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Visible-light-driven molecular oxygen activation (MOA) is deemed as the potential route to enhance oxidation
capacity of molecular oxygen, while activation efficiency is significantly impeded thanks to the deficient charge
carrier separation and transfer. In this work, an atomic scale 2D/2D Schottky heterojunction is prepared using
titanium carbide as 2D platform for in situ growth of 2D ultrathin bismuth molybdate nanosheet through
anaerobically hydrothermal conditions. This 2D/2D Schottky heterojunction displays high performance for

MOA, which is 5.56-fold higher than pristine one. The excellent activation efficiency is originated from ultrahigh
charge carrier transfer channel, in which the surface charge transfer efficiency is enhanced (30.73 % vs 18.45 %)
and the surface recombination constant is decreased (0.0019 s~ ! vs 0.0031 s~ ') compared to pristine one. The
mechanism of photocatalytic MOA is unearthed based on experiment results and various characterizations. This
study shows the great potential of atomic scale 2D/2D Schottky heterojunction in photocatalytic MOA.

1. Introduction

Molecular oxygen is regarded as the most green, fertile, and six-
penny oxidizing agent. Unluckily, massive pollutants cannot be directly
oxidized by oxygen molecule at mild condition environment because of
the spin forbidden reactions [1]. But molecular oxygen can be activated
to generate reactive oxygen species (ROS), which is generally re-
cognized as the high-activity oxidant and have been widely employed
in environmental chemistry and biochemistry [2-4]. Molecular oxygen
activation (MOA) can be achieved through many physical, chemical,
and biologic routes [5-7]. Among them, photocatalysis technology for
activating molecular oxygen is believed as the most green, sustainable,
and inexpensive method. Solar-driven excitonic effects in semi-
conductor offer numerous photoinduced hot carriers and energies for
activating molecular oxygen and producing ROS such as 'O, "'OH,
'0,, and H,0,, conquering the spin forbidden reaction of the molecular
oxygen and promoting its oxidation capacity [8,9]. Thus, unearthing
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novel photocatalyst with high yields of hot charge carriers is a mo-
mentous thing in MOA process.

Among diverse photocatalysts, bismuth based semiconductors,
especially the Aurivillius family of Bi,XOg (X=W or Mo) which con-
structed by alternating (Bi»05)?" and (X04)*~ perovskite layers, has
captured substantial attention owing to their layered structures and
superior physicochemical properties [10]. In particular, Bi,MoOg pos-
sesses suitable band gap, valence band (VB), and conduction band (CB),
which renders it as a prospective photocatalyst. Chen’s group has
confirmed that Bi,MoOg showed excellent photocatalytic performance
for MOA [11]. Unfortunately, the pure bulk Bi,MoOg suffers from the
serious photoinduced charge carrier recombination, which undoubtedly
impairs its photocatalytic activation efficiency. And recently, Liang and
his coworkers prepared monolayer Bi,MoOg by bottom-top hexadecyl
trimethyl ammonium bromide (CTAB) assistant hydrothermal route,
which showed higher photoactivity than bulk Bi,MoOg owing to the
shortened charge carrier transfer distance and exposed active sites [12].
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Although charge carrier in monolayer Bi,MoOg can be quickly trans-
ferred to catalyst surface, the transferred surface charge carrier still has
a tendency to recombine, which still impedes it from practical appli-
cation.

To restrain the photogenerated charge carrier recombination, var-
ious strategies have been employed, which contain doping [13], defect
engineering [14], heterojunction construction [15], and carbonaceous
materials modification [16]. Among diverse methods, heterojunction
construction is indeed verified as a valid strategy. Considering the two-
dimensional (2D) structure of monolayer Bi,MoOg, unearthing another
2D material to interconnect with monolayer Bi,MoOg could be a better
choice. Because 2D/2D heterojunctions possess several superiorities: on
the one hand, 2D/2D heterojunctions hold larger interfacial contact
area, which significantly expedites interfacial charge carrier separation
and migration [17]. On the other hand, 2D/2D heterojunctions usually
possess larger specific surface area, which is propitious to mass transfer
[18]. In addition, it also holds high photostability owing to the alle-
viated photocorrosion and agglomeration [19]. Recently, a novel 2D
layered transition metal carbides (MXenes) has motivated research
upsurge in supercapacitors [20], rechargeable batteries [21], and bio-
sensors [22]. Furthermore, the distinctive properties of Ti;C, MXenes
render it as a promising cocatalyst in photocatalytic field: (1) TizC,
MXenes hold ample hydrophilic functionalities (fluorine, hydroxyl or
oxygen groups) on its surface which render it has strong contact with
diverse semiconductors [23]; (2) the termination groups with fluorine,
hydroxyl or oxygen groups supply numerous active sites [24]; (3) the
exposed terminal metal sites (Ti for TisC, MXenes) result in higher
redox ability compared to conventional carbonaceous materials [25];
(4) the superior electroconductibility of Ti;C, MXenes renders it as an
superior electron sink to easily trap photogenerated electron, thereby
accelerating photoexcited charge carrier separation and transfer [26].
Qiao et al. also confirmed that Ti3C, MXenes was an excellent cocata-
lyst by connecting TizC, MXenes with CdS for visible-light photo-
catalytic hydrogen production [27]. In addition, previous studies have
revealed that Ti3C, MXenes display metallic property [28,29]. There-
fore, combining 2D layered TizC, MXenes with monolayer Bi,MoOg is
anticipated to form a novel 2D/2D Schottky heterojunction which
commonly comes into being between semiconductor and metal inter-
face. Moreover, Schottky heterojunction has been corroborated as high
efficacious tactics to expedite photogenerated charge carrier transfer
owing to the built-in electric field formed at contact interface between
Ti3Cy MXenes and monolayer Bi,MoOg [30].

In this study, Bi,MoOg/TizC, MXene Schottky photocatalyst is suc-
cessfully prepared by one-step CTAB-assisted anaerobically hydro-
thermal method. The prepared Bi-MoOg/Ti3C, was characterized by
various technologies such as X-ray diffraction (XRD), transmission
electron microscopy (TEM), and X-ray photoelectron spectroscopy
(XPS) to identify the successful preparation. The photocatalytic per-
formance of Bi,MoOg/Ti3C, Schottky photocatalyst was evaluated by
molecular oxygen activation. The photogenerated electron-hole se-
paration and migration efficiencies were assessed through transient
photocurrent (TPC), electrochemical impedance spectroscopy (EIS),
and open circuit potential (OCP). In addition, the obtained Bi,MoOg/
Ti3C, MXene Schottky photocatalyst was also applied to treat river
water, lake water, industrial wastewater, and medical wastewater.

2. Materials and methods
2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3'5H50), sodiummolybdate
dihydrate (Na;Mo0O,42H,0), and CTAB were used as raw material to
prepare monolayer Bi;MoOg. TizAlC, powder was provided by Hello
Nano Technology Co., Ltd., Changchun. Hydrochloric acid (HCl) and
sodium fluoride (NaF) was used to etch the TizAlC, powder. Dmethyl
sulfoxide (DMSO) was employed to exfoliate the bulk Tiz;C,. All
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chemical reagents are analytical grade and utilized without refining.

In addition, river water was obtained from Xiangjiang River
(Changsha, China), lake water was obtained from Taozi lake,
(Changsha, China), industrial wastewater was obtained from Hebei
Cangzhou Dahua Co., Ltd (China), and medical wastewater was ob-
tained from Changsha 4 st hospital (Changsha, China).

2.2. Synthesis of 2D layered Ti3;C, MXenes

The 2D layered TisC, MXenes were prepared through etching
method coupling with exfoliation procedure [31,32]. Typically, 500 mg
of TizAlC, ground solid was added into etching solutions which con-
sisted by 80 mmol of NaF and 20 mL of HCl solution (35 %-38 %). The
obtained mixture was heated at 60 °C for 24 h with constant stir. After
that, the bulk TisC, was collected through cleaning the mixture with
ultrapure water and attenuant HCI solution, and then drying at 80 °C for
12 h under vacuum environment. 2D layered Ti3C, MXenes were ob-
tained by exfoliating bulk Ti3C, in DMSO solution. 500 mg of bulk Ti3Cy
was poured into 10 mL of DMSO solution and stirred at normal atmo-
spheric temperature for 24 h. After that, the obtained mixture was
added into 50 mL of ultrapure water and suffered from sonication for
several hours. The layered Ti;C, MXenes were obtained through
washing, filtration, and drying in vacuum drying oven at 70 °C for 12 h
(Scheme 1).

2.3. Synthesis of Bi,MoOg/TisC2 MXene Schottky photocatalyst

Bi,Mo0Og/TisCo MXene Schottky photocatalyst was synthetized
through CTAB-assisted anaerobically hydrothermal method. In a typi-
cally procedure, a certain amount of Ti3C, nanosheets were immerged
into 40 mL of ultrapure water and underwent sonication for 0.5 h under
argon condition to achieve high dispersion. Then, 2 mmol of Bi
(NO3)3'5H,0 was added into aforementioned TizC, suspension and
stirred for 0.5 h with constant argon aeration. And then another 40 mL
of deionized water contained 1 mmol of Na,Mo0O42H,0 and 300 mg of
CTAB were dropwisely appended to Bi(NO3)3-5H,0 and Ti3C, mixture
and were stirred for another 1 h under argon condition. Ultimately, the
mixtures were appended to 100 mL Teflon-lined stainless steel auto-
clave and reacted at 120 °C for 24 h. The Bi;,M0O¢/TizC, hybrid ma-
terials with different mass ratios (0.2 %, 0.5 %, 1 %, and 2 %, TisC, to
Bi,MoOg) were obtained through washing, filtration, and drying
(Scheme 1).

2.4. Characterization

The composition of prepared materials was ascertained by XRD
using XRD-6100 equipped with Cu-Ka radiation (A.=0.15418 nm), and
the scanning rate was 8° min~! in the 26 range between 10° and 80°
(Japan). The element constitution and valence state of photocatalyst
was gained through XPS with Al-Ka X-ray (hv = 1486.6 eV) radiation
(ESCALAB 250Xi, America) and binding energy was calibrated with C1
s peaks at 284.80 eV. The morphology and crystal lattice parameter was
acquired via TEM and high resolution TEM (HRTEM) (Tecnai G2 F20 S-
TWIN TMP). Ultraviolet visible diffuse reflectance spectra (UV-vis DRS)
were recorded to test optical property of prepared materials (Varian
Cary 300 spectrophotometer). The functional groups of prepared pho-
tocatalyst were tested through Fourier transform infrared spectroscopy
(FT-IR) (IRTracer-100 FT-IR Spectrometer) in a KBr tablets, scanning
from 4000 to 400 cm™ at normal atmospheric temperature. Atomic
force microscopy (AFM) was utilized to ascertain thickness of materials
(Bruker dimension icon). The reactive oxygen species were tested by
electron spin resonance (ESR) employing 5, 5-dimethyl-1-pyrroline N-
oxide (DMPO) as a probe on a JES FA200 spectrometer under visible
light illumination.
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Scheme 1. The diagram of preparation of TizC, and Bi,M0Og/TizC,.

2.5. Photoelectrochemical measurements

The photoelectrochemical properties of the as-obtained photo-
catalysts were tested on electrochemical workstation with standard
three-electrode system, which photocatalyst loaded fluorine doped tin
oxide conductive glass, platinum sheet, and standard Ag/AgCl electrode
were separately employed as working electrode, counter electrode, and
reference electrode. In typically measurement process, the three elec-
trodes were submersed in 0.2 M of Na,SO,4. TPC, OCP, and EIS that
employed for assessing photoinduced electron-hole separation and
migration were recorded by this standard three-electrode system.

2.6. Photocatalytic performance evaluation

The photocatalytic properties of prepared photocatalysts were ex-
amined by photodegradation of tetracycline (TTC). A 300 W xenon
lamp (> 420 nm) served as light source. Typically, 30 mg of catalyst
was evenly scattered in 100 mL of solution contained 20 mg L™' of
TTC. Before exposing to the xenon lamp, the mixture was stirred for 1 h
under dark condition to obtain the adsorption saturation state. In
photocatalytic experiment, 4 mL of sample was extracted every 15 min,
and then filtrated with 0.45 pm microporous membrane to eliminate
photocatalyst particle. The concentration of TTC was detected through
an UV-vis spectrophotometer (UV-2770, SHIMADZU Corporation,
Japan).

2.7. Quantitative determination of "OH and 'O~

The contents of "OH and 'O, radicals generated in reaction process
were determined by the terephthalic acid (TPA) probe means and ni-
troblue tetrazolium (NBT) transformation method, respectively. TPA
could react with "OH in a molar ratio of 1:1 to generate 2-hydro-
xyterephthalic acid, which has strong fluorescence at 425 nm. The
fluorescence was recorded on TBS-380 Fluorometer (Turner
Biosystems, USA) operating at the excitation wavelength of 310 nm and
the emission wavelength of 425 nm. NBT could react with ‘O, in a
molar ratio of 1:4 and thus leading to the loss of absorbance at 260 nm.
The generated amount of 'O, can be obtained by monitoring the
concentration change of NBT on a UV-vis spectrophotometer (UV-
2770, SHIMADZU Corporation, Japan). The concentrations of TPA and

NBT were 50 mM and 0.01 mM, respectively.

3. Results and discussion
3.1. Characterization

The crystalline feature of BisMoOg and Bi»MoOg/Ti3C, were de-
tected by XRD. As for pure Bi,MoOg, the 26 value at 28.26°, 32.54°,
46.82°, 55.70° are ascribed to (131), (060), (062), (133) plane of or-
thorhombic Bi;MoOg phase (Fig. 1a). For TisC,, the peaks at 19.36°,
26.56°, 36.02°, 41.78°, 60.76° are ascribed to (004), (006), (202), (105),
and (110) reflection of TizCy [33]. After uniting Ti3C, with Bi;MoOs,
the all characteristic absorption band attributed to Bi,MoOg are ob-
served in Bi,MoOg/Ti3Cy Schottky photocatalyst, revealing that the
incorporation of Ti;C, makes no difference on crystalline feature of
Bi,MoOg. However, the diffraction peaks ascribed to Ti3C, cannot be
found in the hybrid material, which is because of its low content (1 %).
In Bi,MoOg FT-IR spectra, the peaks of 447 and 572 cm ™ ! relate to Bi-O
deformation vibration and stretching vibration (Figs. 1b and S1) [34].
The band situated at 725 cm™ is well matched with asymmetric
stretching mode of MoOg involving vibrations of the equatorial oxygen
atoms [35]. The bands at 797 and 843 cm™ are associated with the
asymmetric and symmetric stretching mode of MoOg involving vibra-
tions of the apical oxygen atoms [36]. In addition, the peak located at
1628 cm is geared to O—H stretching and deformation vibrations of
absorbed water [37]. After recombining Bi;MoOg with Ti3C,, no FT-IR
peak attributed to Ti3C, is detected in 2D/2D Bi,MoQOg/TisC, Schottky
heterojunction and all peaks belong to Bi;MoOg, which is attributed to
the low content of Ti3Cy (1 %).

TEM result shows that pristine Bi,MoOg displays the 2D ultrathin
nanostructure with length and width of 50100 nm (Fig. 2a). In ad-
dition, the exfoliated Ti3C, also displays the ultrathin 2D nanosheet
(Fig. 2b). After hydrothermal reaction, BioMoOg ultrathin nanosheets
are attached to the surface of TizC, (Fig. 2¢). And an obvious boundary
between Bi,MoOg and TizC, can be observed in high resolution TEM,
and the palpable lattice fringes spacing of 0.264 and 0.320 nm are
observed, which are in accordance with the (0110) and (131) atomic
plane of Ti3C, and Bi;MoOg [31,38] (Fig. 2d), confirming the intimate
contact between Ti3C, and Bi;MoOs. In AFM image and the corre-
sponding height profile, the height of 1.98 nm is ascribed to the
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Fig. 1. (a) XRD pattern of Bi;MoOs, TizCz and 1 % BixMo0Og/Ti3Co, (b) FT-IR spectra of Bi,MoOg, Ti3Cs and 1 % BisMoOe/Ti3Co.

thickness of ultrathin TizC, nanosheet, and the height of 1.02 nm and
2.75 nm is in accordance with the monolayer and triple-layers of
Bi,MoOg, which indicates that Bi,MoOg ultrathin nanosheet has been
successfully grown on the surface of TizC, nanosheet (Fig. 2e-g). TEM
and the corresponding EDS elemental mapping and EDX technology
were employed to test the element composition and distribution of
Bi,M00O4/Ti3C, hybrid material. The result shows that the elements of
C, Ti, O, Mo, and Bi have a great distribution in Bi;MoOg/Ti3Cs
(Figs. 2h-m and S2). All results strongly reveal the uniform and in-
timate coupling between Ti3C, and Bi;MoOg nanosheets, in other
words, 2D/2D Bi,MoOg/Ti3C, MXene Schottky photocatalyst has been
successfully prepared by anaerobically hydrothermal method. Such
Schottky heterojunction holds large contact area between cocatalyst
and photocatalyst, which may accelerate the migration of photoinduced
electron from Bi,MoOg to TisCo,.

The surface chemical composite and chemical environment of syn-
thetized photocatalysts was tested by XPS analysis. As displayed in
Fig. 3a, Bi, Mo, and O coexist in Bi,M0Og, and Ti, C, O, and F coexist
Ti3C,. However, only Bi, Mo, O, and C can be found in Bi,M0O¢/Ti3C,,
while Ti and F cannot be observed. This is because that the intensity of
elements in TizC, is relatively weak comparing with elements in
Bi,Mo0Og and the low content of TizC, (1 %). In high-resolution picture,
two peaks seated at 159.15 and 164.45 eV appertain to Bi 4f3,» and Bi
4fs o, revealing its trivalent form (Fig. 3b) [39]. Fig. 3c illustrates the
high resolution spectrum of Mo 3d, which is compartmentalized into
two peaks (235.50 and 232.50 eV), correlating with the Mo 3d3,, and
Mo 3ds,», respectively. And element O is compartmentalized into two
peaks (531.30 and 530.25 eV), which are associated with adsorbed H,O
and lattice oxygen (Fig. 3d) [40]. The binding energies at 282.25,
284.80, 286.70, and 289.20 eV in Cls spectrum are correlated with
C—Ti, C—C, C—O0, and C—F, respectively (Fig. 3e) [41]. While the C—Ti
bond in 1 % Bi,MoOg/Ti3C, is disappeared. Therefore, the XPS mea-
surement of 1 % Bi»MoOg/Ti3C, (prepared by mechanical mixing of
Bi,MoOg and Ti3C, for several minutes) was also conducted, the result
shows that C—Ti bond retains in C 1s spectra (Fig. S3). This result in-
dicates that the disappearance of C—Ti bond is because that partial
C—Ti is disrupted during the preparation process, which is in line with
previous studies [26,33,42,43]. Ti 2p can be split into six peaks at
454.90, 456.55, 458.45, 460.85, 462.50, and 465.20 eV, which are in
line with Ti(III) 2p3,», Ti(II) 2p3 /s, Ti(IV) 2p3,», Ti(I) 2pq 5, Ti(III) 2p;,
2 and Ti(IV) 2p, /», respectively (Fig. 3f) [44]. The low valance species
of Ti could act as electron donors to activate molecular oxygen owing to
its high reduction ability [45]. In high resolution spectrum of F, the
binding energies at 688.85 and 685.45 eV are attributed to F—C and F-
Ti [27]. Unfortunately, the peaks of Ti and F in Bi,M0O¢/Ti3C, cannot

be accurately differentiated, because they overlap with Bi 4d and Bi 4p,
but we can observe that the binding energy of Ti in Bi,MoOg/Ti3C, has
a negative shift (Figs. S4 and S5). The positive binding energy shift of
Bi, Mo, and O and the negative binding energy shift of Ti in Bi,M0oOg/
Ti3C, reveal that electrons are migrated from Bi,MoOg to Ti3C, because
the binding energy in XPS has negative correlation with surface elec-
tron density, thereby resulting in formation of Schottky junction be-
tween Bi,MoOg and TisC, interface [46].

The optical property of pristine Bi,MoOg and Bi,MoOg/TizC, was
investigated via UV-vis DRS. The absorption edge of pristine Bi,MoOg
locates at approximate 470 nm and the absorption edge of BixMoOg/
Ti3C, 2D/2D heterojunction also remains unchanged (Fig. 4a), while
the light absorption intensity has a slight enhancement. The appeared
phenomenon is because that the existence of Ti3C, nanosheet barely
increases the absorption baseline related with the distinct adsorption of
carbonaceous materials [47]. The band gap of various materials is ac-
quired through Kubelka-Munk equation [48,49], and the band gap of
Bi,MoOg and 1 % Bi;Mo0Og/TizC, is 2.77 and 2.76 eV (Fig. 4b). There is
no overt difference between absorption edge and band gap of Bi,MoQOg
and Bi,MoOe/TisC,, indicating photoabsorption is not the primary
reason that impacts their photocatalytic performance. Mott-Schottky is
regarded as a powerful tool to ascertain the CB potential of photo-
catalyst. It can be detected from Mott-Schottky plots that Bi,MoOg
possesses the positive slope at diverse frequencies (from 1000 to 3000
Hz), revealing the typical n-type feature of Bi,MoOg (Fig. 4c) [50]. In
addition, the flat band potential of Bi,MoOg is —0.55 eV from the in-
tercept of the tangent of the Mott-Schottky plots on x-axis (Fig. 4c). In
general, the CB potential of n-type semiconductor is close to the flat
band potential. Moreover, Ag/AgCl electrode potential is converted into
normal hydrogen electrode potential (NHE) based on undermentioned
formula:

E(NHE)=E(Ag/AgCl)-E®+0.059pH (@))]

Where Ee(Ag/AgCl) = 0.197 eV [51], thereby the CB potential of
Bi,MoOg is -0.42, and the corresponding VB potential is +2.35 eV. In
addition, the XPS-VB technology further determines that CB and VB
potential of Bi,MoOg is —0.47 and +2.30 eV (Fig. 4d—e), which is in
line with the result of Mott-Schottky

For the purpose of exploring the photoinduced charge carrier
transfer dynamics, a series of photoelectrochemical methods were
conducted, including EIS, OCP, and TPC. As exhibited in Fig. 5a, 1 %
Bi,Mo00Og/TisC, displays a much smaller arc radiuses of EIS Nyquist
curve than pure Bi,MoOg, suggesting the smaller photogenerated
charge migrate resistance, thereby resulting in high-speed interfacial
charge carrier transfer across the contact surface [52]. The surface
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Fig. 2. (a—c) TEM images of pristine Bi,MoOs, Ti3C,, and 1 % Bi,Mo0Oe/Ti3C, MXene Schottky photocatalyst, (d) high resolution TEM of 1 % Bi,Mo0Oe/Ti3Co, (e—f)
AFM image and the corresponding height profiles of 1 % Bi,MoOe/Ti3Co, (g) the proposed nanostructure of 1 % BinM0Og/Ti3C,, (h-m) TEM image and corre-

sponding EDS elemental mapping of 1 % Bi;Mo0Oe/Ti3Co.

recombination constant of Bi,MoOg and 1 % Bi,MoOg/TisC, is in-
vestigated by the decay profile of OCP. The average recombination
constant is determined by Eq. (2) [53]:

_EEe =1-exp®t
Eq - Ep 2

E denotes OCP at any time, E4 denotes OCP stationary value in the
dark environment, and E, denotes photo-stationary OCP value, and k
represents the pseudo-first order recombination rate constant s H.
The OCP transient decay indicates the charge recombination between
trapped electrons and adsorbed species on the photocatalyst surface
rather than in the lattice bulk, because the slow OCP decay is observed
in experiment for several minutes while charge recombination in lattice
bulk is very fast (ns—ms domain) [54]. As displayed in Fig. 5b, 1 %

Bi,Mo0Og/Ti3Cy possesses a much slower transient OCP profile com-
pared to pristine BinMoOg, indicating that TizC, MXene impedes the
surface recombination of photogenerated charge carrier. The surface
recombination constant of 1 % Bi,Mo0Og/Ti3Cs is determined to be
0.0019 s~ !, which is 1.63-fold smaller than pure Bi;MoOg (0.0031
s~ 1), confirming that 1 % Bi,Mo0Og/TizC, holds a small surface re-
combination rate.

TPC measurement indicates that 1 % Bi,MoOg/Ti3C, possesses a
much larger photocurrent density than pure Bi;MoOg (Fig. 5c—d), re-
vealing its higher photoinduced charge carrier separation efficiency
[55]. Meanwhile, the surface charge transfer efficiency (g,) is studied
through the addition of fast electrons scavenger (H,05) into electrolyte
[56]. The photocurrent can be defined by the undermentioned Eq. (3):
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3)

Jm0 = Jmaxljabsljsepl:]uans

When H,0, is added into electrolyte solution, the surface charge
transfer become extremely fast and the 1y.,s approximately reaches
100 %, and then the photogenerated current can be expressed as Eq.

(4):

In0, = maxJabs Dsep

4

Here, Jmax, Dabs» Dsep d0 not change in both Jy,o and Jy,o, system.
Consequently, the ., can be conveyed as following Eq. (5):

Ji,0

Dirans =

)

JHzOz

As displayed in Fig. 5c—d, the photocurrent of Bi;MoOg raises from
0.019 pA cm ™2 to 0.103 pA cm ™2 after adding H,0, into electrolyte
solution, while the photogenerated current of Bi,MoOg/Ti3C, increases
from 0.067 pA cm™ to 0.218 pA cm ™2 This phenomenon is attributed
to that H,O, is much more easily reduced than that of H,O. Accord-
ingly, the 1, of Bi,M0oOg and BisMoOg/Ti3C; is calculated to be 18.45 %
and 30.73 %, respectively. This result reveals that 2D/2D Bi,MoOg/
Ti3Cy MXene Schottky photocatalyst holds much higher surface charge
transfer efficiency than pristine Bi,MoO.
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Fig. 4. (a) UV-vis DRS spectra of pristine Bi,M0Og and Bi,M00Og/Ti3C, hybrid materials with different content of TizC,, (b) the band gaps of pristine Bi,M0Og and 1
% Bi,Mo0Og/TizC, hybrid materials, (c) the Mott-Schottky curves of pristine Bi,MoOg at different frequencies (from 1000 to 3000 Hz), (d) the XPS-VB spectra of
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3.2. Photocatalytic activity assessment

In this study, antibiotic is selected as representative refractory or-
ganic contaminant to assess the catalytic performance of Bi,MoOg and
Bi,M0Oe/Ti3C, Schottky photocatalysts owing to its wide employment
in iatrology, animal husbandry and agriculture [57,58]. As shown in
Fig. 6a, no palpable degradation efficiency is detected without adding
photocatalyst into system under visible light irradiation, indicating that
pure photolysis exerts no influence on TTC degradation. The catalytic
degradation efficiency of pure Bi,MoOg is 57.25 %, while the photo-
degradation efficiencies of Bi,M0O¢/TizC, hybrid materials with dif-
ferent content of TizC, are improved, and the optimal content of Ti3C,
is 1 % (mass ratio of Ti3C, to Bi,MoOg), about 85.45 % of TTC can be
decontaminated within 90 min, indicating that the combination of
TizC, with Bi,MoOg indeed promotes the photocatalytic property of
pure Bi;MoOg. In addition, the photodegradation process was further
thoroughly understood via pseudo first-order kinetic model. The ap-
parent rate constant (kapp) of bare Bi,MoOg for TTC photodegradation

is 0.0094 min~!, while the Kapp for 1 % BiMoOe/Ti3C, is 0.0214
min~?!, which is 2.3 fold higher than pure Bi,MoOg (Fig. 6b), which
further confirms that Ti3C, can accelerate photogenerated charge car-
rier separation and transfer, thereby improving photocatalytic perfor-
mance.

The practicability and stability are critical factors in the actual
wastewater treatment. In this study, four actual wastewaters (river
water (RW), lake water (LW), industrial wastewater (IW), medical
wastewater (MW)) are selected to assess its practicability. As displayed
in Fig. 6¢, the photodegradation efficiency is almost no reductive when
Bi,Mo00g/Ti3C, was applied to treat RW and LW. However, the removal
efficiency has a slightly reduction when IW and MW was treated. This
may be because that many other pollutants coexist in IW and MW to
compete with TTC for the limited active species. Nevertheless, the
photocatalytic performance for treating these actual wastewaters is still
satisfactory. In addition, the photostability of 1 % Bi,Mo0Og/Ti3C, is
also tested through cycle experiment. As shown in Fig. 6d, 1 %
Bi>MoOg/Ti3C, still maintains high photocatalytic performance for TTC
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Fig. 5. (a) EIS Nyquist plots of Bi,M0Og and 1 % Bi,M0Og/Ti3zC,, (b) Normalized open-circuit potential (OCP) decay curves after turning off the visible light (n > 420
nm), (c) the photocurrent response of Bi,MoOg without and with adding H,O, into electrolyte, (d) the photocurrent response of 1 % Bi,Mo0Og/Ti3C, without and with

adding H,0, into electrolyte.

removal after five successive operations. And XRD pattern of the fresh
and used 1 % Bi,MoOg/TisC, shows that the component and crystalline
phase does not change, further confirming the high photostability of 1
% Bi,MoOg/TisC, (Fig. S6). Consequently, this 2D/2D Schottky pho-
tocatalyst is expected to become a rising star material for actual sewage
treatment.

3.3. Mechanism exploration

For the sake of exploring the photocatalysis mechanism of
Bi,M0O¢/TisC,, the generated ROS in catalytic process were in-
vestigated. In this work, ethanol (ETA), tert-Butanol (TB), 4-Hydroxy-
2,2,6,6-tetramethylpiperidine 1-Oxyl Free Radical (TEMPOL), and -
tryptophan (LTP) are utilized as scavengers of h*, "OH, ‘0, ~, and 10,,
respectively. As displayed in Fig. 7, the photocatalytic performance is
restrained when adding TEMPOL, ETA, TB, and LTP into catalytic
process, only 46.79 %, 52.73 %, 57.09 %, and 63.92 % of TTC can be
decontaminated, which indicates that ‘O,~, h*, 'OH, and 'O, are
major ROS participated in catalytic reaction. In order to further identify
the generation of aforementioned ROS, ESR technology is employed.
The result shows that the signal attributed DMPO-"0O, "~ appears when 1
% Bi,Mo00Og/TizC, exposes to visible light illumination, while no signal
can be found in dark, suggesting ‘O,  indeed generates in photo-
catalytic system. Meanwhile, the ESR signals of DMPO-'O,~ and
TEMP-'0, are also detected after 1 % Bi,MoOg/TisC, suffering from
light illumination, confirming the formation of 'OH and 'O,.

In addition, NBT transformation method was employed to quanti-
tative determine the yield of 'O,~ [59]. NBT could react with ‘O, in a

molar ratio of 1:4 and thus lead to the loss of absorbance at 260 nm.
The generated amount of ‘O, can be obtained by monitoring the
concentration change of NBT. As displayed in Fig. S7-8, the density of
the absorbance at 260 nm of NBT constantly reduces with extension of
time after catalytic reaction by 1 % Bi,MoOg/Ti3C,, while only very few
loss of absorbance is detected by Bi,MoOg. From Fig. 8a, about 4.07 %
and 25.81 % of NBT react with 'O, in Bi;MoOg and 1 % Bi,MoOg/
TizC, system, the K,pp, of 1 % BisM0Og/TisCo is much higher than pure
Bi,MoOg (Fig. S9), and the corresponding ‘O, production by Bi,MoOg
and 1 % Bi,M0Og/Ti5C, are 43.556 ymol L g'1 and 243.556 pmol L g
1 (5.56 times) (Fig. 8b). In addition, the production of 'OH is also
quantitatively determined through TPA probe means [11]. TPA could
react with "OH in a molar ratio of 1:1 to generate 2-hydroxyterephthalic
acid, which has strong fluorescence at about 425 nm. As displayed in
Fig. S10, no characteristic absorption band of 2-hydroxyterephthalic
acid is detected after adsorption for 30 min, suggesting adsorption
cannot generate 'OH. However, after visible light irradiation, the
characteristic peaks appear and the intensity increase with prolonging
lighting time (Figs. S11 and S12). Therefore, the production rate of ‘OH
concentration over Bi;MoQg is determined to be 1.801 pmol L' g7,
while "OH production rate of 1 % Bi,MoOg/Ti3C, can reach 6.908 umol
L! g'l (3.83 times) (Fig. 8c—d). Nevertheless, the yield of 'OH is much
lower than "O, . More importantly, the VB potential is more negative
than oxidation potential of OH-/"OH (+2.40 eV), thereby 'OH is un-
able to generate by hole oxidation. Consequently, the generated "OH is
originated from the ‘O, conversion [60]. In addition, the detected 10,
is also generated by ‘O, conversion [61]. Based on aforementioned
results, Bi;MoOg/TizC, 2D/2D MXene Schottky photocatalyst is more



B. Li, et al.

Applied Catalysis B: Environmental 266 (2020) 118650

()W ey
@ 0.2% Bi,MoO/Ti;C,
@ 0.5% Bi,M0O4/Ti,C,
154 @ 1% Bi,MoOy/Ti,C,
_ @ 2% Bi,MoO¢/Ti;C,
o
o 1.0+
Photolysis "‘.=
0.4 4 Bi,MoO, 0.5
@ 0.2% Bi,M00,/Ti,C; =7
00 O 05% Bi,M0O¢/Ti,C,
“ 19— 1% Bi,MoO,/Ti,C, 0.0
—@— 2% Bi,MoOy/Ti,C,
T T T T T T T T T T T T T T
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Time (min) Time (min)
100 100
(c) (d)
80 - 801
~ G
L <
= oy
8 60+ 5 604
3 5
g B
Tg 40 - RW:82.31% S 401 First:84.53%
£ LW:80.29% % ‘Second:83.06%
[ I Third-
204 MW:76.91% 204 i Third:80.68%
‘Forth:78.26%
IW: 77.26% b
'Fifth:76.05%
0 0 T T T T T - T T
1 2 3 4 5 6 7
Different wastewaters Times

Fig. 6. (a) Photocatalytic degradation of TTC by pure Bi,M0Og and Bi,Mo0Og/Ti3zC, Schottky photocatalysts, (b) and the corresponding -In(C/Co) versus time curves,
(c) The photoctalytic performance of 1 % Bi,MoOg/Ti3C, for different wastewaters treatment, (b) the five successive operations for TTC removal by 1 % Bi,MoOs/

TisCo.

100
@),,] (b) ©
1.0 \\ 2.0 @ No quencher
)
N i)
AN 9 ETA = 801
\ B~ S
081  \ o 1.54 TEMPOL P L3
\ 3 ° o LTP ) 4 z
e 5 604
s 0.6 - Sy g ° ki
o 8 S 1.0 / o| E
[3) ol g o
= Nl G5 B 401
0.4 9 b4 ] -2 H
—@— No quencher o 0.5+ 'Y 23 >4 £
™ ~- —z 2 5
029 —0—ETA T ﬁ = L
TEMPOL o 0.047
o LTP
0.0~ T T T T T T T T T T T T T 0 T T T T T
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Time (min) Time (min) No quencher  TB ETA  TEMPO  LTP
(d DMPO-+0; ©) owmeo-on|  (f) TEMP-'0,
M/\'\/\\/\F"W oI o
G £ 3
z . z =
E E rw/\Pzw\/\/\—« E et R
Dark Dark Dark
A T A A AR s
3&0 352 3&4 356 3179 3180 3181 3182 3183 3184 3185 318.6 3187 3188 3189
Magnetic Field (mT) Magnetic Field (mT) Magnetic Field (mT)

Fig. 7. (a—c) Effect of different scavengers on the photodegradation efficiency of 1 % BinMo0Og/Ti3Co, (d—f) and corresponding ESR spectra for DMPO-'0, ",

DMPO-"OH, and TEMP-10,.



B. Li, et al.

1.00 1
0.95
0.90
Qc
S 0.85-
0.80
—— Bi;MoO,
0751 —a—Bi,Mo0,/Ti,C,
0.70 1 . . . . ; ;
0 15 30 45 60 75 90
Time (min)
(c) s
74
—@— Bi,MoOg
61 —o—Bi,MoOyTi,C,

*OH Production (umol L' g™)

0 15 30 45 60 75 90

Time(min)

(b) s,

(d)

Applied Catalysis B: Environmental 266 (2020) 118650

—0— Bi,MoO,
—0— Bi,M0O,/Ti,C,

200 A
1504

100 A

«0, production (umol L' h™")

0 15 30 45 60 75 90

Time (min)

2501

2004

1
(=)}

3.56 times 3.83 times |

1004

F
«OH production (umol L' g)

1
8]

«0," production (umol L' ")

150- 5 ‘
|
|

504 |

1

Bi,;MoOy/Ti;C, Bi;MoO,

Bi,;MoOy/Ti;C, Bi,MoO;

Fig. 8. (a) the photodegradation curves of NBT by Bi,MoOg and 1 % Bi,M00Og/Ti3C,, (b) and the corresponding ‘O, production, (c) the "OH production rate of
Bi,MoOg and 1 % BiMoOe/Ti3Cs, (d) the comparison of reactive oxygen species production between Bi,MoOg and 1 % Bi,M0Og/TizC,.

propitious to activate molecular oxygen to generate ‘O, , and mean-
while convert to other ROS.

In the light of foregoing results, the potential catalytic mechanism of
Bi,Mo0QOg/TisCy for MOA is put forward and exhibited in Scheme 2.
Under visible light irradiation, Bi,MoOg is stimulated and produced
electron and hole, the electron first flows to CB of Bi;MoOg (Eq. (7)),

and then conquers Schottky barrier to quickly jump to Ti3C, through
built-in electric field (Eq. (8)). Previous study has reported that the
introduction of TizC, was favorable for O, adsorption because un-
saturated Ti 3d orbitals of TizC, can absorb dissolved O, molecules
through the charge donating defect effect and quasi-alloying effect
[62]. Therefore, the migrated photogenerated electron on TisCy

34 build-in electric field ~ molecular oxygen activation
He
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0 . e e e ¢
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Scheme 2. The possible mechanism for visible light driven molecular oxygen activation.
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nanosheet can activate absorbed molecular oxygen to generate O~
(Eq. (9)). However, as a result of the more negative VB of Bi;MoOg
(2.35 eV < 2.40 eV), 'OH cannot be generated through H,O oxidation
by photoinduced h™ [63]. However, ‘OH is detected in this system.
Therefore, the detected 'OH by capture experiment, ESR, and TPA
probe means is originated from the 'O, translation (Egs. (10) and
(11)) [60]. In addition, capture experiment and ESR also confirm the
generation of 10, in this system, thus the other part of "0, will react
with photoinduced hole to form 10, (Eq. (12)) [61]. Thus, in this study,
the molecular oxygen is first activated to generate 'O, , and then
converted to other ROS under the action of electrons and holes. The all

o HCLICH;

TTC m/z=445

Pathway 2
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generated ROS (including ‘O, ", "OH, and 10,) by MOA can participate
in important catalytic process (pollutant decontamination) owing to
their strong oxidation capacity. Meanwhile, the remnant photo-
generated hole in CB of Bi;MoOg can also take part in catalytic reaction
(pollutant decontamination) (Eq. (13)).

Bi;M0Og+hv—Bi;M0Og(e™) + Bi,MoOg(ht) 7)
Bi,MoOg(e™)—TizC,(e7) (8)
e” + 0;—+0; (©)]
«0; + H" + e >H,0; 10)
H,0, + e"—+OH+OH"- 1)
+0; + ht—'0, 12)
+0;++OH+'0, + h*+pollutants—production (13)

3.4. Exploration of intermediates and degradation pathways

The mineralization efficiency was measured through total organic
carbon [64]. The mineralization efficiency of pristine Bi,MoOg is 21.36
%, while the mineralization efficiency of 1 % Bi,MoOg/Ti3C, can reach
41.15 %, which is approximate 1.93 times higher than pristine
Bi,MoOg, further revealing its excellent photocatalytic performance
(Fig. 9). However, it can be found that mineralization rate is lower than
photocatalytic removal rate, which reveals that the TTC is transformed
into some intermediate products. Therefore, the liquid chromato-
graphy-triple quadrupole tandem mass spectrometry (LCMS/MS) was
employed to detect these intermediate products and explore the pho-
todegradation pathways. As displayed in Scheme 3, six intermediate
products are detected and thus two photodegradation pathways are

T1 m/z=459 T2 m/z=475 T3 m/z=490
Pathway 1
H;C _H'_CH
OH AN
N H,0
CoO,
NO;

Scheme 3. The proposed photodegradation pathways of TTC by 1 % Bi,MoOg/Ti3Cs.
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proposed. As for pathway 1, the intermediate of T1 is produced by the
hydroxylation process of original TTC. The product with m/z of 475
(T2) is generated by the "OH attack of generated T1, and T2 is further
assaulted by "OH to produce T3 with m/z of 490 [65]. In the term of
pathway 2, the intermediate of T4 is generated by undergoing several
processes including dehydration of original TTC, the demethylation of
the dimethylamino group, and the detachment of the carbinol and
acylamino group. The intermediate T5 is originated from the opening of
the carboatomic ring in T4, and the decarboxylation of T5 leads to the
generation of T6 [66]. Ultimately, the above-produced intermediate
products are mineralized into NO3~, CO,, and H»0.

4. Conclusion

In summary, a novel 2D/2D Bi,MoOg/Ti3C, MXene Schottky het-
erojunction is successfully prepared through facile CTAB-assisted
anaerobically hydrothermal method. The as-obtained hybrid material
displays excellent photocatalytic performance for MOA compared to
pristine Bi;MoOg. The enhanced photocatalytic performance is asso-
ciated with some aspects. On the one hand, the large contact area
formed between 2D/2D Schottky heterojunction accelerates the se-
paration and migration of photoexcited electron-hole pairs. On the
other hand, the high redox activity of surface Ti sites promotes multi-
electron reduction reaction to realize high MOA performance. In brief,
this work not only offers a new tactics to design 2D/2D high-perfor-
mance photocatalytic system, but also gives a deep understanding of
MOA on surface structures in photocatalytic reactions.
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