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HIGHLIGHTS GRAPHICAL ABSTRACT

e A novel BiOBr/ZnFe;04-GO S-scheme
heterojunction was successfully
constructed.

e The effect of GO content on catalytic
activity of BOB/ZFO-GO NCs was
investigated.

e BOB/ZFO-GO NCs achieved photo-
thermal synergistic catalysis for TC.

e The mechanism of BOB/ZFO-GO NCs
catalytic degradation for TC was
analyzed.

e Photothermal detection sensor has a
detection limit as low as 10 ng/mL for
TC.

Absorbance (a.u.)

W w0 e S0 a0 a0 s

Wavelength (nm)

ARTICLE INFO ABSTRACT
Keywords: The threat of tetracycline (TC) to human health has become a significant issue that cannot be disregarded.
Tetracycline Herein, in order to achieve effective degradation and high-sensitivity detection of TC, BiOBr/ZnFe;04-GO (BOB/

S-scheme heterojunction
Photothermal synergetic catalysis
Photothermal detection

ZFO-GO) S-scheme heterojunction nanocomposites (NCs) have been prepared using hydrothermal method. GO
with high light absorption capacity accelerated the electron transfer between BiOBr and ZnFe,O4 nanocrystals
and extended the light absorption region of BOB/ZFO NCs. The optimal GO addition of BOB/ZFO-GO NCs could
degrade TC solution of 10 mg/L in 80 min and have a high reaction rate constant (k) of 0.072 min~! under
visible/NIR light. According to calculations, the non-metal photocatalyst (BOB/ZFO-GO(2)) with the best
degradation performance had a photothermal conversion efficiency of up to 23%. Meanwhile, BOB/ZFO-GO NCs
could be recycled by magnetic field. The excellent photocatalytic and photothermal performance could be
maintained even after several cycles. In addition, a photothermal detection sensor based on a photothermal
material/specific recognition element/tetracycline sandwich-type structure was constructed for the trace
detection of TC concentration with a detection limit as low as 10 ng/mL. This research provides a unique idea
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for the multi-functionalization of photocatalysts and has a wide range of potential applications for the identi-
fication and treatment of organic wastewater.

1. Introduction

Currently, with the intensification of environmental pollution, water
pollution has become the most concerned focus of society, which is also
a global problem to be solved [1]. Antibiotics, as one of the important
drugs in the medical field, can prevent and treat diseases caused by
bacterial infections by inhibiting the growth and reproduction of path-
ogenic microorganisms [2,3]. However, the antibiotics taken by humans
or animals cannot be completely absorbed, and thus large amounts of
antibiotics are released into the environment in the form of antibiotic
metabolites or even unchanged antibiotics [4]. Furthermore, the use of
antibiotics usually causes antibiotic resistance in pathogenic microor-
ganisms, and hence the effective dosages of antibiotics that can kill
bacteria need to be continuously increased [5]. More unfortunately, the
production of antibiotic-resistant genes in the environment will further
aggravate the risk of spread of antibiotic resistance [6]. Hence, antibi-
otics are one of the main sources of environmental pollution. Among the
various antibiotics commonly used in clinical, tetracycline (TC), being a
typical broad-spectrum antibiotic, is already the second widest-used
antibiotic in the world due to its low price, strong bacteriostasis and
stable structure [7,8]. Nevertheless, the excessive use of TC can lead to
its continuous accumulation in the ecosystem, and ultimately get into
the human body by way of the food cycle and drinking water, which will
cause serious health hazards such as liver poisoning, intestinal
dysfunction and allergic reaction [9-11]. Worst of all, even at trace
levels, TC can also provoke leukopenia, stomatitis and other diseases
[12]. Accordingly, it is necessary and eager to establish a valid method
for the high-sensitivity determination and efficient removal of TC in the
aquatic environment.

At present, various methods have been developed to remove TC from
aqueous environment, including physical adsorption, anaerobic
biodegradation and electrochemical reaction [13]. Although these
methods have their own merits, they also have certain limitations. For
instance, the physical adsorption method has the advantage of simple
operation, but it only transfers the TC to adsorbent, which cannot
fundamentally solve the problem of TC pollution [14]. Anaerobic
biodegradation is a low cost and environmentally friendly technology,
but it cannot completely degrade antibiotic residues in wastewater, and
the remaining antibiotic may be adsorbed by sludge [15]. Electro-
chemical reaction is very effective in removing organic pollutants,
however, the process of achieving complete mineralization requires very
high energy consumption, which seriously limits its practical applica-
tion [16]. In recent years, photocatalytic technology has attracted much
attention in the field of pollutant degradation [17]. Unlike traditional
techniques, photocatalytic technology can achieve the direct conversion
of light energy to chemical energy and promote the decomposition of
organic matter, which has the advantages of eco-friendliness, energy
saving, high effectiveness and economic benefits, and is considered the
most prospective method for degradation of TC [18,19]. The design and
construction of photocatalysts with high catalytic activities will be
critical to achieve the practical application of this technology [20].
Bismuth halide oxides (BiOX, X =1, Br, Cl) are recognized as important
photocatalyst candidates because of their remarkable visible light
response and distinctive electronic structure [21]. BiOBr, in particular,
has recently drawn more interests owing to its suitable bandgap (~2.6
eV), good adsorption capacity for diverse organic pollutants and high
visible light absorption capacity [22,23]. However, the high recombi-
nation of the photogenerated electrons (e’) and holes (h") of BiOBr
monomer results in its low photocatalytic activity [24,25]. Moreover,
the prepared BiOBr photocatalysts usually exist in the form of powders,
which will be detrimental to the recycling and reuse after catalytic
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degradation process, and even cause secondary pollution to the water
environment [26]. In order to improve the photocatalytic activity of
BiOBr and realize the recycling of BiOBr, the combination of BiOBr and
magnetic semiconductor with the suitable energy bandgap has proven to
be the most effective solution [27]. ZnFe04 is a widely known spinel
(AB204) magnetic semiconductor with a narrow energy bandgap (~1.9
eV) and a wide range of optical responses, which is also a prospective
magnetic photocatalyst [28,29]. More importantly, a large number of
studies have shown that the combination of ZnFe;O4 and BiOBr can
construct a S-scheme heterojunction, and spatial separation of photo-
generated carriers can be achieved while maintaining the strongest
redox capability [30,31]. Therefore, the combination of ZnFe;04 and
BiOBr can not only fully utilize photogenerated charge carriers and
significantly enhance the photocatalytic performance, but also remove
and recycle the photocatalyst powder through an external magnetic
field.

At present, much research have been devoted to the photocatalytic
degradation of antibiotics using BiOBr/ZnFe,04 nanocomposites (BOB/
ZFO NCs) as photocatalysts. For example, Wang et al. synthesized
ZnFe304/Bip02C03/BiOBr double Z-scheme heterojunctions photo-
catalysts and achieved degradation for TC under visible light [32]. Chen
et al. prepared a novel polyvinylpyrrolidone biochar@ZnFe,04/BiOBr
heterojunction photocatalyst to eliminate ciprofloxacin from waste-
water [33]. However, BOB/ZFO NCs photocatalysts only absorb energy
in the visible light range in the process of degradation. Given that visible
light only makes up about 45% of sunlight, the full utilization of solar
energy is another key factor to be considered during photocatalytic
process [34,35]. To extend the optical absorption range of BOB/ZFO
NCs from visible light to near-infrared (NIR) light (~50 % of solar en-
ergy), a workable solution is to combine graphene oxide (GO) with NIR
light absorption ability with BOB/ZFO NCs [36,37]. Another advantage
of GO is that GO with sufficiently high surface area and rich oxidized
functional groups can act as both a carrier of BOB/ZFO NCs and an
electron transfer channel to capture and transfer the excited electrons
[38,39]. More importantly, BOB/ZFO-GO can utilize the full-spectrum
sunlight absorption ability of GO to produce photothermal effects, and
thus increase the local temperature around BOB/ZFO-GO based on
thermal vibration mechanism under NIR light irradiation, which will
accelerate the transfer of the excited electrons and further enhance
photocatalytic performance [40,41].

In fact, BOB/ZFO-GO can not only achieve efficient degradation of
TC, but also be used for quantitative detection of trace TC residues in
wastewater due to the photothermal effects of GO. Currently, there are
common methods used to analyze and detect antibiotics including liquid
chromatography, capillary electrophoresis, enzyme-linked immunosor-
bent assay and microbial screening method [42-45]. Nevertheless, such
techniques usually require time-consuming and cumbersome pre-
treatment procedures for samples, or have the disadvantage of low
sensitivity and stability [46,47]. A photothermal detection method
based on the photothermal property of BOB/ZFO-GO can well overcome
the above disadvantages [48]. In photothermal detection, no sophisti-
cated precision instrumentation is required, and quantitative signals can
be achieved only using an ordinary thermometer or infrared camera
[49,50]. One problem that needs to be solved is to bind TC to BOB/ZFO-
GO NCs and set the target concentration as a function of temperature
change [51]. In recent years, many specific recognition elements, such
as antibodies, enzymes and aptamers (Apt), have been used to bind
target molecules [52]. Among them, Apt has attracted much attention
because of its simplicity, practicality and cheapness [53,54]. Apt is a
thermally stable short single nucleotide chain with unique sequence
structure and a broad range of specific target binding capabilities that
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can be synthesized in large quantities in vitro [55,56]. The TC-specific
Apt has a strong binding affinity to TC, which can act as a bridge be-
tween the BOB/ZFO-GO and TC to form an Apt-BOB/ZFO-GO/TC
sandwich structure [57,58]. This sandwich structure can release heat
due to the photothermal effect of BOB/ZFO-GO under NIR irradiation,
and thus raise the solution temperature [59]. It can be observed that the
temperature rise is proportional to the TC concentration, thus estab-
lishing a quantitative relationship between the temperature signal and
TC concentration [60]. To our knowledge, such studies combining
photothermal catalysis with photothermal detection have never been
reported in the literature.

In this paper, a novel BOB/ZFO-GO S-scheme heterojunction with
dual functions of catalytic degradation and concentration detection has
been designed and constructed. The influence of GO addition on pho-
tocatalytic performance of BOB/ZFO NCs was investigated. It was also
confirmed that the photothermal effect, which was often overlooked,
promoted photocatalysis. Meanwhile, the charge transfer mechanism of
BOB/ZFO-GO S-scheme heterojunction and the corresponding photo-
catalytic mechanism for TC were analyzed and discussed. Due to the
presence of ZnFe;O4 nanocrystals, BOB/ZFO-GO NCs could be quickly
recycled through the application of magnetic fields. In addition, based
on the photothermal property of the BOB/ZFO-GO NCs, we constructed
a photothermal detection sensor and developed a sandwich structure
consisting of TC, Apt and BOB/ZFO-GO NCs. The apt-modified BOB/
ZFO-GO NCs could specifically bind to TC molecules and cause a visible
temperature change under NIR light irradiation. The temperature rise
became more pronounced as TC concentration increased. The positive
correlation between temperature change and TC concentration was used
to achieve quantitative detection of TC concentration. Multifunctional
BOB/ZFO-GO NCs are anticipated to have wide applied prospects on the
removal and detection for antibiotic contamination.
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2. Experimental section
2.1. Chemicals

Bismuth nitrate pentahydrate (Bi(NO3)3-5H,0), zinc acetate dihy-
drate (Zn(CH3COO),-2H50), isopropyl alcohol (IPA) and glycerine (GI)
were obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Ethylene glycol (EG), graphite powder, sulfuric acid (H2SO4),
ferric nitrate ninhydrate (Fe(NO3)3-9H20), boric acid (H3PO4) and po-
tassium permanganate (KMny04) were purchased from Aladdin Reagent
Co., Ltd. (Shanghai, China). 1-(3-(dimethyl aminopropyl)-3-ethyl car-
bodiimide hydrochloride (EDC), and bovine serum albumin (BSA) were
supplied from J&K Chemical Co. Hydrogen, hydrogen peroxide (H205),
p-benzoquinone (BQ), triethanolamine (TEOA), sodium sulfate
(NayS0O4), potassium bromide (KBr), N-hydroxysuccinimide (NHS),
polyvinyl, pyrrolidone (PVP), oleic acid, absolute ethanol and TC were
received from Sinopharm Chemical Reagent Co., Ltd. All reagents
employed in the present study were of analytical grade and did not
require further purification.

Shanghai Sangon Biological Science & Technology Company
(Shanghai, China) synthesized an Apt that could specifically recognize
TC with the sequence of 15-NH>-GAGCUCAGCCUGUA-
CUGCUGCUUAAAGCCUAAAACAUACCA-
GAUCGCCACCCGCGCUUUAAUCUGGAGAGGUGAA-
GAAUUCGACCACCUAGGCUGCACCACGG-3' [61].

2.2. Synthesis of BOB/ZFO binary NCs

As shown in Scheme 1(a), ZnFe;04 nanocrystals were synthesized by
a simple hydrothermal method [62]. In an usual process, 0.808 g of Fe
(NO3)3-9H50 and 0.2195 g of Zn(CH3CO0),-2H,0 were dispersed into a
mixed solution containing 30 mL of IPA and 8 mL of GI with magnetic
stirring for 40 min. Subsequently, the above blend was moved to Teflon-

)

:leanlnu gcnlﬂnxlmn .

-—— o - = -

GO

centrifugal :xn-mg

=g

BIOBr/ZnFe,0,-GO

U - . R ——

Scheme 1. Schematic illustration of the synthesis procedure of (a) ZnFe;O4 nanocrystals, (b) GO and (c) BOB/ZFO-GO NCs.
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lined stainless-steel autoclave and reacted at 180 °C for 12 h. After
cooling naturally until room temperature, the collected precipitate was
centrifugally washed by repeated use of deionized water and ethanol,
and then left to dry at 60 °C for 8 h. After that, the powder obtained after
drying was put into a crucible and heated to 450 °C at an elevated
temperature rate of 3 °C/min and held for 3 h. Finally, the powder
cooled to room temperature was ground in a mortar and pestle to gain
the ZnFe;04 powder.

BOB/ZFO NCs were also synthesized via hydrothermal method [63].
Briefly, 0.7276 g of Bi(NO3)3-5H20 and 0.0508 g of ZnFe;04 were added
into a beaker containing 16 mL EG and mechanically mixed for 1 h.
Subsequently, 0.1786 g of KBr was added into the aforementioned
mixture and kept stirring for another 2 h. The mixed solution was then
moved to a stainless-steel autoclave. After incubation at 160 °C for 12 h,
the resulting product was cooled and washed by centrifugation to obtain
BOB/ZFO NCs. The prepared BOB/ZFO NCs were dried in air at 70 °C
overnight. Pure BiOBr nanocrystals were also prepared according to a
similar procedure, except that ZnFe,O4 nanocrystals were not added.

2.3. Synthesis of GO

GO was prepared via a modified Hummer’s method based on natural
graphite powder (Scheme 1(b)) [64]. Shortly, 1.5 g of graphite powder
and 9 g of KMnyO4 were poured into the prepared 200 mL of the
concentrated HpSO4/H3PO4 mixture (Vu,so,: Vuzpo,=9:1). After that,
the mixture was put in the water bath at 50 °C with continuous stirring
for 6 h. Next, HO5 solution was added to the above mixture until the
color was changed from black to orange and stirred continuously under
heating conditions for 3 h. After that, the above mixture was cooled
naturally and diluted with deionized water to adjust to pH = 6. Finally,
the dried GO was acquired by centrifuging, washing and freezing.

2.4. Synthesis of BOB/ZFO-GO ternary NCs

As illustrated in Scheme 1(c), the synthesis process of BOB/ZFO-GO
ternary NCs were described as follows: GO was added during the prep-
aration of BOB/ZFO by hydrothermal method. The dried GO and
ZnFe304 nanocrystals were added to a mixed solution containing Bi
(NO3)3-5H30 and EG under sonication. Then KBr was poured into the
aforementioned mixture and mechanically stirred for 2 h. The other
synthesis steps were the same as the previous method for preparing
BOB/ZFO NCs, and the final BOB/ZFO-GO ternary NCs were gained by
drying. The BOB/ZFO-GO ternary NCs with different GO mass contents
of 1.0 wt%, 2.0 wt%, 3.0 wt% were named BOB/ZFO-GO(X), in which x
represented the mass content of GO.

2.5. Synthesis of Apt-modified BOB/ZFO-GO NCs

The Apt-modified BOB/ZFO-GO NCs were prepared using the acti-
vated GO carboxyl interacting with the amino of Apt [65]. At first, the
carboxyl was activated by adding 10 pL of EDC (100 mmol-L™1) and 15
pL of NHS (100 mmol-L’l) in 1 mL of BOB/ZFO-GO NCs and shaken for
2 h. After that, 10 pL of NH,-Apt (10 M) was added and the mixture was
shaken at 240 rpm at 38 °C for 24 h. Finally, the results were collected
with a magnetic iron and washed with PBS buffer to remove excess EDC
and NHS, and the obtained Apt-modified BOB/ZFO-GO NCs were
redispersed in PBS buffer containing 1% BSA and stored at 3 °C.

2.6. Characterization

The micromorphology and chemical structure of the as-prepared
samples were analyzed by X-ray diffraction (XRD; Rigaku D/Max-
2500), field-emission scanning electron microscopy (SEM; FEI Nova
NanoSEM 450), fourier-transform infrared spectroscopy (FI-IR;
IRTracer-100), transmission electron microscopy (TEM; JEOL 2100) and
X-ray photoelectron spectroscopy (XPS; Thermo Scientific ESCALAB
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250Xi). The specific surface area of the samples was studied by the
Brunauer-Emmett-Teller (BET) method using nitrogen adsorp-
tion—desorption isotherms on a Micrometrics ASAP 2020 system. The
photochemical and magnetic properties were investigated using a pho-
toluminescence spectrum (PL; Hitachi F-4600), transient photocurrent
response (CHI660E), diffuse reflectance spectra (DRS; LAMBDA950) and
vibrating sample magnetometer (VSM; Lakeshore cryotronics 730).
Ultraviolet-visible spectra were observed on a spectrophotometer
(UV-Vis; Shimadzu UV3600). The temperature changes were recorded
by thermal imaging camera (FOTRIC 326C-L44).

2.7. Photoelectrochemical measurements

The photoelectrochemical performance of the samples was analyzed
by the CHI660E electrochemical workstation with a standard three-
electrode system. The platinum wire, Ag/AgCl, and sample were
selected for the counter electrode, the reference electrode and the
working electrode, respectively. 0.5 mol-L ™! of NaySO4 aqueous solution
was employed for electrolyte. 0.003 g of photocatalyst powder, 3 pL of
anhydrous ethanol and oleic acid were mixed with 0.01 g of PVP. After
ultrasonic mixing for 30 min to form a slurry, in order to make stronger
adhesion uniformly coated on ITO glass, it is continuously heated at a
constant high temperature for a few hours.

2.8. Photocatalytic experiments

The photocatalytic performance of the samples was studied by
observing the degradation efficiency against TC solution at room tem-
perature. 30 mg of catalyst powder was poured into 30 mL of TC solution
(10 mg-L™1). Photocatalytic experiments were all performed at room
temperature. A mixture of 4 mL of catalyst and TC was extracted at fixed
time intervals, and the change in concentration of TC was further
observed using UV-Vis spectrum after filtering out the catalyst powder
with a 0.22 mm filter tip.

2.9. Active substance capture experiments

Free radical trapping tests were conducted to determine the effect of
free radicals on the photocatalytic reaction. In this way, the photo-
catalytic reaction mechanism was analyzed. BQ, IPA, and TEOA were
employed to trap different reactive species, including superoxide radi-
cals (002’), hydroxyl radicals (¢OH), and photogenerated holes (h™),
respectively. The free radical capture tests were performed according to
the photocatalytic experiments except for the addition of the trapping
agent.

2.10. NIR photothermal detection of TC residues in wastewater samples

To construct a photothermal detection sensing system, a sandwich
structure based on specific binding of Apt and TC was constructed on 96-
well plate. 150 pL of wastewater samples containing different concen-
trations (10, 103,102, 1071, 10°, 10 and 102 ng/mL) of TC were added
to 96-well plate coating with TC-Apt and cultivated for 30 min at 38 °C.
After washing, 40 uL of Apt-modified BOB/ZFO-GO NCs was added to a
96-well plate and cultivated at 38 °C for another 30 min [66]. Then the
products were collected with magnet and washed for several times to
remove unbound Apt-modified BOB/ZFO-GO NCs. Sequentially, the
obtained Apt-BOB/ZFO-GO/TC complexes in the 96-well plate were
irradiated under 808 nm laser (1.5 W cm’z, spot 10 mm) for 300 s. The
distance between the laser and the sample was kept around 7 cm, and
then different concentrations of the solution were observed using a
thermal imaging camera.
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3. Results and discussion
3.1. Micromorphology and chemical structure

The phase purity of the synthesized samples was investigated using
XRD technique. In Fig. 1(a), the diffraction peak (001) of GO emerges
around 11.28° [67]. The diffraction patterns of ZnFe,O4 peaks at 29.9°,
35.2°, 42.8°, 52.9°, 56.5° and 62.1° are attributed to the (220), (311),
(400), (422), (511), and (440) crystal planes of spinel ZnFe;O4
(JCPDS:79-1150), respectively [68]. The typical diffraction peaks of
BiOBr centered at 20 values of 10.9°, 25.2°, 31.7°, 32.2°, 46.2° and 57.2°
are indexed to (001),(101),(102),(110), (200), and (21 2) crystalline
planes of tetragonal BiOBr (JCPDS:78-0438), respectively [69]. The
above results indicate that GO, ZnFe;O4 nanocrystals and BiOBr nano-
crystals are pure phases with good crystallinity. In the XRD pattern of
BOB/ZFO NCs, all characteristic peaks of BiOBr nanocrystals and some
diffraction peaks (35.2° and 62.1°) of ZnFe;O4 nanocrystals can be
observed and the crystallinity of ZnFe,O4 nanocrystals is weaker than
that of BiOBr nanocrystals, which may be due to the fact that the mass of
ZnFe304 nanocrystals is less than that of BiOBr nanocrystals [70]. After
adding GO to BOB/ZFO NCs, due to the limited amount of GO, BOB/
ZFO-GO(2) can only exhibit peaks similar to BOB/ZFO NCs and no
characteristic peaks of GO are found [71]. Subsequently, to prove GO
presence, we analyzed and compared the XRD patterns of BOB/ZFO-GO
NCs containing GO additions (BOB/ZFO-GO(1), BOB/ZFO-GO(2), BOB/
ZFO-GO(3)), as illustrated in Fig. 1(b). Enlarged XRD spectra of (102)
and (110) planes of BiOBr nanocrystals show that the XRD peaks of
BOB/ZFO-GO NCs exhibit an obvious shift towards higher angle
compared to those of BOB/ZFO NCs and this phenomenon is more
obvious with the increase of GO amount. The (102) and (110) crystal
faces of BiOBr nanocrystals of BOB/ZFO NCs and BOB/ZFO-GO(3) move
from 31.56° and 32.14° to 31.75° and 32.31°, respectively, which
indirectly proves the existence of GO [72]. Raman spectroscopy was
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used to further prove the existence of GO. Fig. 1(c) presents the Raman
signals from pure GO and BOB/ZFO-GO(2). It is well known that the
most prominent Raman characteristics of GO are the D (disordered
carbon) and G (graphite carbon) bands, located at about 1350 and 1587
cm ™}, correspondingly [73]. Two representative peaks of GO are visible
in Raman spectrum of BOB/ZFO-GO(2), indicating the presence of GO in
the composite system. Compared with pure GO, the slight shift of the
Raman peak position of BOB/ZFO-GO(2) is attributed to the interaction
between GO and BOB/ZFO [74]. In addition, it is reasonable that the
Raman band intensities of BOB/ZFO-GO(2) are weaker than those of
pure GO, given that the GO content of BOB/ZFO-GO(2) is lower than
that of pure GO [75]. FT-IR spectroscopy was employed to observe the
functional groups of the prepared samples. FTIR spectra of GO, ZnFe,04
nanocrystals, BiOBr nanocrystals, BOB/ZFO NCs and BOB/ZFO-GO(2)
are presented in Fig. 1(d). Four distinctive peaks of GO appear at
1051, 1225, 1407 and 1603 cm’l, resulting from the stretching vibra-
tion of C—0, C—0—C, C=C and C=O0 groups, respectively [76]. As for
pure ZnFe;04 nanocrystals, the characteristic infrared peaks at 440 and
550 cm ™! correlate with the vibrations of the Fe-O and Zn-O of spinel
ZnFey04, respectively [77]. The FT-IR peak of pure BiOBr nanocrystals is
located at 507 cm™!, which belongs to the Bi-O bond symmetric
streching vibration [78]. In comparison with pure BiOBr nanocrystals, a
weak absorption at 537 cm™! is observed in BOB/ZFO NCs, which is
derived from ZnFeyO4 nanocrystals in the sample. This result demon-
strates that ZnFe;O4 nanocrystals are successfully compounded on the
surface of BiOBr nanocrystals. As for the FT-IR spectrum of BOB/ZFO-
GO(2), the characteristic peaks of both of GO and BOB/ZFO NCs are
retained, which can further prove the successful synthesis of BOB/ZFO-
GO NCs. Furthermore, the peaks within 3000-3500 cm ™! are observed
for all samples, which are assigned to the streching vibrations of
adsorbed molecular water or O—H groups.

The microscopic morphology of the synthetic samples was analyzed
by means of SEM and TEM. From Fig. S1(a), it is clear that GO exhibits
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Fig. 1. (a) XRD spectra of GO, ZnFe,O4 nanocrystals, BiOBr nanocrystals, BOB/ZFO NCs and BOB/ZFO-GO(2); (b) enlarged XRD patterns of BOB/ZFO NCs, BOB/
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nanocrystals, BiOBr nanocrystals, BOB/ZFO NCs and BOB/ZFO-GO(2).
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2D layered structure with a folded surface and irregular edges [79].
Fig. S1(b) shows that ZnFe;O4 nanocrystals present a flower ball-like
nanostructure with curly petals, with an average size of around 0.8 ~
1 pm and good dispersion. The prepared BiOBr nanocrystals are ho-
mogeneous spherical structures with a diameter ranging from 4.0 ~ 5.0
pm, which is depicted in Fig. S1(c). The SEM image of BOB/ZFO NCs in
Fig. S1(d) indicates that ZnFe»O4 nanocrystals are randomly anchored
on the surfaces of BiOBr nanocrystals. The SEM and TEM results of BOB/
ZFO-GO(2) are given in Fig. 2(a)-(b). It can be noticed that BiOBr
nanocrystals and ZnFe,O4 nanocrystals are obviously present on the
surface of the GO surfaces to form BOB/ZFO-GO nanostructures with
close contact interfaces. This structure can effectively accelerate the
separation and transport of photogenerated carriers between BiOBr
nanocrystals and ZnFepO4 nanocrystals in the photocatalytic process. In
addition, the high-resolution TEM (HRTEM) image of BOB/ZFO-GO(2)
in Fig. 2(c) demonstrates the facet spacing of 0.235 nm and 0.167 nm
matches with (101) crystallographic facets of the BiOBr nanocrystals
and (220) crystallographic facets of the ZnFe;O4 nanocrystals. The
elemental mapping images corresponding to Fig. 2(a) show a uniform
distribution of Bi, Br, Fe, Zn, O and C elements in the sample, also
suggesting the successful construction of BOB/ZFO-GO ternary NCs.
Furthermore, the EDS results of BOB/ZFO-GO(1), BOB/ZFO-GO(2) and
BOB/ZFO-GO(3) are exhibited in Fig. S2, which shows that the pro-
portion of C atoms increases with the increase of the amount of GO.
The surface elemental components and chemical states of the pre-
pared BOB/ZFO-GO(2) were detected by XPS spectroscopy. The C 1s
peak at 284.8 eV was used as a reference for charge correction. As
presented in Fig. S3, the peaks of six elements, including Bi, Br, O, Zn, Fe
and C, are clearly visible in the XPS full spectrum. The Bi 4f XPS spec-
trum for BOB/ZFO-GO(2) in Fig. 3(a) displays that the peaks at 159.5 eV
and 164.9 eV correspond to Bi 4f; 5 and Bi 4fs5 5, respectively, which are
consistent with the orbitals of Bi** in BiOBr [80]. Concerning Br 3d
spectrum in Fig. 3(b), two peaks at 68.6 eV and 69.6 eV are assigned to
Br 3ds,2 and Br 3ds/;, respectively, confirming the presence of Br ions
[81]. The XPS spectrum of O 1s in Fig. 3(c) can be fitted into three
characteristic peaks. The first peak at 530.4 eV is in agreement with the
surface lattice oxygen in the Bi-O, Fe-O and Zn-O. The second peak at
531.8 eV is attributed to the metal-hydroxyl groups (Zn-OH, Fe-OH and
Bi-OH) and carbon-hydroxyl groups (C-OH). The last peak at 533.2 eV is
owing to surface-adsorbed oxygen [82]. For the case of Zn 2p spectrum
(Fig. 3(d)), two main signals are located in 1021.5 eV and 1044.6 eV,
corresponding to Zn 2ps3,2 and Zn 2ps,y, respectively, which confirms
the presence of Zn%* oxidation state in the structure of BOB/ZFO-GO(2)
sample. In Fig. 3(e), two peaks with binding energies of 711.6 eV and
725.3 eV are associated with Fe 2p3/» and Fe 2p; /2, respectively, which
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implies that Fe element exists in the form of Fe®* in BOB/ZFO-GO(2)
sample [33]. From the C 1s XPS spectrum in Fig. 3(f), it is evident
that the doublet signs located at 285.1 eV and 288.4 eV belong to sp>
C—C bond and C—O bond, respectively [83]. In summary, the above
XPS results indicate the successful preparation of BiOBr/ZnFe;04-GO
NCs.

3.2. Physical, optical and photoelectrochemical properties

As we all know, a larger surface area can provide larger contact area,
which can offer a greater number of reactive sites for the photocatalytic
process and thus facilitate the improvement of photocatalytic efficiency.
The BET specific areas of the four photocatalysts were tested, as pre-
sented in Fig. 4(a). Ny adsorption-desorption isotherms of BiOBr
nanocrystals, ZnFe;O4 nanocrystals, BOB/ZFO NCs and BOB/ZFO-GO
(2) belong to the typical type IV isotherm with Type H3 hysteresis
loops, which implies that these four samples have mesoporous structures
and this will be beneficial to the adsorption of TC. The specific surface
areas of BiOBr nanocrystals, ZnFe;O4 nanocrystals, BOB/ZFO NCs and
BOB/ZFO-GO(2) are calculated to be 17.04, 34.19, 37.79 and 42.47 m?/
g, respectively. The results show that the specific area of BOB/ZFO NCs
significantly increases compared with BiOBr and ZnFe;0O4 nanocrystals.
The specific area of BOB/ZFO-GO(2) further increases, suggesting that
the introduction of GO can decrease the aggregation of BOB/ZFO NCs
and thus lead to more exposed BOB/ZFO NCs. In addition, the pore size
distribution and the pore volume of the four samples were determined
using Barrett-Joyner-Halenda (BJH) method. Fig. 4(a) indicates the pore
sizes are mainly distributed between 2 and 40 nm. The smaller pores
may originate from the ZnFe;O4 and BiOBr nanocrystals, while the
formation of larger pores may be related to the addition of GO. The
above results show that BOB/ZFO-GO(2) has the highest porosity and
specific surface area, which may supply a greater number of reactive
sites and thereby achieve higher photocatalytic performance. The spe-
cific area, the pore size and the pore volume of the four photocatalysts
are given in Table 1.

The light absorption capacity of samples was investigated using
UV-Vis DRS. As exhibited by Fig. 4(b), pure BiOBr nanocrystals show
remarkable absorption in the visible region near the absorption edge at
around 430 nm. In comparison, ZnFe;04 nanocrystals exhibit a wide
absorption capacity and cover the entire UV-Vis light range. The com-
bination of BiOBr nanocrystals with ZnFe;O4 nanocrystals results in a
significant increase in the optical absorption properties of pure BiOBr
nanocrystals, especially in the visible region (wavelength > 400 nm).
Moreover, the visible absorption efficiency of BOB/ZFO-GO(2) has been
further improved compared to BOB/ZFO NCs due to the introduction of

—— ().Spm

Fig. 2. (a) SEM, (b) TEM, (c) HRTEM and (d) elements mapping images of BOB/ZFO-GO(2).
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Fig. 3. High-resolution XPS spectrum corresponding to (a) Bi 4f, (b) Br 3d, (c) O 1s, (d) Zn 2p, (e) Fe 2p and (f) C 1s of BOB/ZFO-GO(2).

GO. Therefore, UV-Vis DRS analysis strongly verifies the formation of S-
scheme heterojunction. Moreover, since BiOBr nanocrystals, ZnFe,O4
nanocrystals and their composites are regarded as indirect semi-
conductors, the energy band energy (Eg) of the photocatalyst was
computed using the Kubelka-Munk formula in conjunction with UV-Vis
DRS findings, as shown in the following equation:

(ahv)'? = A(hv — E,) e}
In which, a, h, v, A and E; are the absorption factor, Planck’s constant,
vibration frequency, proportion and bandgap energy, respectively [84].
As seen in the inset of Fig. 4(b), the Ej is determined by the intercept of
the tangent line of (ahv)'/2 with the hv curve. Accordingly, the bandgap
energies of pure BiOBr nanocrystals and ZnFe;O4 nanocrystals are
estimated to be about 2.6 and 1.57 eV, respectively. The conduction
band potential (Ecg) and valence band potential (Eyg) of a semi-
conductor can be calculated by the following formula:

Ewp = X — E, + 0.5E, ()

Ecyp = Evg — E, 3
where X and E, are the geometric means of the Pearson absolute elec-
tronegativity and the energy of the free electron on the hydrogen scale
(4.5 eV), respectively. And the absolute electronegativity of the semi-

conductor can be computed as follows [85]:

Y X am XX

The absolute electronegativities of Bi, O, Br, Fe and Zn are 4.69, 7.54,
7.59, 4.06 and 4.45 eV, correspond to X(BiOBr) and X(ZnFe04) of 6.45
and 5.86 eV, respectively. From Eq. (2)-(3), the Eyg of pure BiOBr
nanocrystals and pure ZnFe;O4 nanocrystals is 3.25 and 2.15 eV, and the
Ecp is 0.65 and 0.58 eV, respectively. The result shows that pure BiOBr
nanocrystals and pure ZnFe;O4 nanocrystals have interleaved energy
band structures, which match well with the band potential of S-scheme
heterojunction. Compared to pure BiOBr nanocrystals and pure ZnFe;04

X(A,B,C) = 4
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nanocrystals, the band gaps of BOB/ZFO NCs and BOB/ZFO-GO(2) are
reduced to about 1.47 and 1.24 eV, respectively. These results can be
attributed to the construction of a dual semiconductor S-scheme heter-
ojunction and the improved interfacial interaction between some un-
paired z-electrons of the conjugated carbon atom and the free electrons
on the semiconductor surface owing to the addition of GO, respectively
[86].

The PL spectrum was used to analyze photogenerated carrier sepa-
ration and transfer ability of prepared samples [87]. In general, lower PL
intensity indicates higher photoexcited electron-hole pairs separation
efficiency. The PL spectra of BiOBr nanocrystals, ZnFe,O4 nanocrystals,
BOB/ZFO NCs, BOB/ZFO-GO(1), BOB/ZFO-GO(2) and BOB/ZFO-GO(3)
are compared in Fig. 4(c). It can be found that the PL peak intensity of
BOB/ZFO NCs is lower than that of pure BiOBr nanocrystals and pure
ZnFey04 nanocrystals, which proves that the construction of S-scheme
heterojunction effectively suppresses the recombination of photo-
generated electron-hole pairs. In addition, the PL peak intensity of all
BOB/ZFO-GO NCs is lower than that of BOB/ZFO NCs, indicating that
the electron-hole pairs migration is further enhanced after the combi-
nation of BOB/ZFO NCs and GO. GO can greatly suppress carrier
recombination and thus enhance photocatalytic activity. The PL emis-
sion intensity is also related to the GO content, and the lowest PL
emission intensity is observed in the BOB/ZFO-GO(2). Excess GO in the
BOB/ZFO-GO(3) leads to an increase in the peak intensity, which may be
attributed to the aggregation of GO and the resultant inhibitory effect on
charge separation [72].

Photoelectrochemical experiments provide further information on
the charge generation and transfer properties of as-prepared samples
[88]. The transient photocurrent response of the six samples is shown in
Fig. 4(d). All samples have reproducible and fast photocurrent response
when light is irradiated to the test system, and the photocurrent in-
tensity rapidly decreases to zero once the light excitation stops. The
photocurrent density of BOB/ZFO NCs is stronger than that of pure
BiOBr nanocrystals and pure ZnFe;O,4 nanocrystals, which can be
attributed to the enhanced internal charge migration of the S-scheme
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Table 1
The pore structure parameters of BiOBr nanocrystals, ZnFe,O4 nanocrystals,
BOB/ZFO NCs and BOB/ZFO-GO(2).

Sample Sper (M?%/ g) Pore size (nm) Pore volume (cm® g’l)
BiOBr 34.19 14.87 0.095
ZnFe,04 17.04 18.02 0.055
BOB/ZFO 37.79 11.03 0.097
BOB/ZFO-GO(2) 42.47 22.12 0.176

heterojunction network formed by the two semiconductors. Meanwhile,
BOB/ZFO-GO has a higher photocurrent response than BOB/ZFO NCs,
which indicates that GO is a conductive medium and can facilitate the
transfer of electrons in optical radiation. With the increase of GO con-
tent, the photocurrent density of BOB/ZFO-GO NCs increases and then
decreases, and the photocurrent density of BOB/ZFO-GO(2) is the
largest, which is consistent with the results of PL spectra.

3.3. Photocatalytic performance, magnetic properties and stability
evaluation

The photocatalytic capability of BOB/ZFO-GO(2) was investigated
through degradation of TC exposed to simulated sunlight irradiation.
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UV-Vis absorption spectra of BOB/ZFO-GO(2) for the degradation of TC
at different reaction times are illustrated in Fig. 5(a). The characteristic
peak of TC at ~ 360 nm decays rapidly when increasing time of the
photocatalytic reaction and eventually vanishes, which indicates that
BOB/ZFO-GO(2) can completely degrade TC within 80 min when
exposed to simulated solar irradiation. A sequence of TC degradation
tests were performed to evaluate the photocatalytic capability of the
different samples, and the TC solution with no addition of any photo-
catalyst was used as a blank reference. TC solution containing photo-
catalyst was allowed to stand for 40 min in a dark room to achieve
adsorption equilibrium. As exhibited in Fig. 5(b), the adsorption ca-
pacity of the composite materials including BOB/ZFO NCs and BOB/
ZFO-GO NCs (BOB/ZFO-GO(1), BOB/ZFO-GO(2), BOB/ZFO-GO(3)) is
significantly greater than that of the monomeric material (BiOBr and
ZnFey04 nanocrystals). This outcome can be explained by the rise in
specific surface area, which can be observed in BET test. Then, after 80
min of light exposure, the removal effect of TC solution by different as-
prepared photocatalysts was also investigated. There is no significant
change in the blank control, demonstrating the high stability of TC. All
of the composites have better TC solution degradation activity than the
individual BiOBr and ZnFeO4 nanocrystals, which can be testified by
the corresponding linear correlation between In(C/Cy) in Fig. 5(c). The
UV-Vis absorption spectra of TC catalyzed by BiOBr and ZnFeyO4
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Fig. 5. (a) UV-Vis absorption spectra of TC catalyzed by BOB/ZFO-GO(2) under simulated sunlight conditions; (b) C,/Cy versus reaction time and (c) corresponding
first-order kinetic for TC catalyzed by BiOBr nanocrystals, ZnFe;O4 nanocrystals, BOB/ZFO NCs and BOB/ZFO-GO NCs (BOB/ZFO-GO(1), BOB/ZFO-GO(2) and BOB/
ZFO-GO(3)); (d) M—H loops of ZnFe,04 nanocrystals, BOB/ZFO NCs and BOB/ZFO-GO(2) (The inset is photograph of BOB/ZFO-GO(2) dispersed in deionized water
before and after separation by a magnet); (e) cycling tests of BOB/ZFO-GO(2) for TC degradation at same experimental situation and (f) the degradation rate of TC
including different scavengers in the attendance of BOB/ZFO-GO(2) after 80 min irradiation.

nanocrystals under simulated daylight conditions are shown in Fig. S4.
From highest to lowest, the values of kinetic rate constant are as follows:
BOB/ZFO-GO(2) > BOB/ZFO-GO(1) > BOB/ZFO-GO(3) > BOB/ZFO >
BiOBr > ZnFe;04. BOB/ZFO-GO(2) has the greatest reaction rate con-
stant (72.03 min~! x 10°) and TC degradation efficiency when
compared with other photocatalysts.

The magnetic properties of the photocatalysts were investigated at
room temperature using VSM. Magnetic hysteresis (M—H) loops of
ZnFe304 nanocrystals, BOB/ZFO NCs and BOB/ZFO-GO(2) are pre-
sented in Fig. 5(d), which possess saturation magnetization (Ms) value
of 9.43, 5.18 and 3.29 emu-g ™, respectively. Even though the addition
of BiOBr and GO reduces the Ms value, BOB/ZFO-GO(2) still exhibits a
good magnetic response and it can be effortlessly separated from the
suspension within 15 s when exposed to an additional magnetic field, as
can be observed from the inserted portion of Fig. 5(d). The great mag-
netic response performance provides BOB/ZFO-GO(2) with the ability to
be recycled. The cyclic degradation experiments of TC were performed
under light to further assess the reusability and stability of BOB/ZFO-GO
(2). Fig. 5(e) demonstrates that the TC photocatalytic efficiency does not
decrease obviously during five cycle processes, indicating that the BOB/
ZFO-GO(2) has a high degree of reusability. Moreover, the BOB/ZFO-GO
(2) after the cycling experiments was characterized using XRD and XPS
to further confirm the stability of the prepared material [89]. As shown
in Fig. S5(a), the characteristic peaks of the used BOB/ZFO-GO(2) are
almost identical to those of the original BOB/ZFO-GO(2), indicating that
the crystal structure BOB/ZFO-GO(2) is stable. In addition, there are no
appreciable differences in the peak positions and intensities of the Bi 4f,
Br 3d, C 1s, O 1s, Zn 2p, and Fe 2p spectra, further demonstrating the
chemical stability of the prepared BOB/ZFO-GO(2) (Fig. S5(b)-(h)).
Based on the above results, it can be inferred that BOB/ZFO-GO(2) has
high physical and chemical stability and can be considered as a potential
candidate for degradation and detection of TC. In situ free radical
trapping experiments were carried out with the aim of further identi-
fying the active species contributing to the degradation of TC. Herein,
each trapping agent employed in this experiment is kept at a concen-
tration of 5 mM. TEOA, IPA and BQ are used as capture agents to trap h™,
-OH and-0%, respectively. As displayed in Fig. 5(f), the degradation rate
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of TC can reach 98% without the addition of scavenger. It is clear that
the three active species including h*, -OH and -0?" are involved in the
photocatalytic degradation of TC because TEOA, IPA and BQ more or
less hinder the photocatalytic activity of BOB/ZFO-GO(2) and cause a
decrease in the degradation rate of TC. In particular, the catalytic ca-
pacity of BOB/ZFO-GO(2) is considerably reduced when TEOA is added
to the photocatalytic process, and the removal rate of TC drops from
98% to 22%. This implies that h is the predominant reactive species for
triggering TC degradation. In contrast, after the addition of BQ to the
reaction system, the degradation efficiency decreases slightly, indicating
that -O%" may not be a crucial factor in the TC degradation reaction.
Additionally, when IPA is introduced into the photocatalytic system, the
reaction rate is between TEOA and BQ, which suggests that -OH makes a
relatively significant contribution to the degradation of TC. Based on the
above analysis, we believe that all three reactive radicals are engaged in
the degradation of TC, with h™ and -OH being particularly important in
the photocatalytic process.

3.4. Photocatalytic degradation performance evaluation under assistance
of photothermal effect

Notably, the photothermal effect acts as an extraordinary factor in
enhancing photocatalytic performance of photocatalysts. For examining
the photothermal performance of the photocatalysts, 1 g of BOB/ZFO
NCs, BOB/ZFO-GO(1), BOB/ZFO-GO(2) and BOB/ZFO-GO(3) was
dispersed into 100 mL of deionized water, respectively. The surface
temperature changes upon their exposure to 5 min of 808 nm laser
irradiation were recorded using a thermal imaging camera, and the
deionized water was taken as the blank control. As illustrated in Fig. 6
(a), the BOB/ZFO NCs have no discernible temperature rise, which
means that the photothermal effect of BiOBr nanocrystals and ZnFe,O4
nanocrystals can be almost negligible. Following the introduction of GO,
the temperature of BOB/ZFO-GO(1), BOB/ZFO-GO(2) and BOB/ZFO-
GO(3) gradually rises as irradiation time is prolonged, and the color
displayed in the infrared thermal image gradually changes to red, among
which the increase in temperature of BOB/ZFO-GO(3) is the fastest. The
corresponding photothermal temperature curves are presented in Fig. 6
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Fig. 6. (a) Infrared thermal images of BOB/ZFO NCs, BOB/ZFO-GO(1), BOB/ZFO-GO(2) and BOB/ZFO-GO(3) under 808 nm laser (1.5 W cm™2) by 300 s and (b)
corresponding photothermal temperature curves; (c) C,/Cy versus reaction time for TC catalyzed by BOB/ZFO-GO NCs (BOB/ZFO-GO(1), BOB/ZFO-GO(2) and BOB/
ZFO-GO(3)) before and after the addition of cooling water and (d) corresponding first-order kinetic curves.

(b). After 5 min of irradiation with 808 nm laser, the temperature of
BOB/ZFO NCs only increases by 8 °C. In contrast, the introduction of GO
can result in a significant temperature rise. And the more GO is added,
the more obvious this phenomenon will be. The temperature of BOB/
ZFO-GO(1), BOB/ZFO-GO(2) and BOB/ZFO-GO(3) has risen by 34.5,
38.8 and 41.9 °C, respectively. To investigate the effect of the photo-
thermal characteristics of photocatalysts on photocatalytic reactions,
the degradation efficiency of BOB/ZFO-GO(1), BOB/ZFO-GO(2) and
BOB/ZFO-GO(3) for TC was tested and compared with and without the
circulation of cooling water. Fig. 6(c) displays that the degradation ef-
ficiency of BOB/ZFO-GO NCs for TC is significantly reduced under the
action of cooling water. The corresponding kinetic constants of BOB/
ZFO-GO(1), BOB/ZFO-GO(2) and BOB/ZFO-GO(3) decrease from
0.036, 0.072 and 0.042 min~' to 0.018, 0.034 and 0.020 min *,
respectively (Fig. 6(d)). In addition to serving as a carrier transport
medium in the heterojunction to enhance the photocatalytic activity of
the photocatalyst, the introduction of GO in BOB/ZFO NCs aids in
speeding up the degradation of TC through its photothermal effect. By
converting NIR radiation energy into thermal energy, GO raises the
temperature of the photocatalytic system, which improves charge sep-
aration and intensifies molecular collisions, and strongly promotes
carrier transfer [90]. As the carrier mobility increases, the BOB/ZFO-GO
NCs maintain an excellent photothermal conversion effect, thereby
achieving better TC removal efficiency. In conclusion, the perfect com-
bination of the GO with the high photothermal effect and the dual
semiconductor heterostructure greatly improves the degradation effi-
ciency of BOB/ZFO-GO NCs for TC.
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3.5. Mechanism analysis of photocatalytic system

According to the aforementioned experiment outcomes, two poten-
tial transfer mechanisms of photogenerated charge carriers including
conventional type II and S-scheme photocatalytic mechanisms were
proposed, which are shown in Fig. 7. In the type II heterojunction, both
BiOBr nanocrystals and ZnFe;O4 nanocrystals can be activated by visible
light to form e™-h" pairs. The photogenerated e in the CB of ZnFe,04
nanocrystals can be transferred to BiOBr nanocrystals because they have
a lower negative CB position than ZnFe;O4 nanocrystals. However, the
CB potential of BiOBr (0.65 eV) is higher than 02/~02' (-0.33 eV vs
normal hydrogen electrode (NHE)), suggesting that the Oy cannot be
reduced to -0%". Fortunately, the GO with high conductivity can facili-
tate the transfer of €7, so the e” accumulated on the CB of BiOBr nano-
crystals may be easily transferred to the surface of GO and then reduce
the O trapped in the solution to -0%". The migration direction of pho-
togenerated h™ is opposite to that of photogenerated e” due to the lower
positive VB position of ZnFeyO4 nanocrystals compared to BiOBr
nanocrystals. Given that the VB potential (2.15 eV) of ZnFe;O4 nano-
crystals is lower than that of -OH/H20 (2.72 eV vs NHE) and -OH/OH"™
(2.3 eV vs NHE), the photogenerated h* accumulated on the VB of
ZnFe504 nanocrystals cannot oxidize the HoO and OH™ to -OH. This is
inconsistent with the results of the above free radical scavenging ex-
periments, because -OH is the major active species in the TC degradation
process. Therefore, the S-scheme photocatalytic mechanism seems to be
more convincing. When the BOB/ZFO-GO S-scheme system is exposed to
visible light, the photogenerated e migrates from the VB of BiOBr
nanocrystals to CB. Meanwhile, induced by the built-in electric field, it
recombines with the photogenerated h™ at the VB of ZnFe,O4
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Fig. 7. Schematic illustration of possible charge migration and photocatalytic mechanisms from the degradation of TC by BOB/ZFO-GO NCs.

nanocrystals through the intermediate transport medium GO. Corre-
spondingly, the photogenerated h™ in the VB of BiOBr nanocrystals and
the photogenerated e in the CB of ZnFe;O4 nanocrystals are retained.
The VB edge of BiOBr nanocrystals is enough positive potential (3.25 eV)
to oxidize HoO and OH™ to form -OH, which is consistent with the results
of free radical trapping experiments. Therefore, the prepared BOB/ZFO-
GO NCs should be S-scheme heterojunction instead of the conventional
type II heterojunction. As for the GO in BOB/ZFO-GO NCs, on the one
hand, it acts as a charge transfer bridge to improve the separation effi-
ciency of e-h™ pairs on the dual semiconductors. On the other hand, the
elevated temperature due to its photothermal effect can further accel-
erate the transfer of electrons. As a result, the photocatalytic perfor-
mance of BOB/ZFO-GO NCs can be significantly improved because the
radicals (-0%", h™ and -OH) in the S-scheme photocatalytic system are
engaged in the photocatalytic degradation process of TC. The detailed
reactive processes are listed as follows:

BiOBr + hv — BiOBr(e”) + BiOBr(h") 5)
ZnFe,0, + hv — ZnFe,04(e”) + ZnFe,04(h") (6)
BiOBr(e™) + ZnFe,O4(h™) — hv @
GO + ZnFe,0,(e”) = GO(e™) (8)
H,0/OH" + BiOBr(h") - -OH 9
0, + GO (e7) — -0 10$)
-0’ /-OH/BiOBr(h*) + TC - CO,, H,0 an

3.6. Photothermal detection performance based on BOB/ZFO-GO(2)

While achieving effective photocatalytic degradation for TC, per-
forming trace detection of TC is equally important. Given that BOB/ZFO-
GO(2) has the optimal photocatalytic performance, it was chosen for the
quantitative detection of concentration of TC by its photothermal signal
generated during the photothermal detection process. The photothermal
conversion performance of the BOB/ZFO-GO(2) was first assessed. In
order to determine the photothermal conversion coefficient (1)) of BOB/
ZFO-GO(2), it was irradiated to an 808 nm laser continuously by 300 s
and cooled down naturally by turning off the laser. n can be obtained
from the following equation [51]:

hS(mec - Tsurr) - QDis
I(1 — 10-4)

(12)

Therein, h and S are the heat transfer coefficient and the surface area of
the container, respectively. I means the incident energy of the NIR laser
with a value of 1.17 W (1.5 W cm_z, spot diameter = 10 mm) and A,
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represents the absorbance of the aqueous solution of BOB/ZFO-GO(2) at
808 nm, which is 0.057. Qp;s is so small as to be negligible. And hS can be
calculated by the following formula:

hs = ="G ;”C”

13

where m and Cp are the mass of the solution (50 mg) and the specific
heat capacity of the solvent water (4.2 J g~1), respectively. The time
constant 75 can be determined by fitting the slope of the natural cooling
time (300 ~ 600 s) versus -In(d). The dimensionless parameter 0 is
defined as follows:

T — Tsurr

= —— s
Tmm - Tsurr

14)

T, Tsyrr and Tiygy represent the solution temperature at any given mea-
surement time, the ambient temperature (20.8 °C) and the highest
temperature after 300 s of irradiation (57.5 °C), respectively. From Fig. 8
(a), the slope value 75 is 196.55 s, which leads to a calculated value of hS
= 0.00106 mW/ °C. By substituting the aforementioned parameters into
equation (12), the 1) value of BOB/ZFO-GO(2) is calculated to be 27.2%.
Despite the fact that BOB/ZFO NCs are made of non-noble metals, they
exhibit a photothermal effect that is comparable to that of noble metals.
Meanwhile, the photothermal stability of BOB/ZFO-GO(2) was also
investigated. Fig. 8(b) demonstrates that maximum temperature of the
solution containing BOB/ZFO-GO(2) is still comparatively stable after
six laser on/off cycles. These results indicate that BOB/ZFO-GO(2) has
high photothermal conversion efficiency and photothermal stability. In
order to establish a photothermal detection platform for specific iden-
tification of targets, we prepared Apt-BOB/ZFO-GO(2) NCs by modi-
fying the surface of BOB/ZFO-GO(2) with aptamers to achieve
quantitative analysis of TC concentrations and the process is shown in
Scheme 2. The absorption spectra before and after conjugating Apt to
BOB/ZFO-GO(2) were compared. As illustrated in Fig. S6, after the Apt
is modified, the supernatant produced by centrifuging BOB/ZFO-GO (2)
has a significantly lower absorption peak at 260 nm than the superna-
tant obtained before the Apt is modified. Thus, it indicates that the Apt is
successfully immobilized on the surfaces of BOB/ZFO-GO(2). Apt-
modified BOB/ZFO-GO(2)-based photothermal sensor was utilized to
detect the TC aqueous solutions with different concentrations. TC with
different concentrations (10, 103, 102, 101, 1, 10 and 10? ng/mL) in
combination with Apt-modified BOB/ZFO-GO(2) NCs were exposed to
808 nm laser, respectively. Temperature of all the solutions gradually
increases with increasing irradiation time, until they reach a constant
value after 300 s (Fig. 8(c)). As shown in Fig. 8(d), the temperature
increase (AT) is linearly and quantitatively correlated with the loga-
rithm of TC concentration. The squared correlation coefficient (Ry)
value of the linear regression equation, AT = 3.45 logC + 20.92, is as
high as 0.997. It can be concluded that the Apt-modified BOB/ZFO-GO
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Scheme 2. Schematic diagram of Apt-modified BOB/ZFO-GO(2) NCs for TC photothermal detection.

(2)-based photothermal sensor can achieve photothermal detection of
TC with a low detection limit of 10* ng/mL.

4. Conclusions

In summary, a novel magnetically recoverable multifunctional BOB/
ZFO-GO S-scheme heterojunction with both efficient photocatalytic
degradation and trace detection for TC was successfully synthesized.
Firstly, BOB/ZFO S-scheme heterostructure was constructed by ordinary
hydrothermal method, and a reasonable electron transfer path was
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proposed by radical capture experiments. By adjusting the amount of GO
addition in BOB/ZFO-GO NCs, the best degradation for TC was achieved
when GO was at a mass content of 2 wt% (BOB/ZFO-GO(2)). The
introduction of GO expanded the light absorption of the photocatalyst
from the visible region to the NIR region. When the photocatalyst was
exposed to NIR light radiation, the photothermal effect of GO could
produce local heat and speed up the electron transfer between BiOBr and
ZnFey04 nanocrystals, which facilitated the photocatalytic degradation
efficiency. Meanwhile, the separation efficiency of photogenerated
carriers was significantly enhanced through constructing S-scheme
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heterojunction, and the photocatalytic-photothermal synergy achieved
the efficient elimination for TC. Under visible/NIR light, TC was almost
completely degraded within 80 min. Moreover, it was determined that
the BOB/ZFO-GO(2) had a photothermal conversion efficiency of 23%,
which was comparable to photocatalyst made of precious metals. Sub-
sequently, the Apt-modified BOB/ZFO-GO NCs were connected to TC
molecules to construct a sandwich-type photothermal detection sensor
with a detection limit as low as 10 ng/mL. And there was a clear linear
correlation between temperature increase and TC concentration in the
range from 10 to 102 ng/mL. BOB/ZFO-GO NCs could be recycled, and
their photocatalytic and photothermal properties were stable even after
several cycles. In addition to providing a brand-new method for creating
a superb multifunctional photocatalyst for degradation, antibiotic con-
centration detection and magnetic separation recovery, this work has
significant potential for safeguarding the environment and public
health.
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