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ARTICLE INFO ABSTRACT

Keywords: Effective sunlight harvesting to realize environmental remediation remains great challenge for photocatalysis
CuBiy04 technique. Herein, the visible-light-driven CuBi»04/Bio,WOg hierarchical nanocomposites were synthesized via a
Bi,WOe facile hydrothermal method. Compared to the pristine CuBi,O, and Bi,WOs, all the CuBi,04/Bi,WOs nano-
Z-scheme

composites exhibited the superior photocatalytic activity toward tetracycline (TC) degradation under visible
light irradiation (A > 420 nm). Particularly, 60 wt% CuBi»04/Bi,WOs nanocomposite displayed the best pho-
tocatalytic activity, which can degrade 93% TC (20 mg/L) in 1 h with the rate constant of 0.0286 min . Based
on the COD removal, the apparent quantum yield was calculated to be 0.32%. The superior photocatalytic
performance of the CuBi»04/Bi,WOe nanocomposite is mainly attributed to: I) the efficient interfacial charge
separation of the Z-scheme heterojunction; II) the prolonged lifetime of the charge carriers; III) the enlarged
hierarchical surface area; IV) the strengthened visible light absorption. The DFT calculations suggested that the
photoexcited electrons were transferred from the Bi,WO¢ conduction band consisting of W5d orbital to re-
combine with the holes in the CuBi,O,4 valence band consisting of O2p orbital of, which greatly facilitated the
charge separation in the heterostructure. This study could provide some enlightment to the heterojunction
construction and visible light utilization for other catalytic system.

Tetracycline photodegradation

Semiconductor-based photolysis is considered as a promising method
for TC removal in wastewater, because of its advantage of high effi-

1. Introduction

Tetracycline (TC), as a broad-spectrum antibiotic, is extensively
used to treat infections in humans, animals and aquaculture [1].
However, TC possesses high structural stability and resistance, making
it quite difficult to be metabolized by human body and to be degraded
in the natural environment [2,3]. The chronic accumulation of TC has
posed serious threat not only to the human health but also to the eco-
logical systems [4]. In recent years, several conventional remediation
technologies have been applied to the elimination of TC from waste-
water, such as adsorption [5], chem-electrolysis [6], membrane filtra-
tion [7].etc. These treatment methods are restricted to some extent due
to the economic-inefficiency and operational difficulties.
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ciency, low secondary pollution and cost-effectiveness [8,9]. However,
most conventional photocatalysts, such as the hot-star semiconductor
TiO, (band gap 3.2eV) [10], ZnO (3.2eV) [11], ZnS (3.6 eV) [12].etc.
can only be irradiated by UV light, which comprises < 5% of the sun-
light [13]. Hence, it is imperative to explore novel visible-light-driven
semiconductors with optimized band gap, which is the priority problem
of photocatalysis technology.

Bismuth tungstate, as a visible-light-driven photocatalytic semi-
conductor, Bi,WOg (BWO) has attracted a great deal of interest because
it is non-toxic, efficient, and stable [14]. Its smaller band gap (~2.7 eV)
enables it to absorb visible solar light. In recent years, BWO has been
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widely used in organic pollutants oxidization [15], hydrogen genera-
tion [16], and CO, reduction [17]. The superior properties of BWO can
also be ascribed to its unique structure that the octahedron of ceratoid
WOg exists in the sandwich of (Bi,0,)?>*, which can promote the se-
paration of photo-generated charges [18]. However, the pristine BWO
still needs further improvement on its photocatalytic performance be-
cause its band gap is still too large for sufficient visible light utilization.
The bulk BWO still suffers from a high rate of electron-hole re-
combination, poor charge carriers transport property and relatively low
quantum efficiency [19]. Coupling BWO with other semiconductors
having suitable band position to construct heterojunction system can be
adopted to improve its photocatalytic activity [20,21].

Nowadays, the construction of direct Z-scheme heterojunction has
greatly drawn researchers' attention. The unique interface of the Z-
scheme heterojunction can not only improve the separation efficiency
of the photogenerated electron-hole pairs spatially, but also retain the
prominent redox potential of the photocatalyst [22,23]. Typically, for
Z-scheme photocatalysts, the electrons from the less negative conduc-
tion band (CB) of one semiconductor will directly recombine with holes
from the less positive valence band (VB) of another semiconductor [24].
Accordingly, the electrons left in the more negative CB had stronger
reduction potential, and the holes left in the more positive VB had
higher oxidation potential. Thus, Z-scheme heterojunction retains
stronger reduction and oxidation ability of each semiconductor [25,26].
For example, Yan et al. constructed a Z-scheme type BiOIO3/g-C3N4
hybrids, which exhibited significantly improved photocatalytic activ-
ities toward 2,4,6-trichlorophenol oxidation and hydrogen evolution
for water splitting [27]. Zhao et al. fabricated a novel Z-scheme
Ag3V0,4/BiVO, heterojunction photocatalyst for the efficient reduction
of Cr®* and oxidation of Bisphenol S using visible light [28]. Thus,
constructing a direct Z-scheme heterojunction with BWO is a promising
pathway to improve its photocatalytic performance and quantum effi-
ciency.

By now, many semiconductors have been chosen to fabricate het-
erojunctions with BWO. For example, Sun et al. synthesized Bi,WOgs/
BiPO,4 Z-scheme photocatalysts exhibiting an enhanced dye discolora-
tion rate, which was 1.88 times and 4.29 times higher than those of
Bi,WO¢ and BiPO, [29]. Wang et al. prepared BiOl/Bi,WOg photo-
catalyst on activate carbon fiber and found that 20% mol BiOI/Bi,WOgs/
ACF displayed the best performance, which was 2.4 times higher than
Bi,WOg [30]. Few studies reported BWO cooperated with semi-
conductors with a narrow band gap and negative conduction band
potential. Additionally, the photocatalytic activity enhancement factor
of the reported composites was rarely excess 5 times higher than the
bare BWO. CuBi,O,4 (CBO) is an outstanding visible-light-driven pho-
tocatalyst because it has narrow band gap (1.8 eV), which contributes
to its strong absorption ability in visible light region [31]. Moreover,
the CB potential of CBO (-0.6 eV vs. NHE) is negative enough to drive
most of the reduction reactions thermodynamically [32]. Un-
fortunately, single CBO exhibits poor photocatalytic performance and
has a low quantum yield due to its narrow band gap. In contrast, BWO
has a higher positive oxidation potential (-3.2 eV vs. NHE) for VB holes,
which results to increased oxidation ability [10]. Theoretically, if CBO
and BWO are combined together to form Z-scheme heterojunction on
the interface, electrons will accumulate in CBO's CB, and holes will
accumulate in BWO's VB. Consequently, it can make the best use of
electrons' strong reduction potential and the holes' strong oxidation
potential. Furthermore, the conduction potential of CBO (-0.6 eV vs.
NHE) is more negative than the potential of Oy/-O5" (-0.33eV vs.
NHE), which implies that O, can be reduced to generate -O, . The
valence potential of BWO (3.2 eV vs. NHE) is more positive than the
potential of H,O/-OH (2.74 eV vs. NHE), and this implies that ther-
modynamically H,O can be oxidized to generate -OH. Generally, both
of O, and -OH radicals play critical roles in the target compound
degradation and dramatically increase the pollutant' degradation rates
[33-35]. Additionally, the narrow band gap of CBO makes it easier for
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the nanocomposites to absorb visible light. The synergistic effect be-
tween CBO and BWO should broaden the spectral response range as
well as the charges separation efficiency. The efficient electron mobility
of metal oxides and the complementary band edge enable an efficient
electron-hole separation under Z-scheme band alignment. Benefited
from the synergistic effect, the photocatalytic performance enhance-
ment factor of the composites is expected to be greatly improved
compared to the bare samples [36]. Up to now, CBO was mainly used as
the photocathode material or as florescent materials. Few researches
have applied CBO as co-catalyst in pollutants photocatalytic system.
Therefore, we rationally synthesized a CBO/BWO nanocomposite
system with Z-scheme heterojunction and we try to unveil the specific
electron-hole pairs transfer route based on the electronic band struc-
tures.

In this work, a flower-flake-like CBO/BWO nanocomposites were
synthesized via a facile hydrothermal method. The as-synthesized na-
nocomposites were systematically characterized, and their photo-
catalytic performance was investigated by TC degradation using visible-
light irradiation (A > 420 nm). The density of states (DOS) and elec-
tronic band structure of CBO and BWO were calculated by the plane-
wave-density function theory (DFT) method. Moreover, the dominant
active species were identified through the radical species trapping ex-
periment. Based on the characterization and ESR results, two possible
photocatalytic mechanisms of visible-light-driven CBO/BWO nano-
composite system were proposed and discussed in detail.

2. Experimental section
2.1. Preparation of the photocatalysts

2.1.1. Synthesis of CBO and BWO

All chemicals used in the present work were analytical grade and
were used without any further modification. The CBO powder was
prepared according to the previously reported hydrothermal method
[37]. Sodium tungstate dehydrate (Na,WO42H,0) was used as the
precursor of BWO and acetic acid was used to control its size and
morphology of the BWO [38]. The specific preparation process was
described in the Supplementary information.

2.1.2. Synthesis of CBO/BWO nanocomposites

In this study, the CBO/BWO nanocomposites were synthesized by a
facile hydrothermal method. The basic steps were depicted in Fig. 1.
The former steps were exactly the same as the synthesis process of
BWO. Subsequently, after the homogeneous precursor solution of BWO
was prepared, different mass of CBO (0.140 g, 0.280 g, 0.419 g, 0.558 g)
were added into the above solution respectively and stirred at room
temperature for 30 min. Then the obtained mixture was ultrasonically
dispersed until uniformity for another 30 min. The resulted mixture was
transferred into four 100 mL Teflon-lined autoclaves and heated in the
oven at 180 °C for 24 h. The remaining steps were the same as above.
Finally, the CBO/BWO nanocomposites were obtained, which were la-
beled as 20 wt% CBO/BWO, 40 wt% CBO/BWO, 60 wt% CBO/BWO and
80 wt% CBO/BWO, respectively.

2.2. Characterization

The detailed characterization was in Supplementary Information
(Seeing SI 2.2).

2.3. Photocatalytic activity measurement

Briefly, 50 mg photocatalyst was suspended in a 50 mL TC aqueous
solution (20 mg/L). Before irradiation, the solution was magnetically
stirred for 30 min in dark to achieve adsorption-desorption equilibrium.
A 300 W xenon lamp (cutting off A < 420 nm) was employed as the
visible light source. During light irradiation, 4 mL suspension was
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60% CuBi,0,/Bi,WO,

Fig. 1. Schematic of CBO/BWO nanocomposites preparation.

withdrawn at certain time intervals, and was centrifuged to separate the
photocatalyst out of the solution. Then the absorbance of the solution
was analyzed by UV-vis spectrophotometer at 357 nm.

2.4. Active species capturing and ESR experiments

The active species capturing experiments were performed under the
same conditions. Sacrificial agents such as 2-propanol (IPA), disodium
ethylene-diamine tetra acetic acid (EDTA) and 1,4-benzoquinone (BQ)
were used as quencher for hydroxyl radicals (-OH), holes (h™) and
superoxide radicals (-O%7), respectively. This method was similar to
the preceding photocatalytic activity test, except that 1 mM scavenger
was added. In addition, the ESR technique was applied to further detect
the presence of -OH and -0 in the photocatalytic reaction system. The
generated -OH and -0% can be trapped by 5,5-Dimethyl-1-pyrroline
N-oxide (DMPO) to form corresponding adducts, which can be detected
using ESR spectrometer.

2.5. Computational details

The density functional theory (DFT) calculations were performed
using CASTEP code in Materials Studios 8.0. Generalized gradient ap-
proximation (GGA) using Perdew-Burke-Ernzerhof (PBE) form was ap-
plied to describe the electron exchange and correlation. The cutoff was
set at 600 eV for all the calculations. The ultrasoft pseudopotential was
used for core and valence states. The k-points were set as 3 x 1 X 3 for
the Bi;,WOg supercell, and 2 X 2 x 2 for the CuBi»O, supercell. The
convergence tolerance energy was converged to 10~ ®eV/atom, the
configuration was regarded as fully relaxed when the force
was < 0.05eV/A, and the maximum displacement was 0.001 A.

3. Results and discussions

XRD was applied to characterize the crystal structure of as-synthe-
sized photocatalysts. The XRD patterns of the pure CBO, BWO and
CBO/BWO nanocomposites are shown in Fig. 2a. All the diffraction
peaks of pure CBO and BWO are in good agreement with their tetra-
gonal phase (JCPDS No. 72-0493) and orthorhombic phase (JCPDS No.
39-0256). Additionally, the pure BWO has four obvious peaks at 28.3°,
32.8°, 47.1° and 55.8°, which can be ascribed to (131), (200), (202) and
(331) diffraction planes, respectively. Furthermore, the intensity of
these characteristic peaks decreased gradually with the increasing mass
ratio of CBO in the nanocomposites, and finally overlapped with (211),

(310), (411) and (332) diffraction planes of CBO. Particularly, for 60%
nanocomposite, the peak of CBO (211) plane and BWO (131) plane
overlapped. And the new peak became broader and the position slightly
shifted to the right for ~0.5°, which can be explained by CBO nanorod
inserted into the [WOg] layers of precursor of BWO under high tem-
perature and pressure. These overlapped peaks might be attributed to
the formation of heterojunction between CBO and BWO. As for pure
CBO, typical (211) and (411) diffraction planes located at 27.9° and
46.6° can be observed. No other impure peaks are observed in the
composites, indicating that the CBO/BWO heterostructures has been
successfully synthesized without any impurities.

FT-IR was used to analyze the functional groups of the as-prepared
photocatalysts. In Fig. 2b, the adsorption peaks of pure BWO mainly
range from 500 to 800 cm ™ *, which can be ascribed to Bi—O stretching,
W—O stretching and W—O—W bridging stretching modes [39]. With the
decreasing mass ratio of CBO in CBO/BWO nanocomposites, the ab-
sorption bands at 500-800 cm ~* become more obvious, indicating the
existence of BWO in the hybrids. The characteristic absorption peak of
BWO and CBO/BWO nanocomposites at 1640 cm ™! and 3450 cm ™! in
the region 3200-3600 cm ™! are attributed to O—H bending vibrations,
which stems from the adsorbed water molecules. These peaks become
stronger as BWO ratio increases. The O—H group can be scavenged by
the photoinduced holes to generate the powerful hydroxyl radicals -
OH, which can efficiently oxidize the organic compounds [40]. Ad-
ditionally, there is a quite weak peak located at 1384 cm ™' due to the
vibration of N—O, coming from the raw material of Bi(NO3)3-5H>0
[41]. An obvious absorption peak located at 1398 cm ™! can be ob-
served from the spectrum of CBO, which is assigned to stretching vi-
bration of Bi—O bonds [42]. Another peak presented at 497 cm ™! can
be ascribed to the stretching vibration of Cu—O bonds [43]. These main
absorption peaks of CBO could also be observed in all CBO/BWO na-
nocomposites. The FT-IR results further indicate that the function
groups and structures of CBO and BWO have not changed in CBO/BWO
nanocomposites.

To investigate the morphology and structure of the as-prepared
samples, SEM images and EDS spectra were employed and the results
were displayed in Fig. 3. Fig. 3a and b shows that pure BWO exists as an
irregular pseudo-sphere-like microstructures with an average diameter
of about 200 nm. BWO displays good dispersion without obvious ag-
glomeration. The typical morphologies of CBO are displayed in Fig. 3c
and d. Apparently, pure CBO has a microrod-like morphology with an
average diameter of around 60 nm, and a length about 2 um. Fig. 3e and
f displays the morphology and structure of 60% CBO/BWO
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Fig. 2. (a) XRD patterns and (b) FT-IR spectra of the pure CBO, BWO and CBO/BWO nanocomposites.

nanocomposite at different magnifications. It can be clearly seen, after
CBO and BWO were combined, the morphology of the nanocomposite
completely changed. The morphology of 60% CBO/BWO nanocompo-
site didn't resemble the morphology characteristic of pure BWO or CBO.
It appeared as a hierarchical flake-flower-like nanosheets and the na-
nosheets were assembled together. The assembled-nanosheets were
uniformly dispersed. The average diameter of the nanosheets was about
200 nm. The EDS test was also performed to confirm the elemental
composition of the nanocomposite. The EDS results shown in Fig. 3g
reveal that 60% CBO/BWO sample contains only Bi, O, W and Cu ele-
ments. The EDS elemental mapping in Fig. 3h displayed a homogeneous
distribution of Bi, W, Cu and O elements in 60% CBO/BWO nano-
composite. The EDS results demonstrate that there are no impurities
(elements) in the as-prepared nanocomposites. The unique morphology
and structure of CBO/BWO nanocomposite might resulted from the
complex interaction of CBO and the precursor solution of BWO under
high temperature and pressure in the hydrothermal synthesis process,
which modified the morphology of the pristine materials.

TEM was performed to unveil the detailed particle structure and
morphology of CBO/BWO nanocomposite. As shown in Fig. 4a and b,
the CBO/BWO nanostructure consists of interlaced nanosheets, and
agglomeration phenomenon appears in some spots. The detailed
structure information of 60% CBO/BWO sample was further in-
vestigated using HR-TEM (Fig. 4c). Lattice spacing distance was cal-
culated by the Fourier transform diffraction pattern in Fig. 4d. The
calculated lattice spacing is 0.273 and 0.420 nm, which is corresponded
to the (200) plane of BWO and (200) plane of CBO, respectively.

XPS spectra were conducted to reveal the surface elemental com-
positions and chemical states of the as-prepared samples. Fig. 5 exhibits
the survey of the obtained 60% CBO/BWO nanocomposite and high-
resolution XPS spectra of the Cu 2p, Bi 4f, O 1s, W 4f and C 1s. The XPS
spectra reveals that the 60% CBO/BWO nanocomposite mainly contains
Cu, Bi, O and W elements, which agrees well with EDS results. The
observed C signal arises from carbon that is added to the sample and is
used for calibration of the binding energy scale [44]. In the Cu 2p XPS
spectra shown in Fig. 5b, the peaks at 933.1 and 953.2 eV are attributed
to the binding energies for Cu 2p3/2 and Cu 2p1/2, respectively. The
peaks at 942.5 and 962.6 eV are the satellite peaks of Cu 2p. The Cu 2p
peak positions and the presence of satellite peaks confirm that the
copper species exists as the featured characteristics + 2 oxidation state
in CBO [44]. In the high resolution spectrum of Bi 4f (Fig. 5c), the Bi
4f5/2 and Bi 4f7/2 are located in 164.2 and 158.9 eV, which are the
featured characteristics of Bi®* in BWO [45]. The O 1s spectrum in
Fig. 5d exhibits the binding energy at 529.9 eV, which is ascribed to the
crystal lattice oxygen (027) in the CBO/BWO nanocomposite. The
peaks at higher binding energies 530.9 eV could possibly be aroused by

the contribution of surface defects or chemisorbed oxygen species
[13,44]. In the spectrum of W 4f (Fig. 5e), two peaks at 35.1 and
37.2 eV correspond to the characteristic W 4f7/2 and W 4f5/2 peaks for
BWO, respectively [46], which indicates the existence of W in the
nanocomposite. Thus, these results further confirmed the co-existence
of CBO and BWO in the heterostructures.

The optical absorption properties of the as-prepared samples were
obtained by the UV-vis DRS. In Fig. 6a, the absorption edge for pure
CBO is extended to > 700 nm, confirming CBO is a visible-light-driven
photocatalyst, which is in agreement with the previous research [37].
Compared with the pure BWO, whose absorption edge is 460 nm, 60%
CBO/BWO nanocomposite exhibits a significant redshift advancement.
The strong light harvesting property of CBO contributes a lot to the
obvious visible light absorption enhancement of 60% CBO/BWO na-
nocomposite. While for other ratios of CBO/BWO nanocomposites, the
absorption enhancement in the visible light region didn't manifest ob-
viously. The band gap energy of the as-prepared samples could be
calculated by the following formula:

ahv = A(hv — E,)"/2 e))

where a, h, v, A, E; and n represent the absorption coefficient, Planck
constant, irradiation frequency, absorption constant, gap energy and a
constant, respectively [47]. The E, values of the as-prepared samples
were determined by the plots of (ahv)%. As shown in Fig. 6b, the band
gap of BWO and CBO was calculated to be 2.7 eV and 1.8 eV, which was
consistent with the previous reports [48,49]. Noticeably, the band gap
of 60% CBO/BWO was 2.2 eV. The composite's band gap was greatly
narrowed after combined the narrow-band-gap CBO with the wide-
band-gap BWO, which essentially explained the strengthened visible
light absorption of 60% CBO/BWO nanocomposite. The CB and VB
potentials of the two semiconductors can be predicted by the following
empirical equations:

Ecp = x-E°®-0. 5E; 2)

Evg = Ecp + E, 3

where Eg is the CB energy;  is absolute electronegativity of CBO and
BWO; E° (4.5 eV) is the energy of free electrons with the hydrogen scale
[50]. The X values for CBO and BWO are 4.75eV and 6.39 eV, re-
spectively [51]. The calculated CB and VB potentials of CBO and BWO
are shown in Table S1, which was consistent with the theoretical value.

The photocatalytic activity of the semiconductor significantly de-
pended on its energy level and the band gap. In our work, the electronic
band structures of BWO and CBO were investigated by DFT calculations
shown in Fig. 7. The occupied bands of BWO and CBO were classified
into four and three bands, respectively. For BWO, from lower-energy to
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Fig. 3. SEM images of (a), (b) pure BWO; (c), (d) pure CBO; (e), (f) 60% CBO/BWO; (g) the corresponding EDS spectra of 60% CBO/BWO; (h) the EDX elemental

mapping images of 60% CBO/BWO.

higher-energy side, the occupied bands consisted of solely O2s, Bi6s
orbitals, O2p + Bi6p + W5d and O2p + Bi6s hybrid orbitals. The
bottom of the conduction band was composed of the W5d, and a small
part of O2p and Bi6p orbitals. Thus, it can be concluded that the highest
occupied orbital level was formed by the hybrid orbitals of O2p and
Bi6s, and lowest unoccupied molecular orbital level was the W5d or-
bitals. These results indicated that the photoexcitation electrons
transfer from the valence band formed by O2p + Bi6s hybrid orbitals to
the conduction band of W5d orbital. The band gap of BWO was cal-
culated to be 2.15eV. Generally, the band gap simulated by DFT
method was narrower than the experimental result (2.7 eV), which may

be stemmed from the well-known GCA limitation [52]. While for CBO,
from lower-energy to higher-energy side, the occupied bands consisted
of solely O2s, Bi6s orbitals and O2p + Cu3d + Bi6p hybrid orbitals.
The valence and conduction band edges of CBO were produced by the
combination of O2p and Cu3d orbitals, respectively. The energy of p-d
transition from the valence band edge of O2p to the conduction band
edge of Cu3d was calculated to be 1.82 eV, which agreed well with that
measured by UV-vis in Fig. 6. The atom structure model of the BWO
and CBO was depicted in Fig. 7c and f. In the BWO structure model, the
W atom are coordinated with 6 O atoms, indicating that W exists as
WOg octahedral layer, which is consistent with the XPS results that W
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Fig. 4. (a) (b) TEM, (c) HRTEM images and (d) Fourier transform Diffraction pattern of 60% CBO/BWO nanocomposite.

exists in + 6 oxidation state. The WOg octahedral layer connected to
each other by corner-sharing O atom, and interlaced to the sandwich of
(Bi»0,)?>", which has been proved that this specific structure is favor-
able to visible-light response [53]. In the CBO structure model, the Cu
and Bi atom are both coordinated with 4 O atoms, constituting the
square-planar CuO,°~ complexes which facilitate the charge transfer in
CBO crystal structure. The DFT calculations disclose the basic electronic
and band structure of CBO and BWO, which helps us further understand
the charges transfer route based on the orbital level.

The specific surface area, pore volume and average pore diameter of
CBO, BWO and 60% CBO/BWO are summarized in Fig. 8a. Obviously,
the samples display typical type IV isotherms curves with type H3
hysteresis loop, which is consistent with the demonstration in Fig. 8b
that the as prepared samples possess a mesoporous structure [54,55].
The average pore diameter of as-prepared CBO, BWO and 60% CBO/
BWO samples are similar, which are 2.74 nm, 2.40 nm, 2.52 nm, re-
spectively. Notably, 60% CBO/BWO nanocomposite exhibited much
higher BET surface area (289.18m?g~!) than pristine CBO
(40.56 m? g_l) and BWO (63.41 m? g_l), which is in great accordance
with the adsorption ability of the as-prepared samples. The adsorption
efficiency of as-prepared samples in dark was illustrated in the column
graph inserted in Fig. 8b. It can be seen from the inserted bar graph that
CBO/BWO nanocomposites possess excellent adsorption ability com-
pared to the pristine samples. The adsorption efficiency of 60% CBO/
BWO was approximately two times higher than that of bare CBO and
BWO. Essentially, BET results well explained different adsorption
ability of the samples. Additionally, larger specific surface area can also
provide more active reaction sites, so specific surface area is one of the
critical factors to the photocatalytic performance enhancement of 60%
CBO/BWO nanocomposite [56].

To further understand the specific photo-induced charge separation
characteristic of the as-prepared samples, several photo-electro-
chemical measurements such as PL spectra emission (Fig. 9a), photo-
current response measurement (Fig. 9b) and the electrochemical im-
pedance spectroscopy (EIS) test (Fig. 9c) were also conducted.
Generally, PL spectrum is an effective characterization method to in-
vestigate the migration, transfer and recombination of the photo-ex-
cited electron-hole pairs in semiconductors [57]. It is well recognized
that a lower PL intensity implies a lower recombination rate of electron-
hole pairs, which leads to higher photocatalytic activity. Fig. 9a pre-
sents the PL spectra of pure CBO, BWO and 60% CBO/BWO nano-
composite. Obviously, the main emission peak is centered at about
560 nm for all the samples. The BWO sample possesses the strongest PL
emission intensity, indicating the highest recombination rate of elec-
tron-hole pairs. Significantly, after the introduction of CBO, the PL
emission intensity of 60% CBO/BWO shows a rapid decrease compared
to the bare BWO, suggesting that the introduction of CBO can supply
more electron-hole capture sites, thus effectively improve the separa-
tion efficiency of electron-hole pairs.

The transient photocurrent test of the as-prepared samples was
performed in Na,SO, electrolyte under visible-light (A > 420 nm) ir-
radiation. Generally, the higher photocurrent response indicates the
better separation efficiency of electron-hole pairs [58]. As shown in
Fig. 9b, the pure CBO has a very weak light current response of only
about 1 pA/cm?, and the photocurrent response of pure BWO is slightly
higher at about 1.3 pA/cm?. The relatively lower photocurrent response
represents the higher recombination efficiency of electron-hole pairs in
pure CBO and BWO. Compared to the pristine samples, 60% CBO/BWO
nanocomposite exhibits the highest photocurrent response reaching at
about 8 pA/cm?, which further indicates the electron-hole pairs are
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effectively separated at the interface between CBO and BWO.

EIS Nyquist plots were also applied to validate the superiority of
CBO/BWO nanocomposites over pristine CBO and BWO samples. The
arc radius on the EIS spectra reflects the solid state interface layered
resistance and the surface charges transfer resistance. Generally, the
smaller arc radius represents the smaller impendence, which implies a
more efficient separation of the photo-generated electrons and holes
[59]. In comparison with the bare BWO and CBO, 60% CBO/BWO
nanocomposite displays the smallest arc radius in Fig. 9¢, which in-
dicates the resistance on the charge carriers transfer process is sig-
nificantly reduced. The reduced resistance well-confirms highly effec-
tive separation of electron-hole pairs and faster interfacial charge-
transfer efficiency in the CBO/BWO nanocomposites [60].

The Bode plot of the phase angle versus frequency for the as-pre-
pared samples was depicted in Fig. 9d. The electron lifetime can be
calculated from the following equation [10]:

1

27Tf peak

T
(€]
where 7, is the electron lifetime and f;,.q is the frequency. In Fig. 94, the
stronger plots of the CBO/BWO nanocomposites mainly located in low-
frequency peak area in comparison with the pure CBO and BWO.
Therefore, 60% CBO/BWO exhibits the longest electron lifetime. These
results further confirm that the combination of CBO and BWO sig-
nificantly enhances the electron-holes separation [61].

The photocatalytic activity of the as-prepared samples was eval-
uated by TC photodegradation under visible light illumination.
Generally, TC concentration decreased gradually with the increased
irradiation time for all samples. As displayed in Fig. 10a, only ap-
proximately 6% TC was degraded in the absence of photocatalyst after
60 min visible-light irradiation, indicating that TC was very stable. Both
pristine CBO and BWO exhibited poor photocatalytic performance, with
the TC degradation efficiency of 36% and 45% after 2-hour reaction.
While, after combined these two semiconductors together, all the CBO/
BWO nanocomposites displayed much better photocatalytic
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performance than the pristine samples under visible-light irradiation.
The photocatalytic performance of the nanocomposites was in the order

of 60% CBO/BWO > 80% CBO/BWO > 40% CBO/BWO

CBO/BWO, with the degradation efficiency of 93%, 84%, 83% and

> 20%

76%, respectively. Apparently, 60% CBO/BWO exhibited the strongest

(a) (b)

photocatalytic performance over the other ratio nanocomposites, which
could degrade 93% TC in 60 min, and almost all the TC was eliminated
in 2h. The first-order kinetics model was used to fit the obtained ex-
perimental data in Fig. 10b.
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The corresponding In(Cy/C) plots has good linearity property.
Fig. 10c demonstrates the corresponding kinetic constants of the as-
prepared samples. Apparently, 60% CBO/BWO nanocomposite had the
highest k value of 0.0286 min ™!, which was almost 7 times higher than
that of bare CBO (0.0041 min~") and BWO (0.0046 min~"). The ex-
traordinary enhanced photocatalytic performance of 60% CBO/BWO
nanocomposite can be ascribed to the heterojunction formed on the
interface of CBO and BWO. This heterojunction can enhance the visible
light response and effectively facilitate the separation of electron-hole
pairs. The result has been confirmed by the UV-vis spectra and the PL
emission spectra. Additionally, the enlarged specific surface area of the

nanocomposites also contributes a lot to the enhanced photocatalytic
performance, which is confirmed by the former N, adsorption-deso-
rption isotherms.

To ascertain the predominant active species participating in the TC
photodegradation reaction, the active species trapping experiments
over 60% CBO/BWO nanocomposite were implemented. EDTA-2Na, BQ
and IPA were employed as the scavengers of h*, -O,” and -OH, re-
spectively [62]. As displayed in Fig. 10d, the degradation efficiency of
TC was 92.7% in the absence of scavenger. The addition of 1 mM EDTA
slightly inhibited the TC degradation, with degradation efficiency de-
creased to 71%, indicating h* was not the main active specie in the
reaction. Whereas, when IPA (1 mM) and BQ (1 mM) were added, the
degradation efficiency was dramatically decreased to 24% and 46%,
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degradation over 60% CBO/BWO photocatalyst under visible light irradiation.

respectively, implying the two scavengers greatly inhibited the reaction
process. This result suggested that -OH and -O2- had a major con-
tribution for the TC degradation over CBO/BWO photocatalyst.

We also measured the chemical oxygen demand (COD) removal in
the presence of 60% CBO/BWO nanocomposite in Fig. S1. Based on the
COD removal, we calculated the apparent quantum yield (AQY) of the
TC photodegradation system in the presence of 60% CBO/BWO pho-
tocatalyst, which was 0.32%. The detailed calculation process was in
Supplementary Information.

To further confirm the existence of -OH and -0, and explore the
photocatalytic mechanism of the CBO/BWO nanocomposites, the ESR
experiment was also conducted [63]. As depicted in Fig. 11a and b,
under dark conditions, no obvious peak could be found. However, when
CBO/BWO nanocomposite was irradiated with visible light, four char-
acteristic signals of DMPO - -OH with intensities of 1:2:2:1 appeared in
Fig. 11a, and the signals intensities weakened with the increase of ir-
radiation time [64,65]. This result indicated that the -OH radical was
generated in the CBO/BWO system, which can be attributed to the Eyp
of BWO is positive enough to drive the generation of -OH. Moreover,
six clear signals of -O,~ were also detected in CBO/BWO nanocompo-
site under visible light illumination in Fig. 11b, which also proved the
presence of O~ in these samples. The ESR results are in great agree-
ment with the results of the trapping experiments, which support that
both -OH and -0, are involved and make great contribution to the
enhanced photocatalytic activity of CBO/BWO nanocomposites.

On the basis of these experimental results and the calculated band
gap structures, two possible mechanisms of CBO/BWO nanocomposites

10

for the TC degradation were proposed in Fig. 12: (i) traditional het-
erojunction-type II in Fig. 12a and (ii) Z-scheme type in Fig. 12b. If the
charge transfer path follows the traditional type II mechanism
(Fig. 12a), the electrons in the CB of CBO will easily transfer to the CB
of BWO. Simultaneously, the holes will migrate from the VB of BWO to
that of CBO. The motivation of the transportation is the potential dif-
ference between them. Consequently, the electrons will accumulate in
the CB of BWO, and the holes will accumulate in the VB of CBO.
However, the accumulated electrons in the CB of BWO cannot react
with the adsorbed O, to produce -O, ", because the CB level (0.54 eV
vs. NHE) of BWO is more positive than the O,/-0,~ potential (-0.33 eV
vs. NHE). Moreover, the accumulated holes in the VB of CBO cannot
oxidize OH™ or H,O into -OH, because the VB potential (1.15eV vs.
NHE) of CBO is more negative than the standard OH™/-OH (1.99 eV vs.
NHE) and H,O/-OH (2.74 eV vs. NHE) potential [66]. However, this
presumption is contradictory to the reactive species trapping and ESR
results, in which -OH and -0, radicals are testified to be the pre-
dominant species in the photocatalytic reaction. Therefore, a more
reasonable Z-scheme mechanism is proposed in Fig. 12b. In the Z-
scheme mechanism, the photo-generated electrons in the CB of BWO
will trendily migrate to the VB of CBO, and then it will recombine with
the holes in VB of CBO. The photo-induced electrons left at the CB of
CBO possess strong reduction potential (-0.65 eV vs. NHE) to capture
and reduce the dissolved O, into O, . Additionally, the holes left at
the CB of BWO have strong oxidation ability which can directly oxidize
TC into harmless products. Furthermore, the holes potential level
(3.24 eV vs. NHE) at the CB of BWO is positive enough to oxidize H,O
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into -OH [67]. The Z-scheme mechanism is in well agreement with the
trapping and ESR experiments results, in which -OH and -0, are ex-
isted in the CBO/BWO system and play an important role in the pho-
tocatalytic reaction. Therefore, the Z-scheme mechanism effectively
facilitates the separation of electron-hole pairs, and retains the elec-
trons' strong redox power in the more negative CB of CBO and the holes'
strong oxidation power in the more positive VB of BWO. These ad-
vantages make CBO/BWO nanocomposites exhibiting extraordinary
photocatalytic performance for TC photodegradation. The mechanism
for the TC photo-degradation can be explained as follows [68]:

CBO + hv — eg + hig (6)
BWO + hv — egg + hig @
0z +ecg — 03 (8
‘0; + 2H' - H,0, ()
OH~ + hiy - 'OH 10)
H,0 + hij; — OH + H* a1
TC + 'OH/'0;/H,0, - H,0 + CO, + products 12)

11

4. Conclusion

In summary, we constructed the Z-scheme CuBi»04/Bi,WOg hier-
archical nanocomposites via a facile hydrothermal method. Compared
to the bare CBO and BWO, the as-synthesized CBO/BWO nanocompo-
sites exhibited enhanced photocatalytic activities toward TC degrada-
tion under visible light irradiation. The apparent rate constant for 60%
CBO/BWO sample (0.0286 min~') was approximately 7 times higher
than that of the pristine sample. The enhanced photocatalytic perfor-
mance was mainly attributed to the unique Z-scheme heterojunction,
which consequently leaded to the suppressed charge recombination and
efficient charge transfer in the interface. The higher electrons' reduction
potential in CBOs' CB and the stronger holes' oxidation potential in
BWOs' VB were also retained. The enlarged specific surface area and the
increased visible light adsorption also benefited the improved photo-
catalytic performance. Moreover, the radical trapping and ESR experi-
ments results indicated that -OH and -0, were the predominant spe-
cies. Specifically, the charge transfer route was discussed in detail, and
the heterojunction in CBO/BWO nanocomposites following Z-scheme
type was convinced. The DFT calculations suggested that for CBO, the
p-d transition occurred from the valence band formed by the O2p or-
bital to the conduction band formed by the Cu3d orbital. For BWO,
photoexcitation electrons transferred from the valence band of
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O2p + Bi6s hybrid orbitals to the conduction band of W5d orbital.
Based on the DFT calculations, we reasonably convince that the pho-
toexcitation electrons transferred from the W5d orbital of BWO's CB to
the O2p orbital of CBO's VB in the Z-scheme CBO/BWO nanocomposite
system.
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