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Abstract: Bismuth oxybromide (BiOBr) nanosheets were prepared by employing organic bromide
sources. In the presence of organic bromide sources, the effects of different conditions on the
band structure, shape, size, and light responses of BiOBr nanosheets were examined. The reaction
conditions, including different types of organic bromide sources, solvent, concentration, temperature,
and time, were examined regarding the formation of BiOBr nanosheets. Then, the photocatalytic
performances of different BiOBr nanosheets were also examined. Especially, the BiOBr nanosheets
obtained from the addition of over 2 mmol of tetramethyl ammonium bromide (TMAB) in mannitol
or EG at a higher temperature and longer reaction time showed superior photocatalytic activity. The
enhanced photocatalytic performance of bisphenol A over these BiOBr nanosheets was achieved
within 50 min due to efficient charge transfer and separation.

Keywords: organic bromide sources; shape; BiOBr nanosheets; photocatalytic performances

1. Introduction

Bismuth oxybromide (BiOBr), with a unique lamellar sandwich structure consisting
of double halide and [Bi2O2]2+ layers, has received considerable attention in the photo-
catalysis of contaminant removal, nitrogen fixation, and CO2 reduction [1–5]. Many routes
have been used to prepare BiOBr nanosheets with different surface properties, sizes, and
band structures [2,3,6–9], providing distinctive photocatalytic performances. During the
synthesis process, inorganic bromide salts, including potassium bromide (KBr) [10,11],
sodium bromide (NaBr) [12], and organic bromide compounds containing cetyltrimethy-
lammonium bromide (CTAB) [7,13,14], are frequently used as the bromide sources for
BiOBr. Comparatively, the organic cationic ions of CTAB not only act as bromide sources
but also play a role of a template, resulting in much thinner BiOBr nanosheets and en-
hanced photocatalytic activity [14]. Hence, the selection of CTAB is appealing for BiOBr
preparation. For instance, a BiOBr lamellar structure was prepared with the assistance of
CTAB using the hydrothermal route. Additionally, lamellar-structured BiOBr obtained at a
fixed molar ratio of CTAB and Bi(NO3)3 and 160 ◦C for the whole day exhibited a superior
photocatalytic efficiency under visible-light irradiation. Compared with BiOBr obtained
by KBr, the resulting photocatalytic performances of these BiOBr nanosheets were about
four times [14]. Recently, other organic bromides with different cationic groups, such as
1-butyl-3-methylimidazolium bromide [3] and ionic liquid of [C16mim]Br [15], have also
been employed for the preparation of the atomic layer or ultra-thin BiOBr nanosheets, in the
presence of or without exfoliation assistance. For instance, 1-butyl-3-methylimidazolium
bromide was employed to synthesize BiOBr nanosheets via the hydrothermal route, which
were exfoliated easily to obtain BiOBr nanosheets with an atomic thickness and oxygen
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vacancies. Then, the resulting BiOBr ultrathin nanosheets could achieve a CO generation
rate of 87.4 mmol g−1 h−1 by converting CO2, which was 24 times higher than that of
unexfoliated bulk BiOBr nanosheets [3]. However, whether the types of organic cationic
groups have significant effects on the shape, size, surface, and band structure of BiOBr
nanosheets is still unknown. Herein, we selected small molecular organic bromide with
different lengths and different cationic groups for the preparation of BiOBr nanosheets.
Then, the variation in the shape, size, band structure, and photocatalytic performances of
the BiOBr nanosheets was examined, aiming to exploit the crucial factors to control the
preparation of the BiOBr nanosheets.

2. Results and Discussion
2.1. Effects of Organic Bromide Sources, Solvent, and Concentration on the Shape and Phase
Control of BiOBr Nanosheets

Firstly, the products were prepared by altering the inorganic and organic bromide
sources in aqueous solution. The XRD patterns of the resulting different products are shown
in Figure 1a. Obviously, all the samples were indexed to the tetragonal BiOBr (JCPDS
No. 09-0393) (Figure 1a). Enlarging the partial XRD patterns in the range of 31.0–33.5◦,
the samples obtained by the addition of KBr, TBAB, and CTAB were well-matched with
BiOBr. However, the sample obtained by the addition of TMAB slightly shifted to lower 2θ,
indicating that the crystal lattices were slightly expanded probably due to the intercalation
of the small molecules of TMAB (Figure 1b) [16,17]. All the resulting BiOBr exhibited a
predominant light response within the range of 200–450 nm (Figure 1c). Additionally, the
corresponding estimated band gaps of BiOBr were ~2.77 eV. Furthermore, regardless of
the bromide sources, BiOBr showed an irregular sheet-like morphology in the aqueous
solution (Figure 1d–g).
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Figure 1. Comparison of products obtained by altering the bromide ion sources, (a) XRD patterns;
(b) corresponding enlarged range of 31–33.5◦. (c) DRS spectra (inset with corresponding estimated
bandgaps). SEM images of (d1) and (d2) KBr, (e1) and (e2) TMAB, (f1) and (f2) TBAB, and (g1) and
(g2) CTAB.
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The phases, light response, and morphologies of the resulting samples showed signif-
icant differences according to the solvents (Figure 2). The XRD patterns of the products
obtained in H2O and 0.02 M of mannitol solution were similar, which were well-indexed to
BiOBr (JCPDS No. 09-0393) (Figure 2a). Additionally, the intensity of the characteristic peak
located at 31.7◦ (corresponding to (102) planes) was higher than that at 32.2◦ (corresponding
to the (110) planes). However, the intensity of these characteristic peaks was reversed by
employing EG as the solvent. Furthermore, these peaks located at 25.1◦ (corresponding to
the (101) planes), 31.7◦, and 32.2◦ were broadened and the intensity of all peaks decreased,
indicating the decreasing crystallinity of the resulting BiOBr. These peaks broadened con-
tinuously, the (102) planes vanished, and the crystallinity of the products also decreased
when G was selected as the solvent (Figure 2b,c). Then, the resulting XRD patterns were
more likely to be Bi4O5Br2 (ICSD No. 94498) [18,19]. When the solvent was changed from
H2O to G, the viscosity was gradually increased. Apparently, the increasing viscosity of the
acholic solvents retarded the mass transfer for nucleation and growth [20,21], and hindered
the crystallinity of the resulting products, and even changed its phase.
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Figure 2. Comparison of different products prepared in different solvents, (a) XRD patterns, corre-
sponding enlarged range of (b) 24–26◦ and (c) 28–33◦. (d) DRS spectra (inset with corresponding
estimated bandgaps). SEM images of (e1) and (e2) mannitol (0.02 M), (f1) and (f2) EG, and (g1) and
(g2) G.

The light response of BiOBr obtained from mannitol solution was similar to that
obtained in water. However, for BiOBr obtained from solvents of EG and G, the light
absorption band edges broadened, and there was also an obvious absorption tail covering
the visible region (Figure 2d). The estimated band gaps of the resulting BiOBr gradually
narrowed down after changing the solvent from H2O to G (Figure 2d). All prepared
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samples showed a sheet-like morphology; however, the size of the resulting sheets was
gradually decreased by altering the solvent from H2O to EG. Specifically, the average size
of the BiOBr nanosheets obtained from EG was ~50 nm, which was much smaller than that
obtained from H2O and mannitol (~400 nm), whereas the assembled BiOBr flowers were
obtained from G (Figure 2e–g).

When the concentration of the reactants in the mannitol solution was increased from
1 to 4 mmol, the XRD patterns of all the samples were identical, which were all indexed to
the tetragonal BiOBr (JCPDS No. 09-0393) (Figure 3a). Additionally, all the characteristic
peaks were well-matched without shifting (Figure 3b,c). However, for BiOBr obtained at a
lower concentration of reactant (1 mmol), the crystallinity decreased and some characteristic
peaks were broader, indicating the generation of defects [12]. From the DRS spectra,
the light responses of the resulting products were also identical to each other, and only
BiOBr obtained at a lower concentration of reactant (1 mmol) showed a slight band tail
due to the defects. Correspondingly, the estimated band gaps of the resulting BiOBr
decreased from 2.97 to 2.59 eV when the concentration of the reactants was decreased
from 4 to 1 mmol (Figure 3d). Obviously, the decreasing concentration of TMAB could
produce BiOBr nanosheets with a narrowed band gap. Furthermore, the shape of BiOBr
obtained from the 1 mmol reactants showed an irregular edge sheet-like morphology but
with an average size of ~1 µm. When the concentration of TMAB was increased to over
2 mmol, the shape of BiOBr was maintained as a tetragonal sheet with a size of ~400 nm
(Figures 2e and 3e,f). These results are consistent with the classical nucleation theory, where
a higher concentration of reactant contributes to a massive number of nuclei but a smaller
size due to higher supersaturation [20,21].
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Figure 3. Comparison of products prepared by the addition of different molar reactants, (a) XRD
patterns, corresponding enlarged range of (b) 10–13◦ and (c) 30–35◦. (d) DRS spectra (inset with
corresponding estimated bandgaps). SEM images of (e1) and (e2) 1 mmol of TMAB and (f1) and
(f2) 4 mmol of TMAB.
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When the reaction time was further prolonged from 2 to 12 h, and the reaction tempera-
ture increased from 120 to 180 ◦C, the resulting products were tetragonal BiOBr nanosheets
in the presence of TMAB (Figure 4). Additionally, the light responses of these BiOBr
nanosheets were barely altered (Figure 4b,d). Apparently, all the shapes of the resulting
BiOBr were nanosheets in the mannitol solution (Figures 5 and S1), as proposed by the
scheme shown in Figure 5a. However, when the reaction time and temperature were
increased, the size of the resulting BiOBr nanosheets gradually increased due to Ostwald
ripening (Figures 5 and S1) [22–24].

Catalysts 2022, 12, x FOR PEER REVIEW 5 of 11 
 

 

When the reaction time was further prolonged from 2 to 12 h, and the reaction tem-

perature increased from 120 to 180 C, the resulting products were tetragonal BiOBr 

nanosheets in the presence of TMAB (Figure 4). Additionally, the light responses of these 

BiOBr nanosheets were barely altered (Figure 4b,d). Apparently, all the shapes of the re-

sulting BiOBr were nanosheets in the mannitol solution (Figures 5 and S1), as proposed 

by the scheme shown in Figure 5a. However, when the reaction time and temperature 

were increased, the size of the resulting BiOBr nanosheets gradually increased due to Ost-

wald ripening (Figures 5 and S1) [22–24]. 

 

Figure 4. Comparison of products prepared in different times (a) XRD patterns, and (b) DRS spectra. 

Comparison of products prepared in different temperatures (c) XRD patterns, and (d) DRS spectra. 

 

Figure 4. Comparison of products prepared in different times (a) XRD patterns, and (b) DRS spectra.
Comparison of products prepared in different temperatures (c) XRD patterns, and (d) DRS spectra.

Catalysts 2022, 12, x FOR PEER REVIEW 5 of 11 
 

 

When the reaction time was further prolonged from 2 to 12 h, and the reaction tem-

perature increased from 120 to 180 C, the resulting products were tetragonal BiOBr 

nanosheets in the presence of TMAB (Figure 4). Additionally, the light responses of these 

BiOBr nanosheets were barely altered (Figure 4b,d). Apparently, all the shapes of the re-

sulting BiOBr were nanosheets in the mannitol solution (Figures 5 and S1), as proposed 

by the scheme shown in Figure 5a. However, when the reaction time and temperature 

were increased, the size of the resulting BiOBr nanosheets gradually increased due to Ost-

wald ripening (Figures 5 and S1) [22–24]. 

 

Figure 4. Comparison of products prepared in different times (a) XRD patterns, and (b) DRS spectra. 

Comparison of products prepared in different temperatures (c) XRD patterns, and (d) DRS spectra. 

 

Figure 5. SEM images of the products obtained at different times when the reaction temperature
was fixed at 180 ◦C: (a) 2 h, (b) 4 h, (c) 8 h, and (d) 12 h. SEM images of the products obtained at
different temperatures when the reaction time was fixed at 4 h: (e) 160 ◦C, (f) 140 ◦C, and (g) 120 ◦C.
(h) Schematic illustration of the synthetic process.
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2.2. Structure Variations and Photocatalytic Performances of BiOBr Nanosheets

The sheet-like morphology of the resulting BiOBr obtained from the addition of 2 and
1 mmol of TMAB was confirmed by the TEM images (Figure 6a,d). In the high-resolution
TEM (HRTEM) image of the BiOBr nanosheets obtained from the addition of 2 mmol
of TMAB, clear and identical perpendicular crystal lattice fringes of 0.27 nm ascribed to
the (110) atomic planes of BiOBr were observed. Further, lateral lattice spacing fringes of
0.81 nm ascribed to the (001) facets of BiOBr were also observed in the lateral HRTEM image.
These results validated that BiOBr was predominately exposed to (001) facets. Similarly, the
BiOBr nanosheets obtained from the addition of 1 mmol of TMAB also showed dominant
(001) facet exposure (Figure 6e,f).
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Figure 6. Comparison of different BiOBr, (a) TEM, (b) HRTEM (inset with FFT pattern), and (c) lateral
HRTEM images of BiOBr prepared by the addition of 2 mmol of TMAB in mannitol. (d) TEM,
(e) HRTEM (inset with SAED pattern), and (f) lateral TEM images of BiOBr prepared by the addition
of 1 mmol of TMAB in mannitol (inset with the lateral HRTEM image of BiOBr). (g) Bi 4f and (h) Bi
4f XPS spectra comparisons of different products. Valence-band XPS of products obtained (i) from
changing the bromide sources and (j) changing the concentration of the reactants.
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In the Bi 4f spectra, the binding energy of Bi 4f7/2 and Bi 4f5/2 was 159.1 and 164.4 eV
for the BiOBr nanosheets produced by the addition of KBr. Comparatively, the binding
energy peaks of the BiOBr nanosheets prepared by the addition of TMAB and TBAB were
shifted by ~0.2 eV to a lower banding energy, suggesting the organic bromide sources
could redistribute more charges for BiOBr (Figure 6g) [25]. Furthermore, the unshifted
binding energy of Bi 4f7/2 and Bi 4f5/2 of the BiOBr nanosheets obtained at different
concentrations of the reactant sources also validated this point (Figure 6h). However,
the band structures of these BiOBr nanosheets varied dramatically. For instance, the VB
level of the BiOBr nanosheets obtained by the addition of KBr in aqueous solution was
1.35 eV while the VB levels of the BiOBr nanosheets obtained at TMAB, TBAB, and CTAB
were shifted to a more positive level of 1.65, 1.79, and 1.57 eV, respectively. Additionally,
for the BiOBr nanosheets prepared at increasing reactant concentrations, the VB levels
were slightly shifted from 1.50 to 1.70 eV. When the band gaps of different BiOBr samples
were combined, the corresponding conduction band (CB) levels of BiOBr prepared by the
addition of KBr, TMAB, TBAB, and CTAB in H2O were −1.47, −1.12, −1.05, and −1.18 eV,
respectively. These CB levels were similar to the estimated Fermi energy levels according
to the Mott−Schottky plots (Figure S2). Additionally, the CB levels of BiOBr obtained from
increasing the reactant concentration from 1 to 4 mmol in mannitol solution were −1.00,
−1.24, and −1.27 eV, respectively. Obviously, the band structure of BiOBr can be regulated
by the bromide sources and the concentration of the reactants.

Under the full spectra, the photocatalytic performances of BPA over different BiOBr
nanosheets were investigated. In Figure 7a, the BiOBr nanosheets prepared by the introduc-
tion of TMAB into aqueous solution exhibited superior photocatalytic performances, where
an almost ~55% photocatalytic efficiency was obtained within 50 min, which is ~2 times
more than that of other BiOBr nanosheets. Such enhanced photocatalytic performances
of BPA over the BiOBr nanosheets (obtained at TMAB) are probably due to the interca-
lation of tetramethyl ammonium groups into the BiOBr structure. Then, the intercalated
groups act as a bridge for charge transfer [26,27], rather than through the intrinsic inter-
nal electric field of BiOBr [28,29]. Additionally, the BiOBr nanosheets obtained from the
reactant concentration of over 2 mmol exhibited higher photocatalytic performances due
to the significantly reduced size and defects (Figure 7b). Additionally, BiOBr nanosheets
prepared in EG, or obtained at higher temperatures and during longer times in mannitol
solution showed higher photocatalytic activity owing to the dramatically reduced size of
the BiOBr nanosheets and increased crystallinity, respectively (Figure S3). Furthermore, the
photocatalytic performances of the BiOBr nanosheets produced in mannitol (or 2 mmol
of reactants) were maintained even after three cycles, demonstrating its higher stability
(Figure 7c).

During the photocatalytic process, the charge carriers’ transfer and the separation
efficiency of BiOBr were examined. The photocurrent signals of the BiOBr nanosheets
prepared by the addition of TMAB in aqueous solution were higher than that of others,
which is consistent with the photocatalytic performances, indicating the highest charge
separation efficiency of this BiOBr nanosheet (Figure 7d). According to the EIS spectra,
the BiOBr nanosheets prepared by the addition of TMAB in aqueous solution showed a
smaller radius, implying a lower interfacial transfer resistance and faster separation of the
charge carriers (Figure 7e). A plausible photocatalytic mechanism of the BiOBr nanosheets
is proposed based on the results of the scavenger tests (Figure 7f and Figure S4). The proper
band gap and band structure of BiOBr could promote efficient transfer and separation of
charge carriers, where the separated electrons on the CB immigrate to the surface of BiOBr
and react with the O2 molecules of the solution (O2 + e− → •O−2 ) for •O2

− [30], which act
as the predominant active species for photocatalysis, similarly to previous reports [8,19,31].
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Figure 7. Photocatalytic performances of BPA over the obtained different products (a) by altering
the bromide sources and (b) changing the concentration of the reactants. (c) Cycling photocatalytic
performances of BiOBr nanosheets obtained in mannitol and in the presence of 2 mmol of TMAB.
(d) Transient photocurrent density curves and (e) EIS spectra of different products. (f) Illustration of
the photocatalytic process.

3. Experimental
3.1. Synthesis of BiOBr Nanosheets

All BiOBr nanosheets were synthesized via a solvothermal route. Typically, Bi(NO3)3·5H2O
was dissolved into solvents to form a homogenous solution or suspension, termed A. Simul-
taneously, 0.2 g of branched polyethyleneimine (BPEI) and different types and concentra-
tions of bromide sources were dissolved in the same types of solvents as A to ultrasonically
form a homogenous solution, termed B. Then, solution B was dropped into solution A
slowly to form a white suspension, which was stirred for 30 min at room temperature.
The resulting suspension was transferred to a Teflon-lined autoclave reactor for a certain
time at a fixed temperature. During the rection process, the bromide sources, including
KBr, tetramethyl ammonium bromide (TMAB), tetrabutylammonium bromide (TBAB),
and cetyltrimethylammonium bromide (CTAB), were selected. Additionally, the employed
solvents were mannitol (0.2 mM), ethylene glycol (EG), glycerol (G), and mixed solvent of
EG and G with a volume ratio of 1 to 1. The reaction temperature was changed from 120
to 180 ◦C, and the reaction time was altered from 2 to 12 h. All the reaction conditions are
listed in Table S1. After the rection, the reactor naturally cooled down, and the precipitation
was washed and dried for further application.



Catalysts 2022, 12, 820 9 of 11

3.2. Characterization

The shapes of the resulting products were recorded using transmission electron mi-
croscopy (TEM, Hitachi HT7700, Tokyo, Japan) and scanning electron microscopy (SEM,
Hitachi SU-8010) images. The powder X-ray diffraction (XRD) patterns of all the resulting
products were recorded on an X-ray diffractometer (SmartLab, Rigaku, Tokyo, Japan). X-ray
photoelectron spectroscopy (XPS, Escalab 250 Xi, Thermo Fisher, Waltham, MA, USA) of
some samples was performed. The light responses of the products were recorded on a UV-
Vis spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan) through the diffuse reflectance
spectra (DRS). The photocurrent response and electrochemical impedance spectroscopy
(EIS) of the resultants were recorded on an electrochemical workstation (CHI 660E, Beijing,
China) using a three-electrode system in Na2SO4 solution (0.5 M).

3.3. Photocatalytic Activity

The photocatalytic performances of different samples were evaluated using photode-
grading bisphenol A (BPA, 10 mg/L) solution under a Xenon lamp (Perfect light, PLS-SXE
300/300 UV, Beijing, China). Typically, photocatalysts (25 mg) were redispersed in 50 mL
of BPA solution (10 mg/L). This suspension was maintained in darkness under stirring
for 1 h to achieve equilibrium regarding adsorption-desorption. Then, the Xenon lamp
was turned on and timing initiated. During the photocatalytic process, 2 mL of the reacted
suspension was withdrawn intermittently. The solid photocatalysts were filtered using
Millipore filters (0.22 µm), and the remaining transparent solution was analyzed on a
UV-vis spectrophotometer (UVmini-1280, Shimadzu, Japan) to assess the concentration
variation in BPA.

4. Conclusions

In summary, the effects of organic bromide sources on the band structure, shape, size,
and phase of BiOBr nanosheets were thoroughly examined. Different organic bromide
sources in different solvents with different reactant concentrations, times, and temperatures
for BiOBr nanosheets with distinctive phases, light responses, and band structures were
investigated. Then, the photocatalytic performances of the different BiOBr nanosheets were
also examined. Especially, the BiOBr nanosheets obtained by the addition of over 2 mmol
of TMAB in mannitol or EG and higher temperatures and longer reaction times showed
superior photocatalytic activity due to the proper band structure for efficient charge transfer
and separation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal12080820/s1. Table S1. All the reactants and reaction conditions in this study; Figure S1.
SEM images of samples prepared at different reaction time, (a) 2 h, (b) 4 h, (c) 8 h, (d) 12 h (inset with
the corresponding average size of resulted samples); Figure S2. The Mott−Schottky plots of different
samples electrodes at frequencies of 1000 Hz, versus the Ag/AgCl electrode; Figure S3. Photocatalytic
performances of BiOBr nanosheets obtained at different conditions, (a) by adding different solvents,
(b) at different reaction time, and (c) at different reaction temperature; Figure S4. Scavenger tests of
BiOBr nanosheets obtained in mannitol and in the presence of 2 mmol of TMAB, 180 ◦C, 4 h. [32,33].
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