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Abstract BiOCI with different morphologies were synthesized by the hydrolysis of bismuth ni-
trate at different concentrations of NaOH solution. The structures, morphologies, and optical
properties of the samples were studied by X-ray powder diffraction, scanning electron mi-
croscopy, ultraviolet-visible spectrophotometry and photoluminescence. Experimental results showed
that the addition of NaOH can reduce the size of BiOCI sheets, and much more NaOH results in
serious aggregation of BiOCl sheets, When 23 mmol NaOH was added into the solution, BiOCl
showed the best adsorption ability and photocatalytic activity for Rhodamine (RhB) under visi-
ble light. Further, the responsive spectrum range BiOCl was further extended through RhB
sensitization; and RhB sensitized samples show excellent photodegradation performance to phe-
nol under visible light irradiation, but pure BiOCI exhibit poor photoactivity, suggesting that
the photosensitization of RhB plays an important role in the reaction system. In addition, the
main active species and the plausible photocatalytic mechanism were discussed in detail.
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0 Introduction

Intense research in solarenergy conversion has been devoted in recent years due to concern of grow-

ing energy demands and increasing threats to the quality of human life due to environmental pollu-

L2 Semiconductor-based photocatalysis has aroused broad because of its potential applicability in

tion
the fields of environmental pollutant removal, hydrogen generation from water and photoelectrochemical

cells**,

Titanium oxide (Ti0,) has been extensively studied because it is inexpensive, abundant and innocu-

71

ous to the environment'’’. However, TiO, has a band gap of about 3.2 ¢V, and can only response to ul-
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traviolet light irradiation, which limit its practically application™, Researchers proposed some methods

[9-11] [12,13]

to improve the photocatalytic activity of TiO;, such as ion doping , noble metal decoration , dye

[14] [15-17]

sensitization"'* and constructing heterojunction with other semiconductor However, TiO,; and
TiO, based photocatalysts still show low photocatalytic activity in the wavelength range of visible light.
Hence, researchers turn to develop new visible light photocatalysts.

The p-block photocatalyst BiOCl with a band gap of 3. 4 eV exhibits high photocatalytic activity un-

[18]

der ultraviolet light irradiation"'®’. The special crystal structure of BiOCl results in an internal electric

field, which contributes to the high separation efficiency of photoinduced electrons and holest*?, Simi-
larly, neat BiOCl photocatalyst shows low visible-light photocatalytic activity due to the large band gap
and high recombination of photogenerated charges. Much effort has been made to extend the response

1[20,21]

spectrum of BiOCI to visible light range, such as controlling microstructure of BiOC , lon do-

22.2] and dye sensitization™?*), Li and coworkers synthesized BiOCI with highly exposed (001) fac-

ping
ets via a simple, fast and mild hydrothermal route using cationic polyacrylamide as both chlorine source
and surfactant™?. Li and coworkers reported that BiOCI photocatalysts doped with different contents of
zinc were prepared via a facile ethylene glycol-assisted solvothermal process and showed good activity in

261 Cao group prepared Cu, O/

photodecomposition of Rhodamine (RhB) under visible-light irradiation
BiOCl photocatalyst with unique 3D/2D structure with enhanced visible-light photocatalytic activity™?™.
As we all know, there is rare report on dye-sensitized BiOCl. Dye sensitization of semiconductor is

[7:25]  Moreover, dye sensitized semiconduc-

an effective method to enhance the photodegradation ability
tors can be used as in dye-sensitized solar cell, which is a potential way to convert solar energy. Mao and
coworkers studied RhB-sensitized effect on the enhancement of photocatalytic activity of BiOCl toward
bisphoenol-A under visible light irradiation. RhB, as a photosensitizer, can remarkably enhance the
light utilization of BiOCl and the superior photocatalytic activity observed was attributed to the sensitiza-
tion effect of RhBF,

In this work, BiOCl was prepared through a hydrolysis method in the presence of NaOH, and as-
synthesized BiOCl exhibit high adsorption ability. Further, the responsive spectrum range of samples

was extended through RhB sensitization, leading to excellent photodegradation performance toward phe-

nol, and the corresponding plausible mechanism was proposed.

1 Experimental

1.1 Synthesis processing

All reagents of analytical grade were obtained from Sinopharm Chemical Reagent Co. (Shanghai,
China) and used without further purification. BiOCl was synthesized by the hydrolysis method of bis-
muth nitrate. First, 0. 01 mol bismuth nitrate pentahydrate (Bi(NO,), *« 5H,0O) was dissolved in 20 mL
deionized water under vigorous stirring for 10 min. Secondly, KCI (0. 01 mol) and different amount of
NaOH were dissolved in 20 mL deionized water under stirring, and the transparency solution was added
dropwise to the Bi(NQj;); solution followed by 30 min stirring. Finally, the white precipitate was fil-
tered, washed with deionized water and absolute ethanol for several times, dried at 90°C for further
characterization. In order to modulate the hydrolysis of Bi(INO;), , different amounts of NaOH of 0, 10,
20, 23, 25 and 33 mmol were used, and corresponding samples were labeled as BOC-0, BOC-10, BOC-
20, BOC-23, BOC-25 and BOC-33, respectively. RhB-BOC-23 was prepared as follows; BOC-23 (0. 1
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g) was dispersed in 100 mL aqueous solution of RhB (20 mg/L). The suspension was treated by ultra-
sonic wave in dark for 30 min, then the purplish red catalyst was collected and washed with deionized
water for several times, and then dried at 90°C.
1.2 Characterization

X-raydiffraction (XRD) patterns were recorded on a diffractometer (D8 Advanced, Bruker Co. ,
Germany) with Cu Ka-radiation operated at 40 kV and 30 mA. The data were recorded in a 29 range of
10°-80° with a step width of 0. 02°, Scanning electron microscopy (SEM) was performed with a Gemini
microscope (Zeiss Ltd. , Germany). The Brunauer-Emmett-Teller (BET) specific surface areas of the
samples were investigated by a Quantachrome Autosorb IQ-C nitrogen adsorption apparatus (Quanta-
chrome Co. , USA). Ultraviolet-visible (UV-vis) diffuse reflectance spectra (DRS) of samples and the
adsorption spectra of RhB solution were measured by a UV-3600 spectrophotometer (Shimadzu Co. , Ja-
pan). Photoluminescence (PL) spectra of the as-prepared samples were measured by an F-7000 spec-
trometer (Hitachi Ltd. , Japan). The photocurrent analysis was carried out on an CHI-660C electro-
chemical workstation (Chenhua Co. , China). ITO glass coated with the as-prepared samples served as
the working electrode. A 0.1 M Na, SO, aqueous solution was used as electrolyte.
1.3 Photocatalytic test

The photocatalytic activity of the prepared BiOCI catalyst toward RhB was evaluated, using 300 W
Xenon lamp (CEL-HXF300) with a UV cutoff filter (JB450) as a visible light source with an intensity of
484 mW/cm®. The lamp was positioned about 10 cm over a cylindrical container with a circulating water
jacket for cooling (20°C). RhB was selected as a model pollutant to evaluate the photocatalytic activities
of the as-prepared samples. Solid catalyst (0.1 g) was dispersed in 100 mL aqueous solution of RhB (20
mg/L). The solution was treated by ultrasonic wave in dark for 30 min to obtain a good dispersion and
establish adsorption-desorption equilibrium between the organic molecules and the catalyst surface. De-
crease in the concentration of RhB solution was analyzed by recording the adsorption band maximum
(554 nm) in the adsorption spectra and taken as the initial concentration (C,). During the photocataly-
sis, 5 mL of the suspension was extracted at an interval of 1 min, and the adsorption was measured after
3 min of centrifugation. The normalized temporal concentration changes (C/C,) of RhB were obtained.
The photocatalytic activity of RhB-sensitized BiOCI catalyst toward phenol (20 mg/L) was also evalua-
ted at the same conditions. The characteristic adsorption of phenol at 276 nm was measured to monitor

photocatalytic degradation.

2 Results and discussion

2.1 Characterization of samples

The XRD patterns of as-synthesized BiOCl are shown in Fig. 1(a). Obviously, all of the diffraction
patterns can match well the tetragonal BiOCl (JCPDS No. 06-0249), and no other peaks of impurity
phase are observed. Moreover, a gradual increase in the full width at half maximum is observed with in-
creasing amount of NaOH, Using JADE software, the crystal sizes of BOC-0, BOC-10, BOC-20, BOC-
23, BOC-25 and BOC-33 were calculated to be 39. 2 nm, 35.5 nm, 27.5 nm, 22. 9 nm, 19. 4 nm and 14. 9 nm,
respectively. Fig. 1(b) shows the XRD patterns of BOC-23 and RhB-BOC-23. There is almost no differ-
ent between the two diffraction profiles, indicating that RhB adsorption on the surface of BiOCl has no

influence on the crystal structure of BiOCL
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Fig. 1 (a) XRD patterns of as-synthesized samples using different NaOH amounts;

(b) Comparison of patterns of BOC-23 and RhB-BOC-23

Fig. 2 SEM images of (a) BOC-0, (b) BOC-10, (¢) BOC-23, (d) BOC-25, (e) BOC-33
The morphologies of as-prepared BiOCl photocatalysts were characterized by SEM, as shown in
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Fig. 2. All samples are composed of sheets and aggregation of those. In addition, the size and thickness
of sheets decrease significantly with increasing NaOH amount, which is in accordance with the above-
mentioned XRD results. Especially for BOC-33, the sheets are so thin that wrinkles can be observed.
However, larger NaOH amount can lead to serious aggregation of BiOCl sheets, as shown in BOC-33.
The results suggest that NaOH plays a crucial role in the hydrolysis reaction of Bi(NQO;); and the
growth of BiOCI crystal. The BET areas of BOC-0, BOC-10, BOC-20, BOC-23, BOC-25 and BOC-33
were further characterized and are 16. 19, 18. 72, 22. 45, 28. 29, 30. 41 and 24. 56 m®/g, respectively.
The gradual increase in BET area with the increase of NaOH agrees well with the result of SEM.

Fig. 3(a) indicates the UV-vis DRS spectra of as-synthesized samples. The samples from BOC-0 to
BOC-23 reveal an almost same adsorption edge of 360 nm with a tail extending to 400 nm, suggesting
that both of them are obviously inactive in the visible-light range. Comparatively, for BOC-25 and BOC-
33, the adsorption band shift to longer wavelength, indicating their visible light response were im-
proved. As discussed in the XRD section, BOC-25 and BOC-33 are not well crystallized and exhibit poor
photocatalytic activities, which leads to much more surface defects which will be discussed in detail in
the following photocatalytic performance section. Due to the indirect nature of BiOCI, the band gaps
(Eg) of samples were calculated following the equation: (ghv)'?=B(hv—Eg), where a» hv, Eg, and B
are the adsorption coefficient, photon energy, band gap, and a constant, respectively®®!, The Eg values
of as-synthesized samples can be estimated from Tauc plots of (¢hv)¥? versus the photon energy (hv),
as shown in Fig. 3(b). The band gap (Eg) from BOC-0 to BOC-23 was almost same and determined to
be 3.25 eV. However, the Eg of BOC-25 and BOC-33 are estimated to be 3.0 eV and 2. 25 eV, respec-
tively. The light absorption of RhB-BOC-23 was also characterized. Comparison with BOC-23, after
RhB sensitization, RhB-BOC-23 shows much wider absorption range with a new adsorption band cen-

[29]

tered at 567 nm, due to the sensitization of RhB molecules'”’. The extended responsive spectrum rang

has a beneficial effect on the effective utilization of visible light and thus excellent photoactivity.
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photon energy (hn) of as-synthesized BiOCl and RhB-BOC-23
Fig. 4(a) shows thePL spectra of BOC-23 and RhB-BOC-23 upon 320 nm excitation, which pro-
vides information on the separation efficiency of photogenerated electron-hole (¢”-h™ ) pairs in photocat-
alysts. The emission band intensity of RhB-BOC-23 is significantly smaller than that of BOC-23, and
this implies that RhB-BOC-23 has a more efficient separation of e -h' pairs than BOC-23. To further

(a) DRS spectra and (b) corresponding plots of (ahn)'” versus

probe the charge carrier separation and transportation, photocurrents of RhB-BOC-23 and BOC-23 were
examined under simulated sunlight irradiation, as shown in Fig. 4 (b). As expected, RhB-BOC-23
showed the higher photocurrent intensity compared with BOC-23, suggesting a higher separation effi-
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ciency of the photoinduced electron-hole pairs due to the RhB sensitization%!,
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Fig. 4 (a) PL spectra upon 350 nm excitation; (b) Photocurrent
density curves of BiOCl and RhB-BiOCI-23

2.2 Photocatalytic performance

Photocatalysis occurs predominantly on the catalyst surface so that the adsorption properties of
photocatalysts have great influence on their photocatalytic activities. The adsorption properties of as-
synthesized samples for RhB were characterized in dark, as shown in Fig. 5. Obviously, the adsorption/
desorption equilibration can be established in 30 min, which ensures that adsorption has no contribution
to the decoloration of RhB solution in the following photodegradation process. Moreover, it is found
that BOC-23 shows the best adsorption properties and 90% of RhB molecules were adsorbed by the
BOC-23 photocatalyst before photodegradation. The enhanced adsorption property can accelerate the diffusion of

dye molecules from solution to the surface of photocatalysts, and thus speeds up the photocatalytic reaction™,

The combined adsorptive and photocatalytic 1.0

degradation of RhB over the BiOCI photocatalyst are R S SR

shown in Fig. 6(a). It is obvious that the concentra- 08 N e

tion of RhB without photocatalyst samples has al- 06 BOC-10

most no change with increasing visible light irradia- e BOC-25
SRR R YR S Gy e R 4

tion time, which indicates RhB cannot be self-de- < o4}t BOC-20

graded in the following photodegradation test. As

shown in Fig. 6(b), with increasing NaOH amount, 02t BOC_23

the photocatalytic performance of samples increases o0 , T o ? j D T ‘

first and then decreases significantly, BOC-23 exhib- 30 6 1 2 3 4 5 6 7 8

Time/min

its the best photoactivity, and this can be explained

. . . . Fig. 5 The adsorptio of as-synthesized
by its high BET areas, which can provide more ac- 18 ¢ adsorption ciirves of as-synthestze

tive sites in BOC-23, resulting in good adsorption a- samples for Rh
bility and the best photodegradation performance. According to the DRS results, BiOCI has poor visible-
light absorption, so that the photodegradation of RhB under visible light can be attributed to RhB sensi-
tization"**#, In addition, although the BOC-25 and BOC-33 has smaller Eg, the surface defects act as

[33:33  1p order to im-

recombination centers of photoinduced e -h™ pairs, resulting in poor photoactivity
prove the photoactivity of BiOCl, the sample BOC-23 was sensitized by RhB. And RhB-sensitized BOC-
23 was further used to photodegrade phenol, as shown in Fig. 6(c). RhB-BOC-23 exhibited much better

visible light photocatalytic activity of phenol than BOC-23 by a factor of 8.1, due to the extended re-
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sponsive spectrum range after RhB sensitization. The photostabilities of BOC-23 and RhB-BOC-23 were
investigated by cycling photocatalytic experiments, as shown in Fig, 6(d). In the six-run cycling test,
the photodegradation performance of BOC-23 toward RhB only displays slight deterioration. Moreover,
as shown in Fig. 6(e), the XRD patterns before and after cycling test have no changes, indicating the
good photostability of BOC-23. However, in Fig. 6(f), the obvious deterioration of photodegradation per-
formance toward phenol was observed in the cycling test of RhB-BOC-23, which can be attributed to the
degradation of RhB molecules in the surface of BiOCI during the photocatalysis.
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(a) and (b) photodegradation curves of RhB for as-synthesized samples, (c) photodegradation curves of phenol
for BOC-23 and RhB-BOC-23, (d) the stability test in photocatalytic degradation of RhB over BOC-23, (e) comparison
of XRD patterns of BOC-23 before and after used, (f) The stability test in photocatalytic degradation of phenol over RhB-BOC-23
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2.3 Photocatalytic mechanism

To understand the possible photocatalysis mechanism of BiOCl, the scavenger experiments were
carried out to probe the main reactive species for the photocatalytic degradation. Three reagents of p-
benzoquinone (BZQ), disodium ethylenediaminetetraacetate (Na,~-EDTA) and isopropyl alcohol (IPA)
were chosen to be trap reagents for superoxide radicals ( » O, ), holes (A7) and hydroxyl radicals ( »

151 As shown in Fig. 7, in the presence of 1 mmol of IPA as a scavenger for + OH

OH), respectively
radical species, no deterioration in photodegradation performance was found. However, when 1 mmol of
Na,-EDTA (h' scavenger) or 1 mmol BZQ ( « O; scavenger) was added, the degradation of RhB was
significantly suppressed. The results indicate that h™ and ¢ O; radical, rather than « OH, are domi-

nant active species in the photocatalytic reaction.
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Fig. 7 Photocatalytic activities of BOC-23 Fig. 8 Photocatalytic mechanism scheme of
in the presence of different trap reagents RhB-sensitized BiOCl under visible light irradiation

Based on the above results and discussion, the mechanism of photocatalytic activity enhancement
for BiOCl was proposed and depicted in Fig. 8. The position of conduction band (CB) and valence band
(VB) of BiOCl are —1.1 eV and 2. 4 eV, respectively®). Hence, BiOCl with a wide band gap (Eg=
3.5 eV) is inert to visible light so that holes and electrons cannot be generated in BiOCl. However, RhB
dye adsorbed on the BiOCI surface could be easily excited to be [RhB % ] by the action of a visible light
photon (1 around 554 nm) so that RhB-sensitized BiOCl can response to visible light as shown in Fig. 3.
The redox potentials of RhB (HOMO) and RhB ¥ (LUMOQO) are 0. 95 eV and —1.42 ¢V (vs. NHE),
respectively®™. As shown in Fig. 8, the LUMO of RhB is negative than CB of BiOCl so that RhB can
used as the sensitization of BiOCIl. Under the visible light irradiation, the photo-exited electrons genera-
ted from the adsorbed RhB are able to be injected into the CB of BiOCIl. The electrons can react with dis-
solved oxygen in the solution to produce the reactive superoxide radical ( *+ O; ), leading to the photo-
degradation of dye molecules. Meanwhile, holes are generated in the HOMO of RhB and further degrade
dye molecules. RhB sensitization of BiOCl shows excellent photocatalytic activity under visible light ir-

radiation, which contributes to improving utilization of solar energy.
3 Conclusions

BiOCIl photocatalysts were synthesized through the hydrolysis of bismuth nitrate. NaOH was added
into the solution to modulate the hydrolysis process. The experimental results show that the addition of
NaOH plays crucial roles in the morphologies of samples. With increasing amount of NaOH, the size

and thickness of BiOCI sheets decreases gradually, and overmuch NaOH can result in serious aggrega-
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tion of BiOCl sheet. BOC-23 exhibits the best adsorption ability and thus the best photodegradation per-
formance for RhB under visible light irradiation. The improved photoactivity of as-synthesized BiOCl can
be ascribed to the RhB sensitization effect. According to the DRS results, RhB-sensitized BiOCl can re-
sponse to visible light of 567 nm so that RhB sensitization can broaden the light-responsive wavelength
range of BiOCI photocatalyst. Consequently, RhB-sensitized BOC-23 exhibits improved photoactivity for
phenol under visible light irradiation, which further confirms the RhB sensitization effect. Additionally,

the hole and * O; , rather than » OH, are dominant active species in the photocatalytic reaction.
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