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hotocatalytic activity of Bi4Ti3O12

microspheres by incorporating iron†

Zhendong Liua and Zhen Ma *ab

Small amounts of Fe(NO3)3 were added to the synthesis mixture prior to the hydrothermal synthesis of

Bi4Ti3O12 microspheres. The physicochemical properties of the resulting materials were changed

accordingly. The photocatalytic activities of several samples were studied through the photocatalytic

degradation of organic pollutants. The samples with a theoretical Fe atomic percentage of 5.9% showed

the highest photocatalytic activity among these samples. The main active species in photocatalytic

degradation was demonstrated by radical capturing experiments as h+. The introduction of a suitable

amount of Fe to the photocatalyst can facilitate the separation of electron–hole pairs generated upon

light irradiation, inhibit their recombination efficiently, and prominently expand the light absorption

region, thus leading to higher photocatalytic activity.
Introduction

Heterogeneous catalysis plays a crucial role in chemical
synthesis, environmental remediation, and energy conversion.
In recent years, semiconductor photocatalysis, a branch of the
heterogeneous catalysis eld, has drawn much attention
because it is energy-saving, i.e., it relies on light but not heat.1–3

TiO2 is a traditional and popular photocatalyst that can work
effectively under UV light, but TiO2 cannot make use of the
visible-light portion of sunlight reaching the Earth.4,5 Attempts
have been made to develop Ti-containing composite-oxide
photocatalysts such as CaTiO3,6–8 SrTiO3,9–11 BaTiO3,12–14

CoTiO3,15–17 NiTiO3,18–20 and Bi4Ti3O12.21–29 The development of
these photocatalysts increases the diversity of Ti-based photo-
catalysts and oen leads to higher photocatalytic activities.

Bi4Ti3O12, as a Ti-containing composite oxide, has attracted
considerable interest in ferroelectric,30 ceramic,31 and photo-
catalysis elds.21–29 Bi4Ti3O12 is constituted by (Bi2O2)

2+ layers
and (Bi2Ti3O10)

2� layers.32 In the (Bi2Ti3O10)
2� layers, Bi is sur-

rounded by 12 O atoms to form a BiO12 tetrakaidecahedron, and
Ti is surround by 6 O atoms to form a TiO6 octahedron
(Fig. S1†).21 The layered crystal structure can facilitate the
separation of photogenerated charges.22 Bi4Ti3O12 photo-
catalysts with different morphologies (such as spheres,21,29

sheets,22 rods,23 particles,24 and mesoporous materials25) have
been prepared. For example, Yao et al.21 prepared spherical
article Pollution and Prevention (LAP3),

ngineering, Fudan University, Shanghai,

Ecological Security, Shanghai 200092, P.

tion (ESI) available. See DOI:

239
Bi4Ti3O12 particles by a chemical solution decomposition
method, and 10 ppm methyl orange solution was degraded
almost completely aer 5 hours under UV-light irradiation, with
the aid of this catalyst. He et al.22 obtained Bi4Ti3O12 nanosheets
with dominant {001} facets, and the sample showed enhanced
photocatalytic activity, under visible-light irradiation, in the
degradation of rhodamine B.

However, Bi4Ti3O12 has a large band gap and it can only
absorb a small fraction of sunlight.22 It is desirable to broaden
its light absorption range and further improve the photo-
catalytic activity. One way is to combine Bi4Ti3O12 with light-
absorbing materials, such as BiOI,33 Bi2O3,34 CuFe2O4,35 C,36

Ag,37 Ag3PO4,38 Ag2O,39 g-C3N4,40 Bi2S3,41 Au,42 Ag2S,43 and CuS.44

However, the construction of heterojunctions (composite
materials) oen involves multiple synthesis steps.

Alternatively, an element such as Zn,45 V,32 Cr,46 La,47 and S48

can be incorporated during the synthesis of Bi4Ti3O12. Fe, being
a transition metal with multiple valence states, has been used
for the preparation of Fe–TiO2,49 Fe–ZnO,50 Fe–BiOCl,51 Fe–
WO3,52 Fe–SrTiO3,53 Fe–BiVO4,54 and Fe–C3N4.55 The addition of
Fe can reduce the band gap of photocatalysts, thus leading to
higher photocatalytic activity. A few reports have investigated
the effect of the incorporation of Fe on the structure and
ferroelectric properties of Bi4Ti3O12,56–61 but the effect on pho-
tocatalytic properties has been rarely studied.62 Liu et al.62

synthesized Fe-doped Bi4Ti3O12 nanosheets exposing {001}
facets by a one-step molten salt method and found that 2% Fe-
doped Bi4Ti3O12 exhibited superior photocatalytic activity in the
degradation of phenol and bisphenol. However, the incorpo-
ration of a small amount of Fe cannot signicantly change the
light absorption range of the sample,62 and the effect of adding
larger amounts of Fe on the physicochemical and photocatalytic
properties of Bi4Ti3O12 was not reported.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 XRD patterns of the samples and a magnified part.
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Considering that adding a heteroatom may be an efficient
way to develop better photocatalysts,63–65 here we added
gradient amounts of Fe(NO3)3 in the synthesis mixture prior to
the hydrothermal synthesis of Bi4Ti3O12. The effects of Fe
content on the crystal phase, elemental composition,
morphology, and light absorption property were investigated by
various characterization methods. The photocatalytic activities
were also measured by degradation of organic pollutions. A
possible reason for the improved photocatalytic performance
was discussed.

Experimental section
Preparation of samples

All chemical reagents were of analytical reagent (AR) grade.
First, 7.2 g NaOHwas dissolved in 60 mL deionized water placed
in a 100 mL Teon vessel to be placed in an autoclave. Aer the
NaOH solution was stirred continuously for 30 min, 2.4 mmol
Ti(OBu)4, 3.2 mmol Bi(NO3)3$5H2O, and an appropriate amount
of Fe(NO3)3$9H2O (0, 0.64, 0.96, or 1.6 mmol) were added into
the NaOH solution. Aer further stirring the mixture for 30min,
the Teon vessel was placed in an autoclave, and the autoclave
was thus sealed, put in an oven, and heated at 180 �C for 24 h.
Aer the system was cooled down to room temperature natu-
rally, the solid products were collected by centrifugation,
washed with distilled water three times, and then washed with
ethanol three times. The obtained samples prepared with the
addition of 0, 0.64, 0.96, and 1.6 mmol Fe(NO3)3$9H2O were
denoted as Bi4Ti3O12, S1, S2, and S3, respectively.

Characterization

X-ray diffraction (XRD) experiments for determining the crystal
structures of the samples were carried out on a D8 ADVANCE X-
ray diffractometer. SEM images for characterizing the
morphologies of the samples were observed by an FESEM-4800
eld emission scanning electron microscope. TEM experiments
for getting a closer picture of the morphology and structure of
a representative catalyst were conducted using a JEM-2100F
transmission electron microscope. Nitrogen adsorption–
desorption data of the samples were obtained on a TriStar II
3020 surface area and pore size distribution analyzer. X-ray
photoelectron spectroscopy (XPS) experiments for determining
the oxidation states and compositions of surface elements were
performed on an ESCALAB-250 instrument. UV-vis diffuse
reectance spectra for charactering the light-absorption prop-
erties were obtained on a UV-2550 spectrophotometer. The
electrochemical impedance spectroscopy (EIS) and transient
photocurrent response data of the samples were obtained on
a PARSTAT 2273 electrochemical workstation. Photo-
luminescence spectra (PL) were recorded with an FLS1000
steady-state uorescence spectrometer with excitation at
300 nm.

Performance in photocatalysis

The photodegradation of methylene blue (MB) and cipro-
oxacin hydrochloride (CIP) were conducted in a dark box
This journal is © The Royal Society of Chemistry 2020
(Fig. S2†).66–70 Cooling water and an air-conditioning system
were used to keep the temperature of the reaction system to be
25 �C. The light was generated by a 300 W Xe lamp. Most
experiments were conducted under this Xe lamp light unless
otherwise specied. In the latter case, a UV-cutoff lter (420 nm)
was supplemented to simulate visible-light irradiation. In
a typical photocatalytic experiment, a pollutant solution (50 mL)
and a photocatalyst (20 mg) were put into a beaker (100 mL).
The distance between the Xe lamp and the top of beaker was
xed to be 15 cm. The suspension was magnetically stirred in
the dark for 20 min and then the Xe lamp was then turned on.
4 mL slurry was sampled at certain times, and the supernatant,
obtained by centrifugation, was analyzed by a UV-vis spec-
trometer. The photodegradation rate was calculated based on
the absorption intensity of the maximum characteristic peak.

To carry out the experiments involving trapping active
species, 1 mmol potassium iodate (KIO3), benzoquinone (BQ),
ammonium oxalate (AO), or isopropanol (IPA) was added into
the pollutant solution before the dark adsorption process.
Results and discussion
Basic characterization results

Fig. 1 shows the XRD patterns of relevant samples. Bi4Ti3O12

can be indexed to orthorhombic Bi4Ti3O12 (JCPDS: 35-0795).28

S1 mainly contains a phase similar to orthorhombic Bi4Ti3O12,
together with a minor impurity phase of monoclinic Bi2O3

(JCPDS: 41-1449, Fig. S3†).71 No obvious impurity phase exists in
S2 and S3 when more Fe is added in the synthesis mixture, but
the crystals seem to be smaller because the peaks are broader.
The polyhedral conguration of Fe–O is octahedron which is
similar to TiO6 octahedron.72,73 Therefore, although the doped
Fe is in a +3 valence state which is the same as Bi3+, Fe3+ will
substitute the Ti4+ in the (Bi2Ti3O10)

2� layers. The results were
also conrmed by previous reports.57 The (171) peak shis to
higher diffraction angle with Fe doping, proving the decrease in
the lattice constant of Bi4Ti3O12, which may due to the radius of
Fe is smaller than that of Ti.58,66,74
RSC Adv., 2020, 10, 19232–19239 | 19233
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Fig. 2 SEM images of Bi4Ti3O12 (a), S1 (b), S2 (c), and S3 (d).
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Fig. 2 shows the SEM images of the samples. As shown in
Fig. 2a, Bi4Ti3O12 is composed of microspheres assembled from
nanosheets. This special structure comes from the self-
assembly effect of nanomaterials in hydrothermal synthesis
process, and is similar to the previous reports.27,29 Aer the
addition of Fe, the microsphere shape is still maintained, but
the surfaces of S1 (Fig. 2b) are assembled from nanoparticles. S2
and S3 are constituted by nanosheets, but the crystal sizes of the
sheets are decreased signicantly (compared with Bi4Ti3O12).
SEM-EDS was also used to conrm the elemental compositions
(Fig. S4†). The Fe atomic percentages in S1, S2, and S3 are
2.98%, 5.81%, and 8.62% (theoretical values: 4.04%, 5.94%, and
9.52%).

S2, a representative sample, was further investigated by TEM.
The TEM image with low magnication (Fig. 3a) is consistent
Fig. 3 TEM (a) and HRTEM (b) images of S2. Selected area electron diffrac
Ti (f), and Fe (g).

19234 | RSC Adv., 2020, 10, 19232–19239
with the SEM data. The clear lattice fringes in Fig. 3b demon-
strates the good crystallinity. The lattice fringe spacings of 3.83
Å and 2.99 Å correspond to the (111) and (171) planes of
orthorhombic Bi4Ti3O12. Fig. 3c shows a selective area electron
diffraction pattern and the marked diffraction rings correspond
to the (1 10 1) and (1 13 1) lattice planes. Fig. 3d shows a typical
STEM images of S2, and the corresponding TEM-EDS mapping
images of Bi, Ti, and Fe are proved in Fig. 3e–g. The results
indicate that Fe is distributed evenly.

The surface morphology and crystal size will affect the
specic surface area of the samples. As shown in Fig. 4a, all the
N2 adsorption–desorption isotherms belong to type V isotherm,
and the specic BET surface areas are 14.4, 20.2, 23.6, and 41.5
m2 g�1 for Bi4Ti3O12, S1, S2, and S3, respectively. Fig. 4b
provides the corresponding pore size distributions. Some small
tion image of S2 (c). STEM image (d) of S2. TEM-EDS mapping of Bi (e),

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 N2 adsorption–desorption isotherms (a) and pore size distributions (b) of the samples.
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pores with a diameter of about 4 nm are present in Bi4Ti3O12,
which may be due to the stacking of surface nanosheets.67 For
S1, the amount of the small pores is signicantly reduced. This
may be due to the surface of S1 are assembled from nano-
particles as shown in the SEM images.

The elemental compositions and oxidation states of the
samples were characterized by XPS. The survey spectra are
shown in Fig. S5.† With the increase of Fe content, the XPS
Fig. 5 XPS spectra of Fe (a), Bi (b), O (c), and Ti (d) of the samples.

This journal is © The Royal Society of Chemistry 2020
signal intensity of Fe 2p orbital enhances gradually (Fig. 5a).
The characteristic peaks at 727.7 and 710.6 eV in S3 sample
belong to Fe3+ 2p1/2 and 2p3/2, respectively. The Fe atomic
percentages in S1, S2, and S3 are 3.93%, 5.90%, and 8.56%
(theoretical values: 4.04%, 5.94%, and 9.52%), respectively. The
peaks at 164.07 and 158.79 eV in Bi4Ti3O12 sample (Fig. 5b)
belong to Bi3+ 4f5/2 and 4f7/2, respectively.75 The Bi 4f peaks
signicantly shi to lower binding energy in S1. This may be
RSC Adv., 2020, 10, 19232–19239 | 19235
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Fig. 7 Photodegradation of 20 mg L�1 MB solution using different
samples (a) and the corresponding kinetic linear simulation curves (b).

Fig. 6 UV-vis absorbance spectra of the samples.
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caused by the presence of Bi2O3 phase.34 With the increase of Fe
amount, the Bi 4f peaks shi toward higher binding energies
gradually. The shi direction of O 1s peaks (Fig. 5c) is the same
as that of Bi 4f. Fig. 5d shows the XPS spectra of Ti 2p.26 With the
increase of Fe content, the Ti 2p peaks gradually shi toward
higher binding energies. This may be because the existing of
Fe3+ changes the chemical environment of Bi4Ti3O12 and
decreases the electron cloud density around Bi and Ti.76 The
generated electrons move towards Fe3+, which is benecial to
the electron transfer and the photocatalytic effect.

Fig. 6 shows the UV-vis spectra. Bi4Ti3O12 exhibits strong
absorption in UV range, but little absorption in visible region (l
> 420 nm). The absorption edge of Bi4Ti3O12 is about 388 nm.
Aer the addition of Fe, there is a signicantly red shi towards
visible region. As shown in the optical images in Fig. 6, the color
of Bi4Ti3O12 changed from white to yellow aer the addition of
Fe. S2 exhibits the widest absorption range among the samples.
The absorption edge of S2 is about 720 nm. The enhanced
absorption of visible light may be good for enhancing the
photocatalytic activity under visible light. The value of band gap
(Eg) can be calculated by Eg ¼ 1240/l, in which l is the
absorption edge obtained based on the UV-vis absorption
spectra.66 The value of Eg for Bi4Ti3O12 and S2 are 3.20 eV and
1.72 eV, respectively.

Photocatalytic performance

Fig. 7a shows the different photodegradation ratio of 20 mg L�1

MB solutions in the presence of different catalysts. Aer 90 min
irradiation under an Xe lamp that generates visible and UV
lights, the total removal ratio of MB is 63.5% in the presence of
Bi4Ti3O12. The photodegradation efficiency is signicantly
enhanced with the addition of Fe in the sample. The overall
percentages of the removal achieved in the presence of S1, S2,
and S3 are 68.8%, 98.2%, and 87.7%, respectively. The corre-
sponding rst-order reaction kinetics constant (k) can be
calculated by: �ln(C/C0) ¼ kt, where C and C0 are real-time and
initial concentration of the pollutions, respectively.62 The values
of k are 0.007, 0.010, 0.031, and 0.019 min�1 for Bi4Ti3O12, S1,
S2, and S3, respectively (Fig. 7b). The results show that S2 owns
the highest photocatalysis activity among these samples. The
mineralization ratio of MB using S2 determined by TOC analysis
19236 | RSC Adv., 2020, 10, 19232–19239
can reach 74.5% aer 90 min irradiation. The reusability of S2
was also studied by ve-cycle photocatalytic degradation of MB
solution. As shown in Fig. S6,† the photocatalytic efficiency is
not changed aer ve cycles.

The above photocatalytic experiments were conducted under
an Xe lamp (visible light + UV light). Next, control experiments
involving photodegradation of MB solution were conducted
under visible-light irradiation (l > 420 nm) via supplementing
a UV-cutoff lter. As shown in Fig. S7,† the photodegradation
rate of Bi4Ti3O12 is signicantly lower than that under an Xe
lamp (visible light + UV light), indicating the photocatalytic
property of Bi4Ti3O12 is mainly stimulated by ultraviolet light.
This observation is consistent with poor visible-light absorption
of Bi4Ti3O12 (Fig. 6). On the other hand, the photocatalytic
activity of S2 decreases only slightly under visible light than
under an Xe lamp, consistent with its light absorption property
(Fig. 6).

Ciprooxacin hydrochloride (CIP–HCl), a colorless medi-
cine, was also tested in photocatalysis. As shown in Fig. 8a, the
removal ratios using Bi4Ti3O12, S1, S2, and S3 are 29.7%, 31.4%,
50.8%, and 43.6%, respectively, aer 40 min irradiation by an
Xe lamp (visible light + UV light). The calculated k values are
0.008, 0.009, 0.023, and 0.018 for Bi4Ti3O12, S1, S2, and S3,
respectively (Fig. 8b). S2 is the most active.
Mechanistic studies

Scavenging experiments were conducted to isolate the contri-
bution of each active species in the photodegradation.76,77 S2
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Photodegradation of 40 mg L�1 CIP using different samples (a)
and the corresponding kinetic linear simulation curves (b).

Fig. 10 EIS spectra (a) and transient photocurrent responses (b) of the
samples.
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was used as a typical catalyst. As shown in Fig. 9, the removal
efficiency decreases just slightly aer potassium iodate (KIO3)
that can trap e�, benzoquinone (BQ) that can trap cO2�, or
isopropanol (IPA) that can tarp cOH was supplemented, indi-
cating that e�, cO2�, and cOH are not relevant active species.
However, the reaction rate is inuenced signicantly in the
presence of ammonium oxalate (AO) that can trap h+, suggest-
ing that the main active specie in the photodegradation is h+.
The inuence of different scavengers on the photocatalytic
removal of CIP was also studied (Fig. S8†). The results suggest
that h+ is still responsible for this catalysis.
Fig. 9 Effect of adding different scavengers on the photocatalytic
removal of MB using S2.

This journal is © The Royal Society of Chemistry 2020
Fig. 10a shows the EIS spectra of the samples. The radius of
the semicircle is linked to the charge transfer resistance.26,32

Bi4Ti3O12 owns the largest radius, implying the strongest charge
transfer resistance. S2 presents the smallest radius, indicating
the charge transfer is the easiest in S2.

As shown in Fig. 10b, the photocurrent density of S2 is much
higher than that of other samples, demonstrating that more
carriers can migrate to the surface and contribute to photo-
catalysis involving S2.44,78

The separation of the electron–hole pairs can be elucidated
by PL spectra (Fig. S9†). The strong emission intensity of
Bi4Ti3O12 demonstrates the obvious recombination electron–
hole pairs generated upon light irradiation.26,46,67 With the
addition of Fe, the intensity of emission is weakened obviously,
demonstrating the recombination of electron–hole pairs is
inhibited.46,79

The valence band potentials are also studied by XPS valence
band spectra.76,80 As shown in Fig. S10,† the EVB of Bi4Ti3O12 is
ca. 1.56 V, and aer the addition of Fe, the EVB of S2 (1.56 V) has
no obvious change. The Eg of Bi4Ti3O12 and S2 are 3.20 and
1.72 eV, respectively, as obtained from UV-vis absorbance
spectra. The XPS data show that the electrons around Ti
decreased gradually with the increasing of Fe content. As shown
in Fig. 11, the added Fe3+ produces an impurity level in the
Bi4Ti3O12 band structure, and the Fe3+ impurity level is an
acceptor level. The appearance of impurity level reduces the
band gap of Bi4Ti3O12 and the valence electrons can easily
transmit to the Fe3+ impurity level under illumination.81 Thus,
RSC Adv., 2020, 10, 19232–19239 | 19237
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Fig. 11 An illustration of the photocatalytic degradationmechanism of
Fe–Bi4Ti3O12.
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more h+, as the main active group, can be generated in the Fe–
Bi4Ti3O12 and degrade the organic pollutants into H2O and CO2.
Conclusions

Fe–Bi4Ti3O12 microspheres were successful synthesized hydro-
thermally. The crystal size of Bi4Ti3O12 decreased and the
specic surface areas improved gradually with the increase of Fe
content. In the photodegradation of organic pollutions, the
sample with a Fe atomic percentage of 5.90% shows the highest
photocatalytic activity among the catalysts in this study. In
addition, the main active group in photocatalytic degradation is
h+. The addition of a suitable amount of Fe to the catalyst can
efficiently help with the separation of photogenerated electron–
hole pairs and inhibit their recombination. There is a signi-
cant red shi of the absorption region towards to visible region
aer the addition of Fe. The enhanced photocatalytic activity
may be due to the wider light absorption range and higher
electron–hole pairs separation efficiency.
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