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Light Photocatalytic Activity for NO
Removal
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Chongqing Key Laboratory of Inorganic Functional Material®epartment of Scienti c Research Management, Chongqing
Normal University, Chongging, China

In this study, novel two-dimensional (2D) g-eN4@BIiOCI/Bi»017Cl, composites have
been fabricated through a facile deposition-precipitatin process. The as-prepared
photocatalysts were characterized by XRD, SEM, TEM, XPS, Wis DRS, PL,
Photocurrent, EIS, ESR, and N adsorption-desorption. The photocatalytic activities
were investigated through NO removal test in gas under visié light irradiation
( > 420nm). The g-GN4@BIOCI/Bi,0,7Cl, composites exhibit enhanced visible
light absorption and photo-induced electron-hole separabn ef ciency, compared
with pristine g-C3N4 and BiOCI/Bh2017Cl,. The intimated contact interfaces
between g-C3N4 and BIOCI/Bik20,7Cl, nanosheets are responsible for the more
ef cient photochemical interactions. The present work preides a new direction
to develop a class of ternary g-GNj-based visible-light-driven photocatalysts for
environmental puri cation.

Keywords: facile synthesis, g-C 3N, @BiOCI/Bi1,017Cl5, visible light, photocatalytic activity, nitrogen oxide ( NO)
removal

INTRODUCTION

In the past decades, with the rapid development of modern indlissociety, a large amount of
highly harmful and toxic contaminants have been discharged environmental system, which
have been the focus of world attentiordgn et al., 2017; Li et al., 20L& remains a great challenge
to completely achieve the degradation of environmental comtamts through the conventional
treatment process, especially for the low-level concentatadf contaminantsJiang et al., 2017,
2018; Zhong et al., 2017

Photocatalysis, as a novel technique, have potential applicati degradation low-level
concentrations of environmental contaminants under Misibght irradiation (Xiong et al., 2015;
Zheng and Zhang, 2016&uan et al., 2017; Jin et al., 2).18p to now, although a large number of
photocatalysts have been explored for environmental puri@atmost of them still su er from the
limited utilization of solar light, resulting in quite lowisible light photocatalytic activityGhibac
etal., 2017; Zhang et al., 2)1Hence, it is desirable to develop highly e cient visilight-driven
photocatalysts for satisfying the requirements of practiglications.
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Currently, graphitic carbon nitride (g-§N4), an organic among g-GNg4, BiOCI and Bj>017Clp, the as-prepared ternary
semiconductor photocatalyst, has attracted intensivearebe g-C3N4@BIOCI/Bi2017Cl> heterojunctions exhibit apparent
interest in energy conversion and environmental remediati characteristics including larger surface area, improvedbie
elds, largely due to its typical physicochemical propertieslightabsorption ability, and e cient separation of photo-inted
such as suitable band gap, good chemical and thermal syabilitcharge carries, which are extremely favorable for improvireg
environmental friendly, etc \fang et al., 2011; Dong and photocatalytic activity.

Zhang, 2013; Dong et al., 201%owever, the photocatalytic
e ciency of g-C3Ny4 is far below the requirement of practical
applications, mainly due to its fast recombination of phOIO'Fabrication of

ited electron-hole pairs. So far, vari trategies bae . . .
excited electron-hole pairs. So far, various strategies n gg-C3N4@B|OCI/B|12017CI2 Composites

developed to improve the photocatalytic performance of h h a7 q tabri q
C3Ng, including electronic structure engineering, nanostuuet The pure 9-GN4 nanosi eets and TiPpowders were fabricate
according to the previous reportDfng et al., 2011; Zhang

optimization, and heterojunction constructionCgo et al., . . . '
2015: Zhao et al., 2015; Ong et al., 201Burthermore et al., 201} respectively. It's a typical synthesize that 1.33g of

it is well-known that the g-@N4 nanosheets can provide Bti)C|3I and %ZIS% oLals-ot:jtaihned %N vlvere a(jded(j'[c; 5%:;"‘
a good two-dimensional surface and interface platform fmi ftso ute det g.a cono 12n6 tLen fvv'(\elreolatraslon]catez Oor | /T
growth of other nanostructured semiconductors. In partaul erwards, dripping Le.5mi of Na solution (2.0 mol/L)

the heterojunction with other semiconductor photocatad/st dropwise into BiC4 solution and then stirring vigorously for

has been regarded as an attractive and e ective solution igh at room temperature. After that, ltering and washing the
enabling the e cient separation of photo-excited electron- resulting precipitate for times with distilled water and ethano

hole pairs, which not only helps to prolong the life-time of The r;al sar::ple_s were obt?ined alfter drying under vaClrJlum at
photo-excited charge carriers, but also endows sftEbased 60 C for f24'O.CII:/IV('a gpisl 0 saz:np es Werfazprtlapart.ad.z'l.' € m(;;\ss
heterojunctions with more abundant active sites, leading t "alons O Bi B12017Cl; t0 g-GsNg are 1:2, 1:4, 1:1, 2:1, an

the signi cantly enhancement of photocatalytic performanceégbrecsflelctizvegbécéﬂdlmf'yég]g gsl fimggscwg,i‘ez'afamd q
Successful examples include gNG/TiO, (Wei et al., 2015 D T e (WN-2-1,-an

g-C3N4/MoS, (Hou et al., 2018 g-CN4/BiOBr (Sun et al., BOC—CN—4-1,.respectively. The pure BiQQHBDU.CIz samplgs

2019, g-GN4/WO3 (Huang et al., 2013 g-GN4/CdS (iu, were synthesized under the same cqndltlops without adding g

2019, g-CsNa/g-CaN4 (Dong et al., 2013 g-CsN4/(BiO)2COs C3N4 nanosheets, and the gs4@BiOCI/B{2017Cl>, sample

(Zhang et al., 2004 g-GN4/graphene Kim et al., 201§ and was labeled as BOC.

g-CsN4/Ag (Olga et al., 2006 etc. However, little information

about ternary g-GN4@BIOCI/B{>017Cl> heterojunction for

visible light photocatalytic removal of NO has been reported. Materials Characterization

Here, we report a highly cost-e ective method based onithe In a typical analysis of the crystal phase of the as-obtained

situ self-assembly of BiOCI/BiO17Cl> binary nanoplates onto samples, X-ray diraction with Cu K radiation (XRD:

the surface of g-€N4 nanosheets at room temperature. It takesmodel D/max RA, Japan) was applied. Meanwhile scanning

into consideration advantages of well-matched band stmed electron microscope (SEM, JEOL model JSM-6490, Japan)
and transmission electron microscopy (TEM: JEM-2010,
Japan) were utilized to characterize the morphology and

structure. And the surface properties were examined by X-ray
photoelectron spectroscopy with AlekX-rays (m D 1486.6 eV)
radiation operated at 150W (XPS: Thermo ESCALAB 250,
. CN USA). By using a Scan UV-vis spectrophotometer (UV-
. BOC-CN-1-2 vis DRS: UV-2450, Shimadzu, Japan) equipped with an
z I N | integrating sphere assembly and BaSf3 re ectance sample,
~ ' BOC-CN-1-4 the UV-vis diuse reection spectra was gained. Nitrogen
% I = adsorption-desorption was conducted on a nitrogen adsorption
§ O __EOC'CN']" apparatus (ASAP 2020, USA) to insure the specic surface
= BOC-CN-2-1 areas and total pore volumes. Photoluminescence (PL: F-
L A e 7000, HITACHI, Japan) was used to investigate the charge
P BOC-CN-4-1 transfer properties. ESR spectrometer (FLsp920, England)
Bgc‘"\“‘ was applied to detect the electron spin resonance (ESR)
T R ... signals of OH and O,, respectively. The photocurrent
T T T T T T T T T measurements (CHI 660B electrochemical system: Shanghai,
10 20 30 40 50 60 China) and electrochemical impedance spectroscopy (EIS) were
4 i aegres carried out to analyze the photo-generated charge separation
FIGURE 1 | The XRD patterns of the BOC, CN, and BOC-CN samples. properties. All the samples were degassed at @5prior
to measurements.
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FIGURE 2 | SEM (a,b) and TEM(c,d) images of BOC samples.
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FIGURE 3 | SEM (a,b) and TEM(c,d) images of CN samples.
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Appraisement of Photocatalytic Activity
The photocatalytic activity was investigated by removal Of &
ppb (1 10 9) levels in a continuous ow reactor at ambient

50.0k 1112412016

(© (d)

(Cnts ] . ] (e)
2004

100

FIGURE 4 | SEM (a,b) and TEM(c,d) images of BOC-CN. EDS elemental
mapping (e—k) of the same region, indicating the spatial distribution of Bg),
C (h), CI (i), N (j), and O (k), respectively.

temperature. The volume of the rectangular reactor, made of
stainless steel and covered with Saint-Glass, was 4.5 L {30
10cm). A 100-W commercial tungsten halogen lamp (THL100,
Beijing, China) was vertically placed outside the reactad, the
light spectra range (seBupplementary Figure ] from 350 to
2,400nm. A UV cut-o lter (Aike UBG-420, Shenzhen, China)
was adopted to remove UV light in the light beam. Photocatalyst
(0.2g) was coated onto a dish with a diameter of 12.0cm, and
the irradiance received by the photocatalyst powder is ab@ét O.
W/cm?2. The coated dish was then pretreated at@® remove
water in the suspension. The catalyst adhesion on the dish was
rm enough to avoid the erosion (or removal) of the catalyst
during air owing. The NO gas was acquired from a compressed
gas cylinder at a concentration of 10010 & NO (N, balance,
BOC gas). The initial concentration of NO was diluted to abou
500 10 ° by the air stream. The desired relative humidity (RH)
level of the NO ow was controlled at 50% by passing the zero
air streams through a humidi cation chamber. The gas stream
were premixed completely by a gas blender, and the ow rate was
controlled at 2.4 Lmin * by a mass ow controller. After the
adsorption-desorption equilibrium was achieved, the lampswa
turned on. The concentration of NO was continuously measured
by a chemiluminescence NO analyzer (Thermo Environmental
Instruments Inc., 42i-TL), which monitors NO, N£& and NG
(NOyx represents NOC NO2) with a sampling rate of 1.0

L min 1. The removal ratio () of NO was calculated by (%)

D (1-C/Cp) 100%, wher€ andCy are concentrations of NO in
the outlet stream and the feeding stream, respectively.

RESULTS AND DISCUSSION

The phase structures of the obtained samples were investigate
by XRD patterns. As shown irFigure 1, the BOC sample
exhibits typical XRD peaks of BiOCI| andBD17Cl> (He et al.,
2016; Huang et al., 20),6thus suggesting the formation of
BiOCI/Bi12017Cl» heterojunctions, the result is good agreement
with the previous reports Zhang et al.,, 20)7 For the
pure CN sample, the typical diraction peaks appeared at
27.4 and 13.1 are indexed to the g-¢éN4 (002) and (100)
planes (Vang et al.,, 2011; Cao et al., 2)1%espectively.
Based on further observation, the peak intensity of the
CN decreased with increasing BOC content, implying that
interactions exist between the BOC and CN. Finally, two
peaks of CN cannot be observed in the BOC-CN composites,
which can be ascribed to a good dispersion of BOC onto the
surface of CN.

The morphologies and microstructures of BOC, CN, and
BOC-CN were characterized by SEM and TEM. For BOC samples
(Figure 2), the layered and irregular microstructures consist of
smooth nanosheets with di erent sizes. Moreover, there ai@ tw
di erent fringes with the lattice spacing of 0.59 and 0.25nm
(Figure 2d), which can be indexed to the (006) crystal plane of
Bi12017Cl> and (003) crystal plane of BiOCI, respectively. For
CN samples Kigure 3), it presents the lamellar morphology is
composed of numerous nanosheets with a much looser pore
structure. As shown irFigures 4a—d the BOC-CN composites
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also consist of alarge number of layered nanosheets withiglie peaks at 159.1 and 164.3eV are consistent with 7Bi4f
shapes. Obviously, the BOC nanosheets wersitu growth and Bidé—, (Figure 5A), respectively. The XPS spectrum
on the surface of g-gNg4, resulting in the formation of closely for ClI shows two peaks at 197.8 and 199.4eV attributed
interface in g-GN4@BIOCI/Bi2017Cl, composites, which is to CI2m= and Cl2p= (Figure5B), respectively. The
bene cial for the separation and transfer of the photo-inddce peak centered at 530.3eV that corresponds to the binding
electron-hole pairs. The surface element dispersion st8©a}- energy of O 1s Kigure5Q (Bi et al.,, 2016; Zhang et al.,
CN composites are studied by EDS mapping. As shown i2017). The C peak at 284.8eV can be ascribed to the
Figures 4e—k the Bi, C, CI, N, and O elements are uniformly adventitious carbon atom.Figure 5D shows one peak at
distributed in BOC-CN samples. 288.5 is identied as overlapped peaks of R and the
The XPS measurements were applied to verify th®-CDO. Two dierent peaks are observed iRigure 5 the
composition and chemical state of the elements. TwdN peak at 398.9eV correspond to theD8-C and the N

A Bi4r,, D |B Cl2p,, o

Cl2p,,

Counts /s
Counts /s

168 166 1(:34 1é2 1é0 158 1EI‘>6 206 204 202 200 198 196 194 192
Binding energy (eV) Binding energy (eV)

C Ols

Counts /s
Counts /s

540 538 536 534 532 530 528 526 524 294 292 290 288 286 284 282 280
Binding energy (eV) Binding energy (eV)

E \ N ls

Counts /s

406 404 402 400 398 396 394
Binding energy (eV)

FIGURE 5 | XPS spectra of(A) Bi 4f, (B) Cl 2p, (C) O1s, (D) C1s, and (E) N1s in BOC-CN.
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peak at 400.8eV is attributed to the residual amino groupsand 475 nm, respectively, displaying that BOC and CN possess
(Zhang et al., 2004 good visible light absorption ability. Interestingly, BOQN@!-1

The optical absorption property of the as-obtained sampleshows relatively stronger visible light absorption abliigg in the
was investigated by UV-vis DRS. As can be seen fromange of 550-800 nm, because of the synergetic e ect between
Figure 6A, BOC and CN exhibit absorbance edge around 55O0C and CN.Figure 6B shows the PL spectra for BOC, CN,

A B
- ——BOC
= —BOC 3 —— BOC-CN-4-1
© ON S —CN
P . 2
2 —— BOC-CN-4-1 =
< c
{
£
200 300 400 500 600 700 800 400 450 500 550 600
Wavelength / nm Wavelength (nm)
FIGURE 6 | UV-vis diffuse re ectance spectra(A) and PL spectra(B) for the BOC, CN and BOC-CN-4-1 samples.
A 4] — Boe B 3500
—— BOC-CN-4-1 ] . o
_ 40 poe 3000
5 4
°© 5 2500+ - 2
5 2000 Al "
5 254 £ . ‘
< 20 9 1500 L e » BOC
~ 4 Lom ° ~.CN-4-
> 154 N 10004 ame : ?i)( CN-4-1
g 10‘ AA- - . \
-] 500 Lt
0 57 j“
01 0
5 100 150 200 250 300 350 0 s 10 150 200 250
Time/s Z'lohm

FIGURE 7 | Photocurrent response(A) and Nyquist plots (B) for BOC, CN, and BOC-CN-4-1 samples under visible light irradiationl (420 nm, [NapSO4] D 0.5 M).

B A120
0.25-
§100-
0.20- e
o By S 80
O —e—C(CN o —eBOC
0.15- .
E —4—BOC-CN-4-1 5 i —CN
g 3 —a—BOC-CN-4-1
o 0.10- >
i B 401
2
% 0.05 3
§ 20
0.00- .
10 100 00 02 04 06 O 4
Pore diameter / nm Relative pressure (P/P)

FIGURE 8 | The adsorption-desorption isotherms(A) and pore size distribution curvesB) of BOC, CN, and BOC-CN-4-1 samples.
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and BOC-CN-4-1 using the exciting light of 320 nm. Comparedpossesses higher photo-generated charge separation propgrty. A
to CN, the PL intensity of BOC-CN-4-1 signi cantly decrease can be seen from thigigure 7B, the arc radius on the EIS Nyquist
demonstrating that the interface interaction between BQ® a plot of BOC-CN-4-1 was smaller than that of the pure BOC and
CN could inhibit the recombination rate of photo-generated CN, demonstrating that BOC-CN-4-1 has much more e cient
electrons and holes. photo-generated charge separation and transfer property.

The photocurrent and electrochemical impedance Figure 8Ashows that the adsorption-desorption isotherms of
experiments were used to investigated the photo-generatel the samples are type IV according to the IUPAC classi cation,
charges separation and transfer property of BOC, @il BOC-  demonstrating that all the samples have mesopares(j et al.,
CN-4-1 samples under visible light irradiatiorZlfang et al., 2013; Zhang et al., 20)L.4However, the typical H3 hysteresis loop
20183. Compared with the pure BOC and CN, it was interestingat low pressure can be ascribed to the aggregation of nantsshee
to nd that BOC-CN-4-1 exhibits signi cantly enhanced with slit-like pores.Figure 8B further con rms the presence of
photocurrent density Eigure 7A), suggesting that BOC-CN-4-1 mesopores in BOC, CNand BOC-CN samples. In addition,

FIGURE 9 | DMPO spin-trapping ESR spectra of BOC-CN-4-1 in methanol dpersion for DMPO- O, (A), and in aqueous dispersion for DMPO-OH (B), respectively.

FIGURE 10 | The proposed schematic mechanism for the photocatalytic ration at the BOC-CN heterojunction interface.
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the speci ¢ surface are&{et) and total pore volume\(p) are  separation plays critical role in improving the photochemical
32.8 nt/g and 0.176 crilg for BOC-CN composites, which are reaction Zhang et al., 2013, 20)L4
higher than those of pure BOC (29.72fg and 0.168 crilg) and The visible-light-induced photocatalytic activities of the
CN (21.8 nf/g and 0.132 crig), the enlargedsser and V, of  TiO,, BOC, CN, and BOC-CN samples toward NO were
BOC-CN composites can be attributed to the stack of nanosheetevealed inFigure 11A The pure BOC and CN only removed
layered by layered. The enlarg&et and Vp of BOC-CN  36.2 and 14.6% of NO after 30 min visible light irradiation
composites can facilitate the reactants adsorb and trarsfiet due to its fast recombination of photo-induced carriers,
provide more active sites for the photocatalytic reaction. respectively. However, the visible-light-induced photolyi
The electron spin resonance (ESR) experiments were furthectivities of the TiQ sample can be neglected under the
used to conrm the active species during the photocatalyticcsame conditions, indicating that the activity does not fesu
reaction process under visible light irradiation. As shown i from a UV-A light induced photocatalytic activity due to
Figures 9A,B the superoxide (O,) radicals and hydroxyl some trace of UV-A light after the cut-o Iter. When the
( OH) radicals have been successfully detected by the E®Rterojunction was formed, the NO removal ratio over BOC-
technique, respectively. Moreover, the intensity of all peak€N composites was increased to 46.8%. For ruling out and
increase signi cantly with the irradiation time, demonating evidencing the NO degradation, the adsorption experiment
that O, and OH are continuously generated during the of the optimized BOC-CN-4-1was carried out under dark
reaction. The result shows that botld, and OH are the main condition, the result shows that adsorption property of NO
photocatalytic reaction active species. The formation®f and over the BOC-CN-4-1-dark sample can also be ignored.
OH from the photochemical reaction shows in Equations 1-3The photocatalytic stability experiment of the BOC-CN-4-1

(Zhang et al., 2018a sample was evaluated by repeating the reaction for ve runs
under visible light irradiation. As shown in irFigure 118

e COx! O, (1) the photocatalytic performance shows slightly loss after ve

O, C 2HC Ce | Hy0, (2)  run, indicating that BOC-CN-4-1 photocatalyst possesses good
H,0,Ce | OHC OH ®) photocatalytic stability. Interestingly, the BOC-CN comjtes

exhibit even higher visible light photocatalytic activityath

Furthermore, the possible mechanism for the photocatalyti¢h@t of BiOBr/GN4 (removal rate of 32.7%) and p-doped
reaction at the BOC-CN interface are presentedrigure 10~ 9-C3N4 (removal rate of 42.3%)S(n et al., 2014; Zhang

After the visible light irradiation, the BkO17Cl, and g-GN, €t @l 201f The enhanced photocatalytic activity of BOC-
can be excited and then produce electron-hole pal®r(g CN can be attrlbuted to the synerglst!c contribution of BOC
et al., 2013: Zhang et al., 20)80n the one hand, the excited @"d 9-GNa with respect to the suitable band structure,
electrons in CB of g-N4 can directly transfer to CB of BiOCI €nlargedSser and Vyp, improved visible light absorption, and

(zhang et al., 2093 On the other hand, the excited holes in e cient photo-induced carrier separation at the interface of
VB of Bi;;017Cl, can transfer to VB of g-6Ng4, the excited BOC and g-GNs (Dong et al, 2013; Hou et al, 2013

electrons in CB of g-6N, can transfer to CB of ByO17Cl,,  oun etal,, 2014; Liu, 2015; Wei etal., 2016

and the electrons can further transfer to the CB of BiOCI

from the CB of Bi2017Cly, the band structures of the three CONCLUSION

components are well-matched resulting in e cient separation

and transfer of the photo-induced carriers. Hence, the &lga In  summary, we have synthesized ternary BOC-CN
band structures clearly show that the e cient electron-agair  heterojunctions with outstanding visible light photocatit

FIGURE 11 | (A) Photocatalytic removal of NO over the as-obtained samplegB) cycling runs of the BOC-CN-4-1 composite in air under visile light irradiation ( >
420 nm).
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performance by self-assembly of BiOC#17Cl, nanosheets FUNDING

on the surface of g-§N4 nanosheets via a chemical deposition-

precipitation method. The results reveal that ghG, BiOCI, This research is nancially supported by the National Natural
and Bi,017Cl, possess well-matched band structures, whictpcience Foundation of China (No. 51708078), Natural Seienc
is helpful to the separation and transport of photo-inducedFoundation of Chongging (CSTC, 2018jcyjA1040), and the
carriers. This work provides a new perspective for théChongging Postdoctoral Science Foundation funded project
design and fabrication of high performance and stabldNo. Xm2016027).

BiOCI/Bi12017Clo-based photocatalysts via a facile method

at room temperature.
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