties were studied. UV–vis diffuse

reflection spectra (DRS) of as-synthesized represen-

tative ZIS, BMO ? 6%–ZIS composite and BMO are

shown in Fig. 6. In the experiments, it can be found

that the addition of ZIS is beneficial to the absorption

of visible light, but only a minor redshift is observed.

The phenomena imply that the intrinsic electronic

properties of BMO do not change much. Also, the

corresponding band gap (Eg) values for ZIS, BMO

and BMO ? 6%–ZIS are, respectively, calculated to

be 1.98, 2.48 and 2.27 eV. According to previous

reports, the valence band edge potentials (EVB) and

conduction band edge potentials (ECB) of BMO are,

respectively, estimated to be at -0.19 and ? 2.29 eV

[33], while the ECB edge potentials of hexagonal

phase ZIS are ca. -1.10 eV calculated by Mott-

Schottky plots [26] and the corresponding EVB edge

potential is ca. ? 0.88 eV.

Enhanced photocatalytic activity of NO
oxidation

The as-prepared BMO ? x%–ZIS (x = 0, 2, 4, 6, 8, 10)

composite photocatalysts were applied in the exper-

iment of PCO of NO under visible light so that their

performances of air purification could be evaluated.

In advance, four control experiments were performed

in the absence of BMO ? 6%–ZIS, the visible light,

H2O2 solution, both BMO ? 6%–ZIS and H2O2 solu-

tion. As shown in Fig. S5, the corresponding NO

removal rates are low, indicating that it is difficult for

NO to be fully oxidized or photolyzed under corre-

sponding experimental conditions. Thereafter, the

visible-light-induced PCO performances of

BMO ? x%–ZIS composites on NO oxidation were

performed. The gas streams were introduced into the

Figure 4 XPS survey spectra (a) and the high-resolution XPS spectra of Bi 4f (b), Mo 3d (c), O 1 s (d), Zn 2p(e), In 3d (f) regions for

BMO, BMO ?6%ZIS and ZIS.
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photocatalytic reactor after being premixed com-

pletely. When the adsorption–desorption equilibrium

between gases and photocatalysts was reached, the

Xe lamp and the peristaltic pump delivering H2O2

solution were turned on and the experiment was

started. As shown in Fig. 7a, it can be seen that the

efficiency of PCO of NO gradually increases with the

light irradiation time and then reaches chemical

equilibrium. The photocatalytic activity for

BMO ? x%–ZIS (x = 2, 4, 6, 8, 10) composites exhi-

bits much enhancement compared with the pure

BMO, which is also higher than that of control

experiment with the absence of BMO ? 6%–ZIS or

light. In particular, it is worth noting that

BMO ? 6%–ZIS composite evidently exhibits the

highest photocatalytic activity on NO removal,

reaching 84.94% in 80 min. As compared to our pre-

vious reports in Table S1, it can be found the effec-

tively constructed Z-scheme BMO ? x%–ZIS

composites possess much higher photocatalytic per-

formances due to the efficient separation of

photoinduced electrons and holes. The stability of a

catalyst is also an important parameter from the point

of practical applications. Therefore, the stability tests

for the PCO of NO over BMO ? 6%–ZIS photocata-

lyst have been carried out. As shown in Fig. 7b, the

BMO ? 6%–ZIS composite can maintain a good

photocatalytic activity and recyclability in the process

of PCO of NO. The photocatalytic efficiency with a

slight decrease after three cycles can be attributed to

the increased accumulation amount of generated

oxidation products on the surface of photocatalysts,

which covered restive sites and impeded the forma-

tion of the active species. What’s more, the stability of

BMO ? 6%–ZIS before and after photocatalytic

reaction was also investigated by FTIR spectra

(Fig. 8). There is no obvious change and merely a

new peak of NO3
- at ca. 1384 cm-1 without the peak

of NO2
-. Thus, the BMO ? x%–ZIS composite pho-

tocatalyst is stable and efficient. The results also

indicate that NO3
- is the primary product in the

process of PCO of NO.

Figure 5 SEM of as-prepared samples: BMO (a1 and a2), BMO ? 6%–ZIS (b1 and b2) and ZIS (c1 and c2) along with EDS layered

image (d), Zn (e), In (f) and S (g) EDS mapping.
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Ion chromatography (IC) was employed to detect

the composition of PCO of NO reaction products.

After one experiment was finished completely, the

photocatalyst and the small piece of cotton which ion

adhered to were transferred to a quartz tube. Then

the quartz tube was placed overnight in order that

ions on the surface of the photocatalyst after reaction

could dissolve into the solution completely. 8 mL

deionized water was added into the mixture in

advance. Thereafter, 1 mL of the clear supernatant

obtained by centrifugation was diluted 50 times with

deionized water and injected into IC at last. The

qualitative analytical result, taking BMO ? 6%–ZIS

composite for an instance, is shown in Fig. S6, which

indicates the existence of NO3
- in the solution.

Additionally, there was no increase in NO2 during

the experimental process. And NO2
- was not detec-

ted in the IC. These results could be ascribed to the

introduction of H2O2, which had produced consid-

erable amount of active species in the presence of

BMO ? 6%–ZIS composite and made the oxidative

ability of the system enhanced. Therefore, NO3
- can

be regarded as the photocatalytic oxidation reaction

product. The standard solution was prepared, and

their corresponding IC was conducted. And the fit-

ting line is shown in Fig. S7. Consequently, the

concentration value of NO3
- in the solution could be

obtained through external standard method. Also,

nitrogen balance calculation was performed to

investigate the possible byproducts, and the corre-

sponding calculated process is given in the support

information. The results further demonstrate not only

that NO3
- is the reaction product in the experiment

of PCO of NO, but also well corresponds with that of

visible-light-driven PCO performance of BMO ? 6%–

ZIS composite on NO removal, which indicates the

accuracy and reliability of the PCO experimental

results.

The photoluminescence (PL) technique is regarded

as a useful method to reveal the transfer and sepa-

ration efficiency of photoinduced electrons and holes

in the semiconductor particles [34]. Ordinarily, a

lower PL intensity indicates a lower recombination of

photoinduced charge carriers, thus obtaining an

enhanced photocatalytic activity [35]. Herein, the PL

spectra were employed to study changes in the

electronic properties of the as-synthesized represen-

tative ZIS, BMO ? 6%–ZIS and BMO. As observed in

Fig. 9a, the pure ZIS presents a high PL intensity at

325 nm excitation. Compared with the pure ZIS, the

BMO ? 6%–ZIS composite displays a lower PL

intensity, but possesses a higher PL intensity than

Figure 6 a UV–vis diffuse

reflection spectra and c–

d corresponding derived plots

of transformed Kubelka–Munk

function of as-prepared

representative ZIS,

BMO ? 6%–ZIS and BMO.
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pure BMO. The result is opposite to that of general PL

experiments. Through reviewing the experimental

procedures and studying relative literature [36], it

might be implied that the photoinduced electrons

and holes in the BMO ? 6%–ZIS composite are not

transferred as shown in Fig. 11a but as in Fig. 11b.

The higher PL intensity of BMO ? 6%–ZIS originates

from the higher recombination rate between pho-

toinduced electrons in the CB of BMO and holes in

the VB of ZIS, thus leaving rich electrons in the CB of

ZIS and holes in the VB of BMO to participate in

photocatalytic reaction. The analytical result demon-

strates that the construction of BMO ? x%–ZIS

composite photocatalysts contributes to the separa-

tion of photoinduced charge carriers. In addition, to

further validate the improvement of photogenerated

electron–hole migration and separation, the pho-

tocurrent of the BMO ? 6%–ZIS composite was also

investigated during on and off cycles of irradiation.

As depicted in Fig. 9b, the ZIS exhibits a higher

photocurrent density than BMO, while the

BMO ? 6%–ZIS composite possesses much higher

photocurrent density in comparison with pure ZIS.

The above results not only demonstrate that the

introduction of BMO could promote efficient sepa-

ration of photoinduced electrons and holes to

enhance the photocatalytic activity of BMO ? 6%–

ZIS composite, but also imply that the constructed

BMO ? 6%–ZIS composite photocatalyst is available

in the PCO of NO system.

Figure 7 a The NO

conversion efficiency of as-

prepared samples: ZIS, BMO,

BMO ? 2%–ZIS,

BMO ? 4%–ZIS,

BMO ? 6%–ZIS,

BMO ? 8%–ZIS and

BMO ? 10%–ZIS; b the

stability tests of BMO ? 6%–

ZIS composite for NO removal

under visible light.

Figure 8 FTIR spectra of BMO ? 6%–ZIS before and after the

PCO of NO reaction.

Figure 9 Photoluminescence

spectra (a) and photocurrent

density curves (b) of as-

synthesized representative

ZIS, BMO ? 6%–ZIS and

BMO.
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Mechanism analysis of photocatalytic
activity

PL spectra and photocurrent curves confirm effective

separation of photoinduced electrons and holes in the

constructed BMO ? 6%–ZIS composite photocata-

lyst. As is known to all, the photocatalytic efficiency

of a reaction system relies not only on the separation

rate of the photoinduced electrons and holes, but also

on the production and participation of active radical

species. What’s more, the quantitative analysis

results of IC have indicated that NO3
- is the photo-

catalytic reaction product in the PCO of NO system. It

is inferred that more active substances could react

with electrons and holes to produce active species. To

further ascertain the enhancement in photocatalytic

activity for BMO ? x%–ZIS composite photocata-

lysts, we determined the contribution of active radi-

cal species in the photocatalytic reaction using

trapping experiments and fluorescence spectra.

Initially, the fluorescence spectra using terephthalic

acid (TA) as probe molecule were conducted to detect

�OH [37]. The fluorescence spectra of control group

and experimental groups with BMO ? 6%–ZIS com-

posite were performed with an excitation wavelength

of 315 nm. As shown in Fig. 10, the fluorescence

emission peak occurred at ca. 426 nm, indicating that

2-hydroxy terephthalic acid was formed from the

reaction between �OH and TA under visible light

irradiation. Furthermore, the fluorescence intensity of

experimental groups (A–C) is much higher than that

of the control group and gradually increases with

time. The results indicate that large amounts of �OH

is generated in the presence of BMO ? 6%–ZIS in the

process of PCO of NO. To further explore the role of

other active species introduced in the PCO of NO

system, the trapping experiment, taking BMO ? 6%–

ZIS composite for an instance, was carried out to

investigate the involvement of active radical species.

The qualitative analytical result displays that the

NO3
- concentrations of the experimental groups (a–

d) and control groups (e–f) are 15.82, 4.57, 5.34, 10.27,

3.27 and 9.62 mg�L-1, respectively. The NO3
- con-

centration value of group (b) unaffected by �OH is

lower than any other experimental group and only a

little higher than that of control group (e), which

indicates that �OH plays an important role in the PCO

of NO. Additionally, the NO3
- concentration value of

group (c) excluding the impact of �O2
- is only little

higher than that of group (b), and still in a low level

in comparison with that of group (a). The results

imply that �O2
- does not play a decisive effect, but is

also essential and efficiency in the PCO of NO. It is

worth mentioning that the result of group (d) implies

that h? has weak oxidation ability and could directly

oxidize NO to a certain extent in the PCO of NO

system. From what has been discussed above, it can

be concluded that the order to contributing to the

PCO of NO is �OH[ �O2
-[h? in the PCO of NO

experimental system and the �OH plays an important

role but the effect of �O2
- is also crucial. Meanwhile,

we can find the NO3
- concentration of group (f) is

lower than that of group (a). The result indicates that

the injected H2O2 solution can produce more active

species to promote the photocatalytic activity due to

the reaction between photoinduced charge carriers

and H2O2.

Based on the foregoing results and the band gap

structure of BMO and ZIS, the possible mechanism

for enhanced photocatalytic activity of BMO ? 6%–

ZIS composite was proposed as shown in Fig. 11.

Once irradiating with visible light, electrons can be

photoexcited from valence band of ZIS and BMO to

their corresponding conduction bands. If the cou-

pling of ZIS and BMO forms a heterojunction-type

composite photocatalyst, the photoinduced electrons

and holes transfer process occur as displayed in

Fig. 11a, which is the most common photogenerated

charges and holes separation process for large

amounts of composite photocatalysts. The photoin-

duced electrons are separated by the migration of the

electrons from the CB of the ZIS to the CB of the

Figure 10 Fluorescence spectra of TAOH solutions generated by

the experimental group with BMO ? 6%–ZIS for 20 min (A),

40 min (B), 60 min (C) and the control group for 60 min (D) under

visible light.
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BMO, while the holes in the VB of BMO simultane-

ously migrate into the VB of ZIS. This can offer the

efficient separation of the photogenerated electrons

and holes. But the accumulated holes on the VB of

ZIS cannot oxidize water molecules and hydrogen

peroxide molecules to produce �O2
- radicals. Simi-

larly, the electron on the CB of BMO cannot reduce

oxygen molecules (O2) into �O2
-. Because the CB

potential of BMO (-0.19 eV) is more positive than the

redox potential of �O2
- formation (O2/

�O2
- = -0.33 eV) [38] and the VB potential of the ZIS

(?0.88 eV) is more negative than the potential

required to oxidize H2O2 to �O2
- (?1.00 eV) [39].

Therefore, if the charge carriers transfer follows as

shown in Fig. 11a, then the composite photocatalyst

only forms the production of �OH (H2O2/

�OH = ? 0.06 eV) [39], but not has the production of

the �O2
- in the PCO of NO. The obtained results

contradict that of trap experiments which demon-

strate that �O2
- is also a crucial active species in the

reaction and increase the photocatalytic activity of

BMO ? x%–ZIS composites. In contrast, if the cou-

pling of ZIS and BMO follows the Z-scheme mecha-

nism as depicted in Fig. 11b. It is not only consistent

with the result of fluorescence spectra, but also well

corresponds with the trapping experimental results

that the concentration of NO3
- is obviously

decreased after the addition of IPA and BQ scav-

engers. The photoinduced electrons in the CB of BMO

are transferred to the VB of the ZIS, where they

recombine with holes in the VB of the ZIS. Hence, the

electrons in the CB of the ZIS and the holes in the VB

of the BMO are well separated, which effectively

participate in the reaction with H2O2 molecule to

produce large amounts of active free radicals and

enhance the photocatalytic activity of BMO ? 6%–

ZIS composite. Because the higher positive VB

potential of BMO (?2.29 eV) can easily oxidize H2O2

to �O2
- (H2O2/�O2

- = ? 1.00 eV). Similarly, the

higher negative CB potential of ZIS (-1.10 eV) can

availably reduce O2 to �O2
- (O2/�O2

- = -0.33 eV).

The large amounts of active free radicals (�O2
-, �OH)

would form a strong oxidation ability in the

BMO ? x%–ZIS composite photocatalysts, thus

leading to an enhanced photocatalytic performance

compared with the individual ZIS or BMO photo-

catalyst. As a matter of fact, many similar direct

Z-scheme photocatalytic systems (e.g., CaIn2S4/TiO2

[23], g-C3N4/Ag3PO4 [40], g-C3N4/TiO2 [41]) have

been reported and all of them exhibit efficient sepa-

ration and transfer of photoinduced electrons and

holes, thus resulting in a high-efficiency photocat-

alytic activity.

Conclusions

In this work, Z-scheme BMO ? x%–ZIS (x = 2, 4, 6, 8,

10) composite photocatalysts were successfully syn-

thesized by a facial wet impregnation method. The

BMO ? x%–ZIS composites exhibit enhanced photo-

catalytic activity compared with that of pure BMO.

More importantly, BMO ? 6%–ZIS composite dis-

plays the highest photocatalytic efficiency in the

experiment of PCO of NO. The trapping experiments,

hydroxyl radical detection results and photocurrent

analysis proved that the enhanced photocatalytic

performance of BMO ? 6%–ZIS could be ascribed to

Figure 11 Schematic

representation of

a heterojunction-type

electron–hole transfer

mechanisms b Z-

scheme electron–hole

transfer mechanisms.
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the Z-scheme migration of the photogenerated elec-

trons and holes. The reaction production is NO3
- as

confirmed by ion chromatography and FTIR spectra.

In addition, the mechanism of PCO of NO indicates

that the order to contributing to the PCO of NO is

�OH[ �O2
-[h? and the �OH plays an important

role but the effect of �O2
- is also crucial in the PCO of

NO system.
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