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Abstract: Bi24O31Br10 microcrystals composed of nanobelts and nanosheets with exposed (30-4) and
(117) facets were synthesized by a simple hydrothermal method. The desired morphology and
facets were obtained by adjusting the pH of the reaction system. Bi24O31Br10 nanobelts (BOB-NBs)
with dominant (30-4) exposed facets were used for the photocatalytic degradation of tetracycline
hydrochloride under visible light irradiation, with a degradation efficiency of up to 91% after 60 min
of irradiation. The BOB-NBs possessed a higher charge separation and transfer efficiency, and showed
less charge carrier recombination compared to the Bi24O31Br10 nanosheets (BOB-NSs), ascribed to a
cooperative effect between the internal electric fields and surface active sites. A higher photocurrent
response (2.6 times higher) was observed for BOB-NBs (12.8 µA cm−2) compared to that of BOB-NSs
(4.9 µA cm−2). These findings are directional for a comprehensive understanding of the influence of
the crystal facets of Bi24O31Br10 microcrystals on their photocatalytic activity and could help to guide
the future design of high-performance photocatalytic materials.

Keywords: Bi24O31Br10 nanobelts; Bi24O31Br10 nanosheets; internal electric field;
facet-dependent photocatalysis

1. Introduction

Crystal surface design is a good strategy to improve the photocatalytic performance of
semiconductor materials. Photocatalysis is often related to the morphology and the specific exposed
facets of a material, which in turn are linked to surface energy, electronic structure, and charge carrier
dynamics [1–4]. For instance, Zhang et al. prepared BiOCl nanosheets (NSs) and noticed that the
exposed (001) facets showed superior performance in pollutant photodegradation through direct
semiconductor photoexcitation under ultraviolet light compared to a counterpart with exposed (010)
facets [5]. Li et al. found that the (110) facets of WO3 nanowires possessed elevated photocatalytic
oxidation activity compared to the (001) facets of WO3 NSs in a quantitative study of the influence of
charge carrier dynamics on the photocatalytic activity [6]. Therefore, facet engineering can undoubtedly
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influence photocatalysis and should be an exciting direction to pursue when searching for new, highly
efficient photocatalytic materials.

Bi24O31Br10 is considered a promising photocatalyst for pollutant degradation and hydrogen
evolution reaction due to its unique properties, such as possessing a suitable energy band and superior
chemical and optical stability [7–9]. Therefore, tremendous research efforts have been devoted to
improving its photocatalytic activity. Some studies have demonstrated that the photocatalytic activity
of Bi24O31Br10 can be further enhanced by doping it with other elements, for example Bi24O31ClxBr10−x

and Er-doped Bi24O31Br10 [10,11]. This could also be achieved by controlling the three-dimensional (3D)
morphology and thickness of Bi24O31Br10 NSs [12–14], the construction of heterojunction architectures
(such as in BiOBr/Bi24O31Br10, Bi12O17Br2/Bi24O31Br10, and WO3/Bi24O31Br10) [15–17], and the synthesis
of Bi24O31Br10 with oxygen and bromine vacancies or the formation of Bi24O31Br10(OH) [18–20].

An internal electric field is caused by the polarization of the nonuniform charge distribution
between different constituent layers, which is favorable for the separation and transfer of photogenerated
charge carriers. This is caused by the exposed facets and material composition, which lead to different
charge distributions [5,21]. Bi24O31Br10 is a layered structure made up of (Bi, O) and (Br) layers stacked
together [22], which may induce the generation of internal electric fields. However, to the best of
our knowledge, the internal electric field in different Bi24O31Br10 facet exposure and its effect on their
photocatalytic activity has not yet been explored.

The hydrothermal synthesis method offers several advantages, including convenient manipulation,
energy saving, and excellent control over size and morphology, etc. Therefore, numerous materials
related to the above-mentioned nanomaterials have been successfully prepared by the hydrothermal
method [23]. For instance, Li et al. obtained WO3 nanowires and NSs by hydrothermal synthesis [6].
Zhang and colleagues reported that the thickness of Bi24O31Br10 NSs could be controlled via
hydrothermal synthesis [14].

Herein, Bi24O31Br10 nanobelts (NBs) with dominant (30-4) facets and NSs with dominant (117)
facets were prepared by a simple hydrothermal process. The desired facets and morphology were
achieved by adjusting the reaction parameters. The photocatalytic activities of the obtained materials
were evaluated through the degradation of tetracycline hydrochloride (TTCH) under visible light,
and the internal electric field and its impact on the photocatalytic performance of various exposed
surfaces in terms of TTCH degradation was examined. The results indicated that Bi24O31Br10 nanobelts
(BOB-NBs) with dominant (30-4) exposed facets exhibited a more favorable internal electric field
to enhance the separation and transfer efficiency of photogenerated carriers, which is of benefit for
improving the photocatalytic activity of TTCH degradation.

2. Results and discussion

2.1. Characterization

Both Bi24O31Br10 NBs and NSs were synthesized by a facile bottom-up hydrothermal process using
Bi(NO3)3·5H2O and hexadecyl trimethyl ammonium bromide (CTAB) as Bi and Br sources, respectively.
The desired facets and morphologies were obtained by adjusting the pH of the reaction system using
NaOH to yield BOB-NSs and BOB-NBs at a pH of 10.6 and 10.0, respectively. Powder XRD patterns of
BOB-NSs and BOB-NBs are shown in Figure 1. All the diffraction peaks were indexed to a phase of the
monoclinic structure of Bi24O31Br10 with a space group of A2/m, a = 1.0130 nm, b = 0.4008 nm, and
c = 2.9970 nm, and β = 90.15◦ [22]. Moreover, no peaks corresponding to other phases are observed
in Figure 1, indicating that the nanostructures are composed of single-phase Bi24O31Br10 with a high
purity. However, some changes in intensity ratios were observed. The intensity ratios of the (30-4) and
(117) peaks were recorded as 0.5 and 0.3 for BOB-NBs and BOB-NSs, respectively. In particular, the
(30-4) peaks of the BOB-NBs appeared distinctly (see the red sign in Figure 1). Therefore, the BOB-NBs
and BOB-NSs featured various crystallization orientations and exposed crystal facets.
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Figure 1. XRD patterns of Bi24O31Br10 nanobelts (BOB-NBs) and Bi24O31Br10 nanosheets (BOB-NSs). 

SEM examination revealed that BOB-NSs consist of large-scale sheet-shaped structures with a 
width in the range of 0.5–2.0 μm (Figure 2a). TEM imaging of an individual NS further confirmed the 
sheet-shaped structure (Figure 2b). Moreover, high-resolution TEM (HRTEM) imaging of individual 
Bi24O31Br10 NSs provided further insight into their structure (Figure 2c). The spacing between adjacent 
lattice planes of 0.28 nm was ascribed to the (117) facet [22]. The interfacial angle between the (117) 
and (1-17) planes was estimated to be 89°, as shown by the selected area electron diffraction patterns 
(SAED, Figure 2d), and is consistent with the theoretical value. Therefore, the (117) facet was 
identified as the main exposed facet of the BOB-NS. 

 

Figure 2. (a) and (e) SEM images of the BOB-NSs and BOB-NBs, (b) and (f) TEM images of the BOB-
NSs and  BOB-NBs, (c) and (g) high-resolution TEM (HRTEM) images of the BOB-NSs and BOB-NBs,  
(d) and (h) selected area electron diffraction (SAED) patterns of the BOB-NSs and BOB-NBs. 

At a slightly lower pH (10.0) during synthesis, the as-prepared Bi24O31Br10 exhibited an NB 
morphology with a length and width in the range of 1–9 μm and 50–250 nm, respectively (Figure 2e 
and f). The (30-4) facets with a lattice spacing of 0.30 nm can clearly be observed in Figure 2g [22]. 
The angle shown in the SAED pattern was recorded to be 90.9° (Figure 2h), which matches the 

Figure 1. XRD patterns of Bi24O31Br10 nanobelts (BOB-NBs) and Bi24O31Br10 nanosheets (BOB-NSs).

SEM examination revealed that BOB-NSs consist of large-scale sheet-shaped structures with a
width in the range of 0.5–2.0 µm (Figure 2a). TEM imaging of an individual NS further confirmed the
sheet-shaped structure (Figure 2b). Moreover, high-resolution TEM (HRTEM) imaging of individual
Bi24O31Br10 NSs provided further insight into their structure (Figure 2c). The spacing between adjacent
lattice planes of 0.28 nm was ascribed to the (117) facet [22]. The interfacial angle between the (117)
and (1-17) planes was estimated to be 89◦, as shown by the selected area electron diffraction patterns
(SAED, Figure 2d), and is consistent with the theoretical value. Therefore, the (117) facet was identified
as the main exposed facet of the BOB-NS.
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Figure 2. (a) and (e) SEM images of the BOB-NSs and BOB-NBs, (b) and (f) TEM images of the BOB-NSs
and BOB-NBs, (c) and (g) high-resolution TEM (HRTEM) images of the BOB-NSs and BOB-NBs, (d) and
(h) selected area electron diffraction (SAED) patterns of the BOB-NSs and BOB-NBs.

At a slightly lower pH (10.0) during synthesis, the as-prepared Bi24O31Br10 exhibited an NB
morphology with a length and width in the range of 1–9 µm and 50–250 nm, respectively (Figure 2e,f).
The (30-4) facets with a lattice spacing of 0.30 nm can clearly be observed in Figure 2g [22]. The angle
shown in the SAED pattern was recorded to be 90.9◦ (Figure 2h), which matches the calculated angle
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value between the (30-4) and (117) planes. Therefore, the (30-4) facet was determined to be the main
exposed facet in the BOB-NB and was in agreement with the XRD data.

Figure 3a shows the survey spectrum of XPS. The peaks for C, O, Bi, and Br are identified in the
XPS survey spectrum. To calibrate the experimental data of the XPS test, the C 1s peak at 284.8 eV was
set as the reference. The Bi 4f high-resolution XPS spectra exhibit the existence of two main peaks with
binding energies at 159.1 eV and 164.4 eV (Figure 3b), corresponding to the Bi 4f7/2 and Bi 4f5/2 regions
of Bi3+, respectively [24]. Figure 3c demonstrates that the O 1s XPS profile can be divided into two
peaks with binding energies at 529.8 eV and 530.8 eV, belonging to lattice O in the (Bi2O2)2+ layers
of Bi24O31Br10 and oxygen atoms in O–H groups, respectively [25,26]. The Br 3d XPS spectrum can
also be divided into two peaks with binding energies at 68.2 and 69.1 eV, which are attributed to the
characteristic signals of Br 3d5/2 and Br 3d3/2 of Br−, respectively [17] (Figure 3d). Notably, the Br 3d
peaks of BOB-NBs exhibited a small rightward shift of about 0.07 eV compared to those of BOB-NSs,
indicating a slight difference in the surface compositions of BOB-NBs and BOB-NSs. These results are
in agreement with the above-mentioned XRD results.
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2.2. Photocatalytic Properties regarding TTCH Degradation

The photocatalytic oxidation performance of BOB-NBs and BOB-NSs was evaluated through
the degradation of TTCH (Figure 4). BiOBr was used as a reference to compare the data. In the
absence of the photocatalysts, TTCH did not show any degradation with or without irradiation. The
adsorption–desorption equilibria of the as-prepared samples were reached within 30 min in the dark.
The adsorption ability of BOB-NBs was similar to that of BOB-NSs. Under visible-light irradiation, both
samples performed well but the BOB-NB illustrated the best TTCH degradation performance, with up
to 91% transformed TTCH during 60 min of visible-light irradiation. The catalytic performance of the
BOB-NS was slightly lower with 81% TTCH degradation, while BiOBr reached only 73% (Figure 4a).

The reactant concentration was low (20 mg L−1 TTCH); therefore, the kinetic constant k of TTCH
degradation was obtained by using the following pseudo first-order Equation (1) [14]:

The kinetic constant k of TTCH degradation was obtained by Equation (1):

− ln(Ct/C0) = kt (1)
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where k is the apparent kinetic rate constant, and C0 and Ct are the concentrations of TTCH initially
and at the given time t, respectively.
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Figure 4. (a) Photocatalytic degradation of tetracycline hydrochloride (TTCH) with different
photocatalysts (insert image shows the dark reaction), (b) corresponding kinetic equations obtained
within 60 min, (c) recycling properties of the photocatalytic TTCH degradation over the BOB-NBs and
BOB-NSs under the same conditions, and (d) the N2 adsorption–desorption isotherms and the pore
distribution curves of the BOB-NSs and BOB-NBs.

The k values of BOB-NBs, BOB-NSs, and BiOBr after 60 min of TTCH degradation were calculated
as 0.035 min−1, 0.027 min−1, and 0.022 min−1, respectively (Figure 4b). The kinetic rate constant k of
BOB-NBs was 1.3 times larger than that of BOB-NSs, and 1.6 times larger than that of BiOBr. Therefore,
BOB-NBs showed the best photocatalytic properties. Both BOB-NBs and BOB-NSs possessed good
stability and reusability under the same conditions (Figure 4c). This demonstrated that both BOB-NBs
and BOB-NSs could be used as potential candidates for photocatalytic applications.

The Brunauer–Emmett–Teller (BET) surface areas were measured, and those of BOB-NBs and
BOB-NSs were 15.80 m2 g−1 and 6.02 m2 g−1, respectively (Figure 4d). This indicated that a
higher photocatalytic activity for BOB-NBs could be partly attributed to their surface area. N2

adsorption–desorption isotherms and pore size distribution were explored to reveal the porosity of
the synthesized products. The N2 adsorption–desorption isotherm of BOB-NBs presents a type-IV
isotherm plot with a typical H3 hysteresis loop, indicating a hierarchical pore structure consisting of
meso- and macro-porosity. The above analysis was also supported by the pore size distribution, which
showed distinct peaks at ~2.5 nm and ~15 nm.

2.3. Band structures of BOB-NSs and BOB-NBs

The optical properties of the as-prepared samples were examined by the ultraviolet-visible (UV-vis)
diffuse reflectance spectra (DRS). From the results, the absorption edges of BOB-NBs and BOB-NSs
indicate that BOB-NBs have a slightly narrower band gap (Figure 5a) [27]. Notably, the light absorption
of BOB-NBs was slightly higher compared to that of BOB-NSs.
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The band gap values were calculated from Kubelka-Munk (KM )processed UV–vis spectra.
Figure 5b shows that the values for BOB-NBs and BOB-NSs are 2.40 eV and 2.47 eV, respectively. To
calculate the relative band structures of BOB-NBs and BOB-NSs, the valence band maximum (VBM)
potential was obtained by XPS measurement of the valence band, and the results revealed that the VBM
of BOB-NBs and BOB-NSs was 2.06 eV and 1.94 eV, respectively (Figure 5c). Accordingly, the values
of conduction band minimum (CBM) potential of BOB-NBs and BOB-NSs were recorded as -0.34 eV
and -0.53 eV, respectively. The entire energy band structure is illustrated in Figure 5d. Compared to
BOB-NSs, BOB-NBs exhibited a slightly more positive VBM potential, indicating that BOB-NBs might
exhibit a slightly stronger oxidizing ability than BOB-NSs.

2.4. Investigation of the photocatalytic mechanism

To gain a better understanding of the differences in the as-prepared samples, the crystal structures
were further analyzed. With respect to BiOBr, Bi24O31Br10 has a layered crystal structure characterized
by stair-like (Bi, O) slabs and (Br) slabs stacked together with nonbonding interactions through Br atoms
along the [30-4]-axis to form a unique layered structure [22] (Figure 6a). Ascribed to an inhomogeneous
charge distribution between (Bi, O) slabs and (Br) slabs, the internal electric field would be induced in
the bulk of Bi24O31Br10 along the [30-4] direction, enabling the effective separation of photoinduced
electrons and holes. The elevated magnitude of the internal electric field led to better effective charge
separation. Therefore, density functional theory (DFT) calculations were used to assess the charge
density distribution on the exposed (30-4) and (117) facets along the crystal c direction. The average
charge densities of (30-4) were recorded as 0.43 and -0.38 for (Bi, O) and (Br) layers, respectively.
Comparative analysis indicates that the average charge densities of the (117) facets were estimated to
be 0.22 and -0.35 for (Bi, O) and (Br) layers, respectively. Moreover, the internal electric field along
the (30–4) orientation was perpendicular to the (30-4) facet in BOB-NBs, but approximately parallel to
the (117) facet in BOB-NSs (Figure 6b). Therefore, the magnitude of the internal electric field of the
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(30-4) facet was higher than that of the (117) facet, indicating that charge carrier separation and transfer
driven by the internal electric field were more favorable in BOB-NBs with exposed (30-4) facets.
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The above-mentioned data were further confirmed by photo-response measurements. Notably, the
intensity of the photocurrent was proportional to the charge carrier density. The highest photocurrent
response for BOB-NBs was estimated to be 2.6-fold compared to that for BOB-NSs (Figure 7a).
Mott-Schottky plots depicted slopes inversely proportional to the density of the charge carriers
(Figure 7b). The charge carrier density of BOB-NBs was 1.8-fold higher than that of BOB-NSs. Thus, the
photocatalytic separation efficiency of BOB-NBs was 1.4-fold higher than that of BOB-NSs. Moreover,
the Nyquist plot analysis shows a reduced diameter for BOB-NBs compared to that of BOB-NSs
(Figure 7c), indicating a superior charge transfer efficiency in BOB-NBs. Thus, the charge carrier
separation and transfer in BOB-NBs are superior to those in BOB-NSs.
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The photoinduced electrons (or holes) can recombine through hole trapping (or electron trapping).
The recombination rates of photoinduced electron–hole pairs were investigated by photoluminescence
(PL) spectra. Figure 7d exhibits the presence of emission peaks at 469 nm under 290 nm UV light
excitation. The weaker PL intensity of BOB-NBs implies a lower recombination rate of photogenerated
electrons and holes. Therefore, BOB-NBs with exposed (30-4) facets appear to exhibit a better efficiency
for charge carrier separation. In addition, compared to BOB-NSs, BOB-NBs show advantages such as a
larger specific surface area, a slightly stronger oxidizing ability, and a stronger internal electric field,
which are beneficial for photocatalysis.

Based on these aforementioned results, a mechanism was proposed as follows. First, under visible
light irradiation, both BOB-NBs and BOB-NSs absorbed visible light because of their suitable band
gap. Then, the separation of photoelectron and photohole pairs and diffusion took place. The internal
electric field between (Bi, O) slabs and (Br) slabs enabled the effective separation of the photoinduced
electrons and holes along the [30–4] direction. The internal electric fields were perpendicular to the
Bi24O31Br10-(30-4) microsheets, but approximately parallel to those of Bi24O31Br10-(117). Consequently,
charge separation and transfer were more favorable in Bi24O31Br10-(30-4) assisted by internal electric
fields. Furthermore, BOB-NBs showed more active sites, as indicated by a larger BET surface area
compared to BOB-NSs. More electrons and holes could be captured by these active sites, which
promoted the surface charge separation [5]. Therefore, a cooperative effect between the internal electric
fields along the [30–4] direction and the surface active sites would further improve the charge carrier
separation and transfer efficiency of photogenerated electrons and holes, leading to the superior
photocatalytic performance of Bi24O31Br10-(30-4). Thus, BOB-NBs possessed more h+ and active
species participating in the degradation of TTCH.
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3. Materials and Methods

3.1. Synthesis of BOB-NSs and BOB-NBs

To prepare the Bi24O31Br10 nanosheets (BOB-NSs), Bi(NO3)3·5H2O (1.0 g) and CTAB (1.0 g) were
dissolved in deionized water (50 mL) at room temperature with stirring. NaOH (1 M) solution was
added to adjust the pH value to 10.6. Subsequently, the solution was sealed in a 100 mL Teflon-lined
stainless-steel reactor and heated at 180 ◦C for 15 h. The obtained precipitates were collected and
rinsed with ethanol and deionized water, and finally dried in a vacuum oven at 80 ◦C.

Bi24O31Br10 nanobelts (BOB-NBs) were prepared by a similar procedure, except the pH value
was 10. Next, hydrothermal treatment of the final solutions was carried out under the same
experimental conditions.

3.2. Characterization

X-ray diffraction (XRD, Bruker D8A) was used for analyzing the phase structures of Bi24O31Br10.
The microstructure and morphology of Bi24O31Br10 were viewed by scanning electron microscopy
(SEM, ZEISS Gemini 50, Germany). Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) measurements were carried out using a FEI Talos F200X microscope at a working
voltage of 200 kV. X-ray photoelectron spectroscopy (XPS, PHI Quatro SXM) was used for surface
analysis. The optical properties were measured by UV-vis diffraction reflectance spectroscopy (DRS,
METASH UV-8000A, SHJH Group Company, Shanghai, China). Brunauer-Emmett-Teller (BET) specific
surface areas of samples were characterized by nitrogen adsorption–desorption measurements (USA,
Micromeritics ASAP 2460). Photoluminescence (PL) emission spectroscopy was conducted using a
fluorescence spectrophotometer (F-4600 Hitachi, Japan).

3.3. Photocatalytic Tests

The photocatalytic activity experiments were performed in a multichannel photochemical reaction
system composed of nine reaction positions (PCX50C Discover, Beijing Perfectlight Technology Co.,
Ltd., Beijing, China). A white light emitting diode (LED) lamp (10 W) was employed as a light source.
The radiation flux was determined using a digital radiometer and was estimated to be approximately
100 mW cm−2. All experiments were carried out simultaneously by dispersing photocatalyst powder
(50 mg) in aqueous solution (50 mL) containing TTCH (20 mg L−1). Prior to the photocatalytic
degradation tests, each mixture was stirred without light for 60 min in order to ensure sufficient
adsorption–desorption equilibrium. During illumination, suspensions (3 mL) were taken out at given
time intervals under visible light irradiation followed by centrifugation separation to obtain the
supernatants. The residual concentration of TTCH was monitored by UV–vis spectrophotometry.

3.4. Photoelectrochemical Measurements

The photocurrent response, electrochemical impedance spectroscopy (EIS), and Mott–Schottky
profiles were conducted by an electrochemical workstation in a three-electrode cell, where Pt was the
counter electrode and Ag/AgCl was the reference electrode. All photoelectrochemical experiments were
performed in 0.5 M Na2SO4 aqueous electrolyte. The working photoelectrodes (size 10 × 10 mm−2)
were prepared by coating aqueous slurries of the samples on the fluorine-doped tin oxide (FTO) glass
substrates. Aqueous slurries of the samples were obtained by grinding each sample (25 mg) with
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) aqueous solution (80 µL) and
water (150 µL). The resulting films were annealed in a furnace at 150 ◦C for 10 min.

A bias voltage (0.612V) was applied to measure the photoresponse by shutting out the light. The
EIS measurements were characterized in a frequency range from 0.01 Hz to 1000 kHz, at an amplitude
of 5 mV. The Mott–Schottky plots were used to evaluate the flat band potential at a frequency of 1 kHz
and an applied voltage from -0.6 to 0.6 V. A solar simulator with an AM1.5 filter was utilized as the
light source.
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3.5. Density Functional Theory (DFT) Calculations

All the DFT calculations were implemented in the Vienna Ab initio Simulation Package
(VASP5.4) [28,29] via the generalized gradient approximation (GGA), Perdew-Burke-Ernzerhof (PBE)
exchange-correlation potential [30,31]. A Monkhorst-Pack mesh of 7×1×1 was chosen for Bi24O31Br10

NBs with exposed (30-4) facets, and one of 2×1×1 was used for Bi24O31Br10 NSs with exposed (117)
facets. The cut-off energy was set at 400 eV, and the convergence criterion for energy was chosen
as 1×10−4 eV/cell. The Gaussian smearing method was employed for accurate calculation of the
electronic structures.

4. Conclusions

In summary, BOB-NBs and BOB-NSs with respective dominant facets of (30-4) and (117) were
prepared by a facile hydrothermal method. Compared to BOB-NSs, BOB-NBs featured more efficient
bulk charge carrier separation and promoted charge carrier transfer on the surface and the interface
due to the synergistic effect and cooperative effect of the internal electric fields and surface active
sites. Thus, the BOB-NBs with dominant (30-4) exposed facets show a superior photocatalytic activity
regarding the degradation of TTCH under visible light. This study offers a new strategy for the design
of high-performance photocatalytic materials.
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