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ARTICLE INFO ABSTRACT

Keywords: In this work, an efficient visible-light-response Agl/Bi,WOg heterojunction was successfully prepared via in situ
Photocatalysis precipitation of Agl nanoparticles on the aligned nanosheets of three-dimensional Bi,WOg hierarchical micro-
AgI/BigW0§ spheres for the first time. Studies suggested that the Agl/Bi,WOg heterojunction exhibited excellent photo-
Heterojunction catalytic activity for tetracycline (TC) degradation compared to pure Bi,WO, and Agl under visible light irra-
i;crz::l;ne diation. Doping 20 wt% AgI resulted in the optimal TC photodegradation rate, which was 5.4 and 3.3 times

higher than pure Bi,WOg and Agl, respectively. The high-resolution transmission electron microscopy (HRTEM),
X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) verified that Ag nanoparticles generated on
Agl/Bi,WOg heterojunction surface in photocatalytic degradation process, which was beneficial for promoting
the rapid combination of electrons on the conduction band of Bi,WO¢ with the holes on the valence band of Agl
and the separation and transfer of photogenerated electron-hole pairs. Accordingly, the nontraditional transport
pathway of photogenerated electrons and holes based on the Z-scheme system that consisted of Bi,WOg, Agl, and
Ag was confirmed. Based on the systematic experimental evidence, the possible enhanced photocatalytic me-

chanism was proposed.

1. Introduction

Over the past several decades, the growing environmental pollution
and energy crisis have gained much concern to harnessing solar energy
[1-4]. Semiconductor photocatalysis was proven to be a green economy
and promising technology to solve the aforementioned issues [5].
However, traditional semiconductor photocatalyst such as TiO, only
can utilize ultra-violet light which just makes up 4% of solar light [6,7].
Thus in order to exploit the solar light to maximum, developing new-
type and efficient visible light driven (VLD) photocatalysts is still ne-
cessary.

Nowadays, bismuth-based semiconductors have attracted much in-
terests as an efficient VLD photocatalysts [8-10]. Among them, Bi,WOg¢
(bandgap: 2.60-2.80 eV) has become a promising photocatalyst owing
to its low expense, nontoxicity, good chemical stability and photo-
catalytic activity [11,12]. Nevertheless, pure Bi,WOg still has a poor
photocatalytic activity because of its unsatisfactory light absorption and
quick recombination of photogenerated electrons and holes [13,14].
Therefore, many methods have been developed to enhance the

photocatalytic properties of Bi,WOg, such as doping metals [15], con-
structing heterojunctions and so on [9,16]. Up to now, construction of
Bi,WOg-based heterojunctions is verified as an effective and con-
structive strategy [17-21]. Silver halides (AgX) have been adopted as a
photosensitive material in photographic field. Previous studies have
shown that the AgX-based photocatalysts exhibited excellent catalytic
activity in the photo-oxidation of organic pollutants [22,23]. However,
pure Agl presents irregular spherical particles and is easy to agglom-
erate thus leading to unfavorable photocatalytic performance. Studies
have shown that a proper substrate can readily disperse AgX even re-
duce its particle size in favor of the formation of heterojunction, which
further improves the stability and photoactivity of pure AgX [24,25]. As
one of AgX, Agl can also respond to visible light with a narrow band gap
[24]. The valence band of Bi;,WOg (+ 3.21 eV) is less negative than the
valence band of Agl (+2.36 eV) [25], which accelerates the separation
of photogenerated carriers. Moreover, the morphology of semi-
conductor has a certain effect on its photocatalytic properties. It has
been proved that the three-dimensional (3D) Bi;WOg hierarchical mi-
crospheres structure possess a high surface area, which favors a better
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degradation ability and also restrain the agglomeration of Agl nano-
particles to attain an excellent dispersibility [13]. Generally, Ag nano-
particles are inevitably generated in the photocatalytic reaction owing
to the photo-induced decomposition of AgX [26,27]. For example, Chen
et al. [28] observed that Ag was in-situ produced on AgsPO,/Agl sur-
face in photocatalytic degradation process, and the self-assembly
AgsP0O4/Ag/Agl Z-scheme system improved the mobility of photo-
generated carriers efficiently and increased the photostability. If Ag
nanoparticles generated in AgI/Bi;WOe heterojunction, it could
transmit following the Z-scheme transfer model. Combining with those
analysis, it is meaningful and desirable to construct a microspheres Agl/
Bi,WOg Z-scheme heterojunction to utilize the power of the sun for
boosting photocatalytic performance.

Herein, a novel Agl/Bi,WO4 Z-scheme heterostructure was suc-
cessfully constructed using an in situ precipitation way. The morphol-
ogies, composition, optical properties and electronic properties of the
prepared photocatalysts were deeply analyzed. The photocatalytic
properties of Agl/Bi,WOg were tested for the degradation of refractory
pollutant (tetracycline (TC), an antibiotic). The mineralization of TC
with the photocatalyst was evaluated by total organic carbon (TOC),
and further confirmed by three-dimensional excitation-emission matrix
fluorescence spectra (3D EEMs). Ultimately, the Z-scheme charge
transfer mechanism based on Ag nanoparticles as the electron mediator
was proposed and affirmed by radicals trapping experiments and
electron spin resonance (ESR) techniques.

2. Materials and methods
2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3-5H,0), sodium tungstate
dihydrate (Na,WO42H,0), potassium iodide (KI), silver nitrate
(AgNO3), isopropyl alcohol (IPA), ethylenediamine tetra acetic acid
disodium salt (EDTA-2Na), benzoquinone (BQ), and TC were all sup-
plied by Chinese medicine group chemical reagent co., Ltd. Deionized
water was adopted during the whole experiment.

2.2. Synthesis of Bi,WOg microspheres and Agl/Bi,WOg heterojunction

Bi;WOe microspheres were synthesized through a facile hydro-
thermal procedure. Briefly, 1.94g Bi(NO3)35H,0O was ultrasonically
dissolved in 60 mL of 0.4 M nitric acid solution for 10 min. Then, 20 mL
of 0.05M Na,WO0,42H,0 solution was added slowly to the above sus-
pension with vigorous stirring. After stirring 30 min, the resulting sus-
pension was poured into a 100 mL Teflon-lined autoclave and heated to
160 °C for 20 h. The generated yellow powder was filtered, rinsed and
vacuum dried at 60 °C for 8 h.

Agl/Bi,WO¢ heterojunction was synthesized with a facile in-situ
precipitation step. Firstly, 0.698 g of Bi,WOs was ultrasonically dis-
solved into 50 mL deionized water for 5min. Then, proportionate
amounts AgNO3 (0.156, 0.330, 0.743 and 1.982 mmol, respectively)
was dissolved to the suspension above with magnetic stirring for 30 min
under the dark condition. Next, 25 mL of KI (0.156, 0.330, 0.743 and
1.982 mmol, respectively) solution was dropwise added into the above
suspension then stirred in the dark for 1h. Finally, the sample was
filtered, rinsed and vacuum dried at 60 °C for 12 h. The obtained pro-
ducts (Agl/Bi,WOg = 0.05, 0.1, 0.2, 0.4) were defined as AgI (5wt
%)/Bi,WOg, Agl (10 wt%)/BioWOe, Agl (20 wt%)/Bi,WOg and Agl
(40 wt%)/BioWOs, respectively. Pure Agl was also synthesized using
the identical method without adding Bi,WOs.

2.3. Characterization
The phase composition of the catalysts was measured by X-ray dif-

fraction (XRD, Bruker, Germany). Scanning electron microscopy (SEM,
S4800, Japan) was adopted for the morphology examination.
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Transmission electron microscopy (TEM, Tecnai G20) and high-re-
solution transmission electron microscopy (HRTEM, Tecnai G20) were
used to investigate the microstructures. X-ray photoelectron spectro-
scopy (XPS) was selected to measure the valence state and surface
elements of the samples. The specific surface area data was measured
by Brunauer-Emmett-Teller (BET) based on a N, adsorption analyzer
(Micromeritics ASAP 2460, USA). UV-vis diffuse reflectance spectra
(DRS) were measured on a UV-vis spectrometer (Shimadzu, UV-2600).
Shimazu TOC analyzer (TOC-VCPH) was provided to analysis the
samples mineralization ability. 3D EEMs was provided by a F-4500
spectrofluorimeter. Photoluminescence (PL) spectra was performed on
a spectrophotometer (Perkin Elmer, LS 55) under the excitation wave-
length of 320 nm. Photocurrent (PC) responses were examined by an
electrochemical workstation (CHI760E) in a three-electrode system.
The electron spin resonance (ESR) measurements were verified by a
Bruker ER200-SRC spectrometer (. > 420 nm).

2.4. Photoreaction procedures

The visible photocatalytic performance of Agl/Bi,WO¢ heterojunc-
tions was evaluated by degradation of TC. In this experiment, a 300 W
Xe lamp (CEL-HXF300) with a 420 nm cutoff filter was introduced as
the light source. Before the experiment, 30 mg sample was thoroughly
dispersed into TC solution (100 mL, 20 mg/L), followed by magnetically
stirring in the dark for 30 min to achieve the absorption-desorption
equilibrium of TC molecules on the surface of catalyst. Then, under
visible light irradiation, 4 mL of mixed solution was collected with a
syringe and filtered through a 0.45 um organic filters. The concentra-
tion of TC molecules was analyzed by UV-vis spectroscopy with the
certain absorption wavelength (357 nm for TC).

3. Results and discussion
3.1. Characterizations

The crystal structures of pure Bi,WOg, Agl, and Agl/Bi,WOg het-
erojunctions were tested by XRD patterns. From Fig. 1, the peaks at 20
values of 28.31°, 32.93°, 47.16°, and 55.83° could be observed, which
matched well with the (113), (020), (220), and (313) planes of or-
thorhombic Bi,WOg (JCPDS 73-1126) [29]. Besides, no any impurity
phases were traced, indicating the prepared Bi,WO¢ was unadulterated.
The diffraction peaks of pure Agl at 20 of 22.32°, 23.71°, 39.20°, and
46.31° were attributed to (100), (002), (110), and (112) crystal planes,
respectively, as indexed by (JCPDS 09-0374) [2]. For the Agl/Bi,WOg
heterojunctions, the diffraction signals of Bi, WO and AgI were found
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Fig. 1. XRD patterns of pure Bi,WOg, Agl, and Agl/Bi,WOg heterojunctions.



W. Xue et al.

Aol (110)

P d=0.228 nm

Agl (112) B
g Bi, WO, (020),

— \ d=0.196 nm \ = x

Bi, WO (220)/(
d=0.193 nm

S5 pll
e

o A\ 4=0271 nm%‘

Ceramics International xxx (XXxXX) XXX—XXX

Agl (110)
d=0.228 nm
: \//\Biz\voﬁ (220)

Bi, WO (020)
=0.271 nm

Agl (112
=0.196 nm

Fig. 2. SEM images of the as-prepared samples: (A) pure Agl, (B) pure Bi,WOg, and (D, E) Agl (20 wt%)/Bi,WOe; TEM images of pure Bi,WOg¢ (C), Agl (20 wt%)/
Bi,WOg (F), and HRTEM images of the fresh (G) and the used (H) AgI (20 wt%)/BisWOs.

obviously, while some peaks intensity of Agl were unconspicuous,
which could be ascribed to the low amount and high dispersion of Agl
nanoparticles in the heterojunctions [30].

The morphology of catalysts was characterized by SEM analysis. As
depicted in Fig. 2A, pure Agl was composed of irregular nanoparticles
with sizes of approximately 200-400 nm. Pure Bi,WOg4 had a flower-
like microspheres structure constructed by many 2D aligned nanosheets
with a thickness of 10-20 nm (Fig. 2B). The SEM images of the Agl
(20 wt%)/Bio,WOg heterojunction were shown in Figs. 2D and 2E, the
sample maintained hierarchical architectures to the Bi,WOg flower-like
microspheres. Agl nanoparticles were anchored on the Bi,WOg na-
nosheet surface and had a smaller size than the pure Agl, which was
probably the nanosheet acted as the clapboard to improve Agl disper-
sing, and decrease its grain size [31]. The microstructures of catalysts
were further detected by TEM and HRTEM. As shown in Fig. 2C, the
Bi,WOg nanosheet combined with each other to form a sphere structure
with diameters of 3.5-5um, which was consistent with SEM images.
Since Bi,WOg is sphere-like structure, Agl cannot be seen clearly and
only some edge parts could be observed (Fig. 2F). In Fig. 2G, it was
found that the lattice distances of 0.193 and 0.271 nm matched with the
(220) and (020) crystal face of Bi,WOg. The lattice fringes with 0.196
and 0.228 nm accorded with the (112) and (110) plane of Agl. More-
over, the SEM image and its element mapping of AgI (20 wt%)/Bi,WOs
heterojunction were showed in Fig. S1. All the elements of Ag, I, Bi, W,
and O could be observed in the heterojunctions. Based on the above
results, it could be inferred that the Agl/Bi,WO¢ heterojunctions have
been successfully constructed.

XPS survey spectra was adopted to explore the element composi-
tions and chemical valence states of Agl (20 wt%)/Bi,WOg

heterojunction. All signals of Ag, I, Bi, W, and O were observed in the
XPS survey spectrum of Agl (20 wt%)/BioWOg (Fig. 3A). Peaks located
at 368 and 374.3 eV were attributed to Ag 3ds,» and Ag 3ds,, (Fig. 3B),
which implied the presence of Ag™ among Agl/Bi,WO, composites and
no Ag® was found [32]. XPS of I 3d could be separated to two peaks,
locating at 619.5 and 630.9 eV, which could be referred to I 3ds,, and I
3d3,, of I" species (Fig. 3C) [33]. And the binding energies situated at
159.4 and 164.7 eV belonged to Bi 4f,,, and Bi 4fs,, orbits of Bi**
(Fig. 3D). Peaks at 35.6 and 37.8 eV corresponded to W 4f;,, and W
4fs,,, showing the presence of W®* oxidized states (Fig. 3E). From
Fig. 3F, the binding energies situated at 530.10 and 530.53eV of O 1s
were assigned to the lattice oxygen of Bi-O and W-O bond in the form of
[WO,4]* and [Bi,0,]%>* [34]. The XPS results provided irrefutable proof
that heterostructure between Agl and Bi,WO¢ were obtained.

Fig. 4 presented the nitrogen adsorption-desorption isotherms of
Bi,WOg and Agl (20 wt%)/Bi,WOg heterojunction. Both of the samples
had a type IV physisorption isotherms, demonstrating the existence of
mesopores with the size of 2-50 nm. The specific surface area and pore
characteristic of pure Bi,WOg and Agl (20 wt%)/Bi,WO¢ were sum-
marized in Table 1. In comparison to pure Bi,WO¢ (6.660 mz/g), the
surface area of Agl (20 wt%)/Bi,WO¢ was higher (24.158 mz/g). It was
known that the material with larger specific surface area could offer
abundant active sites and absorb more pollutants, thus leading to a
higher photocatalytic activity.

3.2. Photocatalytic performance study

In Fig. 5A, the degradation of TC was negligible without catalyst,
showing that TC was difficult to degrade directly by sunlight. Only
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Fig. 3. XPS spectra of Agl (20 wt%)/BioWOg heterojunction: (A) survey, (B) Ag 3d, (C) I 3d, (D) Bi 4f, (E) W 4f, and (F) O 1s.

about 60.75% degradation appeared when pure Bi,WOg exists, while
73.37% degradation occurred with pure Agl after 60 min irradiation.
Compared to pure Bi;WO¢ and Agl, the Agl/Bi;WOg¢ heterojunction
exhibited superior photocatalytic performance. The optimal catalyst
with 20 wt% Agl modification showed the highest degradation effi-
ciency, about 93.05% of TC was removed within 60 min irradiation.
With the amount of Agl exceeded 20 wt%, the photocatalytic activity of
the Agl/Bi,WOg heterojunctions then decreased. It was probably due to
the excessive Agl nanoparticles blocked the irradiation to the surface of
Bi,WOs, leading to the decrease of the generation of photogenerated
carriers [35,36]. However, too little Agl doping decreased the light
absorption intensity. Based on the results of absorption ability tests
(Fig. S2), the adsorption-desorption equilibrium of pollutants and cat-
alysts was attained within 30 min dark treatment. The adsorption ratio
of Bi,WOe was greatly improved when AgI (20 wt%) nanoparticles
anchored on its surface, which was identical with the result of the

nitrogen adsorption test.

The photodegradation of TC process was fitted well with a pseudo-
first-order kinetic model: -In (C, /Cy) = kt, where k represent the rate
constant (min™1), Cp and C, represent the TC concentrations at irra-
diation time O and t, respectively. From Fig. 5B, AgI (20 wt%)/Bi,WOg
displayed the maximum rate constant of 0.075 min ™!, which reached
5.4 and 3.3 times higher than pure Bi,WOs (0.014 min™') and Agl
(0.023min™ 1Y) nanoparticles. The reaction rate constant (k) values,
correlation coefficients (R?) and the efficiency of photocatalytic de-
gradation of the prepared sample towards TC were summarized in
Table S1. The results showed that the photocatalytic performance of
Bi,WOg was significantly improved due to the formation of Agl/Bi,WOg
heterojunction.
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Fig. 4. Nitrogen adsorption-desorption isotherm of pure Bi,WOg and AgI (20 wt
%)/BiaWOg heterojunction.

Table 1
Surface area, pore size and pore volume parameters for pure Bi, WO, and Agl
(20 wt%)/Bi,WOg heterojunction.

Samples Surface area” (mz/g) Pore size” (nm) A (cmg/g)
Bi,WOg¢ 6.660 17.431 0.020
Agl (20 wt%)/Bi,WOg 24.158 18.254 0.040

? Measured using N, adsorption with the Brunauer-Emmett-Teller (BET)
method.

> pore size in diameter calculated by the desorption data using Barrett-
Joyner-Halenda (BJH) method.

¢ Total pore volume determined at P/Py = 0.95.

3.3. Mineralization ability of Agl/BioWOg for TC and 3D EEMs analysis

The mineralization ability of photocatalysts is also a basic para-
meter for evaluating photocatalytic activity. Fig. S3 presented the de-
gradation efficiency of TC based on TOC removal by the Agl (20 wt
%)/Bi,WOg heterojunction. About 42.28% of TOC was removed after
60 min reaction, and almost 74.25% removal was obtained after
180 min, indicating that the TC mineralization by the Agl (20wt
%)/Bi,WOg heterojunction is possible. To further explore the miner-
alization and degradation properties of photocatalysts, 3D EEMs (ex-
citation-emission matrix fluorescence spectroscopy) analysis was
adopted. As revealed in Fig. 6A, no fluorescence signals were found
towards the initial TC solution. After 30 min irradiation (Fig. 6B), two
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fluorescence peaks at E,/E, = 240-260/350-380nm and E,/E,
= 285-325/380-430 nm appeared. Based on the Chen's reports [37],
the two peaks referring to the aromatic hydrocarbons and humic acids-
like substance, respectively. This phenomenon indicated that the mo-
lecular structure of TC has been partly destroyed or intermediates were
generated in the process of photodegradation. With the irradiation time
extended to 180 min (Fig. 6D), the intensity of the aromatic hydro-
carbons peaks weakened and the intensity of the humic acids-like
substance peaks enhanced, suggesting that TC molecules could be fur-
ther degraded. The above results showed that Agl (20 wt%)/Bi,WOg
displayed excellent mineralization ability.

3.4. Photocatalyst stability tests

The photostability of the catalyst plays an important role for prac-
tical applications. From Fig. S4, the degradation efficiency of TC after
cycle experiment was determined to be about 93.05%, 92.41%,
90.50%, and 89.24% for 1st, 2nd, 3rd, and 4th run, respectively. The
photocatalytic efficiency decreased by only 3.81% after four run, in-
dicating the good photostability of the Agl (20 wt%)/Bi,WOg hetero-
junction. Furthermore, the cycled AgI (20 wt%)/Bi,WOg heterojunction
was tested by HRTEM, XRD, and XPS. As revealed in Fig. 7A and B,
there was a slightly different before and after reaction. The diffraction
peak situated at 38.38° was observed in the used material which re-
presented the (111) crystal face of metallic Ag (JCPDS 65-2871) [22],
indicating the producing of the Ag nanoparticles during the irradiation.
Meanwhile, the HRTEM picture of the used Agl (20 wt%)/Bi,WOg was
depicted in Fig. 2H. The d-spacing at 0.232 nm referred to (111) lattice
plane of Ag (JCPDS 65-2871). To further prove the production of Ag
nanoparticles, the XPS peak of the used Agl (20 wt%)/Bi,WO¢ was re-
solved into four peaks (Fig. 7C). Peaks with binding energy of 368.1,
368.3, 374.1 and 374.5 eV were assigned to Ag* 3ds,, Ag® 3ds/2, Ag*
3ds,, and Ag® 3ds/, [38], respectively. In Fig. 7D, the molar ratio of
Ag/1 in the used Agl (20 wt%)/Bi,WOg was higher than the theory re-
sults (1:1) for the fresh Agl (20 wt%)/Bio,WO,s and evaluated to be
1.07:1. Synthesizing all the above proofs, the existence of metallic Ag
was demonstrated, and it could accelerate the separation and transfer of
photogenerated electrons and holes, displaying the improved photo-
catalytic performance.

3.5. Light absorption and charge transfer properties

UV-vis diffuse reflectance spectra (DRS) were adopted to analyze
the visible light absorption capacity and optical bandgap of the sam-
ples. As presented in Fig. 8A, the absorption edge was observed to be
about 450 nm for Bi,WOg¢ and 480 nm for Agl. Obviously, the Agl
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Fig. 5. (A) Photodegradation of TC by using pure Bi;,WOg, Agl, and Agl/Bi,WOsg heterojunctions under visible light irradiation; (B) the pseudo-first-order kinetics of

TC degradation.
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Fig. 6. 3D EEMs of the TC aqueous solution: (A) taken from the original solution; (B-D) obtained after an irradiation time of 30, 60, and 180 min, respectively.

(20 wt%)/Bi,WOg heterojunction possessed a wider absorption in
visible area, indicating that more visible light could be utilized to
produce photogenerated carriers. In general, the absorption band-gap
(Eg) of Bi;WOe and Agl could be obtained according to Kubelka-Munk
equation [39].

ahv = A(hv — Eg)"/? e))

where a, h, v, A and E,; represent the absorption coefficient, planck
constant, light frequency, a constant and band gap energy, respectively.
The value of n for Bi,WOg and Agl was both estimated to be 1 because
of a direct optical transition type [40,41]. Thus, as displayed in Fig. 8B,
the band gaps for the Bi,WO¢ and Agl were approximately 2.70 eV and
2.74 eV, respectively. Furthermore, the conduction band edge (Ecg) and
value band edge (Eyg) of a semiconductor could be achieved through
the formulas below [32]:

Ecp = X — E® — 0.5E, @)

EVB = ECB + Eg (3)

where X refers to the electronegativity of the semiconductor, E° is the
energy of free electrons on the hydrogen scale (about 4.5eV) [2], and
E, represent the energy gap of semiconductors. The X values for Bi;WOg
and Agl are 6.36 and 5.49 eV, respectively. Based on the above equa-
tions, the Ecp values of Bi,WOg and Agl were estimated to be 0.51 and
—0.38 eV, with the homologous Eyp values of Bi, WO, and Agl being

3.21 and 2.36 eV.

PL spectra were adopted to study the migration and recombination
process of photogenerated charges over semiconductors [42]. The PL
spectra of the pure Bi;WOg and modified Bi,WO¢ were depicted in
Fig. 8C. It was found that the emission peak of Bi,WO¢ microspheres
was increased after decoration of Agl. The PL intensity of the AgI (20 wt
%)/Bi;WOg heterojunction exhibited the strongest emission, indicating
that the recombination rate of photogenerated electrons and holes on
the surface of Agl (20 wt%)/Bi,WOg heterojunction was the highest.
The PL spectra results appears to contradict with the traditional het-
erojunctions which typically exhibit weakened PL intensity [2,7,39].
The higher PL intensity of Agl (20 wt%)/Bi,WOg could be interpreted
by the recombination of photogenerated electrons at the CB of Bi,WOg
and the hole at the VB of Agl, which actually enhance the photo-
catalytic activity of catalysts with Z-scheme heterojunctions [43].

Generally, the higher photocurrent intensity indicates more efficient
separation of photogenerated electron-hole pairs [39]. In order to fur-
ther explore the electron transfer process, the PC response of pure
Bi,WOg, Agl, and AgI (20 wt%)/BioWOg heterojunction was measured
(Fig. 8D). Obviously, the photocurrent intensity of Agl (20wt
%)/BisWOg was higher than pure Bi,WO¢ and Agl, which was almost
2.5 folds than pure Agl, showing the higher separation efficiency of
photogenerated electron-hole pairs in Agl/Bi,WOg heterojunction. Ac-
cording to the results of PC, it could further confirm that the AgI
modified Bi,WOg could effectively improve the separation and transfer
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the survey XPS spectra of Agl (20 wt%)/Bi,WOg before and after photocatalytic tests.

of photogenerated carriers.

3.6. Photocatalytic mechanism study

Three quenchers, benzoquinone (BQ, O, scavenger), ethylenedia-
minetetraacetic acid disodium (EDTA-2Na, h™ scavengers), and iso-
propanol (IPA, *OH scavenger), were added to the solution before
photodegradation of TC. From Fig. 9A, it was observed that the addition
of BQ, EDTA-2Na, or IPA presented negative impact on Agl (20 wt
%)/Bi,WOg photocatalytic performance. The degradation efficiency of
TC decreased from 93.05% to 47.08% (BQ), 38.48% (EDTA-2Na), and
62.45% (IPA) within 60 min, respectively (Fig. 9B). Thus, it could be
inferred that *O,, h™ and *OH radical took effect jointly in the de-
gradation procedure. In order to further prove the radical species
generation in the photodegradation reaction, the ESR measurements
were adopted. Fig. 9C and D presented the DMPO spin-trapping ESR
spectra of Agl (20 wt%)/BioWOs. As indicated in Fig. 9C and D, neither
DMPO-+O," nor DMPO-+OH signals were detected in dark condition.
After exposed to the visible light, the signals of DMPO-+O," and DMPO-
*OH could be detected obviously. The results indicated that both O,
and *OH radicals were generated during the photocatalytic reaction.
Hence, the radical species trapping and ESR analysis revealed the sig-
nificant role of *O,, h* and *OH, resulting the enhancement of the
photocatalytic activity towards TC degradation.

According to the above results, the following three factors account

for the desirable photocatalytic activity of the catalyst: the high specific
surface area, enhanced visible light absorption capacity, and efficient
charge separation. In addition, it had been proved that the Ag nano-
particles were generated based on the result of XRD, XPS, and HRTEM
analysis, which could act as a charge transmission bridge to reduce the
distance of electron transfer between the semiconductors and accel-
erating the separation of photogenerated charge carriers. According to
the above analysis, a synergistic mechanism for the TC degradation by
Agl (20 wt%)/Bi,WOg heterojunction was proposed in Fig. 10. As pre-
sented in Fig. 10A, photogenerated electrons on the CB of Agl would
migrate to Ag nanoparticles and were then transferred to the CB of
Bi,WOg, and the photogenerated holes on the VB of Bi;WOs would
migrate to the VB of Agl, leading to the rapid separation of the electrons
and holes. However due to the CB potential (0.51 eV) of the Bi;,WO¢
was more positive than the O,/0," potential (-0.33 eV vs. NHE) [44],
the electrons generated in the CB of Bi;WOg¢ had no power to reduce O,
into *O,". Moreover, the accumulated h™ in the VB of Agl could not
oxidize OH to form *OH because the VB potential (2.36 eV) of the Agl
was less positive than the *OH/OH" potential (2.40 eV vs. NHE) [38].
Therefore, only the holes played a part in the reaction system, which
was inconsistent with the radical trapping and ESR analysis. It might be
unreasonable to conclude the photogenerated electrons and holes in Agl
(20 wt%)/Bi,WOg heterojunction transfer by the traditional hetero-
junction system. The Z-scheme transfer system could be more suitable
(Fig. 10B). The electrons formed on the CB of Bi,WO¢ would shift to
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pure Bi; WO, and modified Bi;WOg; (D) PC responses of pure Bi;WOg, Agl, and AgI (20 wt%)/BisWOs.

metallic Ag, and then recombined with the holes that transferred from
the VB of Agl, thus, leading to the rapid separation of electron-hole
pairs. Meanwhile, the photogenerated electrons in the CB of AgI could
reduce the adsorbed O, into O, because the CB potential of Agl was
more negative than the O,/ *O5” potential (-0.33 eV vs. NHE). In addi-
tion, the O, adsorbed on the surface of Agl could also combine with
H,0 molecules and electrons to produce H,O5, which could be further
generated to *OH. The holes accumulated in the VB of Bi,WOg¢ could
react with OH™ to generate *OH or oxidize organic pollutants directly,
which attributed to the potential of VB of Bi,WO¢ was more positive
than the *OH/OH™ potential (2.40 eV vs. NHE). This result was accorded
with the finding of the radical trapping and ESR analysis. In summary,
the Z-scheme system significantly accelerated the separation of photo-
generated electrons and holes, leading to the superior photocatalytic
performance. Finally, the photocatalytic reaction mainly includes the
following:

Agl/Bi,WOs + hv — Agl/Bi,WOs(e~ + h*) @
e+ 0, > -0; 5)
-05 + 2H* + e~ - H,0, (6)
H,0, + e~ - -OH + OH~ (7
(-03, htand-OH) + TC — degraded or mineralized products 8)

4. Conclusions

All in all, the novel Agl/BioWOg¢ heterojunctions were successfully
synthesized via an in situ precipitation method. Under visible light ir-
radiation, the Agl (20 wt%)/Bi,WOg heterojunction displayed the best
photocatalytic activity with 93.05% removal of TC within 60 min.
Meanwhile, 74.25% of TOC removal was obtained within 180 min,
showing that the Agl/Bi,WOg heterojunction displayed the excellent
mineralization ability to degrade TC which was further proved by 3D
EEMs. The improved photocatalytic activity of Agl/Bi,WOe mainly
originated from the synergistic effects including high specific surface
area, enhanced visible light absorption capacity, and the efficient se-
paration and transfer of photogenerated carriers based on a Z-scheme
system that consisted of Bi,WO¢, Agl, and Ag. Accordingly, radical
trapping experiments and ESR techniques demonstrated the significant
role *O,, h* and <OH played in the photodegradation process.
Moreover, the degradation efficiency of TC was no visible decline after
four consecutive processes under the same condition (only 3.81% loss),
showing the good photostability of Agl/Bi,WOg. This work provides a
new insight to design and construct a Z-scheme heterojunction photo-
catalyst for environmental remediation and energy utilization.
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