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Abstract

Organic pollutants and cyanobacteria exist in water widely, which make significant
impacts on human health so that appropriate methods are needed for their removal. In
this work, Ni doped Bismuth oxychloride (BiOCI) photocatalysts were successfully
synthesized by a simple hydrotherma method. The light absorption and charge
carriers separation involved in superoxide (-O2") generation can be optimized with the
introduction of Ni element. And photocatalytic degradation experiments showed that
the 9% Ni-BiOCl enhanced photodegradation activity of organic matter (Rh B and
BPA) as well as M. aeruginosa. The degradation efficiency of Ni-BiOCl on the
remova of Rh B and BPA were approximately 34.99% and 57% higher than that of
pristine BiOCI. Furthermore, the algae inactivation was systematically studied by
three-dimensional fluorescence spectrum. Results showed that O, acted an
irreplaceable role among the experiment of photocatalytic agae removal, and the
details were described as O, and h* first destroyed the cell wall of M. aeruginosa,
secondly inactivated the active fluorescent substances in the cell, and then catalyzed
the oxidation of intracellular exudates such as chlorophyll and phycocyanin as
inorganic substances. This study provides a multifunctional catalyst for controlling
water pollution and environmental restoration.

Key words: Ni-doped BIiOCI; photocatalysis, superoxide; organic pollutants;

Microcystis aeruginosa



1. Introduction

Trace organic pollutants and cyanobacteria blooms in water have attracted more
and more attention for their health hazards and threats to the ecological environment
[1-2]. Recently, alot of treatment ways have been explored to address this issue such
as adsorption, ozonation, chlorination, ultrasound and photocatalysis [3-6].
Metals/Minerals-Incorporated materials are versatile and cost-competitive for
removing organic and inorganic pollutants from waters, different industria
applications have been recently reported [7-8]. However photocatalytic technology,
due to the high efficiency and no secondary pollution, has been regarded as an
important pollution control technology for environmental remediation [9]. Generally,
the highly active reactive oxygen species (ROS) in photocatalytic process, including
hydroxyl radical (-OH), singlet oxygen (*O2), superoxide anion radical (-Oz) and
hydrogen peroxide (H20z), play an important role on pollutant removal [10]. In recent
years, various of photocatalysts, such as TiO., ZnO, BiOX and carbon nanotubes,
have been employed for ROS generation and pollutant degradation [11-13]. However,
the pristine photocatalysts have always been restricted by the low photocatalytic

efficiency.

Researches showed that BiOCI possesses a unique layered structure, in which a
[Bi202]?* layer is sandwiched by two [Cl2]*" layersin the crystal perpendicular to the
c-axis of the unit cell so that each Bi®* ion is coordinated to four oxide ions from one
layer and five chloride ions from the next layer [14-15]. This layered structure is

conducive to the separation of electron holes [16]. Therefore, BiOCI is adopted as a



promising bismuth-based catalyst. And lots of subsequent attempts have been made to
enhance the activity of BiOCI, such as elemental doping, creation of vacancies, and
construction of heterojunctions [17-19]. Among them, doping can enhance the
photocatalytic performance of the catalyst through reducing the band gap energy of
the catalytic material, expanding the light absorption range, and increasing oxygen
vacancies [20-22]. What worth mentioning is that the crystal structure remain
unchanged [23-24]. Based on recent reports, nickel (Ni) is a magnetic metal element
with excellent electrica conductivity and electron-capturing ability [25]. Thus, we
propose a guess that Ni could be another promising element to improve the activity of
BiOCI by doping. And Ni-modified BiOCIl has not been reported for photocatalytic
degradation. What is more, previous reports either focused on the degradation of
harmful organics such as phenoal, tetracycline and ciprofloxacin or the inactivation of
cyanobacteria alone [26-29]. However, the studies of versatility of catalysts that can
simultaneously degrade organics and cyanobacteria are rare. To find a multifunctional
catalysts, we tried to ameliorate the activity of BiOCI via Ni doping, and this study
may provide an efficient example for ssmultaneously removal organic pollutants and

cyanobacteria in waste water.

In this present work, we first synthesized a layered Ni-BiOCl nanosheet by an
uncomplicated one-step hydrothermal synthesis way. Ni-BiOCl and BiOCl were
characterized from the aspects of morphology, electrochemical performance, light
absorption performance, charge separation and charge injection to evaluate the role of
doped Ni element. The organic pollutants Rhodamine B (Rh B) and bisphenol A (BPA)
aswell as Microcystis aeruginosa (M. aeruginosa), the dominant algal species caused
blooms, were applied as target object to test the photodegradability of the prepared

samples. In consideration of environmental restoration and energy utilization, a series



of single-factor inactivation experiments of M. aeruginosa was conducted to evaluate
the photocatalytic inactivation activity and define optimal reaction conditions. The
overal goa of this study is to explore multifunctional catalyst to solve the perplex of

environmental harm caused by organic pollutants and M. aeruginosa.

2. Experiment section

2.1 Preparation of Ni-BiOCI photocatalysts

Pure and Ni-doped bismuth oxychloride (BiOCIl) were prepared by simple
hydrotherma method. In a representative preparation process of Ni-BiOCI, 1.455 g of
Bi(NOs)3:5H20 (3 mmol) and 0.2237 g of KCI (3 mmol) were dispersed in 16 mL
ethylene glycol (EG) and make the same three copies. Then 0.0728 g, 0.1310 g, and
0.1892 g NiCl2:6H.O were added into to the three mixture respectively and
magnetically stirred into a uniform suspension to guarantee the medicine was
dissolved completely. Then, the mixture was poured into a 100 mL autoclave and
heated at 160 °C for 12 h. After natura cooling, the solid products were gathered
through centrifugal separation and rinsed with deionized water and absolute ethanol
for three times respectively to remove the surface impurities. In the end, after vacuum
drying at 60 °C for 12 hours, the characteristics were evaluated, and products obtained
represented as x% Ni-BiOCl (where x presents the mass content, and x = 5, 9, 13).
For comparison, the preparation of BiOCl under the same conditions without using

NiCl2-6H20.

2.2 Physicochemical characterization
The X-ray diffraction (XRD) curves of the prepared samples were measured by D8

Discover diffract meter (Germany) with a nickel-filtered Cu-Ka radiation source (=



1.54056A). X-ray photoelectron spectrum (XPS) was measured via a ESCALAB
250Xi (Germany) electron spectrometer with 150 W Al-Kao X-ray sources. Fourier
transform infrared spectrometry (FTIR) spectrum was noted for the products on an
Thermo Nicoleti S5 carried with a liquid-nitrogen-cooled MCT detector. Transmission
electron microscopy (TEM) and the HRTEM were gathered on a Talos F200S
electron microscope (FEI Co). The photoluminescence (PL) spectrometry for
prepared products were tested on a PL3-22 (HORIBA Co) photoluminescence
detector. The Shimadzu U-3900H spectrophotometer was used to gather the
ultraviolet-visible spectroscopy (UV-vis). Using BaSOs as a standard reference
sample, the light reflectance of the product was measured by an instrument. The
electron spin resonance (ESR) and the electron paramagnetic resonance (EPR) signals
of radicals spin-trapped by spin-trap reagent 5,5-dimethyl-1-pyrroline n-oxide
(DMPO) were andyzed on a Bruker A300 spectrometer. Three-dimensional
fluorescence spectrum of the cell dissolved organic matter (DOM) was examined on a

HITACHI F-4600 spectrometer.

2.3 Electrochemical characterization

A home-made three-electrode system was employed to realize the electrochemical
test, and the counter electrode was Ag/AgCl (KCI, 3 M) while the reference electrode
was Pt wire. The specimen on conductive glass (FTO) was considered as the working
electrode for photocurrent measurement plots examination and electrochemical
impedance spectroscopy (EIS) measurements as well as the Mott-Schottky (MS). The
obtained voltage vs. Ag/AgCl was alternated to reversible hydrogen electrode (RHE)

scope via the Nernst formula Eq e = By pgq +0.197+0.059pH . EIS test was

operated by using an aternating current (AC) with a voltage of 5 mV and the



frequency fluctuated between 102 and 10° Hz. The al tests were carried on a
electrochemical workstation (CHI 600E, Chenhua Co, China). The characterization

and experiments use the same light source.

2.4 Rhodamine B and Photodegradation of Bisphenol A

A 300 W Xe lamp (CEL-HXF300, Zhongjiao Instrument Co, Chain) with a420 nm
cut-off filter was used as the light source at room temperature to study the
photodegradability of the catalyst. 50 mg catalyst was dispersed in the prepared 100
mL 10 mg L™* Rh B solution. The speed of the magnetic stirrer was set to 800 r min'?
to ensure that the catalyst was evenly suspended in the Rh B solution. It was subjected
to dark conditions for 15 minutes to gain an adsorption/desorption equilibrium and
then the suspension was placed under the Xe lamp. At regular intervals, 4 mL samples
were taken and centrifuged (TG16-WS, Hunan Xiangyi Co, Chain) for 5 minutes at a
speed of 10 000 r min?, and the measurement for the samples absorbance value were
decided by a UV spectrophotometer (752, Shanghai Jinghua Co, Chain) at a
wavelength of 532 nm. According to Lambert-Beer law, the change in Rh B
concentration could be represented by corresponding absorbance (Ci/Co) [30]. The
degradation process of 10 mg L™* BPA is the same as that of Rh B. The wavelength

measured by UV spectrophotometer is 278 nm.

2.5 Algaeinhibition experiment

The experiment of photocatalytic deactivation of M. aeruginosa was performed
with a homemade photochemical reactor. The reaction device contained multiple
accessories, such as a magnetic stirrer, a double-layer beaker, and a cooling system

which can keep the reaction temperature stable. The intensity range of the light source



was adjusted around 55-85 klux. Prepare a concentration of algae with a concentration
of 2.6x10° cells mL™, aso it could be modulated to other concentrations, while the
catalyst was added at a rate of 0.02-0.10 g to 150 ml of the reaction solution. At a
given time of 10 minutes, the algae fluid were sampled and immediately placed on
hemocytometer for statistics. Meanwhile, at predetermined time of 20 minutes after
turn on the light, the samples were processed for three-dimensiona fluorescence

scanning.
3. Results and discussion

3.1 Characterizations of the photocatalysts
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Fig. 1. (&) XRD and (b) Partial XRD patterns of samples.

The phase structure and crystallinity of BiOCl and Ni-BiOCl were researched by
X-ray diffraction (XRD) patterns (Fig. 1a). The range of diffraction peaks created by
Ni-BiOCI correspond with the characteristic peaks of the standard calorie in BiOCl
(JCPDSH06-0249) [31]. In addition, the results showed that al the diffraction peaks

moved about 0.1° to a large angle (Fig. 1b), which indicated that the lattice



parameters of Ni-doped BiOCI were smaller than the pure one [10]. Since the radius
of Ni?* (0.069 nm) is smaller than the that of Bi®* (0.117 nm), it can be considered that
the change in the crystal lattice and the movement of the peaks for a high angle were
attributed to the reason that Ni was doped into the main crystal successfully [32-33].
Fourier transform infrared spectroscopy (FTIR) also proved that Ni-BiOCl was
successfully prepared (Fig. S1). Furthermore, the doping of Ni?* may eliminate the
electrostatic balance, and this should be rebalanced (managed) by forming vacancies,

which will be discussed in detail later [34].
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Fig. 2. () TEM images of 9% Ni-BiOCl and BiOCI; (b) HRTEM; (c) enlarged
HRTEM and the corresponding electron diffraction pattern (insert); and (d) EDS of

9% Ni-BiOCl.



TEM was measured to analyze the topography and internal structure of the samples.
As Fig. 2a shown, BIiOCI and Ni-BiOCl are two-dimensiona sheet-like
nanostructures and a relatively smooth surface can be observed. In Fig. 2b, the lattice
fringes are distinct and consecutive, revealing that the Ni-BiOCl nanoflakes have
good crystallinity. As shown in Fig. 2c, the space of the lattice fringes is determined
as 0.274 nm, which is relevant to (110) flat of BiOCI and the built-in graph also can
confirm this conclusion [35]. Apart from this, the elemental content of Ni-BiOCl was
also studied via EDS. As the Fig. 2d shown, the Bi, Ni, Cl, and O peaks generated by
the 2D nanosheets verify the existence of Ni in the prepared product. Ni lattice was
not observed in HRTEM, which meant that Ni element were doped into the BiOClI

|attice opportunely, which was consistent with the Raman spectra (Fig. S2).
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Fig. 3. (&) XPS full spectrum; (b) Ni 2p; (c) Bi 4f; (d) Cl 2p; (e) O 1s and (f) EPR
spectra of sample.

To grasp the surface elementary composition, element valence and the electronic
interaction of BiOCI and Ni-BiOCIl samples, XPS was measured. As shown in Fig.3a,
the prepared catalyst contains four elements: Bi, O, Cl and Ni, which was the same
with the EDS characterization results. As shown in Fig. 3b, Ni 2p spectra of Ni-BiOCI
could be segmented into four characteristic peaks at 855.7 eV, 861.3 eV, 873.6 eV and
879.8 eV, which represent main peak Ni 2ps2 and Ni 2py2 as well as the satellite peak
Ni 2pa2 and Ni 2py2, demonstrating that Ni was combined with O to form Ni-O bonds

existing in Ni-BiOCI [34]. In Fig. 3c, two strong peaks of 158.6 eV and 163.9 eV



were designated as Bi 4f72 and Bi 4fs of Bi 4f, demonstrating that Bi®* as a form of
Bi existed in both BiOCl and Ni-BiOCl [36]. As described by XRD analysis, the
lattice parameters of Ni-BiOCI are decreased via adulteration Ni, showing that the Bi
atoms in Ni-BiOCI are closer to O atoms. Fig. 3d shows that the Cl 2p on both sides
of 198.1 eV can be alocated to Cl 2py2(197.3 €V) and Cl 2ps2 (199.0 eV) energy
levels, which are characteristic peaks of CI"[37]. O 1s spectrum indicates that (Fig.
3e), the peak at 529.7 eV is part of the Bi-O bond from O*>". And the additional peak
at 532.8 eV comes from the oxygen vacancies in BiOCl and 9% Ni-BiOC| [38].
Compared with BiOCI, the peaks of the Ni-BiOCI show obvious red-shifted, and the
concentration of surface oxygen vacancies increase after Ni doping. To further
confirm this result, EPR was tested. As shown in Fig. 3f, there were obvious EPR
signa peaks for both the samples, which could be assigned to paramagnetic oxygen
vacancies [39]. It is interesting that compared with BiOCIl the characteristic peak
intensity of 9% Ni-BiOCI is stronger, which means that the content of oxygen
vacancies increases, and this is accord with the results of XPS analysis. Amusingly,
the oxygen vacancies are able to capture or combine electrons to generate
paramagnetic resonance. For Ni-BiOCI, the more oxygen vacancies, the shorter the
average moving distance of the electrons, which makes it easier for the oxygen
vacancies to combine with the electrons to form a resonance exciton to separate the
electron-hole pairs [40]. Therefore, the photocatal ytic activity was greatly improved.

3.2 Photocatalytic ROS generation performance
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Fig. 4. (@) Absorption spectrum changed with time of 9% Ni-BiOCI and BiOCI; (b)
absorbance change over 9% Ni-BiOCI and BiOCI at 370 nm with three kind of
scavengers, (c-d) ESR pattern of 9% Ni-BiOCl and BiOCI in the presence of
DMPO-0O2 and DMPO-OH, respectively.

To demonstrate the ROS generation performance of the samples, oxygen activity
examination was carried out. Fig. 4a showed that within 30 minutes, the activated
oxygen scanning peak of 9% Ni-BiOCl was higher compared with BiOCI, which
illustrated that the amount of ROS produced by 9% Ni-BiOCI| was more than BiOCI
under visible light. Fig 4b. showed that -OH, 'O, and H20, played minor auxiliary
role in photocatalysis while -O>~ was the primary ROS in the photocatal ytic process.

The ESR was adopted to further detect free radical intermediates generated on the
surface of the catalyst when photocatalysis occurs. In Fig. 4c and Fig. 4d, no signd
peaks were observed in the ESR spectra of the samlpes under dark conditions,

indicating that visible light acted an vital effect for the generate of free radicals. In Fig.

1



4c, the peaks of DMPO -O2 of 9%Ni-BiOCI is obviously stronger than BiOCI,
indicating that 9%Ni-BiOCI generates more superoxide radicals in the reaction. The
characteristic signal of DMPO--OH adducts a four-line spectrawhich intensity ratio is
1:2:2:1, but there were no obvious characteristic peaks observed in Fig. 4d, indicating
that the catalyst materials only produced a small amount of -OH. Above all, doping Ni
can enhance the generation of -O2, and -Oz is the most dynamic factor in
photocatal ytic process.

3.3 Photocatalytic ROS generation mechanism
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Fig. 5. () UV-visdiffuse spectra; (b) Tauc plot for band gap determination; (c) PL; (d)
Transient photocurrent curves; (e) EIS spectra, and (f) M S plots of 9% Ni-BiOCI and
BiOCI.

The UV-vis-DRS technology was applied to research the band gap of the new
catalyst and the optical response of the products. As shown in Fig. 5a, 9% Ni-BiOClI
has a broader absorption spectrum regions to ultraviolet and visible light compared
with BiOCl, and its absorption band edge is about 350 nm. The calculated Tauc curve
is shown in Fig. 5b, the band gap of a photocatalyst is predominated by the range of
linearity above the light-absorbing edge. Therefore, the band-gap energies are 3.30 eV
and 2.88 eV for BiOCI and Ni-BiOCI, respectively, which indicate that the doping of
Ni reduce the band gap energy successfully and promote the separation of
electron-hole.

For Photoluminescence (PL) curves (Fig. 5c), the fluorescence intensity of
Ni-BiOCl is evidently lower than BiOCI, declaring that the carriers of Ni-BiOCl have
a lower recombination probability, and the lifetime of photogenerated carriers is
longer. Previous studies have shown that metal ions doped into the catalyst lattice can
effectively accept electrons, thereby generating more activated oxygen on the catalyst
surface to improve photocatalytic performance [41]. Furthermore, Fig. 5d owned the
same phenomenon, 9% Ni-BiOCI nanosheets show a higher photocurrent response,
and the current density is 1.5 times than that of BiOCI, indicating that the doping of

Ni make the 9% Ni-BiOCI a high-quality photosensitive.



To further assess the charge of separation effectiveness of the BiOCl and Ni-BiOCl
samples, the EIS and M S spectra were measured. As shown in Fig. 5e, the radius of
curvature of Ni-BiOCI is lower than that of BiOCI, indicating that photo-generated
carriers in 9%Ni-BiOCI are easier to separate. In addition to this, the slope of the MS
diagram could represent the innate charge carrier density (Ng). Obviously, Ni-BiOCI
possess more charge carriers.

As shown in Fig. 5f, the MS plot shows that the conduction band (CB) of 9%
Ni-BiOCl is-0.71 eV, while the CB of BiOCI is-0.68 eV, and the CB of 9% Ni-BiOCl
is smaller than that of BiOCI. Taking band gap energy into consideration, the valence
band (VB) top positions of 9% Ni-BiOCl was computed as +2.17 €V while the BiOClI
was +2.62 eV. The Fig. S3 reveaed that -OH was produced by the OH™ while -O2~
was produced by Oz. In summary, the results showed that not only the band gap
energy of BiOCI was shortened after Ni doping, but also the intrinsic charge carrier

density and its transport effectiveness were improved.

3.4 Photocatalytic degradation Rh B and BPA
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Fig. 6. (a) Photocatalytic degradation Rh B; (b) corresponding kinetic curves; (c)

Photocatalytic degradation BPA curves;, and (d) corresponding kinetic curves. (At
room temperature, the concentration of Rh B and BPA are 10 mg/L and the reaction
solution was 15 cm away from the 300 W xenon lamp, and the rotating speed of the

magnetic stirrer was 800 r/min.)

Rh B and BPA were selected as the target pollutants to estimate the photocatalytic
performance of Ni-BiOCIl. The dark adsorption experiment of rhodamine B showed
that the adsorption value amost reached the maximum after 5 minutes of dark
reaction, during the next 10 minutes it decreased dlightly, and after 15 minutes it
reached the adsorption/desorption equilibrium completely (Fig. $4). As shown in Fig.
6a, after reaching adsorption-desorption equilibrium, Rh B can be degraded at an
alarming rate. The degradation rates of BiOCl, 5% Ni-BiOCl, 9% Ni-BiOCI and 13%
Ni-BiOCl were 63.98%, 85.36%, 98.97% and 89.38% under visible light for 25

minutes respectively. It is worth mentioning that in Fig. S5 the degradation rate of Rh



B can still reach 90% after 5 repeated degradation experiments. There was no change
in the peak position of the XRD pattern of the sample, but the peak was weakened.
The results showed that the sample had good reusability and stability. R?> and Root
mean sguare error (RMSE) are both statistical parameters that show the difference
between the actual measured value and the model fitting curve. R? is widely used to
indicate the fitting accuracy of which values range from 0 to 1 and the higher of R?
the higher the more accurate of the model [42]. Relevant research shows that when
the data is in the form of logio, if RMSE is less than 0.5 the model will be more
accurate [43]. In Fig. 6b, the degradation of Rh B met the quasi-first-order kinetic
equation, because the kinetic fitting parameters R? were all bigger than 0.9 and RMSE
were less than 0.5 (Table. S1). The results of BPA degradation experiments were
displayed in Fig. 6c¢, the dark adsorption capacity of the sample for BPA was very low
under dark conditions. While under visible light, the degradation rates of BPA were
37%, 69%, 94%, and 80% after 5 hours with doping amount of 0%, 5%, 9%, and 13%,
respectively. And in Fig. 6d, the kinetic constants of 9% Ni-BiOCI is BiOCI| 0.62
times than that of BiOCl (Table. S2). Therefore, the results show that 9% Ni-BiOCI
has the highest photocatalytic degradation ability. Compared with those reported in
the literature at the similar operating conditions the 9% Ni-BiOCl nanosheets

performed well to Rh B and BPA (Table. S8).

3.5 Photocatalytic algae removal experiment
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Fig. 7. (@) The effect of Ni doping on photocatalytic algae removal; (b) Kinetic fitting
of the effect of doping amount on algae removal; The effects of (c) catalyst dosage; (d)
light intensity; (€) algae concentration; and (f) rotation speed on photocatalytic algae
removal. (Taken together, the optimum condition for the four parameters are 0.05 g,
65 klux, 2.6X10° cellsmL, 500 r/min. Except for variables, the others are the

optimum condition in the above single factor experiments.)

Fig. 7a revealed the result of photocatalytic inactivation on M. aeruginosa
employing BiOCI at different Ni doped percentage. After 60 minutes light irradiation,
the algae inhibition rates of the experimental group of Ni-BiOCI (5%, 9%, 13%) were

34.59%, 93.04% and 46.94%, respectively, while the pure BiOCl changed little. As



the Fig. 7b shown, the rate of algae remova conformed to the quasi-first-order kinetic
equation. And the algae remova rate of 9% Ni-BiOCl was the fastest (Table. S3).
Hence, 9% Ni-BiOCI was used for the following influencing factors study.

It can be seen form Fig. 7c, the photocatalytic inactivation effectiveness of 0.08 g at
2.6x10° cells mL! was the best. The reaction rate constants at the dosages indicated
the k value 0.08 g was 0.0573 min dightly higher than 0.05 g (Table. $4). Hence,
0.05 g was selected as the vintage catalyst amount. It is worth mentioning that, when
the dosage of the photocatalyst exceeds a certain value, the penetration depth of the
photons decreases, thereby reduce the efficiency of the catalyst [44].

Another mgjor element in the photodegradation process is the light intensity [45].
In Fig. 7d, with the increase of light intensity, the algae suppression rate was
enhanced. Fig. S6b showed that the degradation rate constants were 0.0452 min',
0.0515 min and 0.0605 mint at 65 klux, 75 klux, and 85 klux, respectively (Table.
S5). The gap among the three values is small, which is consistent with the intuitive
results of Fig. S7. Considering energy saving, 65 klux was determined as the suitable
response light intensity.

In addition, the initial density of algae liquid has a great influence on the algae
inhibition rate. As shown in Fig. 7e, when it is 2.6x10° cells mL™, the algae removal
rate was the highest and after visible light for 60 minutes it reached 93.04%. Kinetic
fitting results showed the same trend (Fig. S6¢c and Table. S6). These phenomena

indicated that the best effect of algae removal isin the early logarithmic growth.



Moreover, the speed of the magnetic stirrer is also afactor that cannot be ignored in
this paper. As shown in Fig. 7f, the higher the speed, the greater the rate of algae
suppression. This may be due to the increase of the dissolved oxygen in the water,
which promotes the generation of ROS to improve algae removal rate [46]. The curve
of dissolved oxygen with speed proves this view (Fig. S8 and Table. S7). The algae
suppression rate at 800 r min™ is almost the same as the algae suppression rate at 500
r mint, so 500 r min? was selected as the reaction speed for photocatalytic
degradation. Comparing the performance of the studied Ni-BiOCl nanosheets with
those reported in the literature at the similar operating conditions, the 9% Ni-BiOCI

had a better effect.for M. aeruginosa (Table. S8).
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Fig. 8. The EEM of fluorescence spectra of IDOM (a-d) and EDOM (e-h).

Fig. 8(a-d) demonstrated the variety in fluorescence intensity at a regular time of 0O,

20, 40 and 60 minutes with 9% Ni-BiOCl. The IDOM (Intracellular dissolved organic

matter) fluorescence spectra of the different response samples includes four peaks,

which are defined as peak A (EX/Em=280/330 nm), peak B (EX/Em=230/350 nm),



peak C (EX/Em=280/480 nm), and peak D (EX/Em=350/430 nm). The difference is
that A represents microbia soluble metabolites, such as proteinoids, tryptophan, and
tyrosine, and B represents aromatic proteins, such as tyrosine and BODs. And C and
D are fulvic acid-like and humic acid-like fluorescence peaks, respectively [47]. After
20 minutes, the intensity of the four peaks decreased to varying degrees, indicating
that some cells are damaged and inactivated, and the intracellular substances began to
degrade. After 40 minutes, the peak D disappeared, and the colors of A, B and C
peaks became lighter, indicating that the intracellular proteinoids and humic acid
produced by cell lysis continue to be degraded. The reduction of A and B peaks
showed that 9% Ni-BiOCl causes algal cells irreversible death under visible light,
because peaks A and B are indicators of biochemical organisms that reflect cell
activity, peak C and peak D may originate from dead cells and organs when the
reaction is carried out for 60 minutes, and the disappear of peaks C and D indicates
the humus-like acid is mineralized and the dead cells are further degraded. To further
study the changes in the process of algal cell degradation, the fluorescence response
values of each region in the three-dimensional fluorescence spectra were calculated
by the fluorescence region integration (FRI) means [48] (Fig. S9a). And the results of
the fluorescence integral method calculation showed that the fluorescence intensity
before and after the photocatalytic reaction was programmed from 149.8x10’ to
74.4x10’, indicating that the catalyst was able to achieve the degradation of organic

substances produced in the manufacturing industry (Table. S9).



There are two types of fluorescence peaks in the EEM of EDOM (Extracellular
dissolved organic matter), including one protein-like fluorescence peak (A
ExX/Em=230/280 nm), two humic acid-like fluorescence peaks (B EX/Em=200/300 nm,
C ExX/Em=230/330 nm) (Fig. 8e-8h). As Fig. 8f shown, the fluorescence intensities of
peaks A, B, and C were obviously weakened after 20 minutes. This is because the
catalyst has degraded the extracellular and intracellular leakage of fluorescent active
organic matter, and the effect is significant. After 40 minutes, peaks A and B gradualy
disappeared, while the fluorescence response of Peak C had been enhanced, indicating
that organic matter represented by chlorophyll a, phycocyanin, and phycotoxin was
gradually photocatalytic oxidized to humus-like substance. After 60 minutes
irradiation, peaks A and B completely disappeared, and the Peak C had only a weak
fluorescence response, indicating that the contents of the cells which were free of
extracellular matter had been completely degraded, and the extracellular humic
substance was almost completely degraded. According to the FRI histogram (Fig.
S9b), after 60 minutes, the total IDOM fluorescence response value decreased from
15.47x107 to 6.46x10’ (Table. S10), which decreased by 58.24%, indicating that the
cells of M. aeruginosa are significantly inhibited and the active substances continued

to decrease.



NHE(ph=7)

visible
-1 light
CB  suss
E(0,/+0,)=-0.046 eV 4
0 —
2.88eV = == i
. " Cell merabrane
1 — \ A demage
E(OH-/*OH)=1.99 eV VB

E(H,01-OH)=2.378V [ .3

3 — Microcysit aeruginosia

degradation

Fig. 9. A possible mechanism for photocatal ytic degradation organics and M.
aeruginosia by Ni-BiOCI.

On basis of the above results, the mechanism of Ni-doped BiOCI photocatalytic
degradation can be proposed. Ni doping improves the light absorption capacity, the
density of photogenerated carriers, the separation efficiency of electron-hole pairs,
and increases the oxygen vacancy of the material. Thereby the number of active
species was increased. Capture agent experiments shown the active species in the
degradation process are:O2  and h*, however, -O2" plays the mgjor role (Fig. S10).
Finally, in Fig. 9 the photocatalytic degradation of organics and M. aeruginosa can be
described: Ni-BiOCl is excited under visible light to generate photo-generated
electron-hole pairs (e-h") and € migrates from the valence band to the conduction
band to react with O, to generate superoxide radical (-O2). The organics can be
mineralized to CO, and H2O. For M. aeruginosa, the cell wall can be destroyed
by O firstly, then the intracellular active fluorescent substance such as protein

became inactivated, and the intracellular excretion such as chlorophyll and

2



phycocyanin were further degraded to inorganic substances.

4. Conclusions

In this work, Ni-BiOCl was successfully prepared via a simple hydrothermal
synthesis method without additional operations. Ni doping can efficiently extend
photoabsorption and boost the separation electron-hole carries. Thus, Ni-BiOCI can
generate more -O2 than BIOCI. Photodegradation experimental results indicated that
9% Ni-BiOCI (mass percentage) showed excellent degradation performance for both
inorganic and microorganisms under visible light irradiation. First, 9% Ni-BiOCl
showed efficient visible light photocatalytic degradation activity to Rh B and BPA.
Secondly, Ni-BiOCl showed excellent inactivation of M. aeruginosa. And the
mechanism was systematically studied. Results showed that -O; played an
irreplaceable role in the photocatalytic agae removal process and the cell can be
degraded to inorganic substances. Furthermore, cycle experiment exhibited that
Ni-BiOCl had good recyclability and stability. This work provides excellent

photocatalyst for waste water treatment.
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