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AbstractA simple one step wet-chemical method assisted by trisodium citrate was employed in the synthesis of
BiOBr applied as a photocatalyst. Photocatalytic activity of the BiOBr was investigated for the degradation of Rhodamine
B (RhB) dye under visible light irradiation (>420 nm). The results indicated that trisodium citrate is more favorable to
the formation of hierarchical architectures and reduces the particle size of BiOBr photocatalyst. BiOBr with hierarchi-
cal architectures exhibiting significantly higher catalytic activity than that with ordinary nanostructure. The significant
improvement could be attributed to the high specific surface area (24.14 m2·g1), average pore sizes (34.09 nm) and
average pore volume (0.24 cm3·g1).
Keywords: BiOBr, Trisodium Citrate, Visible Light Photocatalytic Activity, Hierarchical Architectures, High Specific Sur-

face Area

INTRODUCTION

Significant attention continues to be paid to the preparation and
performance of photocatalytic materials, such as TiO2 [1], ZnO [2]
and Bi2O3 [3]. These classes of materials have been used for the re-
moval of pollutants from the environment [4], hydrogen gas pro-
duction by splitting water [5] and the reduction of CO2 to produce
hydrocarbon fuels [6]. However, most of them are activated by ultra-
violet light (UV). Since solar radiation on the earth’s surface con-
sists of about 5% UV (300-400 nm), 43% visible (400-700 nm) and
52% infrared (700-2,500nm) [7-9], there is significant merit in devel-
oping photocatalytic materials that can be activated by visible light.

BiOX (Bismuth-based oxyhalides, X=F/Cl/Br/I) are an import-
ant class of group V-VI-VII ternary compounds, of which the crys-
tallize structure comprises the [Bi2O2]2+ layer and interleaved X

double slabs. These materials have optical transition properties and
open crystalline structures due to the strong intra-layer covalent
bonds and weak inter-layer van der Waals bonds [10]. Among these
classes of BiOX nanomaterials, BiOBr powders show superior visi-
ble light-activated photocatalytic activity for degrading pollutants
[11]. However, they are mainly prepared by hydrothermal and sol-
vothermal methods involving high temperature and pressure, expen-
sive raw and processed material, and long reaction time [12]. As
such, preparing the BiOBr photocatalyst with high photocatalytic
activity at mild condition would be a welcome development.

Photocatalytic activity is related to the particle size and the mor-

phology of the photocatalysts [13-15]. Compared with bulk catalysts,
the specific surface area increases significantly with the decrease of
catalyst particle size [16,17], and it is also advantageous to reduce
the recombination of photogenerated electrons-hole pairs and trans-
fer them to the surface of catalysts to degrade target molecules [18].
Various researchers have reported that increasing the pore volume
and average pore diameter will lead to the improvement of photo-
catalytic activity for organic pollutant degradation [19,20]. The prepa-
ration conditions have been used to control the particle size and
morphology of photocatalysts including temperature and time, tem-
plate and template-free, and so on [21-23]. Hierarchical structures
have the advantages of nanounits, high specific surface area, abun-
dant interspaces, which are beneficial to improving the photocata-
lytic activity of photocatalyst [24]. With reference to the synthesis of
photocatalysts with hierarchical architectures, trisodium citrate mole-
cule possessing multiple coordination functional groups (-COO-
and -OH) has been used as structure-directing agent [25-29]. How-
ever, most of these hierarchical architectures form flower-like or nest-
like structures under acidic or neutral conditions, and the average
size of the microstructures ranges from 0.8 to 1.5m [30,31].

In this study, BiOBr nanostructure photocatalyst with hierarchi-
cal architectures was synthesized at room temperature in a simple
one-step wet-chemical method, using trisodium citrate to assist syn-
thesis and sodium hydroxide to regulate the pH value of reaction
system. It has been reported that the functional groups of trisodium
citrate can complexate with metal ions (metal-citrate complex) in
the acidic condition, while it is not stable in the alkaline condition
[32]. Also, controlled particle size by reaction conditions can extend
to the synthesis process of the other nanomaterial. Interestingly, our
findings reveal that trisodium citrate is beneficial to the synthesis
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of BiOBr nanostructures with high photocatalytic activity, and its
specific surface area is higher than that ordinary BiOBr nanostruc-
tures photocatalyst without trisodium citrate-assisted synthesis.

EXPERIMENTAL

1. Synthesis of the Photocatalyst
1.2 mmol bismuth nitrate (Bi(NO3)3·5H2O) and 2.4 mmol triso-

dium citrate (Na3C6H5O7·2H2O) were dissolved in 15 mL of 2 mol/
L nitric acid (HNO3). The solution was stirred for 10 minutes to
obtain solution I. Solution II was made by adding 0.14 g sodium
bromide (NaBr) and 0.30 g sodium hydroxide (NaOH) into 15 mL
deionized water. Solution I was added dropwise to solution II at
1.7 mL/min via a peristaltic pump. The suspension was stirred at
room temperature for 30minutes, and the mixture was centrifuged
and washed several times with deionized water and ethanol. The
final procedure involved drying the solution at 80 oC in an air-cir-
culating oven to obtain a solid powder that was coded as BOB-RT.

The sample prepared without trisodium citrate was coded as
BOB-RT-NT. The sample synthesized without adding NaOH was
denoted as BOB-RT-NS, the powder made without the addition
of trisodium citrate and NaOH was denoted as BOB-RT-NTS. The
preparation process and strategy are depicted in Fig. S1.
2. Characterization

The crystal structure was characterized by powder X-ray dif-
fraction (XRD) with a BRUKER D8 ADVANCE diffractometer
equipped with Cu-Ka source. Fourier transform infrared (FT-IR)
spectra were obtained using a Thermo Scientific Nicolet iS10 spec-
trometer in the spectral range covering 4,000-400cm1. Field emis-
sion scanning electron microscope (SEM) images were collected
with Hitachi Regulus8100. Transmission electron microscopy (TEM)
and High-resolution TEM (HRTEM) micrographs were obtained
via a FEI Talos F200X TEM microscope. Ultraviolet-visible diffuse
reflectance (UV-Vis DRS) spectra were recorded on a UV-Vis spec-
trophotometer (Shimadzu UV 2600), where BaSO4 was used as the
reference. The surface areas, average pore diameter, pore volumes
and pore size distributions were obtained from nitrogen adsorp-
tion-desorption isotherms using of ASAP 2020 Plus HD88 instru-
ment.
3. Photo-electro-chemical Measurement

The photo-electro-chemical properties were recorded on a three-

electrode electro-chemical workstation (CS310H, Wuhan CorrT-
est Instrument Co., Ltd., China). A 300 W xenon lamp with a 420
nm cutoff filter (FX300, Beijing Perfectlight Technology Co., Ltd.,
China) was the visible light source. The prepared samples were
mixed with Nafion solution (D520, DuPont Co., Ltd., America) to
form slurry and then deposited on a 1×2 cm indium-tin-oxide
(ITO)-coated glass, and it served as the working electrode. A plati-
num plate, Ag/AgCl (saturated KCl) and 0.5 M Na2SO4 were used
as the counter electrode, reference electrode and electrolyte, respec-
tively.
4. Photocatalytic Reaction

The photocatalytic degradation of RhB dye solution was stud-
ied under visible light (>420 nm) irradiated from a 300 W xenon
lamp (CEL-HXUV300, Beijing CEAULIGHT Co., Ltd., China).
20 mg of the photocatalyst was added to 100 mL of 30 mg/L RhB
dye solution. Prior to illumination, the suspension was placed in
the dark and stirred with a magnetic stirrer for 30 minutes. In the
case of the photocatalytic reaction, the suspension was transferred
from its light-tight environment and irradiated with visible light
while subjected to constant stirring. 2 mL of the suspension was
removed at selected time intervals and the absorbance spectra and
the concentration of RhB solution were obtained using UV/visi-
ble spectroscopy as described previously. After the previous degra-
dation process, the suspension was centrifuged, washed severally
with deionized water and ethanol, dried and used in the subsequent
degradation process. The catalyst dosage and dye concentration were
the same as those used in the previous degradation processes.

RESULTS AND DISCUSSION

1. XRD and FT-IR
Fig. 1(a) shows the XRD pattern of the prepared nanostructured

BiOBr photocatalyst. All the characteristic diffraction peaks were
in accordance with tetragonal phase for BiOBr (JCPDS Card No.
01-073-2061). The diffraction peaks are observed at 2 values of
10.9o, 21.9 o, 25.2o, 31.7o, 32.3o, 39.4o, 46.3o 57.2o, corresponding to
the crystal planes of {001}, {002}, {011}, {012}, {110}, {112}, {020},
{212}, respectively [6]. The BOB-RT, BOB-RT-NS and BOB-RT-
NT samples show diffraction peak intensity ratios of 012/001, 110/
001 and 020/001 are greater than 1. However, the BOB-RT-NTS
photocatalyst shows that the diffraction peaks intensity ratio for

Fig. 1. XRD pattern (inset: diffraction peak position of {012} and {110} in the range from 30 to 34o) (a) and FT-IR spectra of the prepared
samples and trisodium citrate (b).
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020/001 is close to 1 (Fig. S2). This implies that the BiOBr nano-
structure photocatalyst with preferential exposed {010} crystal facet
was prepared with trisodium citrate and NaOH [33]. It has been
reported that under visible light, the photocatalytic efficiency of {010}
crystal facet highly exposed catalyst is higher than that of {001}
crystal facet, which the intra-electric field of BiOBr materials is
along the [001] direction, and the surface energy of {001} facets is
much lower than other facets [34,35]. The width of the diffraction
peak increases obviously at 31.7o and 32.3o with the addition of tri-
sodium citrate and NaOH, respectively (inset in Fig. 1(a)). Accord-
ing to Scherrer’s equation, this shows that the crystallite size of BiOBr
crystal in BOB-RT sample decreases.

The FT-IR spectra of the prepared samples and trisodium citrate
are shown in Fig. 1(b). The broad bands around 3,440 cm1 and
1,620 cm1 are assigned to the stretching and flexural vibrations of
-O-H from adsorbed water or trisodium citrate [36]. The two ab-
sorption peaks located at 1,452 cm1 and 1,051 cm1 are attributed
to the asymmetry and symmetric stretching vibration of Bi-Br bond
[37]. The peaks below 520cm1 correspond to the symmetric stretch-

ing vibration of Bi-O bond [38]. The small peak at 2,963cm1 indi-
cates the stretching vibration of the -C-H, while peaks at 1,590
cm1 and 1,390 cm1 are attributed to the -COO- groups [39]. The
peaks of -C-H and -COO- groups observed in BOB-RT and BOB-
RT-NS are in good agreement with that of trisodium citrate [40].
2. SEM and HRTEM

The particle size and morphology of the catalysts have a signifi-
cant impact on the photocatalytic activity with regard to the deg-
radation of target molecules [41]. The particle size of the BOB-RT-
NTS shown in Fig. 2(a) is obviously bigger than that for BOB-RT-
NS, BOB-RT-NT and BOB-RT shown in Fig. 2(b), (c) and (d),
respectively. The morphology of the BiOBr photocatalyst was investi-
gated by SEM where it was observed that it has flake structure
with a larger ratio of diameter-to-thickness when trisodium citrate
and NaOH were not be used. The photocatalyst synthesized with
sodium citrate assistance without NaOH for adjusting pH showed
a flower-like structure (Fig. 2(b)), which is similar to the results in
the literature [31]. In alkaline condition, the particle size of photo-
catalyst prepared without the assistance of trisodium citrate decreases,

Fig. 2. SEM images of BOB-RT-NTS (a), BOB-RT-NS (b), BOB-RT-NT (c), BOB-RT (d), TEM (e) and HRTEM (f) images of BOB-RT
(inset: the {110} facet of BiOBr).
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as shown in Fig. 2(c). However, comparing the synergistic effect of
trisodium citrate and NaOH for adjusting pH, it can be seen that
the particle size of other samples are significantly larger (Fig. 2(d)).
This indicates that the particles sizes of BiOBr photocatalyst are
greatly dependent on the trisodium citrate and NaOH. This result
corroborates the earlier on findings from the XRD pattern (inset
in Fig. 1(a)). Furthermore, the EDX spectra of BOB-RT, BOB-RT-
NS, BOB-RT-NT and BOB-RT-NTS show that the atomic content
ratios of O, Br and Bi in all samples are very close to 1 :1 :1 (Fig. S3).

The morphology and microstructure of BOB-RT were inspected
further by TEM and HRTEM. According to the TEM analysis of
BOB-RT shown in Fig. 2(e), BiOBr exhibited irregular nanosheets
morphology. HRTEM analysis of the BOB-RT shown in Fig. 2(f)
gave ad-spacing of 0.277 nm (inset in Fig. 2(f)) and this corre-
sponds to the {110} crystal facet of BiOBr [19,20]. The BiOBr nano-
structured photocatalyst obtained with trisodium citrate and NaOH
mainly consists of thin films with a lateral and thickness dimen-
sions of about 87nm and 11nm, respectively. In addition, as shown
in Fig. 2(f), some nanoscale layered deposit sediments can be ob-
served on the surface of BiOBr thin films, forming a hierarchical
structure that is beneficial to the increase of specific surface area.
3. Nitrogen Adsorption-desorption Isotherms

Fig. 3 shows the nitrogen adsorption-desorption isotherms for
the prepared samples. The isotherms are representative of “type-IV”
with type-H3 hysteresis loops [34]. The results show the presence
of slit-like mesopores in the samples where their formation has
been attributed to the accumulation of nanosheets [26,37,42,43].
Moreover, with the BOB-RT, the mesoporous distribution was con-
centrated at about 2.2 nm (inset in Fig. 3). This result reveals that
the nanosheet was the self-assembly of small nanoplate in the for-
mation of hierarchical architectures [39,43], and the result consis-
tent with the HRTEM images is presented in Fig. 2(f).

The results listed in Table 1 show how trisodium citrate and NaOH

Fig. 3. Nitrogen adsorption-desorption isotherms of the prepared
samples (inset: pore size distribution).

Table 1. BET surface areas and pore characteristics of the prepared samples

Sample Sp(BET)

(m2·g1)
BJH adsorption average

pore diameter (nm)
BJH adsorption cumulative
volume of pores (cm3·g1)

BOB-RT 24.14 34.09 0.240
BOB-RT-NS 06.10 30.23 0.044
BOB-RT-NT 08.46 27.04 0.058
BOB-RT-NTS 03.19 26.27 0.016

Fig. 4. UV-vis diffuse reflectance spectra (a) and plots of (h)1/2 vs h (b) of the prepared samples.

significantly affected the BET specific surface area and pore char-
acteristic of the samples. The BET specific surface area, average pore
sizes and pore volume of the BOB-RT sample were 24.14 m2/g,
34.09 nm and 0.24 cm3·g1, respectively. This is significantly higher
than that observed for BOB-RT-NS, BOB-RT-NT and BOB-RT-
NTS. This demonstrates that trisodium citrate-assisted process flows
by the NaOH treatment for the adjustment of the pH value are of
significant importance towards obtaining BOB-RT sample with
high specific surface areas, and the aggregation of nanosheets is
more favorable to the formation of macropore. In general, a large
specific surface area is conducive to adsorbing more of the target
molecule that is to be degraded, and this results in a higher photo-
catalytic activity [44].
4. UV-vis Spectroscopy

The UV-visible spectra of the photocatalyst were analyzed by
UV-Vis DRS spectrometer as depicted in Fig. 4(a). The range of
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the optical absorption edges of all samples was in the range 340-
450nm, and it resulted in the samples having a slightly yellow tinge.
The band gap energy (Eg) was near an optical absorption edge ac-
cording to the Eq. (1):

(h)1/2=A(hEg) (1)

where , h,  and A are the absorption coefficient, Planck con-
stant, frequency of the light and a proportionality constant, respec-
tively [23,34,45-47]. Plots of (h)1/2 versus hν are shown in Fig.
4(b), and the Eg values of the prepared samples are estimated to be
BOB-RT (2.62 eV), BOB-RT-NS (2.67 eV), BOB-RT-NT (2.63 eV)
and BOB-RT-NTS (2.67eV). This subtle alteration may be attributed
to the influence of the particle size. The amplitude of atomic vibra-
tion and the inter-atomic spacing was correspondingly enlarging
with the decrease of particle size, and then the Eg had a small red
shift [48].

Fig. 5. Transient photocurrent responses under visible light irradiation (a) and EIS Nyquist plots of the prepared samples (b).

Fig. 6. Photocatalytic activity (a) and kinetics (b) of the prepared samples for the degradation of RhB, photos of the RhB solution in cuvette
(quartz absorption cells) (c) and RhB degradation of BOB-RT in three cyclings (d).

Moreover, as shown in Fig. 4(a), a broad and relatively weak peak
centered at 550 nm indicates that oxygen vacancies exist in the
BOB-RT sample [49,50]. It is generally believed that the reduction
of particle size can produce more oxygen vacancies and inhibit the
recombination of electron-hole pairs, thus promoting the photo-
catalytic process [51,52].
5. Photo-electro-chemical Measurements

The ability of photo-generated electron-hole pairs (charge carri-
ers) separation and transport is determined by the particle size and
morphology [41], which can be studied by photo-current experi-
ments. The higher the photocurrent density of the transient pho-
tocurrent response, the more efficient the electron hole separation
and the higher the photocatalytic activity [53]. As can be seen in Fig.
5(a), BOB-RT exhibited a higher photocurrent density than other
samples when irradiated with visible light. This indicates that BOB-
RT has a more effective electron-hole pair separation and it leads
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to a higher photocatalytic activity. This conclusion is consistent with
a previous observation [54]. Fig. 5(b) represents the EIS Nyquist
plots of the samples. The arc radius of BOB-RT is smaller than that
observed for the other samples. This demonstrates that BOB-RT
possesses a higher efficiency [55]. Overall, reducing the particle size
of the photocatalyst can improve the separation of photo-generated
electron-hole pairs and enables a rapid charge carriers transfer effi-
ciency, which will enhance the photocatalytic activity.
6. Photocatalytic Activity

The ratio of the RhB solution concentration (C) to its initial
concentration (C0) with the degradation time at 552 nm as well as
the pseudo-first-order reaction kinetics (k) are shown in Fig. 6(a)
and 6(b), respectively. Under irradiation with visible light, the con-
trol test (without catalyst) had no photocatalytic activity. A weak
degradation of the RhB solution was observed with TiO2 (P25)
catalyst. The photocatalytic efficiency of the catalyst prepared with
trisodium citrate and NaOH shows a remarkable improvement. In
the presence of BOB-RT, when the RhB solution was irradiated
visible light for 30 minutes, about 98.52% RhB was degraded. Fur-
thermore, the calculated rate constants for the degradation of RhB
for different catalyst are: 0.184 min1 for BOB-RT; 0.044 min1 for
BOB-RT-NS; 0.105 min1 for BOB-RT-NT; and 0.039 min1 for
BOB-RT-NTS. Under irradiation with visible light, BOB-RT exhib-
ited significantly higher photocatalytic activity than other photo-
catalysts, and this is attributed to particle size and microstructure.
The data of active species trapping experiment show that the main
active species in RhB photodegradation process are mainly photo-
generated holes (Fig. S4). As the degradation reaction proceeds,
the photographs of RhB solution in the cuvette (quartz absorp-
tion cells) are shown in Fig. 6(c), the RhB dye is deethylated in a
step-by-step manner [56], and the color of the solution changes
from the initial red to the light green yellow, and finally becomes
colorless, as confirmed by the UV-vis absorption spectra of RhB
solution at different irradiation time (Fig. S5).

The recyclability and photocatalytic stability of BOB-RT was
investigated and the results are presented in Fig. 6(d). Degradation
of RhB under 30 min was carried out during the first cycle, while
about 60 min was used during the second and third cycle processes.
The nitrogen adsorption-desorption isotherm and summary proper-
ties of BOB-RT after first cycle (BOB-RT-1st) are displayed in Fig.
S6 and Table S1. The photocatalytic efficiency of the recycled BiOBr
became lower, which was attributed to the average pore sizes and
pore volume having sharp reduction after first cycle, may be due
to the photocatalytic degradation of trisodium citrate between
nanosheets in the sample with BiOBr [57] and then the degrada-
tion efficiency of BOB-RT in the second cycling was reduced. On
the other hand, the BET specific surface area of the sample did not
change greatly, so it can be seen that the average pore sizes and
pore volume of the sample also have a great impact on the photo-
catalytic performance of the material.

Trisodium citrate contains three carboxyl groups and one hydroxyl
group. Therefore, it can provide coordinating sites to form a stable
coordination with metal ions in the acidic condition and selec-
tively bind to specific crystallographic surfaces to control crystal
growth [30,58]. The growth of BiOBr nanoparticles was restricted
due to Bi3+ being anchored by trisodium citrate. Moreover, the elec-

trostatic repulsion between carboxyl and hydroxyl groups on the
surface of BiOBr mesocrystal makes it does disperse uniformly in
water [27], the hierarchical architectures consists self-assembly of
nanoparticles with mesocrystal growth [12,59], which have many
other reports on this kind of method to synthesis hierarchical archi-
tectures like BOB-RT-NS. On the other hand, in the absence of tri-
sodium citrate, BiOBr crystallization and growth rate will be very
fast due to no chelating effect existing [60]. Others, when bismuth
source was added to the reaction system with higher pH value, it
is easy to decompose, a large number of BiOBr crystal seeds will
be formed quickly, which is not conducive to the growth of parti-
cles, so the particles are smaller [61], such as the sample BOB-RT-
NT. At the same time, citric acid anion can be adsorbed on the
surface of nanoparticles or nanoplates, which also can delay the
formation and crystal growth of BiOBr nanoparticles and dramat-
ically inhibit their further growth, forming a hierarchical structure
[62,63]. Overall, trisodium citrate-assisted synthesis and NaOH-
adjusted pH value of the reaction system are more conducive to the
particle size reduction and the formation of hierarchical architec-
tures, to prepare the BOB-RT sample, thus affecting the efficiency
of photocatalytic degradation of organic pollutants. More impor-
tantly, the method adjusted the particle size, specific surface area,
average pore sizes and pore volume by controlling the dosage of
trisodium citrate and NaOH; it can be extended to the synthesis of
other nanomaterials. The schematic illustration of the morphol-
ogy evolution of the BOB-RT, BOB-RT-NS, BOB-RT-NT and
BOB-RT-NTS is shown in Fig. 7.

CONCLUSIONS

BiOBr photocatalyst with hierarchical architectures was synthe-
sized at room temperature using a simple one step wet-chemical
method with trisodium citrate. The catalyst exhibited significantly
higher catalytic activity in the degradation of RhB dye than the ordi-
nary BiOBr photocatalyst synthesized without assistance of triso-
dium citrate under visible light. The result revealed that trisodium

Fig. 7. Schematic of the morphology evolution of the prepared sam-
ples.
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citrate is advantageous in the formation of photocatalyst with small
particle and special morphology as well as high BET specific sur-
face area, average pore sizes, average pore volume. The hierarchi-
cal architectures also play a vital role in improving photocatalytic
activity.
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The scavengers react with active species when photocatalytic
generation, thereby reducing photocatalytic degradation, since trap-
ping agents Ethylene diamine tetraacetic acid (EDTA), methanol
(MeOH) and isopropanol (IPA) correspond to photogenerated holes,
•O2

 and •OH, respectively [1-3]. As shown in Fig. S5, EDTA ob-
viously inhibited the degradation efficiency of RhB in all samples,
while other trapping agents had weak inhibition, which indicates

that the active species for RhB photodegradation process are mainly
photogenerated hole.

Fig. S1. Preparation process and strategy for prepared samples.

Fig. S2. The intensity ratios of {012}, {110} and {020} to {001}.

Fig. S3. EDX spectra of BOB-RT (a), BOB-RT-NS (b), BOB-RT-
NT (c), BOB-RT-NTS (d).
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Fig. S4. Active species trapping experiments of RhB photodegradation for the prepared samples.

Fig. S5. The UV-vis absorption spectra of RhB at different irradiation time under visible light irradiation.

Table S1. BET surface areas, average pore diameters and pore volumes of sample after first cycle

Sample Sp(BET)

(m2·g1)
BJH adsorption average

pore diameter (nm)
BJH adsorption cumulative
volume of pores (cm3·g1)

BOB-RT-1st 23.26 13.48 0.059

Fig. S6. Nitrogen adsorption-desorption isotherms of BOB-RT and BOB-RT-1st.
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