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Article history:

Interface engineering is of great importance to improve the photocatalytic performance. Herein, in-situ
formation plasmon Bi/BiOCl nanosheets assembled heterojunction microspheres are fabricated via facile
reductive solvothermal approach. The aldehyde group in the DMF structure is used to exert the weak
reducing property of the solvent and thus strip out the metal Bi in BiOCl. The metal Bi is anchored on
surface of BiOCl firmly due to in-situ formation engineered interface, which could realize efficient charge
Keywords: transfer channel. The resultant Bi/BiOCl heterojunctions assemblies with narrow bandgap of 3.05eV and
Photocatalysis mesoporous structure extend the photoresponse to visible light region and could provide sufficient sur-
BiOCl face active sites. The visible-light-driven photocatalytic degradation of high-toxic norfloxacin for Bi/BiOCl
Hﬁeroju“?“"“ heterojunctions is up to 95.5% within 20 min, representing several times that of pristine BiOCl nanosheets
Plasmon Bi and the physical mixture. It is attributed to the in-situ formation of Bi/BiOCl heterojunctions and surface
Mesoporous structure plasmon resonance (SPR) effect of plasmon Bi promoting charge transfer, and the obvious photothermal
effect promoting the photocatalytic reaction, which are verified by experimental and density functional
theory (DFT) calculations. This strategy provides ideal perspectives for fabricating metal/semiconductor
heterojunctions photocatalysts with high-performance.
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As a two-dimensional material, BiOCl has frequently received
widespread attention as a promising photocatalyst because of its
special interlayer structure consisting of a combination of bis-Cl~
and [Bi,0,]?* [1-3]. This structure enhances the utilization of
BiOClI for light quantum efficiency, as well as the interlayer struc-
ture connected by van der Waals forces, which will also reduce
excitonic complexation [4,5]. Moreover, due to the inhomogeneous
charge distribution between [Bi,0,]%* and Cl- layers, built-in elec-
tric fields can be formed spontaneously to drive the separation and
transfer of photogenerated charge carriers. BiOCI with its different
geometries and electronic structures can be well advanced in the
field of photocatalysis [6]. However, single-phase BiOCl with a large
bandgap of about 3.37eV has a higher photogenerated electron-
hole complexation rate [7], which can only absorb ultraviolet
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light. Nevertheless, UV light accounts for a very limited proportion
(~5%) of the solar energy, so the photocatalytic efficiency in nat-
ural environment is not satisfactory. Therefore, some BiOCl mod-
ifications have been made to create oxygen vacancy defects to
improve the photocatalytic oxidation capacity [8,9]. Furthermore,
Wang et al. [10] created BiOCl nanosheets with Bi vacancies and
exposed (001) crystalline surfaces of self-assembled rose-shaped
two-dimensional materials with adequate active sites for efficient
CO, capture and reduction. Alternatively, heterojunctions are ideal
candidates to be constructed by compounding with other semicon-
ductors [11,12]. Such methods could promote spatial charge sepa-
ration and improve photocatalytic activity obviously.

Among them, the most prevalent is the assembly of noble met-
als and semiconductors (such as Au, Ag, and Pt) [13,14]. Li et al.
[15] reported metal Au loaded on BiOCl nanospheres containing
oxygen vacancies to oxidize benzyl alcohol to benzaldehyde with
more than 99% selectivity under commercially available light using
the synergistic effect of plasma hot electrons and holes. This study
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dramatically improved the photocatalytic performance of BiOCl.
However, this stepwise synthesis of metal-semiconductor compos-
ite suffers from the drawback of poor interfacial coupling. And the
post-loading process tends to make the photogenerated charge car-
riers recombined at the interface, which makes high charge sepa-
ration resistance. As a result, constructing an effective interfacial
coupling for improving the transfer efficiency of photogenerated
charge carriers is an ideal issue to be considered. Then compared
to precious metals, it has been found that metal Bi, a cheap, harm-
less and well-conducting metal, can also possess surface plasmon
resonance (SPR) effects. Metal Bi not only enhances the ability to
capture light but also promotes the separation of charge carriers,
resulting in enhanced photocatalytic activity [16-19]. In summary,
the common problems are interface engineering between Bi and
BiOCl, which result in low charge separation efficiency. Therefore,
how to design intimate coupling interface between Bi and BiOCI is
still a great challenge to further improve the spatial charge separa-
tion.

In this work, in-situ formation Bi/BiOCl heterojunction assem-
bly microspheres were fabricated by a simple solvothermal strat-
egy. The in-situ generation of metal Bi in the reduction system
was used to achieve tight interface coupling between Bi and BiOCI,
which solved the charge separation resistance problem. The in-situ
grown Bi/BiOCl has the advantages of surface mesoporous struc-
ture, high specific surface area and anti-stacking, etc. The generated
Bi has the characteristics of high dispersion and strong contact
making obvious SPR effect and photothermal effect. In this way,
the photocatalyst formed by metal Bi and BiOCl had a close con-
tact heterogeneous interface, rapid photogenerated carrier transfer,
and high charge separation efficiency. The resultant Bi/BiOCl het-
erojunction photocatalysts exhibited superior photocatalytic activ-
ity towards the degradation of norfloxacin. And the excellent elec-
tron transfer capability of metal Bi to BiOCl was further demon-
strated by density functional theory (DFT) calculations. A mecha-
nism of possible photocatalysis is also proposed.

Bismuth nitrate pentahydrate (Bi(NOs)3-5H,0) was purchased
from Shanghai Dibai Biotechnology Co., Ltd., Potassium chloride
(KCl) was purchased from Tianjin Guangfu Technology Develop-
ment Co., Ltd., and N,N-dimethylformamide (DMF) was purchased
from Tianjin Fuyu Fine Chemical Co., Ltd. All the above chemicals
are analytical grade and used without further purification.

Catalyst was prepared by the classical solvothermal method.
29¢g Bi(NO3)3-5H,0 and 0.44g KCl were added to 32mL DMF
solvent, then stirred the solution at high speed for 30 min, and
the solution was added to a 50 mL polytetrafluoroethylene (PTFE)
lined stainless steel autoclave for continuous reaction at 160 °C for
6, 12, 18, 24h, respectively. After the reaction, the mixture was
washed three times with water and ethanol, respectively. The sam-
ple was dried at 70°C for 12 h. The collected sample was denoted
as Bi/BiOCl.

2.9¢g Bi(NO3)3-5H,0 and 0.44g KCl were added to 32mL dis-
tilled water, then stirred the solution for 30 min, and added the
solution to a 50mL PTFE lined stainless steel autoclave for con-
tinuous reaction at 160°C for 12 h. After the reaction, the mixture
was washed three times with water and ethanol, respectively. The
sample was dried at 70°C for 12 h and finally collected, which was
denoted as BiOCl.

Scheme 1 shows a schematic diagram for the formation of
Bi/BiOCl microspheres. Relying on the relative weak reducibility of
DMF, BiOCl nanosheets without metal Bi are formed at 120°C by
a simple solvothermal method, and metal Bi is formed in-situ on
BiOCI at 160°C to form self-assembled Bi/BiOCl microspheres.

Fig. 1a is a scanning electron microscopy (SEM) image and
shows that BiOCl is structured as a two-dimensional nanosheet,
and the width of the nanosheet is 1-2um, but the formed
nanosheets gather together due to electrostatic action and van der
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Scheme 1. Schematic illustration for the formation of Bi/BiOCl nanosheets assem-
bled microspheres.

Waals force. Fig. 1b shows the structure of Bi/BiOCl composites as-
sembled from nanosheets into microspheres of about 20 um in size,
which is due to the large surface free energy and specific surface
area on the surface of the nanosheets, resulting in self-assembly
to form super large flower-like microspheres [4,20]. The SEM im-
age of Fig. 1c clearly shows a microsphere composed of numer-
ous ultrathin nanosheets self-assembled against stacking. Figs. S1a
and b (Supporting information) are SEM images of samples at 120
and 140°C, respectively, where Fig. S1a demonstrates a slight ag-
gregation of the nanosheets of BiOCl, and Fig. S1b is a microsphere
formed by the aggregation of Bi/BiOCI, but the binding is not as
tight as that of Bi/BiOCl at 160°C. Fig. 1d shows the SEM image
of Bi/BiOCl and Figs. 1e-g show the corresponding element map-
ping distribution among Bi, O, and ClI respectively, which can prove
that Bi, O, and Cl are uniformly dispersed in Bi/BiOCIl. Additionally,
the energy dispersive X-ray (EDX) in Fig. 1h can also prove that
Bi, O, and Cl elements coexist in the sample and no other redun-
dant peaks appear. Figs. 1i-k are transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images to further char-
acterize Bi/BiOCI. Figs. 1i and j show that Bi/BiOCl is an ultrathin
nanosheet structure, and there are many metal Bi nanoparticles
on surface of BiOCl nanosheets. Furthermore, as shown in Fig. 1k,
the HRTEM image can be found in the presence of two kinds of
lattices, in which the 0.322 nm lattice stripe belongs to the (012)
crystal plane of metal Bi nanoparticles, and the 0.276 nm lattice
stripe belongs to the (110) crystal plane of BiOCI nanosheets. This
confirms the formation of metal Bi and BiOCl. From the above re-
sults, it can be confirmed that there is intimate contact between Bi
and BiOClI firmly because of the Bi in-situ anchored on BiOCI.

Fig. 2a shows the X-ray diffraction (XRD) patterns of BiOCl and
Bi/BiOCl. In single-phase BiOCl, the crystallinity is high and there
are no impurity peaks. There are eight typical peaks of BiOCl in
Bi/BiOCl, which are at 26 =12.0°, 25.9°, 32.6°, 33.6°, 46.8°, 54.2°,
58.8° and 68.3°, the corresponding crystal planes are (001), (011),
(110), (102), (020), (121), (122) and (220), respectively, indexed as
BiOCl (JCPDS No. 73-2060). In Bi/BiOCI, there are obvious peaks of
metal Bi at 20 =27.2°, 37.9°, 39.6°, 44.5°, 48.7°, 56.0°, 62.2°, 64.5°,
the indexable corresponding crystal planes are (012), (104), (110),
(015), (202), (024), (116) and (122), (JCPDS no. 85-1329). The XRD
peaks of Bi/BiOCl are broadened compared to those of BiOCl. The
reason is that with the precipitation of metal Bi, the particle size
of metal Bi increases, some defects forms and the overall structure
symmetry decreases in the reaction process, leading to the broad-
ening of the XRD peak. The two BiOCI crystals belong to the same
space group P4/nmm (No. 129) [21]. Table S1 (Supporting informa-
tion) shows the cell parameters of these two catalysts. The cell pa-
rameters of BiOCl are a=bh=3.878 A, c=7.403 A. The unit cell pa-
rameters of BiOCl in Bi/BiOCl are a=b=3.880A, c=7.347A. The
changed cell parameters indicate the change of BiOCl microstruc-
ture, which is also evidence for the formation of Bi/BiOCl from an-
other point of view. The XRD patterns (Fig. 2b) of Bi/BiOCl reg-
ulated at different times shows that the intensity of the diffrac-
tion peak of elemental bismuth increases with the reaction time
at 6, 12, 18, and 24h, indicating a higher yield of metallic Bi on
BiOCI [22]. From the above analysis, it can be elucidated that the
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Fig. 1. SEM image of BiOCl (a), SEM images of Bi/BiOCl (b-d). Elemental mappings of Bi (e), O (f), Cl (g). EDX (h), TEM (i, j), and HRTEM images (k) of Bi/BiOCl microspheres.
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Fig. 2. XRD patterns of BiOCl and Bi/BiOCI (a). XRD patterns of Bi/BiOCl (6h, 12h,

18 h, and 24 h) (b). EPR spectra (c) (the inset is the EPR of metal Bi), Raman spectra (d),

FT-IR (e), and UV-vis diffuse reflectance spectra (f) (the inset is the bandgap) of BiOCl and Bi/BiOCl, respectively.

content of metal Bi produced in 12h reaction time is optimized,
which will be reflected in the water pollutant degradation. Besides,
the formation of Bi/BiOCI at different temperatures were also stud-
ied. In Fig. S2 (Supporting information), it is noted that there is
no diffraction peak of metal Bi in BiOCl at 120°C, suggesting that
there is no metal Bi formation, while only a little metal Bi ap-
pears at 140°C, which can be observed in the diffraction peak of
metal Bi. The presence of metal Bi in the microstructure can be
further demonstrated using the electron paramagnetic resonance
(EPR) test. In Fig. 2c, it can be found that Bi/BiOCl has a vibra-
tion peak of metal Bi at g=1.84, but not in BiOCl. The above two
characterization methods can both indirectly prove the existence
of metal Bi in Bi/BiOCl. The metal Bi is generated in-situ on BiOCI
because of the weak reducibility of DMF, which reduces part of

Bi* to metal Bi [23]. The reducibility of DMF is attributed to the
presence of aldehyde groups, which play a role in reducing metal
cations to metal simple substances, which are oxidized to carboxyl
groups as the following equation (Eq. 1):

nHCONMe; + M"* + H,O — M + nMe,NCOOH + 2H* (1)

In order to determine the structure and vibrational peak varia-
tions of BiOCl and Bi/BiOCl, Raman spectra were analyzed (Fig. 2d).
BiOCl has obvious strong vibration bands at 144 and 199 cm™!,
while there is a weak vibration band at 395 cm~!. The vibrational
bands 144 and 199 cm~! correspond to the interlayer vibrational
mode of A;y and the in-plane Bi-Cl bond stretching of Eg. Similarly,
the vibrational band 395 cm~! corresponds to the O-atom anti-
symmetric stretching of By,. While the vibration peak of Bi/BiOCl
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Fig. 3. XPS spectra of Bi 4f (a), O 1s (b), Cl 2p (c). Full-scale XPS spectra (d), steady-state fluorescence spectra (e), and EIS (f) of BiOCl and Bi/BiOCl. SKP maps (g) of Bi,
BiOCl, and Bi/BiOCl, respectively. Mott-Schottky plots (h), and band energy diagram vs. reversible hydrogen electrode (i) of BiOCl and Bi/BiOCl, respectively.

at 144 cm~! weakens or even disappears at 199 and 395 cm™!,
which is due to the weak reduction of DMF leading to partial BiOCl
to metal Bi, making the intra-bond stretching weaker [10,24]. The
chemical structures of BiOCI and Bi/BiOCl were investigated using
Fourier transform infrared spectroscopy (FTIR) (Fig. 2e). The FTIR
spectra of BiOCl and Bi/BiOCl show stretching vibration peaks at
526 and 1621 cm~!, which belong to tensile vibration of Bi-O and
tensile vibration and bending vibration of -OH group caused by
hydration on the sample surface [25]. Fig. 2f shows the UV visi-
ble diffuse (UV-vis) to study the optical properties of the sample.
It shows that the presence of bismuth causes Bi/BiOCl to possess
a stronger continuum absorption band between 400 and 800 nm.
For Bi/BiOCl, the absorption intensity in UV region is stronger than
BiOCl, suggesting with the presence of metal Bi effectively en-
hances the light absorption due to the near-UV and visible light
absorption of non-noble metal Bi. It shows surface plasmon reso-
nance (SPR) characteristics in visible light range and promotes the
utilization of photon energy in the range of ultraviolet and visible
light regions [26]. The inset is a bandgap diagram, and the bandgap
value (Eg) of the sample can be obtained from Eq. 2:

Eg(eV) = 1240/ (2)

where A refers to the maximum absorption wavelength. The
bandgap of BiOCI is estimated to be ~3.37 eV, demonstrating that
it cannot absorb visible light [27]. The bandgap of Bi/BiOCI is re-
duced to ~3.05eV, and it proves that the existence of metal Bi
reduces the bandgap of Bi/BiOCl, which is suitable for visible-
light-driven photocatalysis [28]. The results of Brunauer-Emmett-
Teller (BET) (Fig. S3 in Supporting information) demonstrate type
IV isotherms with H-type hysteresis regression line under higher
relative pressures, suggesting a homogeneous distribution of meso-

pores in BiOCl and Bi/BiOCI [29]. Fig. S4 (Supporting information)
shows the pore size distribution curve of Bi/BiOCl, and a wide peak
of 20-80nm can be observed, showing that Bi/BiOCl has meso-
pores [29]. The specific surface area of Bi/BiOCl (18.4 m?/g) is
around 18 times higher than that of BiOCl (1.0 m2/g) (Table S2 in
Supporting information). And pore size (18.9nm) and pore volume
(0.07 cm3/g) of Bi/BiOCI are higher than those of BiOCl (16.6 nm
and 0.002 cm3/g). A comparatively high specific surface area and
mesoporous structure of Bi/BiOCl can supply sufficient surface ac-
tive sites for the follow-up photocatalytic reaction.

Figs. 3a-c show X-ray photoelectron spectroscopy (XPS), exhibit-
ing chemical states on BiOCl and Bi/BiOCI surfaces. In XPS spec-
tra, the Bi, O, and Cl elements have been detected from both sam-
ples. In Fig. 3a, the binding energies at 159.12 and 164.42 eV corre-
sponding to Bi 4f;, and Bi 4fs;, orbits, separately, and they are
characteristic peaks of Bi3*+ [30,31]. Meanwhile, the correspond-
ing Bi® characteristic peaks at the binding energies of 158.65 and
163.97 eV for Bi/BiOCl samples demonstrate the presence of metal
Bi on the Bi/BiOCI surface [32]. This is consistent with the previous
TEM, XRD, and EPR results. As shown in Fig. 3b, there are bind-
ing energies at 532.28 and 529.88 eV which belong to the charac-
teristic peaks of hydroxyl oxygen and lattice oxygen, respectively
[33]. Fig. 3c illustrates that the binding energies at 200.31 and
201.95eV belong to Cl 2p3, and Cl 2py), characteristic peaks, re-
spectively. Meanwhile, in the full-scale XPS spectra of Fig. 3d, it
can be further confirmed that the Bi/BiOCl sample contains only
Bi, O, and Cl, and there are no other interference elements. More-
over, in the valence band spectra (Fig. S5 in Supporting inforam-
tion), it can be seen that the valence band (2.02eV) of Bi/BiOCI is
smaller than that of BiOCl (2.21 eV), which proves that metal Bi in-
creases the maximum valence band value of Bi/BiOCl and reduces
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the bandgap. As shown in Fig. 3e, the separation efficiency of the
electron-hole pairs is analyzed by steady-state photoluminescence
spectroscopy (PL). The peak intensity of Bi/BiOCl at the emission
peak around 388 nm is much weaker than BiOCl, indicating that
Bi/BiOCl reduces the recombination of photo-generated electron-
hole pairs, thus having a longer excitation lifetime and higher sep-
aration efficiency. It also proves that photogenerated electrons in
the energy band structure may flow from the metal Bi to BiOCl
[34]. Additionally, the transient luminescence spectra (Fig. S6 in
Supporting information) tests expressed that the excitation life of
Bi/BiOCl is longer than that of BiOCl, which confirm that the ap-
propriate metal Bi content in Bi/BiOCl plays a vital role on the
effective separation of photogenerated charge carriers for photo-
catalysis [29,35]. The electrochemical impedance spectroscopy (EIS)
is applied to explore the efficiency of charge separation in pho-
tocatalysts (Fig. 3f). Compared with the two samples under light
conditions, Bi/BiOCl has less curvature, suggesting that the resis-
tance is lower and the transfer and separation efficiency is higher.
The appearance of metal Bi enhances the charge separation pro-
cess, which affects the distribution of electric double layers and
promotes electron transport, making the electric transfer resistance
significantly decreased to facilitate the separation of electron-hole
pairs [36]. This is consistent with the PL results. Fig. 3g is a scan-
ning Kelvin probe microscope (SKP), a surface potential measure-
ment technique that measures the work functions or surface po-
tentials of materials. The work function (W) can be calculated ac-
cording to Eq. 3:

ACPD

1000 (3)
where ACPD is the contact potential difference. The work func-
tions of metal Bi, BiOCl, and Bi/BiOCI are calculated to be ca. 4.73,
5.18, and 4.88 eV, respectively. The metal Bi has a lower Fermi level
than BiOCl, demonstrating that the electron flow direction is from
metal Bi to BiOCl. The Bi/BiOCI has a lower Fermi level than BiOCl,
with this changing the surface band bending and forming built-
in electric field [4]. The heterostructure of Bi/BiOCI accelerates the
charge transfer from the interface, which decreases the recombina-
tion of electrons and holes, thereby improving the photocatalytic
performance. Fig. 3h shows Mott-Schottky diagrams of BiOCl and
Bi/BiOCl at three frequencies (1.0, 1.5, and 2.0 kHz), which can de-
termine the flat band potentials. It can be noted that the slopes
of BiOCl and Bi/BiOCI are positive, indicating that materials are n-
type semiconductors. As shown in Fig. 3h, the flat-band potentials
are the x-axis intercept of BiOCl and Bi/BiOCl, which are —0.99
and —1.07V individually, indicating the increase of Fermi level for
Bi/BiOCl. The results are consistent with SKP measurements. The
carrier concentration (Ny) can be calculated from Eq. 4:

No = (WZ&))(Zé)l 4)

where eg is the charge per-unit charge, ¢ is the relative permit-
tivity, &¢ is the vacuum permittivity, C is the interfacial capaci-
tance, and V is the voltage. It takes £y =55 for BiOCl [37]. The car-
rier concentrations of BiOCl and Bi/BiOCl are Ng=122 x 10" and
N4 =2.66 x 1019, respectively. The carrier concentration in semi-
conductor materials directly determines the conductivity of semi-
conductors, which can prove that Bi/BiOCl has stronger conduc-
tivity and better photocatalytic activity than that of BiOCl. Since
the conduction band (CB) bottom of the n-type semiconductor is
nearly flat-band potential as the calculation formula (Eq. 5):

E(RHE) = E(Ag/AgCl) + 0.0591pH + 0.197 (5)

where E is the electrode potential. The values for the CB posi-
tions of BiOCl and Bi/BiOCI are calculated to be —0.38 and —0.46V,
respectively. According to bandgap width, the complete reversible

Wi (eV) = 5.1+
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hydrogen electrode (RHE) can be obtained [2,38]. In Fig. 3i, it can
be observed that the CB position of BiOCl is lower than that of
Bi/BiOCl, showing that the electron direction in the metal Bi is
transferred from Bi to BiOCl. Considering the wide light absorp-
tion of metal Bi, it showed an obvious photothermal effect (Fig.
S7 in Supporting information). Both have an onset temperature of
30°C. Fig. S7a presents the photothermal effect of BiOCl with a
central temperature increases from 30.0°C to 49.5°C (6 min). Fig.
S7b shows the center temperature increases from 30.2°C to 55.0
°C (6 min), which proves the existence of the good photothermal
effect for Bi/BiOCl. Compared with BiOCl, Bi/BiOCl has more obvi-
ous photothermal effect, owing to the surface plasmon resonance
(SPR) effect of Bi combined with BiOCl strengthening the absorp-
tion ability of sunlight [39].

In order to further reveal the electronic properties of BiOCl and
Bi/BiOCl assembly, DFT calculations with analysis of the density of
states (DOS) and work functions were performed to investigate the
possible electron transfer between Bi and BiOCl using the VASP
package. The details of the VASP calculation are available in the
supporting information. The charge density difference is shown in
Fig. 4a, in which blue and yellow colors stand for losing and gain-
ing electrons, respectively. It is clear that the electron of metal Bi
is transferred to the surface of BiOCl, which endows BiOCl with
a large number of electrons to form a built-in electric field, be-
coming a photocatalytic active center [22]. Figs. 4b-d are the dia-
gram of DOS of Bi, BiOCl, and Bi/BiOCl, respectively, in which the
total DOS of composite and the partial DOS of element Bi, O, and
Cl are all provided. As seen in Figs. 4c and d, the TDOS of BiOCI
is a semiconductor with an obvious bandgap, but after combina-
tion with Bi, the 6p state of metal Bi appears above the Fermi
level, indicating the composite has strong conductivity. In the re-
gion of the valence band near the Fermi level, there is an overlap
between the 2p state of O and the 6p state of metal Bi, suggesting
a strong electron interaction between Bi and BiOCl. The obvious 6p
state of metal Bi and Bi in BiOCl appear in the conduction band
region near the Fermi level, demonstrating their strong ability to
accept electrons of them. Both the two couplings promote electron
transfer and the generation of photogenerated charge carriers [40].
Figs. 4e-g show the work function diagrams of Bi, BiOCl, and
Bi/BiOCIl. The influence of composite materials on electron distri-
bution can be reflected by the work function, which can be de-
termined theoretically and experimentally. From the work function
diagrams, it can be noticed that the emergence of metal Bi reduces
the work function of BiOCl to promote the transfer of electrons
from Bi to BiOCl, which is consistent with the results of the above
differential charge distribution and previous experimental observa-
tion as shown in Fig. 3g.

In recent years, norfloxacin has been detected in different wa-
ter resources, and even in drinking water at levels of ng/L~ug/L
in them. [41]. Considering the universality and risk of norfloxacin
pollution, it urgently needs an efficient and practical method to
remove norfloxacin from the aqueous environment. Thus, the in-
situ grown Bi/BiOCl material is applied to photocatalytic degrada-
tion of norfloxacin. As shown in Fig. 5a, the time-varying absorp-
tion spectra of norfloxacin by Bi/BiOCl It can be expected that
the spectral intensity hardly changes with the increase of time
during dark treatment under the highest absorption wavelength
of 264 nm, suggesting that the self-degradation is not significant.
The spectral intensity decreased sharply after illumination, indicat-
ing that Bi/BiOCl has a pretty decent degradation ability of nor-
floxacin under visible light irradiation [42]. The content of metal
Bi in Bi/BiOCl was further determined by the thermogravimetric
analysis test (TG). A sharp decrease in weight at 650-800 °C can be
found in the TG curve (Fig. S8 in Supporting information), and fi-
nally a platform appears after 800 °C. After combustion, the weight
of the remaining single-phase BiOCl is 78.8 wt%, and the weight
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of the remaining Bi/BiOCl is 92.9 wt%. According to the relative
mass, it can be calculated that the weight of the metal Bi in the
Bi/BiOCl sample is ~7 wt% [43]. To further measure the photo-
catalytic activity of Bi/BiOCl, the metal Bi is mechanically mixed
with BiOCI to synthesize 7% Bi+BiOCl (pure BiOCl without metal
Bi could be obtained by reacting in DMF solvent for 1h, and then
BiOCl was ground with 7 wt% of metal Bi in a ball mill for about
6h). Fig. 5b shows the norfloxacin photocatalytic degradation per-
formance of BiOCl, in-situ grown Bi/BiOCl, and mechanically mixed
Bi+BiOCl materials. After dark treatment for 20 min, the photo-

catalytic degradation rate of Bi/BiOCl could be up to 95.2% un-
der visible light irradiation within just 20 min, while the degrada-
tion rate of BiOCl could only be 22.1%. As well as the degradation
rate of mechanically synthesized Bi+BiOCl is only 77.2%, which was
18% lower than that of Bi/BiOCl. The photocatalytic performance
of Bi/BiOCl is better than those of most literatures of BiOCl-based
materials (Table S3 in Supporting information). The results indicate
the more efficient charge transfer and separation in Bi/BiOCI than
that of the physical mixture due to the intimate interface via in-
situ formation. The degradation rate of Bi/BiOCl is 4.3 and 1.2 times



D. Song, M. Li, E Yang et al.

Chinese Chemical Letters 35 (2024) 108591

(#)100 —===11 (b)
gusioc] ©, | =
—~801
33 25
= (@)
6601 =20
s ©
® a0 £ 151
@ . BIOCIBh
« BIOCI12h
O 20; L . BIOCI18h
BiOCl 24 h
o % 10 15 20
(©) MR B ME . Irradiation time (min)
{ I1DQ
Bi/BIOCI BIBIOCI
0.12 i
&
= e
"0.08 §eo
£ s .
=5 g 40
0.04 1 3
0 29
Sl 18h 24h K FBuOH BQ AGNO,
(4]
ligh
L J
M
CiHig
FNO,

-
o

Fig. 6. Histograms of photocatalytic degradation rates (a), rate curves (b), and rate constants (c) of Bi/BiOCl (6h, 12 h, 18 h, and 24 h). (d) Inhibition of norfloxacin degradation
by free radical scavengers in the Bi/BiOCl system. (e) The proposed photocatalytic mechanism of Bi/BiOCl heterojunction assembly under visible light irradiation.

greater than both BiOCl and Bi+BiOCI. Such a significant degrada-
tion rate of Bi/BiOCl is due to the synergistic effect of Bi and the
interface engineering of BiOCI [18,44]. The reaction kinetics of nor-
floxacin are fitted according to the first-order kinetic equation, as
shown in Eq. 6:

In(Go/C) = kt (6)

where Cy is the initial concentration of norfloxacin, C is the actual
concentration when the reaction time is t, and k is the reaction
kinetic constant. The rate curves of BiOCl, Bi/BiOCl, and Bi+ BiOCI
are shown in Fig. 5c. It can be visualized that between In(Cy/C)
and t follow the first-order kinetic curve. Furthermore, as shown
in Fig. 5d, the dynamic constants of BiOCI, Bi/BiOCl, and Bi+BiOCI
are estimated to be ca. 0.01, 0.126, and 0.052, respectively. It is cal-
culated that the dynamic constants of Bi/BiOCl are 12.6 and 2.4
times higher than those of BiOCl and Bi+BiOCl, showing that not
only the metal Bi enhances the degradation effect of BiOCl but also
the strong interface contact between metal Bi and BiOCl is con-
ducive to charge transfer, which further confirms that Bi/BiOCl has
a good prospect in the environmental applications. The close in-
terface coupling of Bi/BiOCl provides a good solution for photo-
catalytic degradation of pollutant norfloxacin, which indicates that
the efficient interface engineering is vital for promoting photogen-
erated charge transfer and separation, thereby improving the pho-
tocatalytic performance.

The influence of reaction time on the photocatalytic degrada-
tion performance of Bi/BiOCl was further investigated, and the
Bi/BiOCl with different preparation reaction times (6, 12, 18, and
24h) were degraded norfloxacin by the control variable method
(Fig. 6a). The degradation rates of the four samples are 92.5%,
95.2%, 92.4%, and 86.6%, respectively. It can be found that the
photocatalytic degradation activity of Bi/BiOCI at 12 h is optimized,
which is reflected in the kinetic curve and kinetic constant. In
Fig. 6b, it can be identified that the four samples conform to the
first-order kinetic curve. The kinetic constants of Bi/BiOCl at 6,
12, 18, and 24h are estimated to be 0.102, 0.126, 0.106, and 0.072,
respectively (Fig. 6¢). It can be concluded that Bi/BiOCl with a
reaction time of 12h has the optimized metal Bi content, which
provides feasible active sites in photocatalytic reaction [45]. It is
well known that the photocatalytic degradation process involves
four reactive species, i.e., "OH, ‘0,~, h™ and e~. The primary and
secondary reactive species can be determined by a free radical
capture experiment. In Fig. 6d, compared with the blank experi-
ment, benzoquinone (BQ), silver nitrate (AgNOs3), potassium iodide
(KI), and Tert-butanol (t-BuOH) are used to capture superoxide
anion, electron, holes, and captures hydroxyl groups, respectively
[46,47]. After adding BQ and AgNOs, it is found that the photo-
catalytic degradation rate decreases significantly, demonstrating
that the active species are mainly e~ and ‘O, in this system. As
shown in the proposed photocatalytic mechanism diagram (Fig.
6e), Bi/BiOCl is a microsphere composed of nanosheets, which has
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a tight coupling structure to accelerate charge transfer and also
inhibits the aggregation of nanosheets. At the same time, the SPR
effect of metal Bi promoted the separation of electrons and holes
of BiOCl, making the degradation of norfloxacin antibiotics into
CO,, H,0, and other small molecules. And the metal Bi could also
show obvious photothermal effect, which could further promote
the photocatalytic performance. Under visible light irradiation,
electrons transfer from VB to CB of BiOCl, and holes are left in
the microsphere structure of Bi/BiOCl to promote the formation
of OH~ to "OH. In addition, the in-situ reduced elemental Bi also
transfers its electrons to CB of BiOCl through the SPR effect, and
0, is converted to *0,~, which are both reactive species during
photocatalytic process as discussed above [22]. The efficient charge
transfer and separation between Bi and BiOCI is of great impor-
tance to improve the photocatalytic performance. After interface
engineering, the in-situ formation of Bi could be anchored on
surface of BiOCl intimately, which could form efficient bridge for
charge transfer and inhibit the recombination. This is important
factor for the excellent photocatalytic performance.

In summary, in-situ plasmon Bi/BiOCl heterojunction assem-
bly microspheres were formed by a simple solvothermal synthesis
method, which formed the closely interface coupling to enhance
the charge transfer efficiency. The degradation rate of Bi/BiOCl was
4.3 times greater than that of BiOCl. The photocatalytic rate con-
stants of Bi/BiOCl were estimated to be 12.6 and 2.4 times greater
than those of BiOCl and the physical mixture, respectively. This
could be ascribed to the formation of in-situ plasmon Bi/BiOCl het-
erojunction and the SPR effect of Bi favoring charge transfer and
separation, as well as the obvious photothermal effect promoting
the photocatalytic activity. Experimental and DFT calculations both
proved the charge transfer directions, which favored improving
the final photocatalytic performance obviously. Especially, the in-
situ formation plasmon Bi anchored on BiOCI facilitated the charge
transfer greatly. In addition, the capture experiments confirmed
that electrons and "O,~ were both active species in this photo-
catalytic system. The high-efficient visible light photocatalysts will
have prospective applications in the environmental field.
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