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Abstract

Photocatalysis technology is considered as a most promising method to decompose organic pollutant since the inexhaustible
solar energy and facile reaction condition. Herein, a series of flower-like Ag/AgCl/BiOCl photocatalysts are successfully
synthesized via hydrothermal and photochemical deposition method. All the samples are investigated and characterized by
X-Ray diffraction, Scanning electron microscopy, transmission electron microscope, ultraviolet—visible spectroscopy and
Photoluminescence to insight into the microstructures and optical properties. During the photocatalytic degradation of Methyl
orange experiments, the optimized Ag/AgCl/BiOCl sample prepared by photoreduction with 40 min exhibits the excellent
photocatalytic performance. Under visible-light irradiation for 60 min, degradation rate of Methyl orange reaches 97%, which
is 9.7, 6.1 and 4.6 times higher than that of AgCl, Ag/BiOCl and BiOClI, respectively. The UV—-vis diffuse reflectance and
Photoluminescence spectra of the Ag/AgCl/BiOCI photocatalyst verify that the enhanced photocatalytic activity is ascribed
to its extended absorption range to visible-light region and the efficient separation efficiency of photogenerated carriers. In
addition, the radical trapping experiment demonstrates that photogenerated hole and superoxide radicals play critical roles
in the methyl orange degradation. The corresponding photocatalytic degradation mechanism is proposed that the excellent
photocatalytic activity is attributed to the surface plasmon resonance effect of metallic Ag and heterojunction structure of
Ag/AgCl/BiOCl photocatalysts.
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Introduction

Nowadays, climate change, environmental pollution and
energy crisis etc. have aroused widespread global concern, and
developing new and efficient technologies for environmental
remediation has become increasingly important, especially for
the wastewater treatment that containing metal ions, drugs,
dyes or organic compounds. Photocatalysis is recognized
as one of the most promising and efficient solutions for the

P4 Jian Yang
Jjyangl0619@swjtu.edu.cn

P4 Ximei Fan
xmfan@swijtu.edu.cn

Key Laboratory of Advanced Technologies of Materials
(Ministry of Education), School of Materials Science
and Engineering, College of Materials Science

and Engineering, Southwest Jiaotong University,
Chengdu 610031, People’s Republic of China

removal of organic pollutants since its advantages of high effi-
ciency and low-energy consumption as well as free secondary
pollution [1-3]. As the well-known photocatalyst, TiO, is still
one of the most largely investigated and applicated photocata-
lysts since its remarkable ultraviolet light activity, nontoxic and
inexpensive. Unfortunately, its wide bandgap structure with
about 3.2 eV limits the utilization efficiency of visible-light
region, only can respond in the ultraviolet light (4 <380 nm),
which constitutes only 5% proportion of the solar spectrum [4].
Therefore, exploiting new visible-light response photocatalyst
has been an urgent issue from the viewpoint of using solar
energy to degradation organic pollutants. Ag/AgCl, as a typi-
cal plasmon photocatalyst, has attracted much attention for its
relatively low cost and excellent visible-light region response
[, 6]. AgCl can effectively assist the photocatalytic activities
and provide active chlorine atoms for photocatalytic reactions
[7]. Ag nanoparticles (Ag NPs) possesses excellent visible-
light response performance due to surface plasmon resonance
(SPR) effect after exposure to visible-light. When Ag/AgCl is
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combined with other semiconductors, a strong interaction is
generated on the heterojunction interface, which could pro-
mote better spatial separation of photogenerated carriers and
thus enhance photocatalytic activity.

Bismuth-based semiconductors have attracted much
attentions as photocatalysts for environmental security
and remediation due to their unique electronic structure.
For example, the BiOClI consists of [Bi,0,]* inner layers
sandwiched between two slabs of halogen ions, which could
induce the formation of built-in electric field to accelerate
the photogenerated carrier migration [8]. It is well known
that bismuth oxychlorides possess good degradability for
cationic dyes such as Rhodamine B (RhB) and methylene
blue (MB), while poor degradation capacity for anions. This
result is possibly ascribed to that BiOCl crystal is easily to
form a nanostructure with exposed negative {001} facet [9,
10]. Therefore, enhancing the photocatalytic performance
in the anionic dyes degradation with visible-light irradia-
tion is still a challenge work. Among the reported various
strategies, adjusting the exposed crystal surface to {010}
facts can provide more active sites for dye absorption and
photoelectron transfer [11]. On the other hand, the specific
surface area also plays a critical role for separation efficiency
of photogenerated carriers and the utilization of light. Many
researchers devoted to synthesizing different BiOCl nano-
structures including nanowires [12], nanobelts, nanosheets
[13], nanoparticles [14], nanoflowers [15, 16], and hierarchi-
cal nanostructures [17]. The unique 3D hierarchical flower-
like BiOCI nanosheets can provide a number of surface
active sites. More importantly, it allows incident light to be
reflected multiple times within the BiOCI nanosheets, thus
improving the light utilization [18].

Therefore, a series of flower-like bismuth oxychloride
heterojunction photocatalysts with Ag/AgCl were synthe-
sized via multistep methods. The corresponding photocata-
lytic performance toward methylene orange (MO) degra-
dation were evaluated under visible-light irradiation. The
surface microstructure and composition of as-synthesized
photocatalysts were characterized by XRD, SEM, TEM and
X-Ray photoelectron spectroscopy (XPS) measurements.
The optical properties were also investigated by UV-vis
DRS, PL and valence band spectrum. At last, a reasonable
photocatalytic reaction mechanism of the Ag/AgCl/BiOCl
composite photocatalysts was proposed upon band energy
analysis and radical trapping experiment.

Experimental
Materials

Bismuth nitrate pentahydrate (Bi(NO;3);-5H,0),
Sodium chloride (NaCl), silver nitrate (AgNO;),
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Polyvinylpyrrolidone (PVP), Anhydrous ethanol
(C,Hs;0H), Sodium hydroxide(NaOH) and Methyl
orange(MO) were obtained from Chengdu Kelong Chem-
ical Co. LTD (Chengdu, China). Standard solution of
hydrochloric acid (0.1 M) was purchased from Aladdin
Biochemical Technology Co. Ltd. (Shanghai, China). All
chemical reagents were analytical pure and used without
further purification.

Synthesis of Flower-Like BiOCl Microspheres

Flower-like BiOCI microspheres were synthesized through
a hydrothermal method. In typical synthesis, 4 mmol of
Bi(NOj3); 5SH,0 and 0.1 g of PVP were added into 50 mL
of deionized water with 5 mL ethanol solution and stirring
until the solution was well mixed. Subsequently, 4 mL of
NaCl solution (1 mol/L) was also dissolved into the above
solution with constantly stirring. After the pH of prepared
mixture solution was adjust to 6.0 by NaOH (1.0 mol/L), the
mentioned solution was poured into a 100 mL Teflon-lined
stainless-steel autoclave and kept at 180 °C for 12 h. After
naturally cooled to room temperature, the resultant samples
were washed several times with deionized water and then
dried overnight at 60 °C. And finally, the BiOCI catalysts
was collected.

Fabrication of Ag/AgCl/BiOCI

As showed in Fig. 1, the ternary Ag/AgCl/BiOCI heterojunc-
tion materials were synthesized by a chemical deposition
and photoreduction method. The procedure was as follows:
0.26 g of BiOCl were dispersed into 10 mL deionized water
and then ultrasonicated for 10 min, denoted as solution A.
0.169 g of AgNO; was dissolved into 10 mL deionized water
(0.1 mol/L), marked as solution B. Then, solution B was
poured into solution A by dropwise addition. Next, 20 mL
HCI solution (0.1 mol/L) was added to form AgCl particles
which could deposited on the BiOCI catalysts. The mixed
solution was exposed to an ultraviolet light (20 W) for a
certain time to generate Ag0 particles derived from AgCl.
During the synthesis of Ag/AgCl/BiOCl, continuous mag-
netic stirring was carried out. Finally, the Ag/AgCl/BiOCl
photocatalysts were recovered by centrifugation and rinsed
with ultrapure-water and ethanol several times, then drying
overnight at 60 °C. A battery of Ag/AgCl/BiOCl photocata-
lysts with different contents of Ag nanoparticles were syn-
thesized by adjusting irradiation time (20 min, 40 min and
60 min) and the corresponding composites were named S1,
S2 and S3, respectively. As a comparison, Ag/BiOCI catalyst
was synthesized following a similar synthesis route with the
exception of the adding of HCI.
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Fig. 1 The schematic illustra-
tion of Ag/AgCl/BiOCl hetero-
junction synthesis process
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Characterization

X-Ray powder diffraction (XRD, Rigaku-Ultima IV, Japan)
with Cu Ka radiation was used to determine the crystal struc-
tures of the synthetic materials. The chemical makeup was
characterized by X-Ray photoelectron spectroscopy (XPS,
Thermo Scientific ESCALAB Xi, USA). The morphologies
of the samples were analyzed by field emission Scanning
electron microscopy (SEM, Hitachi-SU8220, Japan). To
acquire pictures with elemental mapping, high-resolution
transmission electron microscope (HRTEM, JEOL-2100F,
Japan, accelerating voltage =200 kV) and transmission elec-
tron microscopy (TEM, JEM-2100F, Japan) were conducted.
To estimate the optical properties and energy band structure,
UV-vis diffuse reflection spectroscopy (DRS) was carried
out on a spectrophotometer (Unico-UV-2802, China) using
BaSO, as the reference material. To evaluate the separation
efficiency of electron—hole pairs, we used Photolumines-
cence spectroscopy (PL, Hitachi, F-4600, Japan). The total
organic carbon (TOC) content was studied using Vario TOC
Select German elements.

Photocatalytic Experiment

Methyl orange (MO) was selected to assess the photocata-
lytic activities. The light source the photocatalytic reaction
needed is provided by a 350 W xenon lamp with a 420 nm
cutoff filter. In this experiment, the catalyst (50 mg) was
added to MO solution (50 mL, 10 mg/L), and then the mix-
ture was placed in the dark for 30 min while stirring to equi-
librium. During visible-light irradiation, 3 mL samples of
the suspension were taken every 10 min. The supernatant
was obtained by centrifugation, and then the remaining MO
concentration was determined by a Unico UV-2802 Spectro-
photometer. The photocatalytic degradation rate was meas-
ured by the following Equations:

D = (Ay—A)/A, x 100% (D
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where D refers to the photocatalytic degradation rate of MO;
A, and A, refer to the MO concentration initial and after the
photocatalytic degradation experiment [19].

Active Species Trapping Experiments

In order to determine the dominated active species during
the photocatalytic activity, three radicals including -OH,
h* and -O,~ were indirectly detected with the addition of
isopropyl alcohol (IPA), triethanolamine (TEOA), and ben-
zoquinone (BQ) into the reaction system separately. The
experimental conditions were similar to the former evalua-
tion experiment, but before irradiation, different scavengers
were inserted.

Results and Discussion

Structure, Morphologies and Chemical
Compositions

XRD patterns of the BiOCI, AgCl and Ag/AgCl/BiOCl
samples are displayed in Fig. 2. For pure BiOClI, the diffrac-
tion peaks at 12.0°, 27.9°, 33.5° and 46.7° were assigned
to (001), (011), (012) and (020) lattice planes of BiOCl
(JCPDS No.73-2060) [20], respectively. The result dem-
onstrates the successful synthesis of BiOCl materials.
Meanwhile, the diffraction peaks of AgCl at 27.91°, 32.21°,
46.21°, and 54.83° can correspond to (111), (200), (220)
and (311) crystal planes of AgCl (JCPDS No.31-1238).
After silver chloride and silver nanoparticles are deposited
on the surface of BiOCl, the corresponding diffraction peaks
belonging to AgCl and BiOCI are observed in the series of
Ag/AgCl/BiOCl samples. However, there are no any diffrac-
tion peaks of Ag®, which is ascribed to the ultra-low content
and ultra-fine size of photo-reduced Ag°®.

XPS is performed to reveal the surface elemental compo-
sition and chemical states of as-prepared samples. As shown
in Fig. 3a, the obvious peaks corresponding to Bi 4f, Cl 2p,
C1s,Ag3dand O 1 s are observed from the full survey scan

@ Springer



2708

S.Zou etal.

& BiOCl
= ~ &a ¢ AgCl
g s=S= g8 =4
* e = gs g4d
_ \ i M ‘l* *S S3
.
< A || I‘ \ S2
£
g
2 A || M | S1
=
=
R | & BiOCI
S | W A , .
AgCl
o .
100 20 30 40 50 60 70 80

2 theta (degree)

Fig.2 XRD patterns of as-synthesized samples

spectrum of S2 samples, which is consistent with expected.
There are two peaks at 197.7 eV and 199.3 eV in the high-
resolution CI 2p spectrum in Fig. 3b, which are assigned to
the CI 2p1/2 and CI 2p3/2, respectively [21]. For comparison
of the pure BiOCl, the binding energy of CI 2p in Ag/AgCl/
BiOCI presents significantly positive shift, showing that the
electron transfer is occurred from BiOCl to AgCl with the

strong interaction after contacted. In addition, the peaks of
high-resolution Bi 4f in Fig. 3c at 159.0 and 164.3 eV are
ascribed to Bi 4f7/2 and Bi 4f5/2, respectively [22]. The
obvious increase of binding energy in Ag/AgCl/BiOCl rela-
tive to pure BiOCl also verifies the electron transfer from
BiOCI to Ag/AgCl/BiOCI after contacted, suggesting the
formation of heterojunction between Ag/AgCl and BiOCI.
Furthermore, the high-resolution O 1 s spectrum in Fig. 3d
can be deconvoluted into three different peaks at 529.7,
531.1 and 532.4 eV, which are attributed to the characteris-
tic peaks of Bi—O bond, H,O and adsorbed O, on the surface
of compounds, respectively. For the high-resolution Ag 3d
spectra in Fig. 3e, two strong peaks at 367.1 and 373.2 eV
are assigned to Ag 3ds,, and Ag 3d;,,, which indicates the
appearance of Ag*! cation. Compared with that of AgCl, the
binding energy presents negative shift in Ag/AgCl/BiOCl,
indicating that the Ag/AgCl obtains electrons after formation
heterojunction between Ag/AgCl and BiOCl. What’s more,
the peaks at 373.6 and 367.5 eV belong to Ag 3d;,, and Ag
3ds,, of Ag® metal [23, 24]. The above results demonstrate
the strong interaction between AgCl/BiOCI after contacted
as well as the existing of Ag® metal, indicating the success-
ful synthesis of Ag/AgCl/BiOCI heterojunctions.

SEM and TEM are carried out to investigate the mor-
phology and internal structural properties. As shown in
Fig. 4a and b, flower-like BiOCIl microspheres stacked
with nanosheets are observed, suggesting the large specific

Survey Cl2p Bi 41
(a) (c)
Cl2p,, Bi 41,
; Cl2p,, 1977 ¥ P 1643 v
: oc1 O1s N 1993 c¥, ! e {\ - !
~ |AgAgCLBIOCI RATSTRN ~ | Awagcuioa ! . i \ :
= = L ] = ) . /i
: 2 ?  |agiagamioct / I
2 Ag3d L = Cl2p,, o 8 FAgt : \ )
1z x . | i
g - g | aza | | 2 o Bidf, Bi4f,,
= Bi 4f 2 & ‘!ﬁ/ 158.6 eV
E] = ] = {1 163.9eV
5 E o am, | 2 i ‘
cr2p - P 197.3 eV I !
o N 198.9 ¥ /i \ |
BiOC! ’ Cls BIOCI BIOCI Jin N\ I
— L
i :
s . s s . . . . A
1000 800 600 400 200 0 204 202 200 198 196 194 170 168 166 164 162 160 158 156 154
Binding Energy (eV) Binding cnergy (cV) Binding cnergy (¢V)
Ols Ag3d
(d) o (e
-OH /M - A
O Giadd (] seTey Ag3dy,(Ag" ;‘Ag&ls;zmg“)
5324 eV M 3136V |y 3675V
o AgARCUBIOC - ~URIOCT 4 /
3 > = | Agagasioa /7 /2
< T f 3 T v‘
& (. | B I ‘
= I | = I
g o | 2 | I
= b | = \ 1} Ag 3d55(Ag")
Lo ; ryde 3d5a(ag") y gw‘:'i'é\?
. | | ‘, 367.
BiOC1 ! AgQl 1 3732 eV
T T T 1 .
] 1 | L
" 1o Ll " 1 1 " ol " 1 N 1 1
536 534 532 530 528 526 524 380 378 376 374 372 370 368 366 364 362

Binding cnergy (eV)

Binding cnergy (eV)

Fig.3 a XPS survey spectra of BiOCl and S2 sample; b—e the high-resolution XPS spectra of CI 2p, Bi 4f, Ols, and Ag 3d
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surface area and abundant active sites. Figure 4c shows the
microsphere morphology of AgCl, prepared by chemical
deposition. Combining SEM and subsequent TEM images,
it could figure out that the primary morphology features
of the samples would not change significantly after AgCl
deposited on the surface of BiOCl in Fig. 4d and e as well
as the following photo-reducing of AgCl to Ag nanocluster.
The HRTEM image of Ag/AgCl/BiOCl in Fig. 4f displays
three kinds of lattice spacings of 0.274, 0.235 and 0.277 nm,
which fit well with the (013) face for BiOCI, (111) face for
Ag and (200) face for AgCl, respectively [25].

According to element mapping images in Fig. 5, O, CI,
Bi and Ag elements are uniformly distributed in the sample,
further reveals the constitute of Ag/AgCl/BiOCl.

Fig.4 SEM images of a and b
BiOCl, ¢ AgCl and d Ag/AgCl/
BiOCl; e TEM image of Ag/
AgCl/BiOCl; f HRTEM image
of Ag/AgCl/BiOCl and the
corresponding lattice fringes for
Ag®, AgCl and BiOCl species

Photocatalytic Activity and Durability for MO
Degradation

To evaluate the photocatalytic performance of as-prepared
samples, the organic dye MO is served as the target pollut-
ant to investigate the degradation rate under visible-light
(>420 nm) irradiation. First of all, the MO solution with
photocatalysts is placed in dark conditions for 30 min to
ensure the adsorption—desorption equilibrium. As showed
in Fig. 6a, the pure BiOCI, AgCl and Ag/BiOCI exhibit
poor photocatalytic activities since their slightly decrease
of MO concentration. Interestingly, the Ag/AgCl/BiOCl
samples display excellent photocatalytic degradation per-
formance with significantly decline of MO concentration.
After 60 min irradiation under visible light, the sample of S2
presents superior photocatalytic activities with 97% of MO
degradation rate to those of S1 (86%) and S3 (90%) samples.
The results suggest that Ag/AgCl/BiOCl plasmon resonance
system could make full use of visible light and thus improve
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Fig.5 The corresponding ele-
ment mapping images of S2
sample

the degradation efficiency of organic dyes. In addition, the
amount of Ag regulated by controlling the photo-irradiation
time could affect the photocatalytic performance. A small
amount of Ag NPs could not significantly improve the light
response, while excessive Ag NPs would agglomerate and
occupy the active site on the surface of AgCl and BiOCl,
resulting in a decrease of photocatalytic activity. In Fig. 6b,
the degradation rate constant (K) is achieved through a
pseudo-first order kinetic model [26, 27]. The K value of S2
is about 0.05095, better than the other two samples. Nota-
bly, it was 35 and 25 times higher than that of AgCl and
BiOCl. As Fig. 6¢ showed, the absorption intensity peak was
found to be decreased due to the lowering dye concentra-
tion while increasing the irradiation time. To determine the
mineralization degree of the MO dyes, TOC analyses were
performed on dispersions at different visible-light irradiation
times [28]. In Fig. 6d, the Ag/AgCl/BiOCI(S2) exhibited
nearly 60% decomposition for MO after 60 min in visible-
light irradiation. It showed that most of the methyl orange
dye molecules were mineralized to H,O and CO, under vis-
ible-light irradiation [29]. It further proves that Ag/AgCl/
BiOCI possesses excellent photocatalytic performance. The
stability and durability of photocatalytic materials are also
important keys of their practical application in organic dyes
degradation. The S2 sample are collected after each MO
degradation experiment and washed by ethanol, then dried
for the next evaluation experiment. As showed in Fig. 6e,
after four consecutive cycles, the MO degradation rate of S2
sample still remains at 92%, which indicates that the sample
have excellent photocatalytic durability. Figure 6f shows the
crystal structure of S2 sample before and after the cycle
experiments. There is no significant change after multiple
illuminations, indicating its good structure stability.

Table 1 shows the catalytic performance of several bis-
muth oxychloride nanomaterials. What we can see that the
bismuth oxide chloride composite has a certain degradation
effect on common dyes such as MO, MB and RhB under
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different light sources. Obviously, one can see that the
catalyst prepared in this experiment has excellent catalytic
performance.

Optical Properties

PL spectroscopy is performed to elucidate the photogen-
erated carrier recombination rate of photocatalytic materials.
Generally, the PL emission peak intensity is proportional to
the electron/hole recombination rate. The lower PL inten-
sity corresponds to high photocatalytic activity, indicating
that more electrons and holes can participate in the process
of activating free radicals or directly oxidizing the pollut-
ants adsorbed on the surface [36]. As shown in Fig. 7, the
pure BiOCl displays a higher PL-diffraction peak compared
to those of Ag/AgCl/BiOCI photocatalysts, which reveals
that pristine BiOCl has a higher carrier recombination rate.
Notably, the S2 sample exhibits a lowest PL emission peak
intensity, indicating its outstanding carrier separation effi-
ciency as well as superior photocatalytic activities in MO
degradation.

To study the light absorption properties and the band gaps
of pure BiOCl, AgCl, and Ag/AgCl/BiOCI photocatalysts,
the UV-vis diffuse reflectance spectra (UV—vis DRS) analy-
sis is performed. As shown in Fig. 8a, the pure BiOClI has
no absorbance in the visible-light range. When composited
with Ag/AgCl, the absorption intensities of Ag/AgCl/BiOCl
photocatalysts become stronger in the whole light region,
which may be ascribed to SPR effect of metallic Ag nano-
particles [37]. Based on the UV—vis absorption results, the
band gaps (E,) of the synthesized samples are calculated
with the empirical equation [38, 39]:

(ahv)" = k(hv - E,) )



Deposition of Ag@AgCl onto Flower-Like BiOCI for Promoting the Degradation of Methyl Orange:...

2711

(2)

LOF o

08

0.6

0.4} —=—BioCl
—— AgCl

+— Ag/BiOCI
02f 81

g N2

Degredation rate of MO (%)

+—S3
0.0

Time (min)

~_~
(g]
~

| ——-30 min
* 10 min

' —— 10 min
| 20 min
' 30 min

Absorbance

300 400 500 600
Wavelength (nm)

10k lst-_ 2nd | 3rd i 4th
o~ ]
s /r /,4

=
o
N
a
N,

.: 5
—~—
e EX

Degredation rate (%)
=
=

het

o
T
T
T
T

0.0

1 1 als 1 an 1 n 1 1

0 30 600 30 600 30 600 30 60
Irradiation time (min)
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MO degradation under visible-light irradiation. a MO removal rate of
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first-order kinetics of MO degradation; ¢ the spectrum evolution of

As a result, the band gaps (Fig. 8b) values of BiOCl,
AgCl, S1, S2 and S3 are 3.21 eV, 3.07 eV, 2.85 eV, 2.89 eV
and 2.92 eV, respectively. The photocatalytic behavior of
as-synthesized photocatalysts is associated with its band
structure, where VB position of these materials is calculated
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by XPS technique (Fig. 8c). The Eyg_xps values of BiOCl,
AgCl and Ag/AgCIl/BiOCl (S2) are 3.02, 2.82 and 2.50 eV,
respectively, which is consistent with that reported for this
material. The valence band can be calculated by the follow-
ing formula:
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Table 1 Comparative stufiy on Photocatalyst Dye types Efficiency/time Light source Wavelength References
several bismuth oxychloride
nanomat?riaISfin, ghotocatalytic BiOCI/BiFeO, RhB 92%/150 min A300W Xelamp  >400 nm [30]
degradation of different dyes Fe*/BiOCI MO 99%/80 min A250 W Xelamp  Sunlight (31]
with the earlier reported
literature BiOCI-TiO, MB 80%/180 min Tungsten bulb Sunlight [32]
BiOCI/BiOF MO 95%/70 min A 300 W Xe lamp Sunlight [33]
CdS QDs/BiOCl MO 60%/120 min A 500 W Xe lamp Sunlight [34]
BiOI/BiOCl MB 99%/120 min A 350 W Xe lamp >420 nm [35]
Ag/AgCl/BiOCl MO 97%/60 min A 350 W Xe lamp >420 nm This work
Eyg_ =@+ Eyg_ —4.44 3
BiOCI VB-NHE VB-XPS €)]

Intensity (a.u.)
/B l

Wavelength (nm)

Fig.7 PL spectra of pure BiOCl, S1, S2 and S3

Fig.8 a UV-vis DRS spectra
and b corresponding bandgap
values of the prepared samples,
predicted by the plot of (ahv)'”?
vs. photo energy; XPS valence
band spectra ¢ the band posi-
tions d of BiOCl, AgCl, and S2
sample
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@ of 4.20 eV: the electron work function of the analyzer [40].
Therefore, the Ey_nyg value of BiOCI, AgCl and Ag/AgCl/
BiOCIl (S2) are 2.78, 2.58 and 2.26 V (vs. NHE). Further-
more, the conduction band minimum (CB,,) is calculated
from the equation [41]

Ecgm = Evgm — Eg

“)

The band positions of BiOCI, AgCl, and Ag/AgCl/
BiOCI(S2) are plotted in Fig. 8d.

Mechanism of Ag/AgCl/BiOCl Heterojunction

Generally speaking, the active species mainly include h™,
‘OH and -O," in the photocatalytic reaction. It could be
indirectly detected by adding corresponding scavengers.
The IPA, TEOA and BQ were used in the photocatalytic
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process to trap the radicals (-OH), (h*), and (-O,") radicals,
respectively [42, 43]. In Fig. 9a, with IPA adding to, the
degradation efficiency of MO is not affected, indicating that
-OH radicals are not the main active species involved in the
reaction. On the contrary, the photocatalytic degradation rate
of MO is significantly reduced after the addition of BQ. It
showed that -O,™ radicals took part in the MO degradation.
Furthermore, with the addition of TEOA, the photocatalytic
degradation rates of MO dramatically decrease. It suggesting
that the h' are the predominated active species. We added
the rate constant for each quencher to reactive species in
Fig. 9b. It could be clearly observed that the h* and -O,~ are
the predominated active species rather than -OH during
the photocatalytic reaction. In addition, it is reported that
the chlorine ion on the surface of BiOCl could be oxidized
to chlorine radical [44, 45]. These chlorine free radicals
would participate in the degradation reaction, leading to the
enhancement of photocatalytic performance [46].

Based on the experimental results and band structure
analysis, a possible photocatalytic mechanism of Ag/AgCl/
BiOCl for enhancing the photocatalytic performance is pro-
posed and displayed in Fig. 10. Under the irradiation of vis-
ible light with > 420 nm wavelength, the electron in the VB
of BiOCl and AgCl could not be excited to CB since their
wide bandgap. Owing to the SPR effect of Ag on the surface
of Ag/AgCl/BiOCl, the visible light are absorbed by Ag and
thus the electron-hole pairs are generated via the SPR effect
of metallic Ag. The increased electrons located on the sur-
face of Ag NPs are further transferred to CB of AgCl and
further to CB of BiOCl since their relatively lower poten-
tial. This kind of carrier transfer path can effectively restrain
recombination of photogenerated electron—hole pairs and
improve the carrier lifetime. At last, the transferred CB elec-
trons migrate to the surface of BiOCI to reduce the absorbed
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Fig. 10 The proposed band structure model and the possible pho-
togenerated carriers transfer route for the MO degradation over Ag/
AgCl/BiOCl

0O, to -0, radicals since the enough negative CB potential
(= 0.39 V vs. NHE) to O,/-O,™ (— 0.03 V vs. NHE). Mean-
while, the retained hole in Ag could directly oxidize the
organic pollutant molecules. This carrier transfer mecha-
nism is consistent with the results mentioned above that
ht, -0,™ and -Cl are the main active species involved in the
reaction. Moreover, such an electron transfer process could
effectively reduce the recombination rate. Ag/AgCl/BiOCl
heterojunction exhibits superior photocatalytic performance
on the MO degradation with visible-light irradiation.

Conclusion
In summary, the flower-like Ag/AgCl/BiOCl photocata-

lysts have been successfully constructed by in-situ load-
ing Ag/AgCl nanoparticles on BiOCI with the aid of a
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Fig.9 a The effect of different quenchers on the photocatalytic degradation of MO; b apparent rate constants for various of quenchers
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photoreduction precipitation technique. A series of ter-
nary Ag/AgCl/BiOCl photocatalysts with various UV-light
irradiation time are synthesized. The optimized Ag/AgCl/
BiOCl photocatalyst prepared by about 40 min UV irradia-
tion exhibits preferable photocatalytic activity for MO deg-
radation rate under visible-light irradiation. The characteri-
zation results reveal that the improved absorption range of
Ag/AgCl/BiOCl photocatalyst, especially in the visible-light
region and the robust separation efficiency of electron—hole
pairs are the mainly reasons to obtain excellent photocata-
lytic degradation performance. The active species trapping
experiments show that h* and 0, are the predominate
active species in the MO decomposing. The proposed mech-
anism indicates that Ag NPs play crucial roles in the genera-
tion of electron-hole pairs under visible-light irradiation.
In addition, the carrier transfer path is in according with
experiment results. More importantly, this strategy can be
widely applied to the environmental purification of organic
pollutants in sewage disposal field.
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