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Abstract: The strategy to improve the photocatalytic
removal efficiencies towards organic pollutants is still a
challenge for the novel Sillen–Aurivillius perovskite type
Bi4NbO8Cl. Herein, we report carbon-supported TiO2/
Bi4NbO8Cl (C-TiO2/Bi4NbO8Cl) heterostructures with
enhanced charge separation efﬁciency, which were fabricated via molten-salt ﬂux process. The carbon-supported
TiO2 particles were derived from MXene Ti3C2 precursors,
and attached on plate-like Bi4NbO8Cl, acting as electrontraps to achieve supressed recombination of photoinduced charges. The improved charge separation confers
C-TiO2/Bi4NbO8Cl heterostructures superior photocatalytic
performance with 53% higher than pristine Bi4NbO8Cl,
towards rhodamine B removal with the help of photoinduced holes. Moreover, the C-TiO2/Bi4NbO8Cl heterostructures can be expanded to deal with other water contaminants, such as methyl orange, ciproﬂoxacin and 2,4dichlorophenol with 44, 25 and 13% promotion, respectively, and thus the study offers a series of efﬁcient photocatalysts for water puriﬁcation.
Keywords: Bi4NbO8Cl; heterostructures; MXene Ti3C2;
photocatalysis.
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1 Introduction
Visible-light-driven photocatalysis using semiconductors
is emerging as a hot topic of research to handle with
impending issues related to industrial wastewater [1–5]. In
the past decades, plenty of semiconductors have been reported as photocatalyst applied in contaminated water
puriﬁcation [6–8]. Nevertheless, most of them are limited
in application for some disadvantages, such as toxicity,
low activity or high cost [9]. Bismuth-based semiconductors have been recognized as a new series of visible
light-responsive photocatalysts, because of their appropriate band-gap energy, valence band potential and tiny
toxicity [10, 11].
Recently, a layered Sillen–Aurivillius perovskite type
Bi4NbO8Cl, previously employed as ferroelectric material,
has attracted the interests of researchers who devoted
themselves to photocatalytic water decontamination [12–
15]. The structure of Bi4NbO8Cl is composed of single layer
[NbO4] perovskite blocks, which are isolated by two layers
of [Bi2O2] blocks [16]. It is worthy to be noted that the hybridization of Bi 6s with O 2p orbitals in this compound is
favourable to fast carrier mobility, and internal electric
ﬁeld caused by layered structure is beneﬁcial to better
charge separation, thereby improving photocatalytic performance [17]. Mandal et al. synthesized Bi4NbO8Cl particles using solid-state reactions, and unveiled an excellent
rhodamine B (RhB) degradation efﬁciency in the acidic
medium [18]. Sundaram et al. constructed porous Bi4NbO8Cl through solution combustion synthesis, and the
nanostructures exhibited mineralization of Congo red by
75.31% in 80 min [19].
In our previous study, the most reactive species
involved in the photocatalytic removal of organic dyes by
Bi4NbO8Cl are photo-induced holes, which are non-selective for organic compounds oxidation [20]. Therefore, it
would be more advantageous for the charge separation
This work is licensed under the Creative Commons Attribution 4.0 Public
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leading to holes accumulation, by boosting photo-excited
electrons migration in Bi4NbO8Cl. Besides traditional noble-metal loading, modiﬁcation by metal-oxide semiconductors seems to be one of the appropriate choices for
their preferable stability in the photocatalytic process. Titanium dioxide (TiO2) is a type of wide band-gap semiconductor with the merits of non-toxicity, low-cost and
high chemical stability, which can also be utilized as
photocatalysts [21]. Moreover, the conduction band (CB) lie
at about −0.30 eV (vs. normal hydrogen electrode, NHE)
[22, 23], which is more positive than that of Bi4NbO8Cl
(−0.4 ∼ −0.5 eV) [24], resulting in the possibility of acting as
electron-traps for improved charge separation efﬁciency.
Two-dimensional (2D) MXenes have attracted much
attention in photo-induced reactions, for their excellent
sunlight-harvesting and carrier mobility properties [25–
30], for instance, MXene Ti3C2 has been expanded rapidly
in water-treatment, such as photothermal evaporation,
photoinduced antimicrobial, and photocatalytic degradation [31–33]. Besides, beneﬁting from the layered structures
and alternative distribution of Ti and C elements, MXene
Ti3C2 can be employed as excellent precursor for the synthesis of ﬁne and uniform TiO2 nanoparticles in the
oxidative conditions. The merit of transformation between
conductive Ti3C2 and semiconductive TiO2 gives rise to the
superiorities in photocatalytic applications. Peng’s group
synthesized (001)-facet TiO2/Ti3C2 in hydrothermal process, and the photocatalytic degradation of methyl orange
(MO) was drastically boosted by the synergistic effect of
improved charge separation and exposed active facets [34].
Wang et al. obtained mesostructured TiO2 nanoparticles
via direct H2O2 treatment, which demonstrated that the
MXene Ti3C2 was completed oxidized to TiO2 and 2D-carbon
species [35]. Furthermore, small TiO2 particles modiﬁed
with disordered graphitic carbon sheets (carbon-supported
TiO2) could be easily obtained by oxidation at high temperatures in air [36–38].
Herein, we synthesized quasi-2D Bi4NbO8Cl plates via
a ﬂux method in air using NaCl/KCl mixed molten salts,
and MXene Ti3C2 was simultaneously introduced in this
procedure, in order to construct carbon-supported TiO2
(C-TiO2) loading on Bi4NbO8Cl. Based on the feature that
photo-induced electrons migrate to edges of Bi4NbO8Cl
while holes accumulate in plane in the photocatalytic
process according to previous report [39], the C-TiO2 can act
as electron-trap to reduce migration distance for electrons.
By tailoring the ratio of C-TiO2/Bi4NbO8Cl, the optimal
photocatalyst possessed superior degradation efﬁciency
by 53% towards organic dye RhB than that of pristine
Bi4NbO8Cl photocatalysts, and was also validated effective
by other water contaminants, such as MO, ciproﬂoxacin

(CIP) and 2,4-dichlorophenol (2,4-DCP). Consequently, the
mechanism of the MXene Ti3C2 derived C-TiO2 promoted
electrons transfer, leading to enhancement of photoinduced holes accumulation for effective oxidation of
common water contaminants, was illustrated.

2 Experimental
2.1 Materials
Sodium chloride (NaCl, 99.5%), potassium chloride (KCl,
99.5%), bismuth trioxide (Bi2O3, 99.5%), lithium ﬂuoride
(LiF, ≥ 98.0%), hydrochloric acid (HCl, 36.0 ∼ 38.0%) and
ethylene glycol were purchased from Sinopharm Chemical
Reagent Co., Ltd. Bismuth (III) chloride oxide (BiOCl,
98.5%) and niobium pentoxide (Nb2O5, 99.9%) were purchased from Energy Chemical Inc. All the reagents were of
analytical grade and used directly without further puriﬁcation.

2.2 Preparation of MXene Ti3C2
MXene Ti3C2 was prepared by etching MAX phase Ti3AlC2
powders according to our previous reports [40]. Typically,
stoichiometric amount of MAX phase Ti3AlC2 powders were
dispersed in HCl solution with concentration of 6 mol/L,
which is placed in a plastic container, and LiF powders
were slowly added into the above suspension. Then the
plastic container was sealed and the mixture was heated at
50 °C for 48 h under continuous stirring. Finally, the MXene
Ti3C2 powders were obtained by washing with deionized
water and centrifuging for several times, and dried in a
vacuum oven at 80 °C for 10 h.

2.3 Synthesis of C-TiO2/Bi4NbO8Cl
(T/BNC-x) heterostructures
C-TiO2/Bi4NbO8Cl samples were prepared by a ﬂux method
using Bi2O3, BiOCl, and Nb2O5 as raw materials, a mixture
of alkali metal chlorides NaCl/KCl was used as ﬂux, and
MXene Ti3C2 was employed as additive. Typically, the
mixed KCl/NaCl (n(NaCl) = n(KCl) = 5 mmol) salts were
grounded with mixture of Bi2O3 (130 mg), BiOCl (67 mg),
Nb2O5 (350 mg) and certain amount of MXene Ti3C2. Afterwards, the mixture was transferred to a porcelain boat
and calcined at 750 °C for 60 min in a mufﬂe furnace. The
products were thoroughly washed with deionized water
and ethanol several times, and dried at 80 °C for 24 h. In
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this process, the value x% was introduced as the mass
fraction of MXene Ti3C2 with respect to the mixture (Bi2O3,
BiOCl and Nb2O5), and the resultant C-TiO2/Bi4NbO8Cl was
labeled as T/BNC-x. The value x was set as 0.5, 1.0, 2.0 and
5.0, corresponding to the weight of 27, 55, 109 and 219 mg
for the added MXene Ti3C2, respectively.
In addition, pristine Bi4NbO8Cl (BNC) was synthesized
via the same procedure without the addition of MXene
Ti3C2, and different temperatures (650 °C, 700 °C, 750 °C,
800 °C and 850 °C) were set to regulate the morphology and
crystallinity of Bi4NbO8Cl. MXene Ti3C2 powders were underwent the same calcination process as that of C-TiO2/
Bi4NbO8Cl to obtain carbon-supported TiO2, labeled as
C-TiO2.

2.4 Characterization
X-ray diffraction patterns were recorded on a diffractometer (D8 ADVANCE, BRUKER, Germany) fitted with Cu Kα
radiation over the 2θ ranges from 10° to 80°, and the
scanning speed was 4° min−1. Scanning (SEM) and transmission electron microscopy were taken on a JSM-7610F
ﬁeld-emission SEM (JEOL, Japan) and a Tecnai G2 F20
S-TWIN microscope (FEI, USA), respectively. X-ray photoelectron spectroscopy (XPS) data were captured on an
ESCALAB 250XI (Thermo Fisher, USA) with an Al Kα
(1486.6 eV) achromatic X-ray source, and the binding energies were calibrated by adventitious C 1s peak (284.8 eV).
UV–vis diﬀuse reﬂectance spectra of the photocatalysts
and the absorption spectra of degradation products were
recorded on a Cary 5000 ultraviolet-visible (UV–vis)
spectrophotometer (Agilent, USA) furnished with an integrating sphere. The photoluminescence (PL) spectra were
measured with an FLS920 ﬂuorescence spectrometer
(Edinburgh, UK) with an excitation wavelength of 365 nm.

2.5 Photocatalytic activity
The photocatalytic activities of the T/BNC-x samples were
evaluated by the decomposition of water-soluble organic
compounds. In the experiments, organic compounds RhB,
MO, CIP, and 2,4-DCP were used as target pollutants to be
decomposed. Typically, as-prepared samples (40 mg) were
suspended in 40 mL of 10 mg/L aqueous RhB solution (in
other cases, 10 mg/L MO, 5 mg/L CIP and 5 mg/L 2,4-DCP).
Before illumination, the suspension was stirred magnetically in a dark chamber for 30 min to ensure adsorptiondesorption equilibrium between the pollutant molecules
and the photocatalysts. Subsequently, a 300 W Xenon
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lamp (Beijing China Education Au-light Co., Ltd, CEL-LAX)
equipped with a condensing collector was used as the light
source. At scheduled time intervals, 4 mL of the suspension
was sampled and ﬁltrated to remove the photocatalyst
powders. The concentration of supernatants was measured
by a Cary 5000 UV–vis spectrophotometer (Agilent, USA)
and the degradation efﬁciency could be determined by
Lambert Beer’s law.

2.6 Active species trapping experiments
Isopropanol (IPA), p-benzoquinone (BQ), ethylenediamine tetraacetic acid disodium salt (EDTA-2Na) and
potassium bromate (KBrO 3) were involved in the system
of RhB (10 mg/L) photocatalytic degradation reaction to
scavenge the hydroxyl radicals (·OH), superoxide radicals (·O2−), photo-generated holes (h+) and electrons (e−)
respectively, in order to elucidate the photocatalysis
mechanism. The experiments were similar to the
former photocatalytic removal of RhB process except
that scavengers were involved in the suspensions
before irradiation, and the concentration of IPA, BQ,
EDTA-2Na and KBrO3 was 10.0, 1.0, 1.0 and 10.0 mmol/L,
respectively.

2.7 Electrochemical and photoelectrochemical
measurements
Electrochemical (EC) and photoelectrochemical (PEC)
measurements of the samples were recorded on a CHI
660E electrochemical workstation (Shanghai Chenhua,
China), and conducted in the standard three-electrode
cell. Fluorine-doped tin oxide glass coated with samples
was used as working electrode, a Pt plate as counter
electrode and an Ag/AgCl as a reference electrode,
respectively, and Na2SO4 (0.1 mol/L, Sinopharm Chemical Reagent Co., Ltd) aqueous solution was applied as
the electrolyte. The working electrode was prepared as
follows: 15 mg of samples were dispersed in the 300 μL
of mixture containing 1.0 wt% chitosan and 1.0 wt%
acetic acid. Then the above slurry was coated on the
Fluorine-doped tin oxide glass with a controlled expose
area (1.0 × 0.5 cm) and dried under natural conditions. A
300 W Xenon lamp (Beijing China Education Au-light
Co., Ltd, CEL-LAX) was employed as the light source.
The photocurrent response (PC) was measured by constant potential (+0.5 V) under intermittent illumination
(30 s) and the Mott–Schottky measurement was performed at a frequency of 1000 Hz.
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Scheme 1: The schematic illustration for the
preparation of C-TiO2/Bi4NbO8Cl.

3 Results and discussion
Scheme 1 simply illustrated the preparation of the C-TiO2
loaded Bi4NbO8Cl plate-like heterostructures. By using
commercial Bi2O3, BiOCl and Nb2O5 nanoparticles as raw
materials, NaCl/KCl mixed salts as ﬂux, two-dimensional
Bi4NbO8Cl could be easily synthesized. When the MXene
Ti3C2 was utilized as additive blending with the above
mixture, the carbon-supported TiO2 nanoparticles (C-TiO2)
were simultaneously constructed on the surface of platelike Bi4NbO8Cl, obtaining C-TiO2/Bi4NbO8Cl heterostructures.
Figure 1a shows the X-ray diffraction patterns of pristine Bi4NbO8Cl synthesized by different temperatures. For
the samples synthesized at 750 °C or higher temperatures,
the diffraction peaks at 12.3°, 23.7°, 26.0°, 29.6°, 32.6°, 33.9°,
41.3°, 46.7° and 56.3° are indexed to the (004), (112), (114),
(116), (020), (023), (028), (220) and (316) crystal planes of
the Sillen–Aurivillius structured perovskites Bi4NbO8Cl
(JPCDS No.84-0843), respectively. Moreover, the crystallinity is increased as the temperature rises, which is also

reﬂected by the values of the full width at half maximum
(FWHM), as shown in Table S1 (ESI). However, the patterns
of samples synthesized at 650 and 700 °C cannot match
Bi4NbO8Cl, especially as the high-lighted area indicates,
which might be caused by incomplete reaction among
Bi2O3, BiOCl and Nb2O5 powders, especially in the situation
for 650 °C.
When MXene Ti3C2 powders are introduced in the
mixture, as shown in Figure 1b, an obvious peak at 27.45°
ascribed to rutile TiO2 (JPCDS No.21-1276) can be identiﬁed
in the patterns, and the peak is intensiﬁed as the amount of
Ti3C2 increased. Moreover, the FWHM of main diffraction
peak indexed to (116) facet for Bi4NbO8Cl becomes larger as
the addition of Ti3C2, as shown in Table 1, indicating the
crystallinity of Bi4NbO8Cl is affected by the growth of rutile
particles and endothermic effect of carbon species.
Figure 2a and 2b shows the SEM images of pristine BNC
synthesized at 750 °C, and the Bi4NbO8Cl possesses the
morphology of plate-like shaped particles, which are about
1.5 μm in edge length and dozens of nanometers in thickness. Under the same synthetic conditions, C-TiO2 can be

Figure 1: X-ray diffraction patterns of (a) pristine Bi4NbO8Cl synthesized by different temperatures, (b) T/BNC-x synthesized at 750 °C in the
ﬂux.
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Table : Full width at half maximum (FWHM) of () plane of
BiNbOCl in the pristine BNC and T/BNC-x.

Table : Conduction band and valence band positions (vs. NHE) for
BNC, C-TiO and T/BNC-.

Samples
FWHM

BNC

T/BNC-.

T/BNC-

T/BNC-

T/BNC-

Samples

Conduction band

Band-gap energy

Valence band

.

.

.

.

.

BNC
T/BNC-
C-TiO

−. V
−. V
−. V

. eV
. eV
. eV

+. V
+. V
+. V

obtained by oxidation of MXene Ti3C2 [38], and the particles
are aggregated with size of several nanometers, as shown
in Figure 2c. The lattice fringe in Figure 2d are measured to
be 0.325 nm, which is in accordance with the (110) in rutile,
and the particle size can be conﬁrmed to be about 10 nm
more clearly. As shown in Figure 2e–2g, the morphology
and size of the C-TiO2/Bi4NbO8Cl heterostructures are quite
similar with those of pristine BNC, while small TiO2 nanoparticles are observed in the magniﬁed view (Figure 2h). In
addition, elemental mapping for the Bi, Nb, Cl, Ti and O
elements of T/BNC-1 is conducted, and brighter signals are
observed in the circle of the view, implying C-TiO2 nanoparticles successfully attach on the surface of quasi-2D
Bi4NbO8Cl plates.
XPS analysis is carried out to determine the chemical
states of the elements in the samples, and the existence of
the Bi, Nb, O, Cl and Ti are clearly observed by the survey
scan (Figure S1, ESI). As shown in Figure 3a, the signals of

BNC with two obvious peaks at 158.50 and 163.85 eV are
ascribed to the Bi 4f7/2 and Bi 4f5/2 of [Bi2O2] blocks in
Bi4NbO8Cl, respectively [41]. However, the binding energy
of Bi 4f in T/BNC-1 undergoes a blue-shift by 0.2 eV,
reaching 158.70 and 164.05 eV for Bi 4f7/2 and Bi 4f5/2,
indicating the C-TiO2 nanoparticles acquire electrons
from Bi4NbO8Cl. As for Nb 3d core level in Figure 3b, BNC
shows two peaks centered at 206.44 and 209.18 eV for Nb
3d5/2 and Nb 3d3/2, while those of T/BNC-1 are shifting to
206.64 and 209.38 eV, respectively. Moreover, there is a
doublet peak located at 198.33 and 199.98 eV (Figure 3c) [42],
which are assigned to Cl 2p3/2 and Cl 2p1/2 in BNC, and corresponding peaks can be found at 198.45 and 200.10 eV for
T/BNC-1.
Combining with the above Bi, Nb and Cl XPS spectra,
there is and evident electron migration process from

Figure 2: (a, b) SEM images of pristine BNC, (c, d) TEM and HRTEM images of C-TiO2, (e, f) SEM images of T/BNC-1, (g, h) TEM images of T/BNC-1
and (i) EDS mapping for Bi, Nb, Cl, Ti and O elements for T/BNC-1.
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Figure 3: High-resolution XPS of the samples (a) Bi 4f, (b) Nb 3d, (c) Cl 2p and (d) O 1s.

Bi4NbO8Cl to C-TiO2, and also conﬁrming efﬁcient interface
contact in the heterostructures. As for O 1s spectra in
Figure 3d, the deconvoluted peaks are assigned to lattice
oxygen in 529.95 eV and surface hydroxyl groups in
531.20 eV for BNC [43], while the values are 530.10 and
531.20 eV for T/BNC-1, respectively. In addition, similar
results are obtained in C-TiO2, which the peaks of Ti-O
located in 530.30 eV and Ti-OH in 531.40 eV [22], while
extra C-O peaks in 532.80 eV can be also identiﬁed [44],
verifying the composition of C-TiO2 by TiO2 nanoparticles
and residue carbon species in current temperature.
The optical properties of the as-obtained samples are
evaluated by UV–vis absorption spectra. As shown in
Figure 4a, the absorption edge of pristine BNC is located
approximately at 540 nm, while that of T/BNC-1 is slightly
red-shifted, and that of C-TiO2 exhibits obviously intensiﬁed absorption in the visible-light region. Meanwhile, the
colors of the as-prepared samples become from bright
yellow of BNC to dark yellow of T/BNC-5 (Figure S2,
ESI), due to the formation of carbon species derived from
the MXene Ti3C2 precursors. As an indirect band-gap

semiconductor [41], the optical band-gap energy can be
calculated by the Tauc equation:
(αhv)1/2  Ahv − Eg 

(1)

and the plots are shown in Figure 4b.
Mott–Schottky plots (Figure 4c) show that BNC, T/
BNC-1 and C-TiO2 with positive slopes possess n-type
feature, while the ﬂat-band potential (Efb) of BNC, T/BNC-1
and C-TiO2 are measured at −0.38 V, −0.30 V and −0.25 V
(vs. Ag/AgCl) according to the intersection of linear potential curve at Cs2 = 0. Generally, the Efb is approximately
equal to the Fermi level [45, 46], and thus the equal to the
Fermi level values can be calculated to be −0.18 V, −0.10 V
and −0.05 V (vs. NHE) for BNC, T/BNC-1 and C-TiO2,
respectively. By extrapolating the leading edge to the
intersection with background counts near the Fermi level,
as shown in the Valence band XPS spectra (Figure 4d), the
potential of valence band (EVB) with respect to the Fermi
level can be determined [47]. Therefore, the EVB values
are +1.28, +1.52 and +2.29 V (vs. NHE) for BNC, T/BNC-1 and
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Figure 4: (a) UV–vis absorption spectra, (b) Tauc’s plots, (c) Mott-Schottky plots and (d) Valence band XPS (VB-XPS) of pristine BNC, C-TiO2 and T/BNC-1.

C-TiO2, respectively, while the potential of conduction
band (ECB) are obtained according to the optical band-gap
energy above, and thus the band structure parameters are
listed in Table 2.
The photocatalytic performance of BNC and T/BNC are
tested by degradation of RhB as target water contaminants,
as shown in Figure 5a. Approximately 77% of the RhB
molecules are removed after photocatalytic reaction for
180 min in suspension containing pristine BNC, while the
pristine C-TiO2 shows rather inferior performance due to few
actual active TiO2 components involved. When the pristine
Bi4NbO8Cl is modiﬁed with C-TiO2 components, the photodegradation efﬁciency is increased, while the case is deteriorated with further extending the proportion of C-TiO2 up to
5%. Accordingly, the highest RhB removal is achieved in T/
BNC-1 suspension, owning 1.26 times superior than pristine
BNC. To further compare the photocatalytic efﬁciencies of the
BNC and T/BNC, the reaction kinetics plots are ﬁtted
(Figure S3, ESI) and k is calculated (Figure 5b), where k is the
coefﬁcient of the ﬁtted pseudo-ﬁrst-order kinetic equation,
ln(C0 C)  kt

(2)

the calculated k value for T/BNC-1 is 12.67 × 10−3 min−1,
which is as 1.53 times as that of BNC (k = 8.28 × 10−3 min−1).

Additionally, the repeatability and recyclability of the
photocatalysts are another important factors to be
considered, which are demonstrated to be excellent
according to the results shown in Figrue S4 (ESI).
To identify the primary reactive species involved in
photocatalytic removal of RhB, the effects of different
scavengers over T/BNC-1 are tested, and the results are
displayed in Figure 5c. The addition of hydroxyl radicals
(·OH) scavenger IPA has little effect on RhB degradation,
while that of holes (h+) scavenger EDTA-2Na signiﬁcantly
inhibits the photocatalytic process, indicating h+ is the main
species responsible for the RhB removal over T/BNC-1. Besides, the degradation is slightly affected when superoxide
radicals (·O2−) scavenger BQ is added, implying ·O2− is the
minor species in the experiments. Moreover, the photocatalytic degradation process is obviously enhanced when
the electron (e−) scavenger KBrO3 is added, demonstrating
diminished electrons promote accumulation of holes which
facilitate the hole-dominant photodegradation further.
T/BNC-1 is also highly active for photocatalytic removal
of other water contaminants, such as MO, CIP and 2,4-DCP,
suggesting a universal application in industrial wastewater
treatment. As shown in Figure 5d, the T/BNC-1 photocatalyst
possesses about 1.44, 1.25 and 1.13 times activities of pristine
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Figure 5: (a) The photocatalytic degradation of RhB by BNC and T/BNC photocatalysts and (b) corresponding kinetic fitting plots. Conditions:
[RhB]0 = 10 mg/L [Cat.] = 1 g/L. (c) Photocatalytic degradation of RhB over T/BNC-1 in presence of different scavengers. Conditions:
[RhB]0 = 10 mg/L [Cat.] = 1 g/L. (d) Photocatalytic degradation of different organic pollutants by BNC and T/BNC-1. Conditions: [MO]0 = 10 mg/L
[CIP]0 = 5 mg/L [2,4-DCP]0 = 5 mg/L [Cat.] = 1 g/L.

BNC for the removal of MO, CIP and 2,4-DCP, respectively,
and detailed plots are shown in Figure S5 (ESI).
As rapid charge transfer and efficient charge separation is of significance in improving the photocatalytic
performance, and thus PC and electrochemical impedance
spectra are employed [48–52]. As shown in Figure 6a, all
the T/BNC show higher photocurrent densities as pristine
BNC, and the T/BNC-1 exhibits the strongest PCs, which
demonstrates the low recombination rate of the photogenerated electrons and holes by Bi modiﬁcation via
appropriate solvothermal process [53–55]. Figure 6b displays the electrochemical impedance spectra spectra of the
as-prepared photocatalysts, and the arc radius of T/BNC
are smaller than that of BNC, also conﬁrming a faster
charge migration in the interface of the photocatalyst.
Moreover, Figure 6c shows the PL spectra over the BNC and
T/BNC with the excitation wavelength of 365 nm, and a
broad emission peak around 484 nm is detected for the
pristine BNC, implying an obvious recombination of photo-

induced electron-hole pairs [56]. A distinct decrease in PL
intensity is identiﬁed, and the lowest intensity of T/BNC-1
means the best charge separation efﬁciency.
Based on the analysis above, the plausible mechanism for the enhancement of photocatalytic performance
by heterostructured C-TiO2/Bi4NbO8Cl towards water
decontamination can be illustrated as shown in Figure 7.
For the pristine BNC, the Fermi level lies at −0.18 V, and
CB potential at −1.02 V and VB at +1.28 V, while the values
are −0.05 V, −0.20 V and +2.29 V for the C-TiO2 (Figure 7a).
When the C-TiO2 and Bi4NbO8Cl are coupled to form heterojunction, charges transfer and band bending occur, to
achieve equilibrium of Fermi levels (Figure 7b). Upon
visible-light illumination (Figure 7c), both the components of Bi4NbO8Cl (Eg = 2.30 eV) and C-TiO2 (Eg = 2.49 eV)
can be excited to generate electrons and holes, as the
visible-light response capability was demonstrated by
UV–vis absorption measurement. However, the photocatalytic performance of individual C-TiO2 is quite limited
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Figure 6: (a) Transient PC of different photocatalysts at 0.5 V bias (vs. Ag/AgCl) under Xe lamp illumination, (b) electrochemical impedance
spectra Nyquist plots and (c) PL spectra of the pristine BNC, C-TiO2 and T/BNC-1.

as previously mentioned, therefore the mechanism for the
improvement of Bi4NbO8Cl after introduction of C-TiO2 is
summarized as follows.
On the one hand, benefiting from the type-II staggered band alignment, the photo-induced electrons in the
CB of Bi4NbO8Cl can migrate to that of C-TiO2, leading to
an effective charge separation. Moreover, the photoinduced holes in the VB of C-TiO2 migrate to that of
Bi4NbO8Cl, and thus more holes accumulated in the VB of
Bi4NbO8Cl to trigger the non-selective oxidation of
organic compounds in simulated wastewater. On the
other hand, due to the quasi-2D structure, the photoinduced holes in Bi4NbO8Cl tend to distribute on the basal
{001} planes, according to previous report [39], while
photo-generated electrons need migrate long distance to
the edge {110} facets. Therefore, the C-TiO2 loaded on
the basal planes can rapidly trap the electrons generated
in Bi4NbO8Cl, accelerating the charge carriers separation.
However, the basal Bi4NbO8Cl planes for h+ dominant
oxidation were covered when the C-TiO2 was excessive
(T/BNC-2 and T/BNC-5), leading to a declining photocatalytic performance of RhB degradation. As a conclusion,

according to the analysis mentioned above, degradation
process of the organics by C-TiO2/Bi4NbO8Cl are listed as the
following involving
Bi4 NbO8 Cl + hv → e− (CB, BNC) + h+ (VB, BNC)

(3)

C‐TiO2 + hv → e− (CB, C‐TiO2 ) + h+ (VB, C‐TiO2 )

(4)

e− (CB, BNC) → e− (CB, C‐TiO2 )

(5)

h+ (VB, C‐TiO2 ) → h+ (VB, BNC)

(6)

+

h (VB, C‐TiO2 ) or
h+ (VB, BNC) + organic pollutants → CO2 + H2 O

(7)

4 Conclusion
In summary, heterostructured C-TiO2/Bi4NbO8Cl was
successfully fabricated via one-step molten-salts ﬂux
method, and C-TiO2 particles derived from MXene Ti3C2
attached on the plate-like Bi4NbO8Cl. Beneﬁting from the
efﬁcient interface formation and staggered band alignment, photo-induced electrons in Bi4NbO8Cl can fast
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Figure 7: Schematic diagram of photocatalytic mechanism of C-TiO2/Bi4NbO8Cl composites (a) before contact, (b) after contact and (c) upon
illumination.

migrate to the CB of C-TiO2, while photo-generated holes,
which play predominant role in the organic compounds
removal, accumulate in the valence band of Bi4NbO8Cl.
Among the prepared photocatalysts, T/BNC-1 exhibits
improved photocatalytic performance towards RhB, MO,
CIP and 2,4-DCP degradation by 53, 44, 25 and 13%,
respectively, due to the rapid electron trapping by C-TiO2
and adequate exposure of Bi4NbO8Cl basal plane where
photo-induced holes exists. This work highlights the
formation of C-TiO2 derived from the novel Ti-precursors
on Bi4NbO8Cl, and provide a simple strategy for designing
heterostructured materials for water decontamination by
photocatalysis.
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