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A B S T R A C T   

Direct Z-scheme Bi5O7I/UiO-66-NH2 (denoted as BU-x) heterojunction photocatalysts were successfully con-
structed through ball-milling method. Photocatalytic activities of the as-prepared BU-x samples were determined 
by using a typical fluoroquinolone antibiotic, ciprofloxacin (CIP). All BU-x heterojunctions exhibited better CIP 
removal performances than that of pristine Bi5O7I and UiO-66-NH2 upon exposure to white light irradiation. In 
comparison, the heterojunction with UiO-66-NH2 content of 50 wt% (BU-5) showed excellent structural stability 
and the optimal adsorption-photodegradation efficiency for the CIP removal. The removal efficiency of CIP 
(10 mg/L) over BU-5 (0.75 g/L) achieved 96.1% within 120 min illumination. Meanwhile, the effect of photo-
catalyst dosage, pH and inorganic anions were systemically explored. Reactive species trapping experiments, 
electron spin resonance (ESR) signals, Mott-Schottky measurements and density functional theory (DFT) simu-
lation revealed that the photo-generated holes (h+), hydroxyl radical (⋅OH) and superoxide radical (⋅O2

–) played 
crucial roles in CIP degradation. This result can be ascribed to that the unique Z-scheme charge transfer 
configuration retained the excellent redox capacities of Bi5O7I and UiO-66-NH2. Meanwhile, the CIP degradation 
pathways and the toxicity of various intermediates were subsequently analyzed. This work provided a feasible 
idea for removing antibiotics by bismuth-rich bismuth oxyhalide/MOF-based heterostructured photocatalysts.   

1. Introduction 

Ciprofloxacin (CIP) is a broad-spectrum antibiotic belonging to the 
class of second-generation quinolone antibiotics and is widely used for 
resistant bacterial diseases (Phoon et al., 2020; Hu et al., 2020a). 
Nonetheless, CIP cannot be metabolically decomposed entirely, leading 
to their discharge into environment. Approximately 31 mg/L of CIP has 
been detected in pharmaceutical wastewater effluent, 14 mg/L in 
municipal wastewater effluent, 2500 and 14 μg/L in surface water and 
groundwater respectively (Li et al., 2020b; Kovalakova et al., 2020). 
This indicates that the current pharmaceutical wastewater treatment 
plants (WWTPs) are not adequately effective enough to decontamina-
tion of CIP. More seriously, CIP is susceptible to induce bacterial resis-
tance with severe bio-toxic effects in certain probiotics even at 
extremely low concentrations, thus leading to an increased risk to 

prevention and control of the human disease (Xu et al., 2019). Hence, it 
is indispensable to exploit an effective method for the elimination of CIP 
in different aquatic environments. 

Photocatalysis is one of the alternate methods for the treatment of 
wastewater due to the photo-generated electrons and holes can activate 
H2O and/or O2 at ambient conditions to produce reactive oxygen species 
(e.g., ⋅O2

–, ⋅OH, H2O2, 1O2) to degrade contaminants (Wei et al., 2020; 
Chen et al., 2021a). But the high recombination rate of photo-generated 
charge carriers is still the main obstacle for the photocatalyst based on a 
single component. Therefore, binary heterojunction photocatalyst is 
more preferred since the existence of built-in electric field at the inter-
face of different components is contributed to promote the spatial sep-
aration of photo-generated electron-hole pairs (Wang et al., 2019b; Yi 
et al., 2021; Zhao et al., 2021a). Lately, the Z-scheme photocatalysts 
have gained sufficient attraction over conventional type-II 
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heterojunction photocatalysts owing to the presence of more positive 
valence and more negative conduction band in Z-scheme system, which 
is capable to advance the corresponding photocatalytic activity via an 
accelerated migration of electrons and holes with strong redox ability 
(Liao et al., 2021; Low et al., 2017). Based on the aforementioned an-
alyses, fabrication of Z-scheme photocatalytic system would be an effi-
cient approach to prevent the recombination of undesirable 
electron-hole pairs and simultaneously maintained high redox 
capacities. 

Bismuth-rich bismuth oxyhalides (BixOyXz, X = Cl, Br and I) belong 
to a new class of photocatalysts with layered structures characterized by 
[Bi2O2]2+ and double [X] − layers (Zhao et al., 2021a; Jin et al., 2017). 
The charge density surrounding the [Bi-O] layer is higher compared 
with the double halogen slabs. Thus, a static internal electric field (IEF) 
can be generated under the influence of polarization of the non-uniform 
charge distribution, which in turn results in enhancing transfer of 
electrons and holes. Among these compounds, Bi5O7I is a newly syn-
thesized visible-light-responsive photocatalyst (Eg = 2.85–2.98 eV) with 
a strong photocatalytic activity (Li et al., 2020d; Xu et al., 2020). More 
importantly, Bi5O7I possesses more positive valence band (VB) edge 
(~3.0 eV vs. NHE) and could supply more active holes to participate in 
oxidizing organic contaminants. For example, Sun and the co-workers 
(Sun et al., 2009) firstly fabricated Bi5O7I via hydrothermal method 
and used it to the photocatalytic degradation of acetaldehyde (CH3CHO) 
and rhodamine (RhB). However, pristine Bi5O7I still has a lot of disad-
vantages, such as insufficient absorption capacity for visible light, low 
transport efficiency of photo-generated electron-hole pairs and 
photo-corrosion phenomenon limit its photocatalytic performance. 
Furthermore, the layered structure of Bi5O7I was inclined to agglom-
erate during photocatalytic process and resulted in limited active sites 
with poor affinity towards target pollutants. Therefore, fabricating a 
heterostructure by incorporating a suitable multifunctional material 
with Bi5O7I is deliberated to be an essential approach to further boost 
the photocatalytic activity of Bi5O7I. 

Metal-organic frameworks, because of their larger surface areas, 
well-organized porous and tunable structures, have been excessively 
utilized in the field of photocatalysis (Wang et al., 2019b, 2014, 2016, 
2020). Unfortunately, the poor conductivity property restrains its actual 
photocatalytic applications. UiO-66-NH2 is a zirconium-based MOF, 
which not only exhibits the outstanding properties same as other MOFs 
but also displays high chemical, structural and thermostability in 
aqueous environments. Additionally, the lowest unoccupied molecular 
orbital (LUMO) of UiO-66-NH2 (− 1.09 to − 0.51 eV vs. NHE) is more 
negative than that of most MOFs (Zhao et al., 2021a; Zhou et al., 2019), 
suggesting that photo-generated electrons in the LUMO of NH2-UiO-66 
possessed higher reduction abilities (Zhang et al., 2018; Zhao et al., 
2018b). As a result, UiO-66-NH2 is suitable for combining with Bi5O7I to 
construct a Z-scheme photocatalytic reaction system. Therefore, it is 
expected that UiO-66-NH2 with porous structure and large specific 
surface area will provide a dispersive place for layered structure of 
Bi5O7I to prevent them from aggregating, promote its adsorption ca-
pacity and ensure that Bi5O7I will effectively receive light irradiation. In 
turn, Bi5O7I can improve the photoelectric activity of UiO-66-NH2. 
Finally, the close contact and matched band positions between 
NH2-UiO-66 and Bi5O7I can greatly improve the photocatalytic effi-
ciency by inhibiting the recombination of photo-generated charge 
carriers. 

In the current work, we proposed the preparation efficient Bi5O7I/ 
UiO-66-NH2 Z-scheme heterojunctions through a facile ball-milling 
method. Various characterization techniques have been employed to 
study the physicochemical and photoelectric properties. The photo-
catalytic performance of the as-prepared materials was investigated via 
white light irradiated decomposition of CIP. Besides, the effect of pho-
tocatalyst dosage, initial pH and co-existence of inorganic ions on 
adsorption-degradation process were systemically studied. Additionally, 
the enhanced photocatalysis mechanism, CIP degradation pathways and 

the toxicity of intermediate products were also investigated. 

2. Materials and methods 

2.1. Preparation of photocatalysts 

2.1.1. Preparation of UiO-66-NH2 
The pristine UiO-66-NH2 was synthesized by using the previously 

reported solvothermal method with slight modifications (Zhou et al., 
2019; Xu et al., 2018). Briefly, a certain amount of 2-aminoterephthalic 
acid (0.81 g) and ZrCl4 (1.05 g) was prepared in 40.0 mL N,N’-dime-
thylformamide. After that, acetic acid (17.0 mL) was added into the 
above mixture with ultrasonic processing about 10 min. The obtained 
suspension was then transferred to a 100.0 mL Teflon-lined stainless--
steel autoclave and provided 24 h heating at 120 ◦C. The mixture was 
then cooled at room temperature and the resulting solid material was 
centrifuged and cleaned several times with ultrapure water to remove 
residual inorganic ions. Finally, the pale yellow UiO-66-NH2 powders 
were oven-dried at 60 ◦C for 12 h. 

2.1.2. Preparation of Bi5O7I 
Bi5O7I was fabricated by calcining BiOI precursor in a muffle furnace 

directly in air (Liu, 2015; Liu et al., 2015) and the BiOI was synthesized 
by utilizing the co-precipitation method. The detailed procedures were 
as follows: Bi(NO3)3•5H2O (1.94 g) was incorporated into the 30.0 mL 
glycol and the obtained suspension was then homogenized by providing 
ultrasonic processing for 30 min. Meanwhile, a certain amount of KI 
(0.664 g) was added in 30.0 mL ultrapure water, which was then 
incorporated into the above suspension of Bi(NO3)3•5H2O under 
vigorous stirring for 2 h. Then, the red-colored BiOI solids were collected 
via filtration, repeated-washing and drying treatments. Subsequently, 
the BiOI was placed in an alumina crucible and heated at 520 ◦C with a 
rate of 3 ◦C/min in a muffle furnace for 4 h. Upon cooling at ambient 
temperature, Bi5O7I was obtained as a solid powder. 

2.1.3. Preparation of UiO-66-NH2/Bi5O7I heterojunctions 
As described in Fig. 1, various Bi5O7I/UiO-66-NH2 heterojunctions 

(BU-x) were prepared by ball-milling method. As in standard procedure, 
0.10 g of Bi5O7I and different amounts of UiO-66-NH2 (0.01, 0.03, 0.05, 
0.07 and 0.09 g) were added into a Nanjing Nanda planet-type milling 
instrument. The milling mediums were stainless steel balls with 10 mm 
or 20 mm diameter. The operating frequency and time were set as 30 Hz 
and 20 min. Then the final products were BU-x photocatalysts, weight 
percentages of 10%, 30%, 50%, 70% and 90% were denoted as BU-1, 
BU-3, BU-5, BU-7 and BU-9, respectively. 

2.2. Material characterizations 

Analysis for the crystal structure was conducted by Dandonghaoyuan 
DX2700B X-ray diffractometer (XRD) using Cu Kα radiation with scan 
angles ranging from 5◦ to 60◦. The functional group was detected by a 
Thermo Nicolet 6700 Fourier transform infrared (FT-IR) spectrometer in 
the range of 4000–400 cm− 1. Morphological assessment and charac-
terization of element distribution of the prepared materials were con-
ducted by a Hitachi SU8020 scanning electron microscopy (SEM) and a 
JEOL JEM-2100F transmission electron microscopy (TEM). The phase 
compositions including selected area electron diffraction pattern (SAED) 
were determined by a FEI Tecnai G2 F30 high-resolution transmission 
electron microscopy (HRTEM). The UV–vis diffuse reflectance spectra 
(UV–vis DRS) were recorded by a PerkinElmer Lambda 650S spectro-
photometer. The valence states of the elements were documented by a 
ThermoFisher Escalab 250XI X-ray photoelectron spectrometer (XPS) 
with C 1s to calibrate peak positions. The Brunauer-Emmett-Teller (BET) 
surface areas of the samples were estimated with the aid of a Micro-
meritics ASAP 2460 physical absorption analyzer. The steady-state 
photoluminescence (PL) spectra were measured by a Hitachi F-7000 
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fluorescence spectrophotometer with excitation wavelength of 350 nm. 
Time-resolved PL (TRPL) decay was tested by an Edinburgh FLS 980 
spectrophotometer with 390 nm of excitation wavelength. The electron 
spin resonance (ESR) signals of the radicals were trapped by 5,5- 
dimethyl-1-pyrroline N-oxide (DMPO) and were detected on a JEOL 
JES-FA200 spectrometer. 

2.3. Photoelectrochemical measurement 

The Mott-Schottky curves, electrochemical impedance spectra (EIS) 
and transient photocurrent responses were evaluated on a Metrohm 
Autolab PGSTAT204 electrochemical workstation with a standard three- 
electrode configuration. The electrodes contained a Pt counter elec-
trode, a saturated Ag/AgCl reference electrode and working electrodes, 
namely UiO-66-NH2, Bi5O7I and BU-5 fabricated on the FTO glasses. In 
this system, Na2SO4 (0.2 mol/L) was applied as electrolyte solution. 
With respect to the working electrodes, 0.005 g of materials were 
dispersed in 400 μL ethanol-Nafion (19/1, v/v) solution to gain a slurry. 
After that, the slurry was adhered to the FTO glasses (1 × 1 cm2) and 
dried at 60 ◦C overnight. The light source was based on Perfectlight 
FX300 high-pressure Xe lamp. 

2.4. Photocatalysis experiments on ciprofloxacin degradation 

The photocatalytic efficiencies of the as-prepared materials were 
studied by decomposition of CIP under the illumination of white light. 
As a light source, a CEL-HXF300 Xe lamp was used (the wavelength 
distribution spectrum was shown in Electronic Supplementary Infor-
mation Fig. S1). Before the photocatalytic process, 100.0 mg of photo-
catalysts were added into the 200.0 mL CIP solution (10.0 mg/L) and 
the resulting suspension was then stirred for 60 min in dark till 
adsorption-desorption equilibrium. During the photocatalytic process, 
about 2.5 mL aliquot was sampled from the solution at pre-set time in-
tervals. To facilitate further analysis and remove the solid matter, the 
sample was filtrated through a polyethersulfone (PES) membrane of 
0.45 µm diameter. The concentration of CIP was detected by a Perki-
nElmer Lambda 650 S UV–vis spectrophotometer at characteristic 
wavelength of 276 nm (Lai et al., 2019). The recyclability of the optimal 
BU-5 photocatalyst was assessed through 4 adsorption-deg 
radation-regeneration runs. 

2.5. Identification of the degradation intermediates 

The identification of the degradation intermediates was accom-
plished by a Thermo Dionex UltiMate 3000 ultra-performance liquid 
chromatography (UPLC) equipped with a Waters Synapt G2-Si quadru-
pole-time-of-flight mass spectroscopy (Q-TOF-MS) at the positive ion 
mode. A Acquity BEH C-18 chromatographic column 
(2.1 mm × 50 mm, 1.7 µm) served to separate the intermediates. The 

mobile phase was composed by (A) acetonitrile and (B) 0.1% formic acid 
solution (25/75 v/v) at a flow rate of 0.3 mL/min. MS experiments were 
carried using the instrumental conditions as follows: 2.0 kV capillary 
voltage, 100 ◦C temperature of ESI source, 400 ◦C desolvation temper-
ature, 50.0 L/h cone gas flow, and 800.0 L/h of desolvation gas flow. 
The MS spectra were recorded over the range of 50–1500 m/z. 

The generated inorganic products during the photocatalytic process 
were analyzed by a SHINE CIC-D120 ion chromatography. The SH-AC-3 
anion column (250 mm × 4.0 mm) and SH-CC-3 cation column 
(100 mm × 4.6 mm) were used to analyze the F− and NH4

+ ions, 
respectively, at 35 ◦C with a flow rate of 1.0 mL/min. For the analysis of 
F− , the mobile phase was made up of 2.0 mmol/L Na2CO3 and 
8.0 mmol/L NaHCO3, while the 5.0 mmol/L solution of methanesulfonic 
acid was used for NH4

+ analysis. 

2.6. Theoretical calculations 

Density functional theory (DFT) based first-principle calculations 
were performed by the projector-augmented-wave (PAW) method using 
the Vienna Ab initio Simulation Package (VASP) (Kresse and Furth-
müller, 1996a, 1996b). The electronic exchange and related energy were 
described with the Perdew-Burke-Ernzerhof (PBE) of the generalized 
gradient approximation (GGA). Weak van der Waals interaction was 
expected to play a dominant role between UiO-66-NH2 and Bi5O7I. The 
cutoff energy for electronic wave functions was set as 600 eV. The 
k-point grid integrated in the Brillouin area was geometrically relaxed 
by 4 × 4 × 1 and sampled by the k-grid centered at 4 × 4 × 4 to accu-
rately optimize the structure. Geometry optimizations were terminated 
when the energy and force on each ion were reduced below 10− 5 eV and 
0.02 eV/Å, respectively. The units of UiO-66-NH2 were cleaved along (0 
0 1) direction to obtain the minimum repetitive unit. The combination of 
Bi5O7I on UiO-66-NH2 was analyzed on the optimized Bi5O7I surface by 
placing Bi5O7I molecular model on the top of UiO-66-NH2 structure 
model. An initial vertical distance of 2.5 Å was chosen to allow the 
interaction between Bi5O7I and UiO-66-NH2. 

3. Results and discussion 

3.1. Photocatalysts characterization 

3.1.1. PXRD and FT-IR spectra 
The crystallinity of the Bi5O7I, UiO-66-NH2 and the BU-x hetero-

junctions were firstly characterized by PXRD analysis. As shown in Fig. 2 
(a), the as-prepared Bi5O7I possessed high crystallinity degree. Mean-
while, all the diffraction peaks can be exactly matched well with the 
Bi5O7I standard card (JCPDS No. 40-0548). Additionally, the as- 
prepared Bi5O7I was indexed to the orthorhombic crystal structure 
with lattice constants of a = 16.26 Å, b = 5.35 Å, c = 11.50 Å (Chen 
et al., 2017). Meanwhile, the pristine Bi5O7I sample exhibited several 

Fig. 1. The fabrication procedure of the BU-x heterojunctions.  
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strong diffraction peaks at 2θ = 7.7◦, 10.9◦, 28.1◦, 31.1◦, 33.0◦, 33.5◦, 
47.8◦, 56.0◦ and 58.1◦, which were assigned to the (0 0 2), (2 0 0), (3 1 
4), (0 0 8), (6 6 0), (0 2 0), (6 2 0), (9 1 4) and (6 2 8) planes. The above 
features suggested the successful fabrication of Bi5O7I without any im-
purities. Furthermore, the pristine UiO-66-NH2 showed various 
diffraction peaks, which were in line with the published UiO-66-NH2 
structure (Zhou et al., 2019; Li et al., 2020c), confirming the successful 
synthesis of UiO-66-NH2. By comparison, the BU-1 and BU-3 samples 
exhibited similar PXRD patterns as the pristine Bi5O7I without any 
characteristic peaks of UiO-66-NH2. This is because of the relatively low 
amount of UiO-66-NH2 in the heterojunctions. Similar phenomenon can 
be observed in our previous reports on MOF/bismuth-based semi-
conductor composites (Zhao et al., 2020a, 2021b). Anyway, it was no 
doubt that BU-x heterojunctions were successfully constructed via 
ball-milling treatment for the mixture of Bi5O7I and UiO-66-NH2. With 
the increase of UiO-66-NH2, the peak intensities of UiO-66-NH2 
(2θ = 7.4◦ and 8.6◦) in BU-5, BU-7 and BU-9 increased gradually, sug-
gesting the UiO-66-NH2 was still able to maintain its crystal texture after 
the introduction of Bi5O7I. 

Further characterization of the functional groups of the as-prepared 
samples was performed by FT-IR. As shown in Fig. 2(b), the absorption 
spectra of pristine Bi5O7I and UiO-66-NH2 were almost similar to pre-
vious reports (Zhou et al., 2019; Li et al., 2020c; Chen et al., 2018b; Geng 
et al., 2018). More importantly, all the representative peaks of Bi5O7I 
and UiO-66-NH2 were observed in the different BU-x heterojunctions. 
Additionally, as the amount of UiO-66-NH2 increased, the correspond-
ing intensities of absorption peaks were inclined to reinforce. Among all 
the characteristic peaks in BU-x, the strong peaks at 1621 cm− 1 and 
1582 cm− 1 were indexed to the benzene ring and C––O stretching (Xu 
et al., 2018; Yang et al., 2019). The C––C and C–C vibration mode of the 
organic ligand in MOFs appeared at 1500–1400 cm− 1 (Lin et al., 2015; 
Zhu et al., 2014). The peaks located at 1382 cm− 1 and 1251 cm− 1 in 
BU-x heterojunctions were attributed to the stretching vibration of the 
C–N bond (Kardanpour et al., 2015), the peaks at 765 cm− 1 and 
664 cm− 1 belonged to O–H and C–H vibration in the NH2-BDC ligand 
(Hu et al., 2019), while the absorption band at 800–600 cm− 1 was 
attributed to the Zr–O in UiO-66-NH2 (Yang et al., 2019). It was worth 
noting that all the BU-x samples displayed a characteristic peak at 
505 cm− 1, which was associated with the stretching vibration of Bi–O 
bond from Bi5O7I (Liu, 2015; Liu et al., 2015). According to PXRD and 
FT-IR results, it seems certain that BU-x heterojunctions were success-
fully fabricated via ball-milling method. 

3.1.2. Morphology analysis 
To examine the morphology and micro-structure of the as-prepared 

materials, SEM, TEM and HRTEM analysis were performed. Fig. 3(a) 
and (d) exhibited the SEM and TEM images of UiO-66-NH2. As- 
synthesized UiO-66-NH2 exhibited a smooth octahedral morphology 
with diameters of 250–500 nm, which was consistent with the previous 
studies (Zhou et al., 2019; Li et al., 2020c; Yang et al., 2019). As to 
pristine Bi5O7I, it displayed a three-dimensional coral-like structure 
constructed by the self-assembled agglomerated nanorods with uneven 
sizes of 500 nm–2 µm in length (Fig. 3(b) and (e)). In this section, BU-5 
was selected as the representative sample of BU-x heterojunctions for 
morphology analysis. As shown in Fig. 3(c) and (f), the BU-5 basically 
kept the regular octahedral structure after ball-milling process. How-
ever, the coral-like morphology of Bi5O7I completely disappeared and 
transformed into a plenty of nanorods with diameters of 50–100 nm. 
Furthermore, it was clearly observed that relatively small Bi5O7I nano-
rods tightly adhered on the surface of UiO-66-NH2 octahedrons, result-
ing in increasement of the surface roughness. More importantly, the 
TEM and HRTEM images of BU-5 (Fig. 3(f)–(h)) exhibited closed inter-
action between Bi5O7I and UiO-66-NH2, which was expected to stimu-
late the transfer of photo-generated hole-electron pairs, thus leading to 
boost the apparent photocatalytic reaction rate. The corresponding 
HRTEM image (Fig. 3(h)) exhibited the lattice fringes of 0.31 nm, 
0.28 nm and 0.19 nm, which were assigned to the (1 1 6), (4 0 6) and (2 
1 11) planes of Bi5O7I. Meanwhile, the series of concentric rings in the 
SAED (Fig. 3(i)) were indexed to the (2 0 2), (2 0 12), (0 0 2) and (1 3 4) 
planes of Bi5O7I (JCPDS No. 40-0548). To further identify the successful 
formation of Bi5O7I/UiO-66-NH2 heterojunctions, the elemental map-
ping analysis was also carried out for any selected region in the SEM 
image of BU-5. As shown in Fig. S2, it can be found that Zr, Bi, I, O, and N 
elements were uniformly distributed on the surface of UiO-66-NH2 oc-
tahedron, suggesting that the successful loading of the Bi5O7I nanorods 
on the surface of octahedron UiO-66-NH2, which matched well with the 
SEM, TEM and HRTEM results. 

3.1.3. Optical and surface area analysis 
The optical absorption property of a photocatalyst play significant 

role in photocatalytic activity. UV–vis DRS spectra of UiO-66-NH2, 
Bi5O7I and BU-x heterojunctions were illustrated in Fig. 4(a). The pris-
tine Bi5O7I exhibited an absorption edge at approximately 415 nm, 
suggesting that Bi5O7I can undergo excitation by UV light and a fraction 
of visible light. In contrast, the as-prepared UiO-66-NH2 displayed a 

Fig. 2. (a) PXRD and (b) FT-IR spectra of the Bi5O7I, UiO-66-NH2 and BU-x heterojunctions.  
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longer absorption edge of 421 nm, which can absorb more visible light 
energy. With respect to BU-x samples, their absorption edges were red- 
shifted compared with the pristine Bi5O7I and UiO-66-NH2. Moreover, 
the photo-responsive capacities in visible light region of BU-x were 
orderly enhanced by increasing the amount of UiO-66-NH2 in the het-
erojunctions, indicating the introduction of UiO-66-NH2 was beneficial 

to reinforce the photo-exciting process during photocatalytic reaction. 
The following Eq. (1) was used to calculate the bandgap energies of the 
as-prepared samples:  

αhv = A(hv – Eg)n                                                                           (1) 

Fig. 3. SEM and TEM images of (a, d) UiO-66-NH2, (b, e) Bi5O7I, (c, f) BU-5 and (g-h) HRTEM images and (i) SAED image of BU-5.  

Fig. 4. (a) UV–vis DRS spectra and (b) N2 adsorption-desorption isotherms of Bi5O7I, UiO-66-NH2 and BU-x heterojunctions. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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where h is the Planck’s constant, α represents absorption coefficient, 
v is the frequency of light, Eg is the bandgap. The value of n is related to 
the optical transition of the semiconductors. For UiO-66-NH2, the n 
value was 1 for direct transition (Mu et al., 2018), whereas the n value of 
Bi5O7I was 4 for indirect transition (Liu et al., 2015; Cheng et al., 2019). 
As shown in Fig. S3(a)-(b), the bandgaps of Bi5O7I and UiO-66-NH2 were 
determined as 2.98 eV and 2.94 eV, which were in good accordance 
with previous reports (Xu et al., 2020; Zhou et al., 2019; Li et al., 2020c). 
The bandgaps of BU-1, BU-3, BU-5, BU-7 and BU-9 were 2.90 eV, 
2.87 eV, 2.85 eV, 2.83 eV and 2.80 eV, respectively. The above results 
suggested that BU-x heterojunctions can be excited by white light. 

The photocatalytic activity of a photocatalyst is strongly bound up 
with the corresponding specific surface area. The N2 adsorption- 
desorption isotherms and pore size distribution curves of Bi5O7I, UiO- 
66-NH2 and BU-x were shown in Figs. 4(b) and S4(a)–(g). It was obvious 
that UiO-66-NH2 rapidly absorbed a large amount N2 at relatively low 
pressures due to it is a microporous material. By contrast, the adsorption 
isotherm of Bi5O7I belonged to Type II with a feature of macroporous 
structure. With respect to BU-x samples, all the isotherms were assigned 
to typical Type IV with hysteresis loops of H3 and high relative pressure 
of 0.4–1.0. According to IUPAC classification, this trait should be 
attributed to the typical mesoporous structure, which might originate 
from the aggregations of the Bi5O7I nanorods and co-existence of UiO- 
66-NH2 (Yin et al., 2020; Santhoshkumar et al., 2019). The total pore 
volume, BET surface area, and average pore size of the prepared mate-
rials are provided in Table 1. Obviously, with the increase of 
UiO-66-NH2 content in the heterojunctions, the pore volume and spe-
cific surface area of the BU-x samples gradually increased, even though 
they exhibited moderate decrease as compared to pristine UiO-66-NH2. 
It is well known that large surface area provided sufficient adsorption 
and reaction sites for pollutants, thus finally enhancing the photo-
catalytic efficiency (Wang et al., 2019b, 2020). Therefore, it can be 
forecasted that BU-x heterojunctions might display improved photo-
catalytic activity for organic contaminant removal. 

3.1.4. XPS analysis 
The elemental compositions and surface chemical states of BU-5 

were analyzed by XPS. As presented in Fig. 5(a), the signals of C, N, 
O, Bi, Zr and I were detected in the XPS survey spectrum of the as- 
prepared BU-5, which agreed well with the PXRD and EDS mapping 
results. The high-resolution C 1s spectrum (Fig. 5(b)) could be divided 
into three peaks located at 288.8 eV (O–C––O), 286.3 eV (C–O) and 
284.8 eV (C–C) groups of NH2-BDC (Zhou et al., 2019). For the spec-
trum of O 1s (Fig. 5(c)), two characteristic peaks at 531.6 eV and 
530.2 eV may be attributed to –OH, Bi–O and Zr–O bonds of BU-5, 
respectively (Hu et al., 2019; Mei et al., 2019; Mi et al., 2014; Zhu 
et al., 2018). Fig. 5(d) showed that the N 1s spectrum can be curve-fitted 
into two peaks at 400.2 eV and 398.9 eV, which were relevant to –NH– 
and –NH2 groups of organic ligand in UiO-66-NH2 (Zhou et al., 2019; 
Iqbal et al., 2008; Zhang et al., 2013). As depicted in Zr 3d spectrum 
(Fig. 5(e)), the peaks at 185.2 eV and 182.8 eV represented the Zr 3d3/2 
and Zr 3d5/2 of UiO-66-NH2 in BU-5 sample (Ding et al., 2017). 

Moreover, the high-resolution spectrum of I 3d exhibited two strong 
peaks at 631.1 eV and 619.7 eV (Fig. 5(f)), which can be indexed to I 
3d3/2 and I 3d5/2 and revealed that the valence of I in the BU-5 was − 1 
(Li et al., 2020a; Zeng et al., 2016). Meanwhile, the Bi 4f5/2 and Bi 4f7/2 
peaks of BU-5 were located around 164.4 eV and 159.1 eV, respectively 
(Fig. 5(g)), indicating the valence of Bi in the BU-5 was + 3 (Liang et al., 
2019). Therefore, the valence states of Bi and I suggested that the ex-
istence of Bi5O7I in the BU-5 sample. More importantly, the binding 
energies of I 3d and Bi 4f in BU-5 were higher than those of Bi5O7I, while 
the binding energies of Zr 3d were lower than those of UiO-66-NH2. This 
should be ascribed to the increased electron density on Zr atoms and the 
decreased electron densities on Bi and I atoms in the BU-5 hetero-
junction. Therefore, the XPS results confirmed the electron donation and 
strong chemical interaction between Bi5O7I and UiO-66-NH2, which was 
consistent with the SEM, TEM and HRTEM analysis. Additionally, 
ICP-OES and XPS were used to determine the molar ratios of Bi/Zr. As 
shown in Table S1, the ratios determined by XPS were larger than those 
determined by ICP-OES. In other words, the surface content of Bi5O7I 
was larger than the bulk one, which might be beneficial to enhance the 
photocatalytic activities of the as-prepared BU-x samples under white 
light irradiation. 

3.2. Photocatalytic degradation of ciprofloxacin 

The photocatalytic performances of Bi5O7I, UiO-66-NH2 and BU-x 
materials were explored by CIP degradation under white light illumi-
nation. Experiments were conducted to check the activities of various 
photocatalysts for 10.0 mg/L of CIP with sample dosage of 0.5 g/L, 
normal solution pH being 5.8 and illumination time of 120 min in the 
reactor. As illustrated in Fig. 6(a), no remarkable CIP decomposition was 
found by direct photolysis under the illumination of white light, only 
25.7% of CIP was photodegraded within 180 min. As the used white 
light was a broad spectrum of different wavelengths containing ultra-
violet A (UVA) and visible light sources (Fig. S1), earlier studies had 
proved that the fluoroquinolones could absorb light in the UVA region to 
produce some reactive oxygen species (ROS) like 1O2, ⋅O2

– and ⋅OH 
(Agrawal et al., 2007; Sarkhosh et al., 2019), which may contribute to 
CIP removal. However, this result revealed that direct photolysis alone 
could not be applied as impressive procedure for CIP removal from 
aqueous solutions. Before photocatalytic degradation, the as-prepared 
materials adsorbed CIP for 60 min in darkness condition to achieve 
adsorption-desorption equilibrium. It was observed that only 1.9% of 
CIP was adsorbed by Bi5O7I, while 13.4% of CIP was adsorbed by 
UiO-66-NH2. Considering that the BET surface area and total pore vol-
ume of UiO-66-NH2 were 729.02 m2/g and 0.422 cm3/g, respectively, 
which were much larger than that of Bi5O7I (0.98 m2/g and 
0.003 cm3/g). Hence the main reason for this phenomenon was due to 
different pore volumes and specific surface areas of the samples, more 
adsorption reactive sites and pollutant transport channels can be pro-
vided by UiO-66-NH2, thus enhancing the corresponding CIP adsorption 
capacity. It was worth noting that the adsorption capacities of BU-x 
samples were between Bi5O7I and UiO-66-NH2, the addition of 
UiO-66-NH2 significantly improved the CIP adsorption potential of 
BU-x, and BU-9 possessed a maximum adsorption efficiency of 11.5%. 
The next 120 min included the process of photocatalytic degradation. 
Obviously, the CIP photocatalytic degradation by pristine Bi5O7I and 
UiO-66-NH2 were inefficient, only 46.0% and 37.4% of CIP were 
decomposed under white light irradiation. However, it can be seen that 
BU-x heterojunctions exhibited prominently higher ability in degrada-
tion of CIP compared with pristine Bi5O7I and UiO-66-NH2. With the 
increasing weight percentage of UiO-66-NH2 from 10% to 90%, the 
photocatalytic efficiency was gradually enhanced and then decreased 
owing to superfluous UiO-66-NH2 may block the active sites presented 
on the Bi5O7I surface. The highest degradation percentage of 82.2% was 
achieved by the BU-5 after 180 min of adsorption-degradation process. 
More importantly, under identical conditions, degradation efficiency of 

Table 1 
BET surface area, average pore size and total pore volume of the as-prepared 
samples.  

Samples SBET (m2/g) Average pore size (nm) Total pore volume (cm3/ 
g) 

Bi5O7I  2.29  15.703  0.007 
UiO-66- 

NH2  

729.02  2.318  0.422 

BU-1  5.53  12.448  0.022 
BU-3  21.65  5.625  0.030 
BU-5  66.03  3.615  0.059 
BU-7  109.89  3.203  0.088 
BU-9  141.83  3.151  0.112  
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Fig. 5. (a)–(f) Survey, C 1s, O 1s, and N 1s high-resolution XPS spectra of the BU-5 heterojunction, (g) the comparison of Zr 3d, I 3d and Bi 4f spectra between BU-5 
and Bi5O7I. 
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CIP solution over the physical mixture of Bi5O7I and UiO-66-NH2 were 
only 37.2% after 120 min of illumination time. Thus, the synergistic 
effect can be achieved by the combination of Bi5O7I and UiO-66-NH2 via 
ball-milling process, which may be ascribed to the formation of BU-x 
heterojunctions can enhance light absorption efficiency, accelerate the 
transfer rate of photo-generated electron-hole pairs and reinforce the 
oxidation ability for organic pollutants. Meanwhile, reaction kinetics for 
CIP degradation was determined through pseudo-first-order reaction 
kinetic model by using Eq. (2) (Liu et al., 2019; Yu et al., 2019):  

− ln(Ct/C0) = kt                                                                               (2) 

where Ct denotes the CIP concentration at time t while C0 represent 
time zero, k is the degradation rate constants. As depicted in Fig. 6(b), 
the order of k value was observed as UiO-66-NH2 
(0.0026 ± 0.000156 min− 1) < physical mixture (0.00353 ± 0.000438 
min− 1) < Bi5O7I (0.00497 ± 0.000106 min− 1) < BU-1 (0.0058 ± 0.00 
0354 min− 1) < BU-3 (0.00721 ± 0.000141 min− 1) < BU-9 (0.00749 ±

0.000078 min− 1) < BU-7 (0.00907 ± 0.000311 min− 1) < BU-5 (0.01 
356 ± 0.000488 min− 1). Apparently, the optimal BU-5 displayed the 
highest k value, which was 5.22 and 2.73 times higher compared with 
pristine UiO-66-NH2 and Bi5O7I, respectively. All the above results 
demonstrated that BU-x heterojunctions could effectually improve the 
CIP photodegradation activity under white light irradiation. 

3.2.1. Effect of photocatalyst dosages 
As to photocatalytic process, the photocatalyst dosage in reaction 

system will directly influence the corresponding number of active sites 
and yield of free radicals. Therefore, effect of varying BU-5 dosages 
(0.25, 0.50, 0.75 and 1.00 g/L) on photodegradation of CIP was evalu-
ated at constant concentration of CIP (10 mg/L) and pH value of 5.8 
(natural condition). As illustrated in Fig. 7(a), with the increased dosage 
of BU-5 from 0.25 g/L to 1.00 g/L, the adsorption capacities toward CIP 
in darkness gradually rose from 6.2% to 34.7% owing to the enhancive 
number of available adsorption sites of BU-5 particles. More impor-
tantly, the total removal efficiencies and apparent reaction rates of CIP 
were accordingly increased with an optimal dosage of 0.75 g/L (total 
removal efficiency reached to 96.1%), which should be ascribed to more 
active free radicals might be generated by larger amounts of the pho-
tocatalyst. However, the maximum dosage used in this study (1.00 g/L) 
resulted in a slightly decreased total removal efficiency and apparent 
reaction rate. According to Fig. 7(b), the k values followed the order of 
0.25 g/L (0.01103 ± 0.000127 min− 1) < 0.50 g/L (0.01356 ± 0.00 
0488 min− 1) < 1.00 g/L (0.01415 ± 0.000622 min− 1) < 0.75 g/L 
(0.02694 ± 0.000643 min− 1). The decrease at the high BU-5 dosage was 
probably ascribed to light scattering resulting from the increased 
turbidity and the subsequent reduction in the white light penetration 
and the photocatalytic reaction rate (Vaiano et al., 2018; Zhao et al., 
2018). The measured turbidities for the BU-5 dosage increasing from 

Fig. 6. (a) Photocatalytic degradation of CIP using various photocatalysts irradiated with white light and (b) their corresponding k values, condition: CIP = 10 mg/L, 
sample dosage = 0.5 g/L, pH = 5.8. 

Fig. 7. (a) Adsorption-photocatalytic curves of CIP under different BU-5 loadings and (b) the corresponding degree of adsorption, photodegradation and k values, 
condition: CIP = 10 mg/L, pH = 5.8. 
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0.25 g/L to 1.00 g/L were 360 NTU, 640 NTU, 1092 NTU and 1588 
NTU, respectively. Since no enhanced removal of CIP could be observed 
above the 0.75 g/L dosage of BU-5, thus the optimal dosage of BU-5 was 
set as 0.75 g/L. Meanwhile, being compared with the reported photo-
catalysts, the BU-5 in this study did possess a competitive performance 
towards CIP removal (Table 2). 

3.2.2. Effect of initial pH 
The pH of the solution is one of the crucial environmental factors that 

can dramatically influence the photocatalytic process. However, the 
interpretation of pH effect on the photocatalytic process is a tough task 
since it determines the surface electrical properties of photocatalyst, 
existing forms of target organic pollutant and formation mechanism of 
active free radicals in the reaction system (Wang et al., 2019b, 2016, 
2020; Zhao et al., 2021a). In the current research, the influence of initial 
pH on the adsorption-photodegradation of CIP in aqueous suspensions of 
BU-5 was investigated at pH values being 3.0, 5.8, 7.0 and 9.0. The 
dosage of BU-5 and CIP concentration were set as 0.75 g/L and 10 mg/L, 
respectively. As expected, the solution pH possessed a remarkable effect 
on the capacity to adsorb the CIP molecules (Fig. 8(a)). The adsorption 
capacities of CIP were only 12.6% and 8.7% at pH = 3.0 and 9.0, 
whereas the adsorption capacities increased to 20.1% and 24.6% at 
pH = 5.8 and 7.0, respectively. This phenomenon can be attributed to 
the point of zero charge (pHPZC) of BU-5 and the charge characteristic of 
CIP molecules. Fig. S5 displayed the Zeta potentials of BU-5 under 
different pH values. The pHPZC of BU-5 was calculated to be 3.74, 
indicating that the BU-5 surface will remain positively charged at 
pH < 3.74 and negatively charged at pH > 3.74. Furthermore, the CIP 
exhibited zwitterionic characteristic with two pKa values of 6.2 and 8.8 
(Dodd et al., 2005). Therefore, under the acid condition (pH < pKa1 
= 6.2), CIP possesses a positive charge on its piperazinyl group, whereas 
CIP exists as a negative charge on its carboxylic moiety under the 
alkaline condition (pH > pKa2 = 8.8). At neutral pH both cationic and 
anionic species are in dynamic equilibrium, thus CIP could reach the 
equipotential point (Dodd et al., 2005; Gad-Allah et al., 2011). Based on 
the above results, it should be inferred that there were strong electro-
static repulsion between CIP and the BU-5 at pH = 3.0 and 9.0, leading 
to the low adsorption capacities toward CIP molecules. In general, the 
pre-adsorption behavior for the target pollutant will inevitably affect the 
subsequent photocatalytic activity. Fig. 8(b) showed that the photo-
degradation rate increased to a peak at pH = 7.0 and started to decrease 
with further increasing solution pH, following was the order of corre-
sponding k values at pH = 7.0 (0.03402 ± 0.000628 min− 1) >
pH = 5.8 (0.02694 ± 0.000643 min− 1) > pH= 9.0 (0.01522 ± 0.00 
0177 min− 1) > pH = 3.0 (0.01133 ± 0.000834 min− 1). The high pho-
tocatalytic rate in case of pH = 7.0 can be attributed to two reasons as 
follows. Firstly, neutral condition was beneficial to ⋅OH production via 
h+ oxidation of H2O or OH− , thus enhancing the efficiency of ⋅OH attack 
on CIP molecules (Zhao et al., 2018a). Secondly, when the solution pH 
was close to the equipotential point of CIP (approximately 7.5) (Dodd 
et al., 2005), the CIP will absorb photons to form its photoexcited state 

with poor stability, which was inclined to be decomposed more rapidly 
(Guo et al., 2013; Dodd et al., 2005). 

3.2.3. Effect of inorganic anions 
The photodegradation efficiency of organic pollutant significantly 

affected by the presence of co-existing anions, since the anions serve as a 
function of free radical scavengers and involve in the generation of 
weaker anion reactive species (Wang et al., 2018). The influence of 
anions on the photodegradation of CIP was estimated by adding 1.0 mM 
of Cl− , SO4

2–, H2PO4
– and NO3

– to the CIP solutions. The effect of each 
anion is provided in Fig. 9(a) and the maximum inhibition on CIP 
removal was observed by the H2PO4

–, the corresponding removal effi-
ciency decreased to 75.9%. In contrast, the presence of Cl− possessed 
inappreciable influence on the CIP photodegradation, the ultimate 
removal efficiency also reached to 96.0%. Moreover, as shown in Fig. 9 
(b), the inhibition effects of different anions calculated by k values fol-
lowed the order of without co-existing anions 
(0.02694 ± 0.000643 min− 1) > Cl− (0.02320 ± 0.000544 min− 1) >
NO3

– (0.01479 ± 0.000884 min− 1) > SO4
2– (0.01253 ± 0.000 

417 min− 1) > H2PO4
– (0.01080 ± 0.000332 min− 1). As to H2PO4

–, the 
reduction in CIP degradation rate was related to the consumption or 
reaction with reactive species like ⋅OH and h+ based on Eqs. (3) and (4). 
The generated H2PO4⋅ is weaker oxidizing agent than ⋅OH (Zhao et al., 
2021b, 2018), thus affecting the photocatalytic activity of BU-5. The 
lower CIP photodegradation activity with addition of SO4

2– may be 
associated with the quenching effect of SO4

2– on ⋅OH and the production 
of SO4

–⋅ via electron transfer process (Eq. (5)) (Chen et al., 2018a). SO4
–⋅ 

radical displays a bigger molecular structure with high selectivity as 
compare to ⋅OH radical, thereby providing less chance to interact with 
organic pollutants (Wang and Chu, 2012). Liu and the co-workers (Liu 
et al., 2016) suggested that in the ⋅OH dominating process, NO3

– 

possessed negligible inhibitory effect on the degradation of organic 
pollutants. Differently, a moderate reduction of CIP removal efficiency 
(85.2%) can be found after 120 min of white light illumination. It is 
associated with the N atom present in piperazinyl structure of CIP 
molecule was inclined to be oxidized to NO3

– via attack of ⋅OH radicals, 
as expressed in Eq. (6) (Chen et al., 2018a). In view of Le Chatelier’s 
principle, the yield of NO3

– might reduce the CIP degradation rate. 
Interestingly, the Cl− induced the lowest inhibitory effect on the CIP 
photodegradation process. As seen from Eqs. (7) and (8), the Cl− can be 
transformed into HOCl− ⋅ upon reaction with ⋅OH, which can subse-
quently form Cl⋅ radical (Liao et al., 2001). Considering the secondary 
oxidizing agents of HOCl− ⋅ and Cl⋅ were both significantly effective to-
wards the degradation of organic pollutants and basically keep the same 
level as ⋅OH (Chen et al., 2018a; Saleh et al., 2019), thus the reaction 
rate was slightly decreased.  

H2PO4
–+⋅OH→H2PO4⋅+OH− (3)  

H2PO4
–+h+→H2PO4⋅                                                                        (4)  

SO4
2–+⋅OH→SO4

–⋅+H2O                                                                   (5) 

Table 2 
Comparison of the CIP removal efficiencies achieved by the reported photocatalysts.  

Photocatalyst CIP concentration (mg/L) Irradiation time (min) Dosage (g/L) Efficiency (%) Light source Reference 

Bi4O5Br2  10  120  0.50 75.0 300 W Xe lamp (> 400 nm) (Di et al., 2015) 
CuS/BiVO4  10  90  1.00 86.7 300 W Xe lamp (> 400 nm) (Lai et al., 2019) 
CNT/PbBiO2Br  10  150  0.30 88.0 300 W Xe lamp (> 400 nm) (Wang et al., 2019a) 
CQDs/PbBiO2Cl  10  75  0.30 79.0 300 W Xe lamp (> 400 nm) (Sheng et al., 2019) 
BiOI/MIL-88B(Fe)  10  270  0.30 ~80.0 150 W Xe lamp (> 425 nm) (Jahurul Islam et al., 2017) 
Pt/N-BiOCl  10  150  0.20 82.0 300 W Xe lamp (Maimaitizi et al., 2020) 
BiOBr/Bi2MoO6  10  120  0.20 85.0 300 W Xe lamp (> 420 nm) (Wang et al., 2017) 
BiOCl/Bi2WO6  10  300  1.00 65.0 300 W Xe lamp (> 420 nm) (Ma et al., 2016) 
g-C3N4/rGO/WO3  20  180  0.20 85.0 500 W Xe lamp (> 400 nm) (Lu et al., 2019) 
CeO2-Ag/AgBr  10  120  1.00 93.1 300 W Xe lamp (> 420 nm) (Wen et al., 2018) 
BU-5  10  120  0.75 96.1 300 W Xe lamp This work  
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CIP-N+⋅OH→NO3
–                                                                          (6)  

Cl− +⋅OH→HOCl− ⋅                                                                         (7)  

HOCl− ⋅+H+→Cl⋅+H2O                                                                   (8)  

3.3. Reusability and stability of UiO-66-NH2/Bi5O7I heterojunction 

To examine the potential practice of the Bi5O7I/UiO-66-NH2 heter-
ojunctions, the reusability and stability of the representative BU-5 had 

Fig. 8. (a) Effects of different initial pH values on CIP adsorption-photocatalytic degradation process, (b) the corresponding degree of adsorption, photodegradation 
and k values, condition: CIP = 10 mg/L, BU-5 = 0.75 g/L. 

Fig. 9. (a) Effect of inorganic anions on the CIP degradation over the BU-5 and (b) the corresponding k values, condition: BU-5 = 0.75 g/L, CIP = 10 mg/L, 
pH = 5.8, anions = 1.0 mM. 
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also been investigated. As illustrated in Fig. 10(a), no distinct decline 
was observed in photocatalytic efficiency of BU-5 in the removal of CIP 
after four consecutive runs, the corresponding adsorption- 
photodegradation efficiency still maintained at 90.4%. Meanwhile, to 
further explore the photocatalytic stability, the PXRD, FT-IR patterns 
and XPS survey spectra of BU-5 before and after reaction were exam-
ined. As shown in Fig. 10(b)–(d), its crystallinity, functional groups and 
elemental compositions were almost unchanged throughout 4 cycles. 
Additionally, TEM image (Fig. S6) revealed no morphology changes in 
BU-5 after 720 min of adsorption-photocatalytic operation. According to 
the above results, it should be suggested that the as-prepared BU-5 
possessed preferable stability during the photocatalytic process. 

3.4. Mechanism of enhanced photocatalysis 

Commonly, the separation and transfer efficacy of photo-generated 
carriers significantly influence photocatalytic efficiency. On this ac-
count, the photoelectric performances of as-prepared Bi5O7I, UiO-66- 
NH2 and BU-5 samples were investigated by steady/time-resolved PL, 
photocurrent density and EIS techniques. As depicted in Fig. 11(a), the 
BU-5 owned the lower PL intensity than pristine Bi5O7I and UiO-66-NH2, 
suggesting that better separative performance was obtained by this 
sample and the formation of heterojunction between UiO-66-NH2 and 
Bi5O7I accelerated the migration of photo-generated electron-hole pairs 
(Zhao et al., 2020a, 2021b; Yi et al., 2019). Afterwards, the EIS was 

introduced to examine the kinetic of charge transfer at the interface of 
various heterojunction components. The EIS Nyquist plots (Fig. 11(b)) 
illustrated that the BU-5 displayed a smaller arc radius compared with 
pristine Bi5O7I and UiO-66-NH2, revealing that it possessed a lower 
charge transfer resistance (Rct) and the first-class charge transfer ability 
(Li et al., 2020c; Chen et al., 2020). Meanwhile, being compared with 
pristine Bi5O7I and UiO-66-NH2, an apparent improvement in photo-
current response density was exhibited by the BU-5 sample (Fig. 11(c)). 
Generally speaking, the separative ability of charge carrier is in positive 
correlation with the photocurrent density (Zhao et al., 2020a, 2021b; Yi 
et al., 2019; Chen et al., 2020). The more charge carriers remain in the 
photocatalytic system, the better conductivity can be achieved. There-
fore, this result supported the conclusion obtained from steady-state PL 
spectra and EIS Nyquist plots. Furthermore, time-resolved PL spectra 
were applied to assess the quantum lifetime of charge carriers. As 
illustrated in Fig. 11(d), the average life-time (τaverage) of BU-5 (1.21 ns) 
exhibited decent improvement over those of UiO-66-NH2 (0.66 ns) and 
Bi5O7I (1.03 ns). This can be attributed to photo-generated electrons 
were inclined to transform between different materials to enhance the 
spatial separation of electron-hole pairs, thus prolonging the quantum 
lifetime of BU-5 photocatalyst (Zhao et al., 2020a; Yi et al., 2020). This 
transformation may provide more possibilities of photo-generated 
electrons to be involved in the photocatalytic reaction, thus ultimately 
leading to the greatest CIP photodegradation efficiency. For purpose of 
understanding the mechanism of photo-generated carriers migration, 

Fig. 10. (a) Cycling experiment for the CIP removal over the BU-5 under the irradiation of white light and (b) PXRD, FT-IR patterns and XPS survey spectra of the BU- 
5 before and after the cycling experiment. 
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the Mott-Schottky curves of pristine Bi5O7I and UiO-66-NH2 are depic-
ted in Fig. 11(e)-(f). The flat band potentials (EFB) of Bi5O7I and 
UiO-66-NH2 were calculated to be − 0.12 eV and − 1.08 eV vs. Ag/AgCl 
electrode, respectively. Additionally, the positive slopes were obtained 
from the linear C− 2 potential curve of Bi5O7I and UiO-66-NH2, sug-
gesting that they all behaved n-typed semiconductor properties (Sun 
et al., 2006). Previous studies had proved that the EFB potential was 
more positive 0.1 eV than the conduction band potential (ECB) for the 

most of n-typed semiconductors (Zhao et al., 2020a, 2021b). Therefore, 
the ECB of Bi5O7I and ELUMO of UiO-66-NH2 were − 0.02 eV and 
− 0.98 eV vs. NHE. In term of the empirical formula of Eg = EVB- ECB, the 
EVB of Bi5O7I and EHOMO of UiO-66-NH2 were equivalent to 2.96 eV and 
1.96 eV vs. NHE. 

The trapping experiment was conducted to ascertain the active free 
radicals involved in the CIP degradation. Various scavengers like p- 
benzoquinone (BQ), tert-butyl alcohol (TBA) and potassium iodide (KI) 

Fig. 11. (a) Steady-state PL spectra, (b) EIS Nyquist plots (c) photocurrent response densities and (d) time-resolved PL decay spectra of UiO-66-NH2, Bi5O7I and BU-5 
heterojunction. Mott-Schottky curves of (e) Bi5O7I and (f) UiO-66-NH2 at 500 Hz. 
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were introduced into the photocatalytic reactor to capture ⋅O2
–, ⋅OH and 

h+, respectively (Zhao et al., 2018c; Ji et al., 2020). Fig. S7 showed that 
upon using BQ a clear inhibitory effect on the CIP degradation was 
observed, the corresponding photocatalytic efficiency decreased to 
46.5%, manifesting that ⋅O2

– was the dominating active species in CIP 
degradation process. Additionally, the incorporation of KI caused a 
significant reduction of the BU-5′s activity (only 65.5%), suggesting that 
h+ played the second role for CIP decomposition in this photocatalytic 
reaction system. On one hand, h+ might directly oxidize the CIP mole-
cules in aqueous solution. On the other hand, h+ can react with H2O to 
produce ⋅OH, which is involved in the removal of CIP. Meanwhile, the 
addition of TPA reduced the photocatalytic efficiency by 25.3%, 
revealing that ⋅OH also participated the CIP degradation process under 
white light irradiation. 

The existence of active species during the photocatalytic process was 
further validated by performing ESR technique. As depicted in Fig. S8, 
the significant peaks with g = 2.004 can be detected in UiO-66-NH2, 
Bi5O7I and BU-5, which should be attributed to the trapping h+ centers 
on the materials’ surface (Ji et al., 2020). Additionally, it was obvious 
that the signal for h+ in the BU-5 was much stronger than those of 
pristine UiO-66-NH2 and Bi5O7I, revealing that much more h+ will be 
generated during photocatalytic process and the h+-induced radical like 
⋅OH might enhance the CIP photodegradation. Furthermore, ESR was 
also used to trap ⋅OH and ⋅O2

– radicals. As illustrated in Fig. 12, strong 
DMPO-⋅O2

– signals and negligible DMPO-⋅OH signal were observed over 
UiO-66-NH2 under white light irradiation, indicating that ⋅O2

– radicals 
were preferably produced for UiO-66-NH2 upon photo-excitation pro-
cess. On the contrary, obvious DMPO-⋅OH signals were detected in the 
ESR spectra of Bi5O7I, while no DMPO-⋅O2

– signal can be recorded in its 
corresponding ESR spectra. However, being compared with pristine 
UiO-66-NH2 and Bi5O7I, both the DMPO-⋅OH and DMPO-⋅O2

– signals 
appeared in the ESR spectra of BU-5. Based on the above results, a 
reasonable mechanism for CIP degradation is proposed in Fig. 13. As for 
the Bi5O7I/UiO-66-NH2 heterojunction constructed in the current work, 
if a conventional type II heterojunction was formed under white light 
illumination, then the photo-generated electrons undergo migration 
from the LUMO of UiO-66-NH2 to the CB of Bi5O7I, whereas transport of 
holes occurred from the VB of Bi5O7I to HOMO of UiO-66-NH2. Such 

charge transfer configuration was bound to weak oxidation ability of the 
holes and decrease reduction ability of the electrons. More importantly, 
the CB accumulated electrons of Bi5O7I and the holes occupying HOMO 
of UiO-66-NH2 cannot reduce O2 to form ⋅O2

– and oxidize H2O to produce 
⋅OH owing to the thermodynamic restriction. Based on the aforemen-
tioned results, a Z-scheme charge transfer process is an excellent 
approach to understand the improved photocatalytic efficiency of the 
BU-x heterojunctions. Under white light exposure, the photo-generated 
electrons in the CB of Bi5O7I were inclined to be transferred into the 
HOMO of UiO-66-NH2 due to strong electrostatic attraction between the 
electrons in CB of Bi5O7I and holes in HOMO of UiO-66-NH2. In that 
way, the space separation of photo-generated electron-hole pairs can be 
remarkably improved within UiO-66-NH2 and Bi5O7I. Therefore, the 
electrons retained in the LUMO of UiO-66-NH2 were more susceptible to 
be trapped by O2 to form ⋅O2

– because of more negative ELUMO of 
UiO-66-NH2 (− 0.98 eV vs. NHE) than the standard redox potential of 
O2/⋅O2

– (− 0.33 eV vs. NHE) (Zhao et al., 2020a; Yi et al., 2019; Chen 
et al., 2020). Additionally, the holes in the VB of Bi5O7I can react with 
H2O to generate ⋅OH because the EVB of Bi5O7I (2.96 eV vs. NHE) was 
more positive compare with standard redox potential of H2O/⋅OH 
(2.40 eV vs. NHE) (Zhao et al., 2021b, 2020b; Chen et al., 2020). Thus, 
the generated ⋅O2

– and ⋅OH subsequently took part in the CIP degradation 
process. Previous studies suggested that the Pt nanoparticles could be 
reduced from H2PtCl6 via accepting the photo-generated electrons, thus 
it can be used to confirm the charge transfer route from the other 
perspective (Wang et al., 2021; Yi et al., 2021). As shown in Fig. 14(a), it 
can be observed that the Pt nanoparticles were mainly deposited around 
the UiO-66-NH2 octahedron, indicating that the BU-5 followed the 
Z-scheme charge transfer process. Additionally, the charge transfer 
mechanism between UiO-66-NH2 and Bi5O7I was verified by Bader 
charge simulating computation. The optimized structure model of the 
Bi5O7I/UiO-66-NH2 heterojunction and the result of Bader charge 
analysis were shown in Fig. 14(b) and Table S2, respectively. The results 
revealed that average 0.2026 electrons migrated from Bi5O7I to 
UiO-66-NH2 at the Bi5O7I/UiO-66-NH2 interface. Accumulation of net 
charges was contributed to generate a built-in electric field at the 
interface (Singh et al., 2020; Liu, 2015), which involved to suppress the 
recombination of electron-hole pairs and increase the probability of 

Fig. 12. DMPO-⋅OH and DMPO-⋅O2
– signals of (a, d) NH2-UiO-66, (b, e) Bi5O7I and (c, f) BU-5 samples.  
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charge carriers participating in the redox reactions on the surface of 
UiO-66-NH2/Bi5O7I heterojunction. Therefore, the DFT calculation re-
sults were consistent with the experimental results and proved the for-
mation of Z-scheme heterojunction between the UiO-66-NH2 and Bi5O7I. 

3.5. Evaluation of degradation pathway and toxicity 

The intermediate products of CIP by BU-5 were detected by UPLC-Q- 
TOF-MS to deduce the degradation pathway. During the photocatalytic 
process, eleven intermediates were spotted with m/z of 362, 306, 291, 
263, 245, 334, 348, 278, 288 and 243. As illustrated in Fig. 15, the CIP 
photodegradation mainly underwent three pathways, including the 
degradation of piperazine ring and the breaking of quinolone moiety. To 
be more specific, the first decomposition step of CIP was the oxidation 
and breakage of piperazine ring to generate product A (pathway 1). 
Then the product B was produced by losing two groups of C––O and the 
intermediate B could be converted into C simultaneously via the process 
of hydroxylation and losing of CH–NH2 group. Moreover, under the 
action of h+, the intermediates F and G were created via a release of 
C––O group. It was worth noting that the generated G can also be con-
verted into C via oxidation of ⋅O2

– and ⋅OH radicals. The formation of 
product D was associated with the removal of C––O from product C, 

which was then converted into intermediate E via the process of 
defluorination with the aid of h+ attack and illumination of white light 
(Salma et al., 2016). Yu and co-workers (Yu et al., 2019) had applied the 
theoretical calculation of the frontier electron densities (FEDs) to reveal 
that N atom in piperazine ring and C atom attached to carboxyl group 
were easily attacked by ⋅OH. Because the N atom possessed greater steric 
hindrance, hence the C atom within the quinolone structure was 
attacked by ⋅OH and induced the production of intermediate J via the 
process of decarboxylation (pathway 2). Afterward, the piperazine and 
adjacent C––C in quinolone structure of intermediate J could be further 
oxidized and allowed the formation of intermediate K. Such degradation 
pathway was found in FeS2/SiO2 and Zn-doped Cu2O catalytic systems 
(Yu et al., 2019; Diao et al., 2017). With respect to pathway 3, the in-
termediate H was generated from the hydroxylation of CIP. Various 
reported studies showed the h+ promoted stepwise oxidation of the 
piperazine side chain (Xu et al., 2019; Lai et al., 2019; Yu et al., 2019; Hu 
et al., 2020b) and the oxidizability of functional groups followed the 
order of pyridone ring < phenyl ring < piperazine ring (Sturini et al., 
2010). Therefore, the intermediate I was preferentially created via 
dealkylation and hydroxyl group substitution. More importantly, the 
above active species could persistently act on CIP degradation process, 
which resulted in the mineralization of the above unstable intermediates 

Fig. 13. The possible mechanism for CIP degradation over the UiO-66-NH2/Bi5O7I heterojunctions under white light irradiation.  

Fig. 14. (a) HRTEM image of photo-deposited Pt nanoparticles over the BU-5 and (b) optimized structure model of the Bi5O7I/UiO-66-NH2 heterojunction. The 
brown, blue, red, pink, green, purple, and grey spheres represent the C, N, O, H, Zr, Bi and I atoms, respectively. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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into F− , NH4
+, CO2 and H2O. Fig. S9 exhibited the accumulation curves of 

inorganic ions at pre-set time intervals. It was observed that the con-
centrations of F− and NH4

+ were increased gradually during the photo-
catalysis. Agreement with the proposed three pathways, the F− was 
derived from the cleavage of C–F bond and NH4

+ resulted from the 
breakage of C–N bond in piperazine ring. 

The toxicity of CIP and its degradation intermediates were studied 
with the help of Toxicity Estimation Software TOOL (T.E.S.T.) (Ji et al., 
2020; Chen et al., 2021b; Cai et al., 2019). Four indexes including 
Daphnia magna LC50, mutagenicity, bioaccumulation factor and devel-
opmental toxicity were predicted according to the quantitative 
structure-activity relationship (QSAR) method. For the acute toxicity, 
CIP with a Daphnia magna LC50 value of 0.11 mg/L was recognized as 
“toxic” (Fig. S10(a)). However, after the photocatalytic treatment, all 
the intermediates displayed higher LC50 values, indicating the acute 
toxicity was reduced. Fig. S10(b) showed that the Bi5O7I/UiO-66-NH2 
photocatalytic system can significantly reduce the mutagenicity toxicity. 
Most of intermediates (compounds C, E, F, G, I and K) were transformed 
into “mutagenicity negative”. Similarly, almost all the intermediates 
(except for compound J) showed lower bioaccumulation factor (Fig. S10 
(c)), indicating the rupture of piperazine moiety could proceed through 
the loss of toxicity. Furthermore, CIP with a developmental toxicity 
index of 0.97 was considered as a “developmental toxicant”. Neverthe-
less, most of intermediates exhibited lower developmental toxicity 
(Fig. S10(d)). Based on the above analysis, the constructed Bi5O7-

I/UiO-66-NH2 photocatalytic process was a “green” methodology owing 
to the toxicity attenuation performance, indicating great practical po-
tential in treatment of CIP-containing wastewater. 

4. Conclusions 

In summary, novel Bi5O7I/UiO-66-NH2 heterostructured photo-
catalysts were fabricated through a facile ball-milling method. The as- 
prepared BU-5 photocatalyst showed a remarkable performance for 
the CIP degradation under the irradiation of white light comparing with 
pristine UiO-66-NH2 and Bi5O7I. The presence of UiO-66-NH2 could 
enlarge the surface area of BU-x materials, thereby improving the 
adsorption capacity and providing abundant photocatalytic active sites 
for decomposing organic pollutants. Based on the capture experiment of 
active radicals, Mott-Schottky measurements, ESR signals and DFT 
simulation, the Bi5O7I/UiO-66-NH2 heterostructures followed the 
mechanism of direct Z-scheme charge transfer rather than a conven-
tional type II heterojunction charge transfer mechanism. In that way, the 
CB electrons of Bi5O7I were combined with the holes in HOMO of UiO- 
66-NH2 and resulted in enhanced migration and utilization of charge 
carriers via photo-excitation process. Moreover, the acute toxicity of 
many intermediates was decreased during the photocatalytic process, 
revealing that the great potential for practical application of BU-x het-
erojunctions in further quinolone antibiotics wastewater treatment. 
Meanwhile, this work provides an effective approach to construct direct 
Z-scheme bismuth-rich bismuth oxyhalide/MOF heterostructured 
photocatalysts. 
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