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SYNTHESIS OF VISIBLE-LIGHT-DRIVEN F-DOPED BiOl FOR
PHOTODEGRADATION OF RHODAMINE B DYE
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BiOIl and F-doped BiOI photocatalysts were synthesized by a sonochemical method. X-ray
diffraction (XRD), field emission scanning electron microscopy (FE-SEM), transmission
electron microscopy (TEM), selected area electron diffraction (SAED) and X-ray
photoelectron spectroscopy (XPS) clearly revealed the presence of BiOl nanoplates and F-
doped BIiOIl nanobelts. Their photocatalytic activities were evaluated through the
degradation of rhodamine B (RhB) activated by visible radiation. In this research, the 10
wt% F-doped BiOIl photocatalyst has the highest decolorization efficiency of almost 100%
within 180 min.
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1. Introduction

In the past decades, titanium dioxide (TiO,) with a wide band gap of 3.2 eV has attracted
intense interest used as asemiconducting photocatalyst for removal of hazardous organic
pollutants containing in wastewater due to its chemical stability, non-toxicity and low cost [1-3].
Unfortunately, the application of TiO, has disadvantage to some degree because TiO, absorbs only
UV radiation (4-5 % of solar light) [1, 4]. Thus, researchers focus to develop new visible-light-
driven photocatalytic materials that can be activated by visible spectrum (= 43 % solar light) [1, 4].

BiOX (X=Cl, Br, I) as important V-VI-VII ternary compounds with unique
(Bi,0,)*" layered structure and intergrown X layers, which have excellent photocatalytic
performance for degradation of organic pollutants [5, 6]. They have been believed to be the
promising photocatalysts. Bismuth (111) oxide iodide (BiOIl) presents the highest photocatalytic
activity under visible light irradiation. It is a unique layer structure and has excellent visible light
absorbance [7, 8]. Its photocatalytic efficiency is greatly limited by high recombination rate of
electron-hole pairs [5, 8, 9]. To improve the photocatalytic efficiency of BiOl, ionic dopants can
lead to reduce the recombination rate of electrons and holes due to the presence of charge-trapping
centers [10, 11].

In this study, F-doped BiOl photocatalyst was prepared by a simple and effective method
called sonochemistry. Phase, morphology and photocatalytic properties were studied and discussed
according to the experimental results. Effect of different contents of F dopant on photocatalytic
performance was investigated through the degradation of rhodamine B (RhB) activated by visible
radiation. A photocatalytic mechanism was also proposed and discussed.
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2. Experiment

To synthesize BiOl, each 0.005 mole of Bi(NO3)3-6H,0 and Nal were dissolved in 100 ml
deionized water under vigorous stirring until complete dissolution. Subsequently, 3 M NaOH was
slowly added to the solution until pH of the solution was reached at 12. The solution was
processed in 35 kHz ultrasonic bath at 80 °C for 5 h. In the end, precipitates were synthesized,
collected and dried. Similarly, 1-10 wt% NaF were also added to each of the solutions and
ultrasonically processed to form 1-10 wt% F-doped BiOl products.

Phase of the as-synthesized products was investigated by an X-ray diffractometer (XRD,
Philips X’Pert MPD) with Cu K, radiation operating at 30 kV and 0.02 °.s ' scanning rate in the
20 range of 10-60°. Morphology and structure of the products were characterized by a field
emission scanning electron microscope (FE-SEM, JEOL JSM-6335F) equipped with an energy
dispersive X-ray spectrometer (EDX, Oxford instruments INCA system) operating at 35 kV and a
transmission electron microscope (TEM, JEOL JEM-2010) operating at 200 kV. X-ray
photoelectron spectroscopy (XPS) was carried out through a Kratos X-ray photoelectron
spectrometer—Axis Ultra DLD with a monochromated Al K, (1486.6 V) radiation as an excitation
source at 15 kV. All of spectra were calibrated with respect to 285.1 eV of C 1s electron peak.

To evaluate photocatalysis, each 200 mg catalyst was dispersed in 200 ml of 1x10° M
RhB aqueous solution. The suspensions were kept in the dark for 30 min under magnetic stirring
before xenon visible light illumination. At a given time interval, 5 ml solution was sampled and
centrifuged. The residual concentration of RhB solution was measured at 553 nm by UV-visible
spectroscopy (Perkin Elmer, Lambda 25). The decolorization efficiency was calculated by the
equation

Decolorization efficiency (%) = Co-Ci x100 1)
C

0

, Where Cy is the initial concentration of RhB and C, is the concentration of RhB after visible light
irradiation within the elapsed time (t).

3. Results and discussion

Fig. 1 shows XRD patterns of the as-synthesized BiOl, 5 wt% F-doped BiOl and 10 wt%
F-doped BiOl. In this research, the undoped product was indexed to the pure tetragonal BiOl phase
of the JCPDS database no. 10-0445 [12].
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Fig. 1. XRD patterns of BiOl, 5 wt% F-doped BiOl and 10 wt% F-doped BiOl
synthesized by sonochemical method for 20 of (a) 10°-60° and (b) 29.0°-30.2°.
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The diffraction peaks were at 20 of 19.55°, 29.78° 31.74°, 33.15° 37.21°, 39.45°, 45.75°,
45.76°, 49.96°, 51.36° and 55.15° corresponding with the (002), (102), (110), (111), (103), (004),
(200), (104), (005), (114) and (212) planes of tetragonal BiOl, respectively. For the 5 and 10 wt%
F-doped BiOIl samples, their XRD patterns were similar to that of pure tetragonal BiOl phase.
They should be noted that the (102) plane of pure BiOl phase was gradually shifted to higher
diffraction angle with the increase of doping concentration because the radius of F~ (0.133 nm)
[10, 13] is smaller than that of I (0.216 nm) [14, 15]. The peak-shift indicates that F~ ions of the
doped samples were incorporated into the BiOl lattice.

The XPS spectra of 10 wt% F-doped BiOI (Fig. 2) certified the presence of Bi, O, | and F
containing in the sample. The high resolution XPS scan of Bi 4f shows two Bi 4f;, and Bi
4fs), peaks at 159.20 eV and 164.52 eV, certifying the presence of Bi** containing in 10 wt% F-
doped BiOl crystal lattice [5, 8, 10]. The O 1s peak of 10 wt% F-doped BiOl at 530.00 eV is
attributed to Bi—O of BiOl lattice [5, 8]. Other O 1s peaks at 530.91 and 532.57 eV were assigned
to oxygen bonds of hydroxyl groups, moisture and contaminated oxide of carbon from ambient
atmosphere [5, 8, 16]. The high resolution of I 3d XPS spectrum shows two peaks centered at
619.3 and 630.8 eV corresponding to the | 3ds;, and | 3ds, peaks of I" in BiOl lattice [5, 8],
respectively. The 683.1 eV peak is a typical binding energy of the F 1s peak [10, 17].
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Fig. 2 XPS spectra of (a) Bi 4f, (b) O 1s, (c) | 3d and (d) F 1s of 10 wt% F-doped
BiOl synthesized by sonochemical method.

The SEM was used to investigate the morphology of the as-synthesized BiOl and F-doped
BiOl as the results shown in Fig. 3. SEM image of pure BiOl shows that the sample appears as
irregular uniform nanoplates with edge length of 300-800 nm and thickness of 50 nm. The
surfaces of BiOIl nanoplates are very clear and smooth. Upon modification of the BiOl product by
doping with F to form 1 wt% F-doped BiOl, the nanobelts were detected. SEM images of 5 and 10
wt% F-doped BiOl revealed that the products were consisted of a large number of uniform
nanobelts orientated in different directions. For the 10 wt% F-doped BiOl nanobelts, they are 5-12
pm long and 30 nm wide. Previously, a one-dimensional nanosemiconductor shows higher
photocatalytic performance than any other morphologies, caused by rapid electronic diffusion
which can lead to reduce the recombination rate of photogenerated electrons and holes during
photocatalysis [18, 19]. Possibly, F-doped BiOl nanobelts promoted the photocatalytic reaction
rate. EDX of 10 wt% F-doped BiOIl (not shown here) certified the presence of F, Bi, O and I,
including Cu of a stub.
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Fig. 3 SEM images of (a) BiOl, (b) 1 wt% F-doped BiOl, (c) 5 wt% F-doped BiOl
and (d) 10 wt% F-doped BiOl synthesized by sonochemical method.

TEM images and SAED patterns of BiOl, 5 wt% F-doped BiOIl and 10 wt% F-doped BiOl
are shown in Fig. 4. The as-synthesized BiOl sample was composed of nanoplates. The SAED
pattern can be specified as the (110), (200) and (1-10) planes with zone axis along the [00-1]
direction of tetragonal BiOI structure. The top and bottom facets of the BiOl nanoplate are the
(001) plane and the side facets are (110) plane. Upon doping with F, the morphology of the
product changes from nanoplates to nanobelts. TEM images of 5 and 10 wt% F-doped BiOIl show
uniform nanobelts with very smooth surfaces. Their SAED patterns were recorded normal to the
growth direction of each of a single nanobelt which was specified as the (110), (200) and (1-10)
planes of tetragonal BiOl structure. They were suggested to be the F-doped BiOIl nanobelts
growing along the xy plane.
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Fig. 4 TEM images and SAED patterns of (a, b) BiOl, (c, d) 5 wt% F-doped BiOl
and (e, f) 10 wt% F-doped BiOl synthesized by sonochemical method.



181

Fig. 5a shows the temporal evolution of absorbance during the photodegradation of RhB
by 10 wt% F-doped BiOl activated by visible radiation. The photocatalysis shows that the
absorption peak at 553 nm wavelength gradually decreased with increasing in the length of
irradiation time and shifted towards the blue region from 553 nm to 498 nm with the formation of
deethylated RhB molecules within 180 min [20, 21]. Fig. 5b shows the decolorization efficiency of
BiOI with and without F~ dopant under visible light irradiation. In this research, the photocatalytic
efficiency of pure BiOl nanoplates was almost 81.19 %. The decolorization efficiency was
increased by F doping modification. The photocatalytic activity of F-doped BiOl is obviously
improved which is related to F dopant in the BiOl sample. Upon increasing the content of F~
dopant from 0 to 10 wt%, the efficiency for degradation of RhB was increased to almost 100 %
within 180 min under visible light irradiation. Fig. 5¢ shows the reaction profiles of pure BiOl, 3
wt% F-doped BiOl, 5 wt% F-doped BiOIl and 10 wt% F-doped BiOIl photocatalysts proposed by
Langmuir—Hinshelwood by the following equation

_ dé, - Kk C, 2
dt 1+ kC,

K is the Langmuir—Hinshelwood adsorption coefficient, and krc is the reaction rate constant [1]. If
the initial concentration is sufficiently low, simplification of the reaction rate to a pseudo first-
order equation is frequently given as follows

In Co = Kappt 3)

, where Kap, is the pseudo-first-order apparent rate constant (min) [10, 14]. All reactions followed
the pseudo-first-order rate constant indicated by slopes of the reaction profiles [20, 21]. Calculated
rate constant and half-life (t,,) were 8.98x10°° min* and 77.17 min for BiOl, 9.95x10 ® min* and
69.64 min for 3 wt% F-doped BiOl, 0.013 min™* and 53.30 min for 5 wt% F-doped BiOl, and
0.020 min! and 34.65 min for 10 wt% F-doped BiOl. The results clearly demonstrated that 10
wt% F-doped BiOl nanobelts show the highest photocatalytic rate for the degradation of RhB dye
solution activated by visible radiation.
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Fig. 5 (a) Absorbance of RhB solution photocatalyzed by 10 wt% F-doped BiOl.
(b) Decolorization efficiency of BiOl, 3 wt% F-doped BiOl, 5 wt% F-doped BiOIl and 10 wt% F-
doped BiOl for different lengths of time activated by visible radiation.
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Fig. 5 c) In(Co/C)) plot of BiOl, 3 wt% F-doped BiOl, 5 wt% F-doped BiOl and 10
wt% F-doped BiOl for different lengths of time activated by visible radiation.
(d) Schematic illustration of photocatalytic mechanism of F-doped BiOl.

Fig. 5d shows a schematic illustration for photocatalytic mechanism of F-doped BiOl.
When F-doped BiOl nanobelts were activated by visible light, the electrons in valence band were
excited to conduction band and doping energy level [22]. Further, the photoinduced positive holes
oxidized RhB, while the excited electrons in the conduction band and doping energy level were
rapidly trapped by molecular oxygen to form superoxide anionic radicals ('O,"). In the end, the
degraded RhB molecules were transformed into CO, and H,O. Thus, F dopant played an important
role in the separation of photogenerated electrons and holes to improve the photocatalytic rate
under visible light [5, 9, 22].

4. Conclusions

In summary, 0-10 wt% F-doped BIiOl photocatalysts were synthesized by the
sonochemical method and were evaluated for photodegradation of RhB under visible radiation.
The 10 wt% F-doped BiOl sample was able to degrade RhB dye of ~100 % within 180 min.
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