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H I G H L I G H T S

• Adjusting thickness of BFO NPs by varying the content of SDBS.

• The built-in electrical filed for BFO is reported for the first time.

• Thickness decrement enhances built-in electrical filed and charge separation.

• Optimized thickness leads to the best photocatalytic O2 evolution activity.
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A B S T R A C T

Herein, Bi2Fe4O9 nanoplates (BFO NPs) with controllable thickness are successfully synthesized via a facile
hydrothermal method with varied content of sodium dodecyl benzene sulfonate (SDBS). The thickness along the
[001] direction of the BFO NPs can be controlled by varying the SDBS content, and the decreased thickness plays
multiple roles in improving the photocatalytic water oxidation performance: (1) increasing the distortion and
asymmetries of the FeO4 tetrahedral and FeO6 octahedral units, and enhancing the built-in electric field in the
BFO NPs accordingly, to facilitate the efficient separation of photogenerated electron-hole pairs; (2) reducing the
migration distance of holes to the surface of the both oxygen- and bismuth-enriched {001} facets; (3) promoting
the exposure of {001} facets of the BFO NPs which facilitates hole accumulation and provides more active sites
to accelerate surface oxidation reaction. As a result, the as-prepared BFO-2 sample with optimized thickness
exhibits the best photocatalytic water oxidation performance under visible-light irradiation, achieving the O2

evolution rate of 461.08 µmol g−1 h−1, about 7.87 times higher than BFO NPs prepared without using SDBS. The
built-in electric field for BFO and its role in photocatalytic water oxidation process are reported for the first time.
This work provides new insights into improving intrinsic activity of individual semiconductor photocatalyst by
morphology and structure modulation and charge behavior regulation.

1. Introduction

The increasing global energy demand has attracted broad interest in
photocatalytic water splitting for H2 production [1,2]. In the course of
photocatalytic water splitting, the photooxidation of water into O2 is a
rate-dependent step which essentially limits the efficiency of the overall
water splitting reactions, and the invention of highly active water
oxidation catalysts is therefore the pivotal issue for the exploitation of
light-driven water splitting photocatalysts [3,4].

Till now, Bi-based semiconductors, such as bismuth vanadium
oxide, bismuth tungstate, and bismuth ferrite, have exhibited good

photocatalytic performances for water splitting reactions, owing to
their special crystal structure and electron structures [5–11]. Among
the family of bismuth ferrite, Bi2Fe4O9 (BFO) is a competitive candidate
catalyst for solar-light-driven oxidation reactions [12,13], due to its
typical multiband semiconductor nature which absorbs light from ul-
traviolet to visible range. For instance, the BFO enables the photo-
catalytic oxidation of organic dyes such as rhodamine B and aqueous
ammonia as well as methylene orange (MO) under visible-light irra-
diation [12–14]. However, the photocatalytic efficiency is still un-
satisfied due to the low separation efficiency of photogenerated elec-
trons (e−) and holes (h+), and limited active sites for surface reactions
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[15]. In order to address these issues, several strategies have been
employed, such as the construction of heterostructures by combining
reduced graphene oxide with addition of electron scavengers in reac-
tion systems, to develop some effective ways to improve the separation
efficiency of e−–h+ pairs [3,16]. However, other strategies such as
surface morphology control are scarcely explored in terms of further
promoting the photocatalytic efficiency.

Various surface properties, such as surface structure, exposed facet,
and crystal size, are crucial to efficient charge separation and transfer in
the bulk photocatalyst [17]. Typically, photogenerated e− and h+ can
be spatially separated and accumulated on the surface of {010} and
{110} facets of BiVO4, respectively, resulting in much higher photo-
catalytic activity towards water oxidation reactions [18]. For BFO, the
microrods with exposed {010} facets display higher photocatalytic ac-
tivity for the degradation of methylene blue than exposed {001} facets
due to the sufficient exposure of high active facets [19]. Besides ex-
posed active facets, downsizing the catalysts is also an effective

approach to improve the separation efficiency of the e−–h+ pairs. For
instance, the BFO nanosheets show higher photocatalytic activity than
microplatelets for the photodegradation of MO under visible-light ir-
radiation, which may be ascribed to the lower recombination rate of the
photogenerated e−–h+ pairs and higher specific surface areas caused
by size reduction. Similar size effect was also reported in the BFO na-
nocrystals, which show enhanced photocatalytic activity with de-
creased particle size, highlighting the importance of size effect on
photocatalytic activity [20]. Despite of the mentioned progress, the
understanding of the correlation of size decrement with photocatalytic
water oxidation of BFO is still limited. Hence, it is very challenging but
important to integrate the size and facet for further boosted photo-
catalytic performance. In addition, the built-in electrical field in some
semiconductor photocatalysts (such as ZnO nanostructures) has been
proposed to interpret the enhanced separation efficiency of photo-
generated charge carriers and improved activity [21], but its effect in
BFO has not been investigated yet.

Fig. 1. SEM images of the as-prepared (a) BFO, (b) BFO-0.01, (c) BFO-0.1, (d) BFO-1, (e) BFO-2 NPs using different amounts of SDBS (0 g, 0.01 g, 0.1 g, 1 g and 2 g),
respectively, (f) TEM and HRTEM (inset) images of the BFO-2 NPs.
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Tailoring the surface properties of semiconductor photocatalysts
depends strongly on the specific fabrication methods [12,20,22]. Var-
ious BFO photocatalysts of nanosheets, microplatelets, microrods, and
flow-like microspheres have been synthesized by controlling the ratio of
Bi3+ and Fe3+, or/and the content of OH– in general [22–24]. In those
reports, little attention was paid to morphology control by the means of
surfactants that have been widely employed to prepare various nanos-
tructures. Surfactants, consisting of a hydrophilic portion and a hy-
drophobic portion, can increase the inhibiting properties in the de-
position process by improving wetting and emulsifying abilities
[25,26]. The specific activity of a surfactant is generally understood in
terms of adsorption which has large effects not only on the kinetics of
the electron transfer, but also on electrostatic interaction between
electroactive species and adsorbed surfactant on the surface [27]. Ac-
cording to these effects, it is possible to modify the growth mode of a

crystal and tailor the morphology of a product [26,28]. For example, a
polymer could regulate the crystallite morphology of ZnO to a sheet- or
plate-like shape by preferential adsorption on the basal plane and re-
stricting the growth on it [21,26,29]. Therefore, the addition of some
special surfacants in synthetic system is benifical for obtaining con-
trollable two-demensinoal (2D) materials to achieve relatively large
specific surface area with abundant active sites for the catalytic reac-
tions.

In this study, 2D BFO nanoplates (NPs) were synthesized with
varied thickness via a facile hydrothermal method with controlled
content of sodium dodecyl benzene sulfonate (SDBS). It has been found
that the increased SDBS content leads to the thickness decrement of the
BFO NPs along the [001] direction. The investigations further reveal
that the decreased thickness effectively induces distortion and asym-
metries of the FeO4 tetrahedral and FeO6 octahedral units, enhancing
the built-in electric fields in the BFO NPs, which can significantly
promote the separation efficiency of e−–h+ pairs along the [001] di-
rection. Meanwhile, the thickness decrement also shortens the migra-
tion distance of holes to the both oxygen- and bismuth-enriched {001}
facets. More importantly, the BFO NPs with smaller thickness would
expose more {001} facets where hole accumulation is favored and more
active sites can be produced to accelerate the photooxidation process.
Taken together, the BFO NPs with optimized thickness exhibit excellent
water oxidation activity under visible-light irradiation, achieving the
O2 evolution rate of 461.08 µmol g−1 h−1, about 7.87 times higher
than the BFO catalyst (58.55 µmol g−1 h−1) synthesized without using
SDBS.

2. Experimental section

The reagents (all of analytical grade) were purchased from
Sinopharm Chemical Reagent Corp (Shanghai, China) and utilized as
received without further purification.

Fig. 2. XRD patterns of as-prepared BFO NPs with varied thickness.

Fig. 3. (a) K-M plots for the band gap estimation and (b) Mott-Schottky plots of the different BFO NPs with varied thickness.
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2.1. Synthesis of BFO NPs with different thickness

1.21 g of Bi(NO3)3·5H2O and 2.02 g of Fe(NO3)3·9H2O were mixed
in 50 mL of acetone and sonicated for 30 min to obtain a homogeneous
solution. 150 mL of distilled water was added to the solution under
vigorous stirring. Some concentrated ammonia was added in order to
adjust the pH value of the solution to about 10. After filtered and rinsed
with distilled water, the collected red precipitate was redispersed in
40 mL of an aqueous solution containing 5 M of NaOH with certain
amount of SDBS. The mixture was transferred to a stainless-steel au-
toclave with a Teflon liner and kept at 180 °C for 48 h. After cooled to
room temperature, the final product was collected and washed with
distilled water and ethanol, and dried at 80 °C overnight. Samples BFO,
BFO-0.01, BFO-0.1, BFO-1 and BFO-2 were obtained for the usage of
0 g, 0.01 g, 0.1 g, 1 g and 2 g SDBS, respectively.

2.2. Materials characterization

Powder X-ray diffraction (XRD) measurements of the samples were
implemented on a Philips PW3040/60 X-ray diffractometer using Cu Kα
radiation. Scanning electron microscopy (SEM) characterization was
carried out on a Hitachi S-4800 scanning electron micro-analyzer with
an accelerating voltage of 15 kV. The microstructures of the as-prepared
samples were further characterized with a JEM-2100F field-emission
transmission electron microscopy (TEM). UV–vis diffuse reflectance
spectroscopy (UV–vis DRS) measurements were performed in the
spectral range of 200–800 nm with a Thermo Nicolet Evolution 500
UV–vis spectrophotometer in the absorption mode equipped with an
integrating sphere attachment. Photoluminescence (PL) spectra were
acquired using a FLS 920 fluorescence spectrophotometer with an ex-
citation wavelength of 334 nm. The surface photovoltage (SPV) and

field-induced surface photovoltage spectroscopy (FISPS) measurements
were carried out at room temperature on a surface photovoltage spec-
trometer (PLSPS/IPCE1000 Beijing Perfect light technology Co., Ltd.)
consisting of a source of monochromatic light with a mechanical
chopper (SR 540, Stanford research, Inc.) and a lock-in amplifier. N2

adsorption and desorption isotherms were obtained at 77 K on a surface
area and porosimetry analyzer V-Sorb 2800P after the samples were
degassed in vacuum at 200 °C for 4 h.

2.3. Photoelectrochemical measurements

For the Mott-Schottky experiments, the frequencies of 0.5, 0.8, and
1 KHz with a 10 mV amplitude were employed on a Zennium E station
(ZAHNER, Germany) with a standard three-electrode cell, using a cat-
alyst-covered electrode, a Pt wire, and a standard saturated calomel
electrode (SCE) as the working electrode, counter electrode and re-
ference electrode, respectively. Prior to and during all the Mott-
Schottky measurements, the electrolyte (0.5 M Na2SO4) was purged
with nitrogen. Electrochemical impedance spectroscopy (EIS) mea-
surements were also carried out in the three-electrode system on the
Zennium E station with a K3[Fe(CN)6] (5 mM) and KCl (1 M) aqueous
solutions, applied with an ac voltage of 10 mV at a frequency ranging
from 0.1 Hz to 100 kHz. Photocurrent measurements were performed
on a CHI840C electrochemical workstation (Chenhua Instrument,
China) with a standard three-electrode configuration using photo-
catalyst coated fluorine doped tin oxide (FTO) (coated area: 1 cm2) as
the working electrode, Pt wire as the counter electrode, SCE as the
reference electrode, and 0.5 M Na2SO4 aqueous solution as the elec-
trolyte. 5 mg of sample was added to 50 μL of ethanol followed by 10 μL
of Nafion solution (5 wt%) under sonication, and 15 μL of mixture ink
was then pipetted on an FTO glass in an area of 1 × 1 cm2.

Fig. 4. (a) Typical time course of photocatalytic O2 evolution from water under visible-light irradiation catalyzed by different BFO NPs with varied thickness
(λ > 420 nm), (b) O2 evolution rates over different samples under visible-light irradiation, (c) stability and reusability test under visible-light irradiation for 25 h,
and (d) wavelength-dependent QY of O2 evolution over BFO-2 sample under monochromatic light irradiation, in reference to its UV–vis absorption spectrum.
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2.4. Photocatalytic O2 evolution

The photocatalytic O2 evolution experiments were conducted on a
Labsolar-III AG system using a 300 W xenon lamp (MicroSolar 300,
Perfect Light) with an optical cutoff filter at 420 nm as the visible-light
source. The reaction mixture in the cell was maintained at 25 °C with a
continuous water flow. In a typical reaction, 50 mg of the as-prepared
photocatalyst with 3 wt% CoOx on the surface as the co-catalyst was
dispersed in 50 mL aqueous solution containing 0.1 M NaOH and
0.02 M Na2S2O8. Before light irradiation, the suspension was purged
with argon for at least 30 min. And the analysis of the O2 evolution was
performed using an online gas chromatograph (Agilent Technologies
GC-7890B, TCD, Ar carrier). The quantum yield (QY) was calculated
using the following the Eq. (1):

= ×

= ××

QY 100%

100%

Number of reacted electrons
Numer of incident photons

Number of evolved O molecules 4
Numer of incident photons

2
(1)

3. Results and discussion

The morphology and thickness of the BFO crystals were character-
ized with SEM and TEM. Fig. 1a and S1b show the SEM images of the
BFO NPs obtained without using SDBS, which exhibits plate-like mor-
phology with smooth surface. The statistical distribution reveals the
NPs have a thickness range of 120–150 nm with an average size of
132 nm (Fig. S1b). With the addition of SDBS, the thickness of BFO NPs
varied accordingly as 80–110 nm, 70–90 nm, 30–35 nm and 20–25 nm
for the SDBS content of 0.01 g, 0.1 g, 1 g and 2 g (Fig. 1b–e and S1c–j),
respectively. The average thickness of BFO-0.01, BFO-0.1, BFO-1, and
BFO-2 is determined to be 99 nm, 84 nm, 33 nm, and 23 nm,

Fig. 5. (a) Crystal structure of BFO, (b) model showing the direction of the internal electric field in each of the BFO NP, (c and d) Raman spectra and (e and f) IR
spectra of different BFO samples.
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respectively. The presence of SDBS may prevent the nanostructures
from growing too large or aggregating into large entities [25,26]. As
revealed, the increased content of SDBS results in a remarkable de-
crease in the thickness of the BFO NPs. Fig. 1f shows the TEM image of a
NP of sample BFO-2, which reveals the high crystallinity nature of the
BFO-2 NPs by the clear lattice fringes. The inset of a HRTEM image
displays an intact, ordered single-crystalline structure. The interplanar
spacing is 0.32 nm, corresponding to the (121) plane of the orthor-
hombic BFO crystal (JCPDS No. 25-0090). This result suggests that
SDBS may be preferentially adsorbed on the facets of BFO during the
growth, and the increased SDBS concentration therefore leads to the
anisotropic growth of the BFO crystals and the final thinner plates [14].
The high crystallinity can also be confirmed by XRD measurements. As
shown in Fig. 2, all the as-prepared samples exhibit the pure phase of
BFO, and the diffraction peaks can be indexed to orthorhombic BFO
(JCPDS No. 25-0090, a=0.796 nm, b=0.844 nm, and c= 0.599 nm).
Furthermore, compared with the (121) and (211) diffraction peaks, the
relative intensities of (001) and (002) peaks for BFO-2 are stronger than
that for the other samples, which suggests that BFO-2 sample possesses
the most exposed {001} facets, resulting from the most reduced thick-
ness of the sample in the [001] direction [12,14], and this is consistent
with the SEM results. In addition, the slight shift in 2θ for the (001)
diffraction reveals that the crystal imperfection and distortion is

enhanced with the decreasing of thickness [30], the lattice strains
caused for these BFO samples are estimated by equation S1 and listed in
Table S1.

The optical bandgap of the as-prepared BFO NPs was determined by
the absorption spectra. Fig. S2 shows the UV–vis DRS of different BFO
samples with multiband characteristics. A broad absorption band in the
range of 410–600 nm is observed in the absorption spectra. The second
absorption from 610 to 770 nm may be assigned to the d-d transitions of
Fe3+ resulting from the energy splitting of Fe 3d orbital [13]. This
absorption can excite electrons from the middle band to the conduction
band in the visible-light range, however, the middle band in BFO
photocatalyst may serve as a charge recombination center and limits
catalytic efficiency. Fig. 3a gives the corresponding absorption spectra
transformed from the diffuse reflectance spectra according to the Ku-
belka-Munk (K-M) theory. The optical band gap of the BFO samples can
be estimated by the Tauc Eq. (2) [31]:

= −αhν A hν E( )n
g

/2 (2)

where α is the absorption coefficient, hν, A, Eg is the photon energy, a
proportionality constant, band gap energy, respectively, and n= 1 for a
direct band gap material [31]. Based on the UV–vis DRS analysis, the
band gap of the pristine BFO NPs is estimated to be 2.04 eV (Fig. 3a).
Compared to the pristine BFO NPs, the band gap of BFO-X (X = 0.01,
0.1, 1, 2) NPs increases gradually with respect to the increased SDBS
content, ranging from 2.06 to 2.13 eV (Table S2), which may be as-
cribed to the quantum confinement effect resulting from their reduced
thickness [32]. The flat-band potentials (Efb) of the as-prepared samples
were measured by the means of Mott-Schottky plots. The positive slope
of the Mott-Schottky plots indicates the n-type nature of the BFO
samples. The bottom of the conduction band (ECB) is more negative
(about −0.1 eV) than the Efb [33], therefore the ECB is calculated from
Efb − 0.1 eV. The ECB of all the samples ranges from −0.29 to
−0.42 eV vs. RHE (reversible hydrogen electrode) (Fig. 3b). According
to the Eq. (3):

= −E E Eg VB CB (3)

The valence bands (EVB) of the as-prepared BFO, BFO-0.01, BFO-0.1,
BFO-1, and BFO-2 were calculated and tabulated in Table S2. It can be
seen that the EVB of all BFO samples is relatively higher than the oxi-
dation potential of O2 /H2O (1.23 eV vs. RHE) but slightly lower than
that of H2O2/H2O (1.78 eV vs. RHE), suggesting that the as-prepared
BFO NPs as photocatalysts would carry out the four electronic process
for water oxidation reactions [34]. There is no obvious difference in EVB
for all BFO samples with different thicknesses, but the ECB shifts slightly
and negatively as the thickness reduces [35,36]. Such small band shift
has little influence on the photocatalytic activity because the band gap
has no obvious change.

To prove the corresponding relation between thickness and

Fig. 6. (a, c) SEM and (b, d) TEM images of (a, b) Ag nanoparticles on the side,
and (c, d) MnOx nanosheets on the top and bottom surface of BFO NPs obtained
via a photo-deposition method.

Fig. 7. Schematic illustration of the photocatalytic water oxidation mechanism of BFO NPs.
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photocatalytic activity, photocatalytic O2 evolution as model reaction
was tested in an aqueous solution of 0.1 M NaOH with Na2S2O8 as the
electron sacrificial agent and CoOx as the cocatalyst under visible-light
irradiation. Fig. 4a shows the amount of O2 produced using different
BFO samples as the photocatalysts. It can be seen that the photo-
catalytic activities are ordered as BFO < BFO-0.01 < BFO-
0.1 < BFO-1 < BFO-2. As shown in Fig. 4b, the O2 evolution rate of
BFO-2 NPs is 461.08 µmol g−1 h−1, nearly 7.87 times higher than that
of the BFO sample (58.55 µmol g−1 h−1) prepared without using SDBS.
In particular, the specific activity is also much higher than most re-
cently reported Bi-based semiconductor photocatalysts (Table S3). The
cyclic experiments (Fig. 4c) were performed with the same photo-
catalytic irradiation procedure described above. After 5 h’ irradiation,
the mixture was purged with Ar gas for 30 min to remove O2 produced
in the first cycle, then start the second round of test, and so on for the
fifth round. The BFO-2 sample shows better stability than the BFO and
BFO-0.1 samples, which may be ascribed to good dispersibility of the
BFO-2 NPs with the thinnest thickness. After the photocatalytic test, the
morphology of BFO-2 exhibits no obvious change compared with the
initial sample (Fig. S3a). The XRD patterns (Fig. S3b) of the BFO-2
photocatalyst also reveal no distinguishable change in the main peaks
before and after cyclic O2 evolution test, indicating superior photo-
stability and durability of the sample in the photocatalytic O2 evolution
reaction. These results indicate the great potential of the BFO-2 sample
as an efficient, stable photocatalyst. The photocatalytic quantum yield
(QY) was also measured to illustrate the photon conversion efficiency.
The photocatalytic O2 evolution was tested with different monochro-
matic light irradiation for a time period of five hours, and the results as
well as the linear fitting of the data are shown in Fig. S4. As a reduction
in the QY is observed with the increment of irradiation wavelength, it is
anastomotic with the UV–vis absorption spectrum of the BFO-2 sample,

and the high QY of ca. 2.66% is achieved with the 420 nm irradiation
(Fig. 4d and Table S4).

To explore the mechanism of the improved photocatalytic perfor-
mance, the effect of surface area was investigated firstly. The
Brunauer–Emmett–Teller (BET) specific surface area of all BFO samples
was detected by the N2 adsorption–desorption tests and shown in Fig.
S5 and Table S5, where the specific photocatalytic activity of samples in
terms of the surface area is also calculated. It is found that as the
thickness decreases from BFO-0.01 to BFO-2, the specific surface area is
increased from 4.66 to 9.18 m2 g−1 with double increment, while the
O2 evolution rate is promoted from 58.55 to 461.08 µmol g−1 h−1 with
7.87 times of increment. Accordingly, the specific activity is enhanced
significantly from 11. 80 µmol m−2 h−1 to 50.21 µmol m−2 h−1. This
result indicates that the intrinsic photocatalytic activity of BFO is en-
hanced as the thickness decreases, and the specific surface area is not
the most important factor to improve photocatalytic activity.

Furthermore, the thickness effect on crystal lattice defects of BFO
NPs is investigated as well. As shown in Fig. 5a and S6, BFO has a
unique layered structure characterized by [Bi4O4] slabs interleaved
with double slabs of FeO6 octahedra intercalated with a FeO4 tetra-
hedra layer. An internal static field perpendicular to the [Bi4O4] slabs
and Fe-O layers can be induced in the BFO crystal, which will result in
effective separation of photoinduced e−–h+ pairs along the [001] di-
rection (Fig. 5b) [37]. The induced electrical field is sensitive to the
defects in the crystal structure which can be characterized by Raman
spectroscopy. As shown in Fig. 5c, and Table S6, all the observed
phonon modes are attributed to the vibration of O and Fe atoms in the
compounds [38]. Specifically, the intense mode observed at 203 cm−1

is attributed to the Fe–O vibration in the FeO4 tetrahedron of the BFO
NPs. The modes observed at 279 cm−1, 325 cm−1 and 420 cm−1 are
attributed to the Fe-O vibrations in the FeO6 octahedron. The sharp

Fig. 8. (a) PL spectra (λex = 334 nm), (b) photocurrent responses, (c) EIS plots, and (d) SPV spectra and (inset) corresponding phase spectra of the different BFO NPs
with varied thickness.
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Raman peak at 550 cm−1 indicates the atomic vibration of the O atom
in the FeO6 octahedron [38,39]. All the Raman modes above, especially
the band at 550 cm−1 (Fig. 5d), show shift towards low wavenumber
from sample BFO to BFO-2, implying the increased crystal distortion
and asymmetries of the FeO4 tetrahedra and FeO6 octahedra, in which
the center of gravity is deviated from the position of the central Fe ion
[40]. Unequal values of Mulliken charges on the O atoms in FeO4 and
FeO6 are important factors to evaluate induced dipole moment and
consequently enhanced intensity of built-in electric field [40,41]. The
enhanced built-in electric field can contribute to the BFO photocatalytic
activity through facilitating the separation of e−–h+ pairs along the
[001] direction in the very initial process of photo-oxidation [40,42].
Furthermore, as the thickness decreases, the van der Waals force be-
tween layers is enhanced and the force constant inside the material is
increased accordingly, which inhibits the atomic vibration in the plane
and improves the molecular interaction between planes [43,44]. Thus,
the photogenerated electrons are easier to move in the plane that can
promote the separation of the e−–h+ pairs.

The FT-IR spectra were used to further verify the thickness effect on
the lattice defect and electron transfer of BFO NPs. As shown in Fig. 5e,
the spectra are consistent with those previously reported results
[45,46], where the O-Fe-O bending vibration in the FeO4 tetrahedra is
located at 518 cm−1. The bands at 809 and 624 cm−1 are ascribed to
the stretching vibration of the Fe-O bond in the FeO4 tetrahedra. As the
thickness decreases from BFO to BFO-2, these bands, especially at
624 cm−1, are gradually shifted to higher wavenumbers (Fig. 5f). This
result suggests the crystal distortion of Fe-O tetrahedral and octahedral
units and the enhanced interaction between the two structure units
[47], which is conducive to the electron transfer between planes
[48,49].

Upon generation of the photoexcited e−–h+ pairs, the transfer di-
rection of the e− and h+ may be different due to the anisotropic nature
of different crystal planes. The accumulating sites of the e− and h+

were further explored by the means of the photodeposition method. As
shown in Fig. 6, it is obviously observed that Ag nanoparticles are only
deposited on the lateral side of the BFO NPs (Fig. 6a and b) and MnOx

nanosheets are gathered on both the top and bottom surface (Fig. 6c
and d) after photodeposition test. This result indicates that electrons
move in the direction of [010] and [100] and accumulate on the surface
of the two facets, and photo-induced holes move in the direction of
[001] and accumulate on the surface of the {001} facets of the BFO NPs
(Fig. 7), which agrees with the calculation result by Zahedi et al., who
found that holes have the largest effective masses in the [001] direction
in the orthorhombic Bi2M4O9 (M = Al3+, Ga3+) crystals [40]. Because
the thickness is decreased in the [001] direction, the diffusion distance
for holes to the surface of {001} facets would be shortened obviously,
which firstly contributes to the efficient separation of the e−–h+ pairs
[37,40]. Furthermore, it is recognized that the VB for the oxide semi-
conductor incorporating Bi3+ is mainly composed of O 2p and Bi 6s
orbitals [50]. We calculated the atomic density of oxygen and bismuth
elements on three principal crystal planes (Table S7) and found that the
(001) plane possesses the highest atomic density of both oxygen and
bismuth elements. As the thickness decreases, the BFO NPs would ex-
pose more the both oxygen- and bismuth-enriched {001} facets and
provide more sites for hole accumulation and for surface oxidation
reactions, which contributes to the high photocatalytic activity.

In order to confirm the above-mentioned thickness effects on the
photocatalytic activity, a series of photochemical and photoelec-
trochemical measurements were conducted. The slope of Mott-Schottky
plots is an important parameter to calculate the carrier density of a
semiconductor according to the relation [51]:

⎜ ⎟⎜ ⎟= ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

−

N
eεε

d C
d E

2 (1/ )
( )D

0

2 1

(4)

where ND is the charge carrier density, e is the electron charge, ε0 is the

permittivity of vacuum, ε is the dielectric constant of BFO, C is the
differential capacitance, and E is the applied bias at the electrode. The
charge carrier density is inversely proportional to the slope of Mott-
Schottky plots because e, ε0 and ε are all constants here. As shown in
Fig. 3b and Table S8, the positive slope indicates the n-type character of
BFO NPs and ND represents the donor (most likely be the intrinsic
oxygen vacancy for BFO NPs) density. The donor density of BFO NPs is
gradually increased with thickness decreasing. The BFO-2 possesses the
highest donor density at the frequency of 1000 Hz, 1.7 times higher
than that of prisinte BFO, suggesting improved photoelectrical con-
version efficiency. The reason for this may be that the increase of donor
density would lift the Fermi level of bulk far away from the Fermi level
of surface state, making lager upward band bending and broader space
charge region near surface. The broader space charge region could fa-
cilitate the separation of photogenerated e−–h+ pairs [3,52].

The technique of PL spectroscopy has also been employed to un-
derstand the carrier recombination process. As shown in Fig. 8a, the PL
intensity of the BFO-2 sample is much weaker than that of the other
BFO NPs, indicating a dramatically reduced charge recombination
probability of the photogenerated carriers. Therefore, the problem of
fast charge recombination, as a historical intrinsic drawback of BFO
photocatalysts, can be effectively overcome by simply modifying the
thickness of the 2D nanoplate catalyst. To further understand the
charge separation and transfer efficiency of the photogenerated carriers
in the photocatalysts, photocurrent experiments were performed in a
three-electrode photoelectrochemical cell. The photocurrent responses
of the as-prepared products were measured in a 0.5 M Na2SO4 solution
under visible-light irradiation with SCE as the reference electrode and a
Pt wire as the counter electrode. As shown in Fig. 8b, the BFO-2 sample
shows the highest current density, indicating the largest separation rate
of the photoinduced e−–h+ pairs. According to previous report [53],
the photocurrent falls slightly as time increases, which may be caused
by detachment of trace of catalyst from the FTO glass into the elec-
trolyte. This result is in accordance with those of the photocatalytic O2

production experiments. The EIS measurements were also performed to
further examine the enhanced charge separation rate [54]. The EIS
results reveal that the arc radius of Nyquist plots for the BFO-2 sample
is smaller than other BFO samples (Fig. 8c). In particularly, the fitting
results from EIS illustrate the BFO-2 sample possesses the lowest charge
transfer resistance (Rct) among all samples (Table S9), which further
confirms the fast electron transfer kinetics and thus efficient separation
of photogenerated e−–h+ pairs.

To further reveal the correlation between thickness and carrier se-
paration efficiency in the BFO NPs, SPV spectroscopy was also em-
ployed to investigate the carrier separation performance [55]. As re-
vealed in Fig. 8d, the BFO-2 sample exhibits higher SPV response than
the others, indicating the remarkable thickness effect on the charge
separation efficiency of photogenerated carriers. The SPV phase spectra
(as shown in the inset of Fig. 8d) show the n-type nature of the BFO
material, which is in agreement with the positive slope of the Mott-
Schottky plot [56]. Different from p-type o-BiVO4 [57], the phase
spectra for all BFO samples exhibit similar statistic kinetic character-
istics in the range of 300–400 nm, while the phase value signals are
stochastic in the non-response range of 400–800 nm. The phase angles
in the response region are in the range of −90° to −180°, indicating
that the photogenerated holes move toward the surface for water oxi-
dation [58]. The accumulation behavior of the photo-induced holes at
the surface of the BFO catalysts is anastomotic with the PL, photo-
current and EIS results, demonstrating enhanced carrier separation ef-
ficiency due to the reduced thickness of the BFO NPs, which explains
the consequent promoted O2 generation efficiency as well as the ex-
ceptional photocatalytic activity of BFO-2 sample.

4. Conclusions

In conclusion, the thickness-controllable BFO NPs have been
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successfully synthesized via a simple hydrothermal strategy with varied
SDBS content. The thickness decrement of the BFO NPs can be achieved
by increasing the SDBS content, which is proved to induce multi-
synergetic effects on promoting photocatalytic activity towards water
oxidation. The reduced thickness increases the distortion of FeO4 tet-
rahedral and FeO6 octahedral units, leading to the enhancement of the
built-in electric field in BFO, which facilitates the efficient separation of
photogenerated e−–h+ pairs in the [001] direction. The holes are
preferentially accumulated on the surface of both oxygen- and bismuth-
enriched {001} facets, and the migration distance of holes to the sur-
face of {001} facets is shortened due to the thickness decrement along
the [001] direction. Meanwhile, the surface ration of the {001} facets
are greatly enlarged with the decrease of the thickness, resulting in
more sites to enhance hole accumulation and accelerate surface oxi-
dation reactions. As a result, the as-prepared BFO-2 NPs with optimized
thickness show the best photocatalytic water oxidation performance.
This work highlights the importance of downsizing of photocatalytic
crystalline particle in specific crystal directions in tailoring the mor-
phology and structural defects for boosted water oxidation activity.

Conflicts of interest

The authors declared that there is no conflict of interest.

Acknowledgements

The authors acknowledge the financial support from National
Natural Science Foundation of China (21671173), Zhejiang Provincial
Ten Thousand Talent Program (2017R52043) and Zhejiang Provincial
Natural Science Foundation of China (LQ18E010004).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cej.2019.123929.

References

[1] F.E. Osterloh, Inorganic nanostructures for photoelectrochemical and photo-
catalytic water splitting, Chem. Soc. Rev. 42 (2013) 2294–2320.

[2] N. Armaroli, V. Balzani, The future of energy supply: challenges and opportunities,
Angew. Chem. Int. Ed. 46 (2007) 52–66.

[3] H. Liu, K. Tian, J. Ning, Y. Zhong, Z. Zhang, Y. Hu, One-step solvothermal formation
of Pt nanoparticles decorated Pt2+-doped α-Fe2O3 nanoplates with enhanced
photocatalytic O2 evolution, ACS Catal. 9 (2019) 1211–1219.

[4] M.W. Kanan, D.G. Nocera, In situ formation of an oxygen-evolving catalyst in
neutral water containing phosphate and Co2+, Science 321 (2008) 1072–1075.

[5] J. Ren, D. Zhao, H. Liu, Y. Zhong, J. Ning, Z. Zhang, C. Zheng, Y. Hu,
Electrospinning preparation of Sn4+-doped BiFeO3 nanofibers as efficient visible-
light-driven photocatalyst for O2 evolution, J. Alloys Compd. 766 (2018) 274–283.

[6] H. Zhang, C. Guo, J. Ren, J. Ning, Y. Zhong, Z. Zhang, Y. Hu, Beyond CoOx: a
versatile amorphous cobalt species as an efficient cocatalyst for visible-light-driven
photocatalytic water oxidation, Chem. Commun. 55 (2019) 14050–14053.

[7] R. Liu, J.B. Ren, D. Zhao, J.Q. Ning, Z.Y. Zhang, Y.J. Wang, Y.J. Zhong, C.C. Zheng,
Y. Hu, Band-gap engineering of porous BiVO4 nanoshuttles by Fe and Mo co-doping
for efficient photocatalytic water oxidation, Inorg. Chem. Front. 4 (2017)
2045–2054.

[8] A. Etogo, R. Liu, J.B. Ren, L.W. Qi, C.C. Zheng, J.Q. Ning, Y.J. Zhong, Y. Hu, Facile
one-pot solvothermal preparation of Mo-doped Bi2WO6 biscuit-like microstructures
for visible-light-driven photocatalytic water oxidation, J. Mater. Chem. A 4 (2016)
13242–13250.

[9] R. Qiao, M. Mao, E. Hu, Y. Zhong, J. Ning, Y. Hu, Facile formation of mesoporous
BiVO4/Ag/AgCl heterostructured microspheres with enhanced visible-light photo-
activity, Inorg. Chem. 54 (2015) 9033–9039.

[10] A. Etogo, E. Hu, C. Zhou, Y. Zhong, Y. Hu, Z. Hong, Facile fabrication of mesoporous
BiOCl/(BiO)2CO3/Bi2O3 ternary flower-like heterostructured microspheres with
high visible-light-driven photoactivity, J. Mater. Chem. A 3 (2015) 22413–22420.

[11] X. Gao, H.B. Wu, L. Zheng, Y. Zhong, Y. Hu, X.W. Lou, Formation of mesoporous
heterostructured BiVO4/Bi2S3 hollow discoids with enhanced photoactivity, Angew.
Chem. Int. Ed. 53 (2014) 5917–5921.

[12] T.L. Wu, L. Liu, M.Y. Pi, D.K. Zhang, S.J. Chen, Enhanced magnetic and photo-
catalytic properties of Bi2Fe4O9 semiconductor with large exposed (001) surface,
Appl. Surf. Sci. 377 (2016) 253–261.

[13] S.M. Sun, W.Z. Wang, L. Zhang, M. Shang, Visible light-induced photocatalytic

oxidation of phenol and aqueous ammonia in flowerlike Bi2Fe4O9 suspensions, J.
Phys. Chem. C 113 (2009) 12826–12831.

[14] Q.J. Ruan, W.D. Zhang, Tunable morphology of Bi2Fe4O9 crystals for photocatalytic
oxidation, J. Phys. Chem. C 113 (2009) 4168–4173.

[15] A.K. Singh, S.D. Kaushik, B. Kumar, P.K. Mishra, A. Venimadhav, V. Siruguri,
S. Patnaik, Substantial magnetoelectric coupling near room temperature in
Bi2Fe4O9, Appl. Phys. Lett. 92 (2008) 132910.

[16] D. Xu, B. Cheng, W. Wang, C. Jiang, J. Yu, Ag2CrO4/g-C3N4/graphene oxide ternary
nanocomposite Z-scheme photocatalyst with enhanced CO2 reduction activity,
Appl. Catal., B 231 (2018) 368–380.

[17] Z. Wang, C. Li, K. Domen, Recent developments in heterogeneous photocatalysts for
solar-driven overall water splitting, Chem. Soc. Rev. 48 (2019) 2109–2125.

[18] R. Li, F. Zhang, D. Wang, J. Yang, M. Li, J. Zhu, X. Zhou, H. Han, C. Li, Spatial
separation of photogenerated electrons and holes among 010 and 110 crystal facets
of BiVO4, Nat. Commun. 4 (2013) 1432.

[19] S.W. Liang, Q. Yang, Control-growth and photocatalytic activities of low-dimen-
sional Bi2Fe4O9 crystals, Chin. J. Chem. Phys. 30 (2017) 566–570.

[20] Q. Zhang, W. Gong, J. Wang, X. Ning, Z. Wang, X. Zhao, W. Ren, Z. Zhang, Size-
dependent magnetic, photoabsorbing, and photocatalytic properties of single-
crystalline Bi2Fe4O9 semiconductor nanocrystals, J. Phys. Chem. C 115 (2011)
25241–25246.

[21] Z. Liu, X.D. Wen, X.L. Wu, Y.J. Gao, H.T. Chen, J. Zhu, P.K. Chu, Intrinsic dipole-
field-driven mesoscale crystallization of core-shell ZnO mesocrystal microspheres,
J. Am. Chem. Soc. 131 (2009) 9405–9412.

[22] H. Yang, J. Dai, L. Wang, Y. Lin, F. Wang, P. Kang, A novel approach to prepare
Bi2Fe4O9 flower-like spheres with enhanced photocatalytic performance, Sci. Rep. 7
(2017) 768.

[23] J.T. Han, Y.H. Huang, X.J. Wu, C.L. Wu, W. Wei, B. Peng, W. Huang,
J.B. Goodenough, Tunable synthesis of bismuth ferrites with various morphologies,
Adv. Mater. 18 (2006) 2145–2148.

[24] X.Y. Zhang, J. Lv, L. Bourgeois, J.W. Cui, Y.C. Wu, H.T. Wang, P.A. Webley,
Formation and photocatalytic properties of bismuth ferrite submicrocrystals with
tunable morphologies, New J. Chem. 35 (2011) 937–941.

[25] H.P. Lin, C.Y. Mou, Structural and morphological control of cationic surfactant-
templated mesoporous silica, Acc. Chem. Res. 35 (2002) 927–935.

[26] N.R. Jana, L. Gearheart, C.J. Murphy, Seed-mediated growth approach for shape-
controlled synthesis of spheroidal and rod-like gold nanoparticles using a surfactant
template, Adv. Mater. 13 (2001) 1389–1393.

[27] S. Paria, K.C. Khilar, A review on experimental studies of surfactant adsorption at
the hydrophilic solid-water interface, Adv. Colloid Interface Sci. 110 (2004) 75–95.

[28] C. Reitz, C. Suchomski, C. Weidmann, T. Brezesinski, Block copolymer-templated
BiFeO3 nanoarchitectures composed of phase-pure crystallites intermingled with a
continuous mesoporosity: Effective visible-light photocatalysts? Nano Res. 4 (2011)
414–424.

[29] H.G. Yang, C.H. Sun, S.Z. Qiao, J. Zou, G. Liu, S.C. Smith, H.M. Cheng, G.Q. Lu,
Anatase TiO2 single crystals with a large percentage of reactive facets, Nature 453
(2008) 638–641.

[30] V.D. Mote, Y. Purushotham, B.N. Dole, Williamson-Hall analysis in estimation of
lattice strain in nanometer-sized ZnO particles, J. Theoretical Appl. Phys. 6
(2012) 6.

[31] H. He, Z. Liu, L. Lin, J. Yan, Y. Ning, C. Zhong, Z. Zheng, Y.Hu. Zhang, A new
photocatalyst based on Co(CO3)0.5(OH)•0.11H2O/Bi2WO6 nanocomposites for high-
efficiency cocatalyst-free O2 evolution, Chem. Eng. J. 359 (2019) 924–932.

[32] P. Niu, L.L. Zhang, G. Liu, H.M. Cheng, Graphene-like carbon nitride nanosheets for
improved photocatalytic activities, Adv. Funct. Mater. 22 (2012) 4763–4770.

[33] Z. Xu, H. Wang, Y. Wen, W. Li, C. Sun, Y. He, Z. Shi, L. Pei, Y. Chen, S. Yan, Z. Zou,
Balancing catalytic activity and interface energetics of electrocatalyst-coated pho-
toanodes for photoelectrochemical water splitting, ACS Appl. Mater. Interfaces 10
(2018) 3624–3633.

[34] J. Feng, G. Liu, S. Yuan, Y. Ma, Influence of functional groups on water splitting in
carbon nanodot and graphitic carbon nitride composites: a theoretical mechanism
study, Phys. Chem. Chem. Phys. 19 (2017) 4997–5003.

[35] M. Guan, C. Xiao, J. Zhang, S. Fan, R. An, Q. Cheng, J. Xie, M. Zhou, B. Ye, Y. Xie,
Vacancy associates promoting solar-driven photocatalytic activity of ultrathin bis-
muth oxychloride nanosheets, J. Am. Chem. Soc. 135 (2013) 10411–10417.

[36] Y. Hong, C. Li, D. Li, Z. Fang, B. Luo, X. Yan, H. Shen, B. Mao, W. Shi, Precisely
tunable thickness of graphitic carbon nitride nanosheets for visible-light-driven
photocatalytic hydrogen evolution, Nanoscale 9 (2017) 14103–14110.

[37] J. Jiang, K. Zhao, X. Xiao, L. Zhang, Synthesis and facet-dependent photoreactivity
of BiOCl single-crystalline nanosheets, J. Am. Chem. Soc. 134 (2012) 4473–4476.

[38] M.N. Iliev, A.P. Litvinchuk, V.G. Hadjiev, M.M. Gospodinov, V. Skumryev,
E. Ressouche, Phonon and magnon scattering of antiferromagnetic Bi2Fe4O9, Phys.
Rev. B 81 (2010) 024302.

[39] C.M. Raghavan, J.W. Kim, J.W. Kim, S.S. Kim, Structural, electrical and multiferroic
properties of La-doped mullite Bi2Fe4O9 thin films, Mater. Res. Bull. 70 (2015)
279–283.

[40] E. Zahedi, B. Xiao, M. Shayestefar, First-principles investigations of the structure,
electronic, and optical properties of mullite-type orthorhombic Bi2M4O9 (M =
Al3+, Ga3+), Inorg. Chem. 55 (2016) 4824–4835.

[41] Y. Zheng, T. Zhou, X. Zhao, W.K. Pang, H. Gao, S. Li, Z. Zhou, H. Liu, Z. Guo, Atomic
interface engineering and electric-field effect in ultrathin Bi2MoO6 nanosheets for
superior lithium ion storage, Adv. Mater. 29 (2017) 1700396.

[42] L.Q. Bai, Y.H. Zhang, L.K. Zhang, Y.X. Zhang, L. Sun, N. Ji, X.W. Li, H.C. Si,
Y. Zhang, H.W. Huang, Jahn-Teller distortions in molybdenum oxides: an
achievement in exploring high rate supercapacitor applications and robust photo-
catalytic potential, Nano Energy 53 (2018) 982–992.

H. Liu, et al. Chemical Engineering Journal 385 (2020) 123929

9

https://doi.org/10.1016/j.cej.2019.123929
https://doi.org/10.1016/j.cej.2019.123929
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0005
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0005
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0010
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0010
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0015
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0015
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0015
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0020
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0020
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0025
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0025
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0025
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0030
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0030
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0030
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0035
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0035
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0035
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0035
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0040
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0040
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0040
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0040
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0045
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0045
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0045
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0050
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0050
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0050
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0055
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0055
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0055
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0060
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0060
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0060
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0065
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0065
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0065
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0070
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0070
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0075
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0075
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0075
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0080
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0080
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0080
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0085
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0085
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0090
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0090
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0090
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0095
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0095
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0100
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0100
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0100
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0100
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0105
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0105
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0105
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0110
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0110
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0110
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0115
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0115
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0115
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0120
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0120
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0120
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0125
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0125
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0130
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0130
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0130
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0135
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0135
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0140
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0140
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0140
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0140
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0145
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0145
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0145
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0150
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0150
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0150
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0155
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0155
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0155
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0160
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0160
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0165
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0165
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0165
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0165
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0170
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0170
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0170
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0175
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0175
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0175
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0180
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0180
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0180
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0185
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0185
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0190
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0190
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0190
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0195
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0195
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0195
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0200
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0200
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0200
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0205
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0205
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0205
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0210
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0210
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0210
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0210


[43] C. Li, Elastic moduli of multi-walled carbon nanotubes and the effect of van der
Waals forces, Compos. Sci. Technol. 63 (2003) 1517–1524.

[44] T. Bjorkman, A. Gulans, A.V. Krasheninnikov, R.M. Nieminen, van der Waals
bonding in layered compounds from advanced density-functional first-principles
calculations, Phys. Rev. Lett. 108 (2012) 235502.

[45] D. Voll, A. Beran, H. Schneider, Variation of infrared absorption spectra in the
system Bi2Al4-xFexO9 (x = 0–4), structurally related to mullite, Phys. Chem. Miner.
33 (2006) 623–628.

[46] Y. Liu, R.Z. Zuo, S.S. Qi, Surfactant-free solvothermal synthesis and optical char-
acterization of Bi2Fe4O9 in mixed H2O/EtOH solvent, Powder Technol. 254 (2014)
30–35.

[47] M. Larsson, A. Holmgren, W. Forsling, Xanthate adsorbed on ZnS studied by po-
larized FTIR-ATR spectroscopy, Langmuir 16 (2000) 8129–8133.

[48] X. Ma, P.H. Mokler, F. Bosch, A. Gumberidze, C. Kozhuharov, D. Liesen,
D. Sierpowski, Z. Stachura, T. Stöhlker, A. Warczak, Electron-electron interaction
studied in strong central fields by resonant transfer and excitation with H-like U
ions, Phy. Rev. A 68 (2003) 042712.

[49] S. Maier, T.L. Schmidt, A. Komnik, Charge transfer statistics of a molecular quantum
dot with strong electron-phonon interaction, Phys. Rev. B 83 (2011) 085401.

[50] A. Kudo, Y. Miseki, Heterogeneous photocatalyst materials for water splitting,
Chem. Soc. Rev. 38 (2009) 253–278.

[51] Z. Zhang, L. Zhang, M.N. Hedhili, H. Zhang, P. Wang, Plasmonic gold nanocrystals
coupled with photonic crystal seamlessly on TiO2 nanotube photoelectrodes for
efficient visible light photoelectrochemical water splitting, Nano Lett. 13 (2013)

14–20.
[52] Z. Zhang, J.T. Yates, Band bending in semiconductors: chemical and physical

consequences at surfaces and interfaces, Chem. Rev. 112 (2012) 5520–5551.
[53] R. Zeng, G. Chen, C. Xiong, G. Li, Y. Zheng, J. Chen, Y. Long, S. Chen, Room

temperature Zinc-metallation of cationic porphyrin at graphene surface and en-
hanced photoelectrocatalytic activity, Appl. Surf. Sci. 434 (2018) 756–762.

[54] B.Y. Chang, S.M. Park, Electrochemical impedance spectroscopy, Annu. Rev. Anal.
Chem. 3 (2010) 207–229.

[55] T. Jiang, T. Xie, Y. Zhang, L. Chen, L. Peng, H. Li, D. Wang, Photoinduced charge
transfer in ZnO/Cu2O heterostructure films studied by surface photovoltage tech-
nique, Phys. Chem. Chem. Phys. 12 (2010) 15476–15481.

[56] J. Boltersdorf, I. Sullivan, T.L. Shelton, Z.K. Wu, M. Gray, B. Zoellner, F.E. Osterloh,
P.A. Maggard, Flux synthesis, optical and photocatalytic properties of n-type
Sn2TiO4: hydrogen and oxygen evolution under visible light, Chem. Mater. 28
(2016) 8876–8889.

[57] S. Gao, B. Gu, X. Jiao, Y. Sun, X. Zu, F. Yang, W. Zhu, C. Wang, Z. Feng, B. Ye, Y. Xie,
Highly efficient and exceptionally durable CO2 photoreduction to methanol over
freestanding defective single-unit-cell bismuth vanadate layers, J. Am. Chem. Soc.
139 (2017) 3438–3445.

[58] S. Li, D.D. Meng, L.B. Hou, D.J. Wang, T.F. Xie, The surface engineering of CdS
nanocrystal for photocatalytic reaction: A strategy of modulating the trapping states
and radicals generation towards RhB degradation, Appl. Surf. Sci. 371 (2016)
164–171 58.

H. Liu, et al. Chemical Engineering Journal 385 (2020) 123929

10

http://refhub.elsevier.com/S1385-8947(19)33344-3/h0215
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0215
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0220
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0220
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0220
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0225
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0225
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0225
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0230
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0230
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0230
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0235
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0235
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0240
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0240
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0240
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0240
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0245
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0245
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0250
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0250
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0255
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0255
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0255
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0255
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0260
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0260
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0265
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0265
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0265
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0270
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0270
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0275
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0275
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0275
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0280
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0280
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0280
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0280
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0285
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0285
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0285
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0285
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0290
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0290
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0290
http://refhub.elsevier.com/S1385-8947(19)33344-3/h0290

	Thickness-dependent carrier separation in Bi2Fe4O9 nanoplates with enhanced photocatalytic water oxidation
	Introduction
	Experimental section
	Synthesis of BFO NPs with different thickness
	Materials characterization
	Photoelectrochemical measurements
	Photocatalytic O2 evolution

	Results and discussion
	Conclusions
	Conflicts of interest
	Acknowledgements
	Supplementary data
	References




