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ABSTRACT

NaBH, reduction method has been used to create surface disorder on Bi,Ti,O,, nanosheets with the
aim of enhancing their photocatalytic activity. The NaBH -treated Bi,Ti,O,, samples were systemati-
cally investigated by XRD, TEM, BET, XPS, UV-vis DRS, EIS and transient photocurrent response. It is
disclosed that disordered surface layer associated with oxygen vacancy defects is obviously formed
on the surface of Bi,Ti,O,, nanosheets, and simultaneously surface defect states are introduced in
the forbidden gap of Bi,Ti,O,,. The NaBH,-treated Bi,Ti,O,, samples display enhanced visible-light
absorption. The photocatalytic performance of the samples was investigated by the degradation of
RhB under irradiation of simulated sunlight, UV light and visible light. It is found that the NaBH,-
treated Bi,Ti,O,, samples exhibit a significantly enhanced photocatalytic activity under UV irradi-
ation. The sample treated at 0.1 M NaBH, solution shows the highest UV photocatalytic activity,
about 1.9 times higher than that of pristine Bi,Ti,O,,. This is ascribed to the fact that the induced sur-
face defect states can act as electron acceptors and thus facilitates the separation of photogenerated
electron-hole pairs. Moreover, the NaBH,-treated Bi,Ti,O, , samples also display a slightly enhanced
photocatalytic performance under visible light irradiation, which is due to the enhanced visible light

absorption induced by the surface defect states.

Keywords: Bi,Ti,0,, nanosheets; Surface disorder engineering; Surface defect states; Photocatalytic
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1. Introduction

During recent years, semiconductor-based photoca-
talysis has aroused a tremendous interest as a potential
green technology to cope with environmental pollution and
energy crisis [1-8]. The photocatalysis technology offers
many appealing advantages against traditional pollution
treatment technologies, such as mild reaction condition, no
secondary pollution, simple reaction equipment, low oper-
ational cost, good stability and reusability. More impor-
tantly, this technology can use sunlight as the power source
and requires no consumption of non-renewable energy

*Corresponding author.

resources like coal, oil and natural gas. TiO, and Ti-con-
tained oxide semiconductors (e.g., SrTiO,, CaTiO,, BaTiO,,
Bi,Ti,0,,) are famously known as an important class of
photocatalysts, exhibiting powerful capability for photo-
catalytic decomposition of organic pollutants into harmless
inorganic substances and photocatalytic water splitting into
hydrogen and/or oxygen [9-13]. However, these Ti-con-
tained oxide semiconductors generally possess a large
bandgap (E, > 3.0 eV) and are photocatalytically active
only under ultraviolet (UV) light irradiation. This limits the
utilization of solar energy which contains only about 5%
UV light. Furthermore, photogenerated electrons (e”) and
holes (h*) in the semiconductors are easy to be geminately
recombined, consequently resulting in low photocatalytic
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efficiency. Thus, many strategies have been developed to
widen the light-responsive region and facilitate the pho-
togenerated electron-hole pair separation with the aim of
enhancing the overall photocatalytic performance of photo-
catalysts. The most common strategies include doping with
impurity elements, decoration with noble metals, construc-
tion of heterojunction composites and morphology-medi-
ated tailoring [14-21].

On the other hand, semiconductor-based photoca-
talysis is intrinsically a heterogeneous surface catalytic
reaction, which depends highly on the atomic configu-
ration and electronic structure of exposed crystal facets.
Different exposed facets of a semiconductor are expected
to manifest different photocatalytic activities since they
generally have different surface atomic arrangements,
electronic structures and surface energies [22-24]. More-
over, much recent work has shown that the creation of
surface-disordered layer and oxygen vacancy defects on
the surface of the semiconductor offers a great potential
for enhancing its photocatalytic activity [25-31]. Surface
defect states are simultaneously introduced in the forbid-
den energy gap of the semiconductor, which can act as
electron acceptors to trap photogenerated electrons and
thus effectively hold back the recombination of photo-
generated electron-hole pairs [26,27]. Further, the valence
band (VB) electrons can be excited to the surface defect
states of the semiconductor. This electron transition
requires smaller photon energy than that required for the
electron transition from the VB to the conduction band
(CB) (i.e., interband transition), thus leading to enhanced
visible light absorption. As a result, the surface-disor-
der-engineered semiconductor expectedly manifests
enhanced photocatalytic activity under both UV and vis-
ible light irradiations. In previous studies, however, there
is little research concerned with the surface reconstruc-
tion of a special photocatalytically-active facet since most
of the synthesized semiconductor nanostructures have a
limited exposure of a special active facet.

Bi,Ti,O,, is one of the most important Ti-contained
oxide semiconductors, crystallizing in a special layer
structure with perovskite-like (Bi,Ti,O,)* blocks alter-
nated by (Bi,0,)*" units. Moreover, Bi,Ti,O,, has an elec-
tronic band structure with the VB consisting of O 2p and
Bi 6s hybrid orbitals and the CB consisting of Ti 3d and Bi
6p orbitals [32]. Due to its unique layered crystal structure
and electronic band structure, Bi,Ti,O,, exhibits not only
promising piezoelectricity, ferroelectricity and photovol-
taic property [33-35], but also an important photocatalytic
activity toward the degradation of organic pollutants and
water splitting into hydrogen [36-51]. To address the pho-
tocatalytically active facet, very recently we have synthe-
sized large-sized Bi Ti,O,, square nanosheets with nearly
100% exposed (010) facet via a hydrothermal route [52].
The as-synthesized Bi,Ti,O,, nanosheets were demon-
strated to exhibit excellent photocatalytic activity, much
superior to that of Bi, Ti,O,, nanoparticles. In this work, we
demonstrate that the photocatalytic activity of Bi Ti,O,,
nanosheets can be further enhanced by engineering the
surface structure of the highly exposed (010) facet with
NaBH, solution treatment. This work offers a promising
insight for developing photocatalysts with high photocat-
alytic activity.

2. Experimental

Bi, Ti,O,, nanosheets used in the surface treatment were
synthesized via a hydrothermal route as described in the
literature [52]. Stoichiometric amounts of TiCl, (0.003 mol),
Bi(NO,),-5H,0 (0.004 mol) and NaOH (0.12 mol) were dis-
solved in 20 mL of deionized water, 20 mL of 10% dilute
nitric acid solution and 40 mL of deionized water, respec-
tively. The obtained TiCl, solution and NaOH solution
were successively added to the Bi(NO,), solution drop by
drop under mild magnetic stirring. The resultant mixture
was sealed into a 100 mL Teflon-lined stainless steel auto-
clave and submitted to heat treatment at 200°C. After 24
h of hydrothermal reaction, the autoclave was naturally
cooled to room temperature. The produced precipitate was
collected by centrifugation, washed with deionized water
(three times) and absolute ethanol (one time), and then
dried at 60°C for 12 h to obtain Bi,Ti,O,, nanosheets. To
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make the surface treatment of Bi,Ti,O,,, 0.1 g of the as-pre-

pared Bi,Ti,O,, nanosheets were loanelczi in 20 mL of NaBH,
solution with concentration varied from 0.05 to 0.2 mol L™
(M), and then magnetically stirred in an ice bath for 40 min.
After that, the products were collected by centrifugation,
washed with deionized water (three times) and absolute
ethanol (one time), and dried at 60°C for 4 h. The samples
treated at 0.05, 0.1 and 0.2 M NaBH, solution were desig-
nated as R0.05M-Bi,Ti,O,,, R0.IM-Bi,Ti,O,, and R0.2M-Bi,
Ti,O,,, respectively.

X-ray powder diffraction (XRD) with Cu Ko radia-
tion was used for the phase identification of the samples.
Field-emission transmission electron microscopy (TEM)
was used to investigate the microstructure of the samples.
N, adsorption-desorption technique was used to charac-
terize the surface property and Brunauer-Emmett-Teller
(BET) surface area of the samples. X-ray photoelectron
spectroscopy (XPS) was used to determine the chemical
states of elements in the samples. Ultraviolet-visible dif-
fuse reflectance spectroscopy (UV-vis DRS) was used to
investigate the optical absorption and bandgap energy of
the samples. Electron paramagnetic resonance (EPR) spec-
tra of the samples were measured on a Bruker A300-9.5/12
EPR spectrometer.

The photocurrent response and electrochemical imped-
ance spectroscopy (EIS) of the samples were measured on
a CST 350 electrochemical workstation using a three-elec-
trode cell configuration as described in the literature [53].
A platinum foil electrode served as the counter electrode
and a standard calomel electrode (SCE) acted as the refer-
ence electrode. To prepare the working electrode, 15 mg of
the sample (Bi,Ti,O,, or R0.1IM-Bi,Ti,O,,), 0.75 mg of carbon
black and 0.75 mg of polyvinylidene fluoride (PVDF) were
uniformly mixed together using 1-methyl-2-pyrrolidione
(NMP) as solvent. The formed slurry was dispersed homo-
geneously onto fluorine-doped tin oxide (FTO) glass sub-
strate with an effective area of 1 x 1 cm? The electrode was
then dried at 60°C for 5 h to obtain the final working elec-
trode. The electrolyte used in this study is a 0.1 M Na,SO,
aqueous solution. The transient photocurrent response was
measured at a bias potential of 0.2 V. The EIS was measured
by applying the sinusoidal voltage pulse with amplitude of
5 mV and in the frequency range from 102 to 10° Hz. A 200
W xenon lamp that emits simulated sunlight was used as
the light source.
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Rhodamine B (RhB) in aqueous solution was chosen
as a model substrate to evaluate the photocatalytic activ-
ity of the samples for the pollutant abatement. Simulated
sunlight, UV light (A = 254 nm) and visible light (400 <A <
780 nm) were separately used as the light source. The ini-
tial RhB concentration was 5 mg L™ and the photocatalyst
loading was 0.1 g in 100 mL of RhB solution. To examine
the adsorption of RhB onto the photocatalyst surface, the
mixture was magnetically stirred in the dark for 30 min.
After that, the mixture was irradiated to initiate the pho-
tocatalytic reaction. To exclude the effect of temperature on
the photocatalysis, the reaction solution was maintained
at room temperature (21°C) during the photocatalysis pro-
cess by cooling the reactor with a circulating water cooling
system. At intervals of 30 min, 2.5 mL of the reaction solu-
tion was withdrawn from the reactor and used for the RhB
concentration measurement. The residual concentration of
RhB was determined by measuring the absorbance of the
reaction solution after removing the photocatalyst at A =
554 nm on a UV-vis spectrophotometer. The degradation
percentage of RhB is given as (C, - C,)/C, x 100%, where C;
= initial RhB concentration and C, = residual RhB concentra-
tion after reaction for f min.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of Bi,Ti,O,, before and
after treatment with NaBH, solution of different concen-
trations. For all the samples, the diffraction peaks can be
perfectly indexed according to the Bi,Ti,O,, orthorhombic
phase (PDF#35-0795). This indicates that the dominant crys-
tal structure of NaBH,-treated Bi,Ti,O,, samples undergoes
no change, maintaining the orthorhombic structure identi-
cal to that of pristine Bi,Ti,O,,. However, a broad peak at
26 of 10-20°, which is related to the amorphous nature, is
observed for the treated samples. This conforms the forma-
tion of disordered surface layer on Bi,Ti,O,, after NaBH,
treatment. Fig. 1(b)-(e) show the apparent colors of the

samples, revealing the color change of Bi,Ti,O,, from cream

white to dark gray after treatment with 0.2 M NaBH, solu-
tion. Moreover, the sample color gradually becomes deeper
with increasing the NaBH, concentration. This color change
is ascribed to the creation of disordered surface layer, which
is conductive to enhance the visible light absorption.

The microstructures of pristine Bi,Ti,O,, and R0.1IM-Bi,
Ti,O,, were investigated by TEM. Figs. 2a—c show the TEM
image, high resolution TEM (HRTEM) image and selected
area electron diffraction (SAED) pattern of pristine Bi, Ti,0,,,
respectively. It is seen that the untreated Bi,Ti,O,, nanosheet
has a pretty smooth surface and exhibits perfect crystal
lattice fringes without internal defects. The lattice fringes
with the d-spacing of 0.388 nm correspond to the (202) crys-
tal plane of Bi,Ti,O,,. The SAED pattern in Fig. 2c shows
regularly and periodically arranged diffraction spots.
Both the SAED pattern and HRTEM image confirm a sin-
gle-crystalline nature of the Bi,Ti,O,, nanosheet. Figs. 2d—f
show the TEM image, HRTEM image and SAED pattern
of R0.1M-Bi,Ti,O,,, respectively. The surface of the NaBH,-
treated Bi,Ti,O,, nanosheet becomes rough and contains
numerous irregular pits. This implies that disordered sur-
face layer associated with oxygen vacancy defects is created
on Bi, Ti,O,,. However, the basic orthorhombic lattice struc-
ture of Bi,Ti,O,, is not destroyed since the lattice fringes of
the Bi,Ti,O,, (202) crystal plane are still clearly visible from
the HRTEM image. Moreover, the SAED pattern in Fig. 2f
shows that the dominant diffraction spots are periodically
arranged in an array identical to that of pristine Bi,Ti,O,, as
shown in Fig. 2¢, further indicating no destruction to the
basic lattice structure of Bi,Ti,O,,. The additional weak dif-
fraction spots observed in the SAED pattern are attributed
to minor small Bi,Ti,O,, particles attached on the surface of
the nanosheet.

Fig. 3 shows the N, adsorption-desorption isotherms of
pristine Bi, Ti,O,, and R0.1M-Bi,Ti,O,,. The inset shows the
corresponding pore size distribution curves derived from
the adsorption branch of the isotherms using the Barrett—
Joyner-Halenda (BJH) method. Both the isotherms belong
to type II according to the IUPAC classification [54]. The

isotherm of pristine Bi,Ti,O,, shows almost no hysteresis

() Ro.05M-Bi,Ti,0,,

Fig. 1. XRD patterns (a) and digital images (b)—(e) of Bi,Ti,O,, before and after treatment with NaBH, solution of different concen-

trations.
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Fig. 2. (a), (b) and (c) TEM image, HRTEM image and SAED pattern of pristine Bi,Ti
HRTEM image and SAED pattern of R0.IM-Bi,Ti,O,,, respectively.
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Fig. 3. N, adsorption-desorption isotherms of pristine Bi,Ti,O,,
and RO.IM-Bi,Ti,O,,. The inset shows the corresponding pore
size distribution curves derived from the adsorption branch of

the isotherms using the BJH method.

loop with good coincidence between desorption curve and
adsorption curve, whereas the isotherm of R0.1M-Bi,Ti,O,,
displays a small hysteresis loop of type H3 at a high relative
pressure range of 0.6-1.0. This implies the possible exis-
tence of mesopores in R0.1IM-Bi,Ti,O,,. The pore size distri-
bution curves reveal that pristine Bi,Ti,O,, has slit like pores
of ca. 2 nm while R0.1M-Bi,Ti,O,, contains mesopores with
size of 5-45 nm. The appearance of mesopores in R0.1M-Bi,
Ti,0,, is attributed to the etching pits on its surface cre-
ated by NaBH, solution treatment. The BET surface area of
Bi,Ti,O,, and R0.1M-Bi,Ti,O,, is obtained as 4.22 and 6.54 m?
g, respectively.

,0,,, respectively. (d), (e) and (f) TEM image,

Fig. 4a shows the UV-vis DRS spectra of Bi,Ti,0,, before
and after treatment with NaBH, solution of different con-
centrations. Compared to pristine Bi,Ti,O,,, NaBH -treated
Bi,Ti,O,, samples exhibit significantly enhanced visible
light absorption, and moreover, the visible light absorption
of the samples exhibits an increasing trend with increas-
ing the NaBH, concentration. This is consistent with the
apparent color change of the samples gradually from cream
white to dark gray. The enhanced visible light absorption
of NaBH -treated Bi,Ti,O,, samples favors the utilization
of visible light during the photocatalysis. The absorption
edge of the samples, corresponding to the electron transi-
tion from the VB to the CB, can be derived from the first
derivative UV-vis DRS spectra of the samples, as shown in
Fig. 4(b). According to the peak on the spectra, the bandgap
energy (Eg) of pristine Bi, Ti,O,,, R0.05M-Bi,Ti,O,,, R0.1M-Bi-
11,0, and R0.2M-Bi,Ti,O,, is obtained as 3.13, 3.29, 3.39
and 3.48 eV, respectively. It is seen that NaBH, -treated
Bi,Ti,O,, samples have a bandgap energy larger than that
of pristine Bi, Ti,O,,. This could be ascribed to the fact that
the creation of disordered surface layer and oxygen vacancy
defects could result in the lattice expansion and hence cause
an increase in the bandgap energy.

The chemical states of elements in BiTi,O,, and
RO.IM-Bi,Ti,O,, were investigated by XPS. The binding
energy scale of the XPS data was calibrated according to the
C 1s peak at 284.8 eV. As seen from Fig. 5a, R0.1IM-Bi Ti,O,,
shows a Bi 4f XPS spectrum very similar to that of pristine
Bi, Ti,0,,. The peaks at 159.0 and 164.3 eV are assigned to the
binding energies of Bi 4f, " and Bi 4f; Jos respectively [46,47],
implying the existence of Bi** oxidation state. Dong et al.
reported Bi nanowires@BiOCl nanosheets by reduction of
partial Bi** on the surface of BiOCl using the NaBH4 reduc-
tion method [55]. However, Bi metal reduced from Bi** on
the NaBH,-treated Bi, Ti,O,, can be negligible since no addi-
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tional peaks are detected in the Bi 4f XPS spectra. Fig. 5b
shows the Ti 2p XPS spectra of Bi,Ti,O,, and R0.1IM-Bi,
Ti,O,,. It is noted that the binding energy of Ti 2p, , is very
close to the binding energy of Bi4d, ,, thus leading to a par-
tial overlapping of Ti 2p, ,and Bidd, , peaks [40,46,47]. As
a result, a broad bump at around 465 eV is observed on the
Ti 2p spectra. The binding energy of Ti 2p, , can be derived
by the peak deconvolution. The binding energies of Ti 2p, ,
and Ti 2p, , for pristine Bi,Ti,O,, are observed at 458.0 and
463.6 eV, respectively, implying that titanium element is in
the form of Ti* oxidation state . For R0.IM-Bi,Ti,O,,, the
binding energies of Ti 2p,, and Ti 2p, , are observed at
457.8 and 463.4 eV, respectively, which are slightly smaller
than those for pristine Bi,Ti,O,,. This could be attributed
to the increase in the Ti-O bond length of NaBH,-treated
Bi,Ti,O,,, which is in accord with the observed increase of
the bandgap energy. Moreover, two additional small peaks
appears at 457.2 and 460.5 eV, which are characterized as
2p,,and 2p, , of Ti*, respectively [25]. The presence of Ti**
oxidation state implies the formation of oxygen vacancies
at the surface of Bi,Ti,O,, nanosheets. From Fig. 5c it is seen

170 450 455 460
Binding energy (eV)

1 1 n 1 n 1 n 1 n
465 470 522 526 530 534 538
Binding energy (eV)

,Ti,0,,. (a) Bi 4f XPS spectra; (b) Ti 2p XPS spectra; (c) O 1s XPS spectra.

that the O 1s XPS spectrum of Bi,Ti,O,, is deconvoluted
into three peaks at 529.8, 531.6 and 533.1 eV. The binding
energy at 529.8 eV is attributed to the crystal lattice oxygen
of Bi,Ti,O,,. The peaks at higher binding energies of 531.6
and 533.1 eV could arise from chemisorbed oxygen species
and water species, respectively [47]. For R0.1M-Bi,Ti,O,,,
the O 1s binding energy of the lattice oxygen is observed
at 529.5 eV, which is slightly smaller than that for pris-
tine Bi, Ti,O,,. This could be interpreted as a result of the
increased Ti-O bond length induced by NaBH, treatment,
as also evidenced by Ti 2p XPS spectra and UV-vis DRS
spectra. The binding energy peak at 530.8 eV correspond-
ing to chemisorbed oxygen species becomes obviously
more intensive than that of pristine Bi,Ti,O,,. Generally, the
chemisorbed oxygen species is induced by oxygen vacancy
defects [26,31]. The observed increase in the intensity of
the O 1s peak related to the chemisorbed oxygen species
indicates the creation of oxygen vacancies at the surface of
NaBH,-treated Bi,Ti,O,, nanosheets. The observed prepeak
at 525.8 eV is possibly induced due to the existence of holes
on O 2p orbitals [56].
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EPR spectroscopy is an important technology that can
be used to determine oxygen vacancies formed in semicon-
ductor photocatalysts. The formation of oxygen vacancies
is generally associated with the signal at Lande factor g = 2
[57]. Fig. 6 shows the EPR spectra of Bi,Ti,O,, and R0.1M-Bi,
Ti,0,, (magnetic-field frequency v = 9.429737 GHz). No
obvious signal is observed for Bi,Ti,O,,, whereas a weak sig-
nal peak at g = 2 is observed for R0.1M-Bi,Ti,O,,, implying
the production of minor oxygen vacancies in NaBH,-treated
Bi,Ti,O,,. The appearance of signal peak at lower magnetic
field (or higher Lande factor) could be attributed to the for-
mation of minor Ti** oxidation state in R0.1M-Bi,Ti,O,,, as
revealed by Ti 2p XPS spectrum.

The photocurrent responses and EIS spectra of the
samples were investigated to elucidate the separation and
transfer behavior of photogenerated electrons and holes.
Fig. 7a shows the transient photocurrent response curves
of pristine Bi, Ti,O,, and R0.1M-BiTi,O,, recorded for sev-
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ation. On irradiation with the simulated sunlight, pristine
Bi,Ti,O,, demonstrates a photocurrent density of ca. 0.05
pA cm™ while R0.1M-Bi,Ti,O,, has a photocurrent density
of ca. 0.35-0.40 pA cm™. After turning off the light, the
photocurrent density for both samples drops to a very low
level. This transient photocurrent response appears to be
very reproducible when alternately turning on and turn-
ing off the light. The higher photocurrent density observed
for R0.IM-Bi,Ti,O,, suggests that NaBH,-treated Bi,Ti,O,,
exhibits an enhanced electron-hole pair separation when
compared with pristine Bi, Ti,0,,. Fig. 7b shows the Nyquist
plots of the EIS spectra for pristine Bi,Ti,O,, and R0.1M-Bi,
Ti,O,,, both of which are shaped like a semicircle. The diam-
eter of the semicircle is associated with the charge-trans-
fer resistance at the electrode/electrolyte interface, and a
smaller diameter means a smaller charge-transfer resistance
[58]. Compared to pristine Bi,Ti,O,,, R0.1M-Bi,Ti,O,, obvi-
ously displays a smaller charge-transfer resistance as evi-
denced from the EIS spectra, implying that NaBH,-treated
Bi,Ti,O,, exhibits more efficient electron-hole separation
and faster interface charge transfer under simulated sun-
light irradiation.

Simulated sunlight, UV light (A = 254 nm) and vis-
ible light (400 < A < 780 nm) were separately used as the
light source to evaluate the degradation of RhB catalyzed
by Bi,Ti,O,, samples. Prior to the photocatalysis, the dye
adsorption was measured in the dark at 30 min of contact
time and is obtained to be 8% for pristine Bi,Ti,O,, and
9-12% for NaBH -treated Bi,Ti,O,, samples. The slightly
increased dye adsorption onto NaBH -treated samples
could be ascribed to their increased surface area, as evi-
denced by the BET analysis. Fig. 8a shows the time-depen-
dent photocatalytic degradation of RhB under simulated
sunlight irradiation. It is seen that NaBH -treated Bi,Ti,O,,
samples exhibit obviously higher photocatalytic perfor-
mance than pristine Bi,Ti,O ,. With increasing the NaBH,
concentration from 0.05 to 0.2 M, the highest photocatalytic
performance is observed for R0.1M-Bi,Ti,O,, that is treated
at 0.1 M NaBH, solution. After 120 min of photocatalysis,
92.3% of the dye is seen to be degraded over R0.IM-Bi,

Ti,O,,, whereas only 74.6% of the dye is degraded over pris-
1000
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Fig. 7. (a) Transient photocurrent responses of pristine Bi,Ti,O , and R0.1M-Bi,Ti,O,, under intermittent irradiation of simulated sun-

light. (b) Nyquist plots of the EIS spectra of pristine Bi,Ti,O
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and R0.IM-Bi Ti.O

,T1,0,, under simulated sunlight irradiation.
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Fig. 8. (a), (c) and (e) Time-dependent photocatalytic degradation of RhB over Bi,Ti,O,, samples under irradiation of simulated sun-
light, UV light (A = 254 nm) and visible light (400 < A <780 nm), respectively. (b), (d) and (f) Plots of Ln(C /C) vs irradiation time ¢
for the simulated sunlight, UV light and visible light degradation of RhB, respectively.

tine Bi,Ti,O,, (Table 1). To further reveal the photocatalytic
activity of the samples, Fig. 8b shows the kinetics plots of
the dye degradation under simulated sunlight irradiation.
The Ln(C,/C,) plots exhibit a nearly linear variation against
t and can be described by pseudo first-order kinetics equa-
tion: Ln(C/C) = -k, t, where k__ is the apparent first-or-
der reaction rate constant (min!) T%9]. From the slope of the
regression lines, the rate constant is obtained, as shown in
Table 1. It is demonstrated that R0.1M-Bi,Ti,O,, has a photo-
catalytic activity ca. 1.8 times higher than pristine Bi,Ti,O,,
under simulated sunlight irradiation. Figs. 8c and d show

the photocatalytic performance of Bi,Ti,O,, samples under
UV irradiation, revealing that pristine Bi,Ti,0 , is an excel-
lent UV active photocatalyst, and further, the UV photo-
catalytic activity of Bi,Ti,O,, is significantly enhanced after
surface-treated by NaBH,. After UV photocatalytic reaction
for 120 min, the dye degradation reaches 97.5% for pris-
tine Bi,Ti,O,, and 99.9% for R0.1M-Bi,Ti,O,,. The reaction
rate constant suggests that the latter has a UV photocata-
lytic activity ca. 1.9 times higher than the former. Figs. 8e
and f show the photocatalytic degradation of RhB over
Bi,Ti,O,, samples under visible light irradiation. It is seen
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Table 1
Degradation percentage of RhB (reaction for 120 min) and apparent first-order reaction rate constant catalyzed by Bi,Ti,O,, samples
under irradiation of simulated sunlight, UV and visible light
Samples Bandgap Simulated sunlight UV light Visible light
(V) Degradation (%) k_ (min™ Degradation (%) k_ (min™ Degradation (%) k _ (min™
Pristine Bi,Ti,O,, 3.13 74.6 0.01166 97.5 0.02941 18.8 0.00163
R0.06M-Bi,Ti,O,, 3.29 87.2 0.01692 99.6 0.04092 247 0.00229
RO.IM-Bi,Ti,0,,  3.39 92.3 0.02085 99.9 0.05442 291 0.0027
R0.2M-Bi,Ti,O,, 348 85.7 0.01606 994 0.04527 214 0.00185
that pristine Bi,Ti,O,, exhibits little visible-light photocat- 40
alytic activity and only 18.8% of the dye is degraded. The S ! )
slight degr'a‘dati‘on of the dy'e 'could. be a.ttribt'lte'd to the dye N oastron N ondran N\ 3rdrun 4th run
photosensitization under visible light irradiation. In con- 08! |
trast, NaBH,-treated Bi,Ti,O,, samples demonstrate slightly ) ] 1
increased visible-light photocatalytic activity and the dye : ; !
degradation reaches 29.1% for the optimal R0.IM-Bi,Ti,O,, o 06
sample. The slight increase in the visible-light photocatalytic =~ ©_ : ! '
activity of NaBH -treated Bi,Ti,O,, samples is attributed to o : ! '
their enhanced visible light absorption, as evidenced from 0.4 1
the UV-vis DRS spectra. : | :
The reusability of NaBH,-treated Bi,Ti,O,, was investi- 02k ; ' :
gated by the recycling photocatalytic degradation of RhB o :
under simulated sunlight irradiation. When the first cycle . !
of the photocatalytic experiment was completed, the pho- 0.0 L ! ' 1 ! ' ' ! I
0 60 120 180 240 300 360 420 480

tocatalyst was collected by centrifugation, washed with
deionized water and then dried at 60°C for 5 h. The recov-
ered photocatalyst was used for the next cycle of the pho-
tocatalytic experiment under the same conditions. Fig. 9
shows four cycles of the photocatalytic degradation of RhB
catalyzed by R0.IM-Bi,Ti,O,,. At the 4th cycle of the photo-
catalysis, the dye degradation still maintains a high level of
87.8% at 120 min of reaction, implying a good photocata-
lytic stability of R0.IM-Bi,Ti,O,,.

To reveal the reactive species including hydroxyl
(*OH), superoxide (*O,") and h*, reactive species trapping
experiments were carried out, where ethanol, benzoqui-
none (BQ) and ammonium oxalate (AO) were used as the
scavengers of *OH, ‘O, and h*, respectively [60]. Fig. 10
shows the effect of ethanol (5 mL), BQ (1 mM) and AO
(1 mM) on the degradation of RhB over R0.1M-Bi,Ti,O,,
under simulated sunlight irradiation. It is demonstrated
that the dye degradation is significantly suppressed on the
addition of AO to the reaction solution, implying that the
dye degradation is highly dependent on h*. In contrast,
the addition of ethanol or BQ has a minor effect on the
dye degradation, suggesting that ‘OH and ‘O, play only a
minor role in the photocatalysis. Moreover, we also exam-
ined *OH, which is a strong oxidizer existing in most pho-
tocatalytic systems, by photoluminescence spectroscopy
using terephthalic acid as a probe molecule of *OH [61],
and no ‘OH was found to be produced in the R0.1IM-Bi,
Ti,0,, photocatalytic system.

Bi,Ti,O,, is known to be an intrinsic n-type semiconduc-
tor. The conduction band (CB) potential of NaBH -treated
Bi, Ti,0,, (e.g. R0.IM-Bi,Ti,O,,), which is roughly equal to
its flat band potential V,, can be derived from the Mott—
Schottky plots, as shown in Fig. 11a. The Mott-Schottky
plots were obtained by the EIS measurement at different

Time (min)

Fig. 9. Photocatalytic degradation of RhB over R0.IM-Bi,Ti,O,,
repeatedly used for four times.

1.0 -
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Fig. 10. Effect of ethanol, BQ and AO on the degradation of RhB

over R0.IM-Bi,Ti,O,, under simulated sunlight irradiation.

4773712

applied potentials (V) in the dark according to the method
as described in the literature [62-64]. By extrapolating the
linear portion of the plots to the V axis, the V,; can be deter-
mined. As shown in Fig. 11a, the Mott-Schottky plots mea-
sured at different frequencies (5000 and 8000 Hz) yield a
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mechanism for surface-engineered Bi,Ti,O,, nanosheets.

similar V, value of -1.03 V vs SCE. The potential vs SCE ref-
erence electrode can be converted to the potential vs normal
hydrogen electrode (NHE) according to V(NHE) = V(SCE)
+ 0.059pH + 0.242 (here pH = 7) [64]. Further considering
that the bandgap of R0.IM-Bi,Ti,O,, is 3.39 eV, the CB and
valence band (VB) potentials of R0.1M-Bi,Ti,O,, are there-
fore obtained as —0.38 V and +3.01 V vs NHE, respectively.
It is seen that the CB potential of Bi,Ti,O,, is very close to
the redox potential of O,/°O,™ (-0.33 V vs NHE) [38]. More-
over, the photogenerated electrons will be trapped by the
surface defect states, which have potentials more positive
than the redox potential of O,/*O,", as shown in Fig. 11b.
This suggests that ‘O, is difficult to be produced in the
R0.1M-Bi,Ti,O,, photocatalytic system from the thermody-
namic viewpoint. As a result, O, plays only a minor role
in the photocatalysis, as shown by the reactive species trap-
ping experiment. The VB potential of Bi,Ti,O,, is positive
to the redox potentials of H,O0/*OH (+2.38 V vs NHE) and
OH~/*OH (+1.99 V vs NHE) [53], implying that the pho-
togenerated holes can thermodynamically react with OH~/
H,O to produce ‘OH. However, no *OH was detected in the
present photocatalytic system and moreover the reactive
species trapping experiment shows a minor or negligible
role of *OH in the photocatalysis. This implies that direct
hole oxidation is the dominant mechanism causing the dye
degradation.

Based on the above experimental results and analy-
sis, a possible mechanism for the enhanced photocata-
lytic activity of NaBH,-treated Bi,Ti,O,, is proposed, as
schematically illustrated in Fig. 11b. When Bi Ti,O,, is
treated by NaBH, solution of appropriate concentrations,
disordered surface layer associated with oxygen vacancy
defects is created the surface of Bi,Ti,O,, nanosheets,
and simultaneously surface defect states are introduced
in the forbidden gap of Bi,Ti,O,,. When illuminated by
UV light, the VB electrons are excited to the CB (mainly
for bulk electrons) or surface defect states (mainly for
surface electrons) of Bi,Ti,O,,. The photogenerated elec-
trons in the CB are expected to be trapped by the sur-
face defect states since the surface defect states can act as
electron acceptors [26,27]. As a result, the recombination

obtained at different frequencies. (b) Schematic illustration of the photocatalytic

of photogenerated electrons and holes is effectively sup-
pressed, which is clearly evidenced by the photocurrent
response and EIS analyses. More photogenerated holes
are therefore available to participate in the photocata-
lytic reactions. This is the dominant reason that NaBH -
treated Bi,Ti,O,, samples exhibit significantly enhanced
UV photocatalytic activity when compared with pristine
Bi,Ti,O,,. On the other hand, under irradiation of visible
light (400 <A <780 nm), the VB electrons cannot be excited
to the CB of Bi,Ti,O,, due to its large bandgap (3.13 eV
for pristine Bi,Ti,0,,). Consequently little visible-light
photocatalytic activity is observed for pristine Bi Ti,O,,.
Whereas for NaBH -treated Bi,Ti,O , samples, the visible
light irradiation can induce the electron excitation from
the VB to the surface defect states (mainly for surface
electrons), thus extending the light absorption region
as revealed by UV-vis DRS spectra. As a result, NaBH,-
treated Bi,Ti,O,, samples exhibit slightly enhanced visi-
ble-light photocatalytic activity. Further, the BET analysis
suggests that NaBH,-treated Bi Ti,O,, samples have a
BET surface area larger than that of pristine Bi,Ti,O,,
which is also beneficial to improve the photocatalytic
performance. With increasing the NaBH, concentration,
the optimal sample with the highest photocatalytic per-
formance is observed for R0.1M-Bi,Ti,O,, that is treated
at 0.1 M NaBH, solution. However, further increasing the
NaBH, concentration leads to decease in the photocata-
lytic performance of the treated Bi, Ti,O,, samples. This is
possibly due to the fact that bulk defects could be created
in Bi,Ti,0,,, which could act as charge carrier recombi-
nation centers and facilitate the recombination of photo-
generated electron-hole pairs [28,31]. Finally, it is pointed
out that the polarization electric field (or internal electric
field) of the Bi, Ti,O,, nanosheet is perpendicular to its
plane [65], as shown in Fig. 11b. Under the action of the
polarization electric field, photogenerated electrons and
holes are readily separated and migrate to the opposite
planes of the nanosheet. This suggests that surface-engi-
neered Bi Ti,O,, nanosheets offer much more advantage
in achieving excellent photocatalytic performance than
other surface-engineered semiconductor photocatalysts.
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4. Conclusions

Disordered surface layer associated with oxygen
vacancy defects was created on the surface of Bi,Ti,O,,
nanosheets via a NaBH, reduction method. Simultane-
ously, surface defect states are introduced in the forbid-
den gap of Bi Ti,O,,, which can act as electron acceptors
and facilitates the separation of photogenerated electrons
and holes. As a result, the surface disorder-engineered
Bi,Ti,O,, samples exhibit a significantly enhanced pho-
tocatalytic activity toward the degradation of RhB under
UV irradiation. The highest UV photocatalytic activity
is observed for the sample treated at 0.1 M NaBH, solu-
tion, which is about 1.9 times higher than that of pris-
tine Bi,Ti,O,,. Moreover, the surface disorder-engineered
Bi,Ti,O,, samples also display a slightly enhanced pho-
tocatalytic activity under visible light irradiation. This
can be explained as the result of enhanced visible light
absorption due to the electron excitation from the VB to
the surface defect states.
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