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For the first time we report novel BiOCl/Bi;O3 photocatalyst functional under visible light irradiation.
Even though both the individual BiOCl and Bi,O3 show very low photocatalytic efficiency under visible
light irradiation, their heterojunctions provide unexpectedly high efficiency in decomposing organic
compounds. Furthermore, the BiOCl/Bi;O3 can induce complete mineralization without formation of
intermediate species by utilizing the holes generated in the VB of BiOCl. Compared to the Degussa P25,
it demonstrates 5.7 times of efficiency in evolving CO; from gaseous 2-propanol (IP), and 10.5 times of
efficiency in removing aqueous 1,4-terephthalic acid (TA) under visible light (A > 420 nm) irradiation.
In this BiOCl/Bi;O3 system the BiOCl seems to work as main photocatalyst, while the role of Bi;Os is a

BiOCl sensitizer absorbing visible light. The photocatalytic mechanism has been proposed based on the relative
Bi; 03 band position of these two semiconductors.
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CO,
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1. Introduction

Removal of environmental pollutants through photocatalytic re-
action has drawn increasing attention over the last few decades
[1-3]. Among the various metal oxides and chalcogenides, TiO; has
been known as the most efficient photocatalyst with its unique
characteristics in band position, and surface structure. Due to its
large band gap, however, TiO2 can utilize only the photons in the
wavelength shorter than 380 nm, which occupies no more than 4%
of the solar spectrum. Therefore, the development of photocata-
lysts functional under visible light is indispensable in order to be
able to utilize the major portion of the solar spectrum and to real-
ize indoor application of photocatalyst.

Thus far, the major strategies for developing a visible light pho-
tocatalyst are modification of the TiO, band gap by doping [4-9],
or development of new semiconductor materials capable of ab-
sorbing visible light. Recently, several new photocatalytic semi-
conductors including BiVO4 [10,11], BiWOg [12], CaBi,04 [13],
PbBi;NbyOg [14], BisTizO12 [15], and others [16-18], have been
developed, but their photocatalytic efficiencies must be further im-
proved in order to be suitable for practical applications. Another
strategy to extend the light absorption property of TiO, is the
formation of heterojunction between TiO, and narrow bandgap
semiconductors [19-26]. So far, variety of coupled semiconductor
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systems, including CdS/TiO, [20], CdSe/TiO, [21], WO3/WS; [22],
CdS/Agl [23] and others, have been studied. Recently, several cou-
pled systems such as Biy03/SrTiO3 [24], CuyO/TiO;, BiyO3/TiOy,
ZnMn;04/TiO, [25], TiO,/Ti03 [26], etc. were reported to be ef-
ficient under visible light irradiation. However, the photocatalytic
mechanism for the coupled system has not been systematically in-
vestigated, and no clear evidence was provided for the complete
decomposition of organic pollutants under visible light.

In the heterojunction structure between TiO; and a sensitizer
semiconductor with a narrow bandgap, the sensitizer is excited by
visible light irradiation, and some of the photogenerated electrons
or holes will then be transferred to TiO,. Typically, metal chalco-
genides such as CdS, and CdSe are used as sensitizer absorbing
visible light [19-21,27]. Most of cases, the conduction band (CB) of
the sensitizers is located higher than that of TiO,. In this hetero-
junction system (denoted as A-type heterojunction) the electrons
photogenerated by the sensitizer are transferred to the CB of TiO,
with visible light irradiation, and these transferred electrons can
initiate various reduction reactions. However, they lead to partial
decomposition of pollutants in general, and it is difficult to evolve
CO3. On the contrary, if the VB level of sensitizer is lower than
that of TiO, in the heterojunction structure (denoted as B-type
heterojunction), some of the electrons in the VB of TiO, can be
transferred to that of the sensitizer, and consequently the holes
generated in the VB of TiO, can be used for oxidation reactions.
Presumably, B-type heterojunction system can induce complete de-
composition of pollutants, considering the powerful oxidative abil-
ity of the holes located in the VB of TiO,. However, only a few


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcat
mailto:wanin@inha.ac.kr
http://dx.doi.org/10.1016/j.jcat.2008.12.020

S.Y. Chai et al. / Journal of Catalysis 262 (2009) 144-149 145

systems, utilizing the hole transfer between sensitizer and TiO;,
were reported so far [25,28], because it is difficult to find out ap-
propriate sensitizers whose VB is lower than that of TiO5.

In the present study, we report that the heterojunction struc-
ture between BiOCl and BiO3 can be an efficient photocata-
lyst under visible light irradiation, even though individual BiOCI
and Bi»0O3 show very low photocatalytic efficiency. BiOCl, with a
bandgap of 3.6 eV, has been used mainly as a catalyst for the
oxidative cracking of hydrocarbons [29], as photoluminescent ma-
terial [30], and as pigment for cosmetics [31]. Recently, Zhang et al.
reported that nanoparticular BiOCl can be an efficient photocata-
lyst in decomposing methyl orange in UV light [32]. This suggests
that under UV light irradiation BiOCl is a potential photocatalyst
which may compete with TiO;, even though its band gap is con-
siderably larger than that of the anatase TiO; (Eg = 3.2 eV). Bi;03,
with a band gap 2.6-2.8 eV, can absorb some portion of visible
light (A < 440 nm) [33-35], but alone, its photocatalytic activity is
very low. For the first time it was found in this work that the het-
erojunction structure between BiOCl and Bi»03 induces complete
decomposition of gaseous 2-propanol to CO, under visible light
irradiation, as well as it reveals much higher photocatalytic activ-
ity in decomposing organic compounds in gas or aqueous solution
than the commercial TiO, (Degussa P25). Moreover, this new mate-
rial is not harmful to environment, and the synthetic procedure is
very simple with low production cost. Herein, we characterized the
BiOCl/Bi; O3 heterojunction structures, and analyzed their photo-
catalytic properties. We also proposed a photocatalytic mechanism,
based on the relative band position of these two semiconductors.

2. Experimental

One gram of bismuth(Ill) oxide powder (99.9%, Aldrich Chemi-
cal Co.) was dispersed in 10 mL of ethanol. Stoichiometric amount
of the concentrated HCl was then added dropwise while the so-
lution was vigorously stirred. The resultant suspension was stirred
for 3 h and sonicated for 1 h at room temperature. After treat-
ment with HCI, the yellowish color of Bi;O3 changed to white,
which suggests that the surface of the BiyO3 particle was converted
to BiOCl, as illustrated in Scheme 1. The obtained white precip-
itates were washed several times with ethanol and heat-treated
at 300°C for 1 h. The relative ratio of BiOCl in BiOCl/Bi;O3 can be
controlled by adjusting the amount of HCI added. Typically, a com-
posite of 85 mol% BiOCl and 15 mol% Bi,O3 (denoted as 85/15
BiOCl/Bi;03) was synthesized by adding 2.0 equivalents of HCl to
Bi» 03, and 55/45 BiOCl/Bi;O3 was prepared by adding 1.8 equiva-
lents of HCl.

X-ray diffraction (XRD) patterns were obtained for the BiOCl/
Bi,O3 powder samples by using a Rigaku Multiflex diffractome-
ter with monochromated high-intensity CuKo radiation. The sur-
face morphology of BiOCl/BiO3 powder samples was observed by
a field emission scanning electron microscope (FE-SEM, Hitachi
S-4200). Transmission electron microscope (TEM) images were ob-
tained by a Philips CM30 operated at 250 kV. A methanol suspen-
sion of BiOCl/Bi,03 particles was spread on a copper grid coated
with holey amorphous carbon film. UV-vis diffuse reflectance
spectra were acquired by a PerkinElmer Lambda 40 spectropho-
tometer. BaSO4 was used as the reflectance standard. BET sur-
face areas of the samples were measured with a surface area and
porosimetry analyzer (UPA-150, Microtrac Inc.).

Photocatalytic activities of the prepared catalysts under visible
light were evaluated by following two methods. First, 2-propanol
(IP) in gas phase was used as a model compound. The several
BiOCl/Bi» O3 and other photocatalytic samples were prepared as a
form of particulate film. That is, the aqueous colloidal suspension
containing 50 umol of each photocatalytic sample was dropped
and spread uniformly onto a 2.5 x 2.5 cm? Pyrex glass, and sub-
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Scheme 1. Preparation principle of BiOCl/Bi O3 heterojunction.

sequently dried at 60°C for 1 h. The whole area of the photocat-
alytic films was irradiated by a 300 W Xe lamp through a double-
mounted UV cut-off filter (<420 nm, Oriel), and then through a
water filter to remove UV and IR component. The power of visible
light irradiated to the photocatalytic sample was 0.5 W/cm?2. The
gas reactor system used for this photocatalytic reaction has been
described elsewhere [36]. After evacuating the reactor, 0.08 pL of
IP mixed in 1.6 pL of water was added to the 200 mL gas-tight re-
actor. Then the initial concentration of gaseous IP in the reactor
was kept to 117 ppm in volume (ppmv). Thus the ultimate con-
centration of CO, evolved will be 351 ppmv when the whole IP is
completely decomposed, as shown in the following equation.

2(CH3)2CHOH(g) + 902(g) — 6CO2(g) + 8H20(g).

The total pressure of the reactor was then controlled to
700 Torr by filling with oxygen gas. After a certain time of irra-
diation, 0.5 mL of the gas sample was automatically picked up
from the reactor, and sent to a gas chromatograph (Agilent Tech-
nologies, Model 6890N). For the detection of CO,, a methanizer
was installed between the GC column outlet and the FID detector.

Second, for the photocatalytic degradation of 1,4-terephthalic
acid (TA) in aqueous solution, 50 umol BiOCl/Bi,O3 composites or
other photocatalytic samples were suspended in 50 mL of 50 utM
TA aqueous solution by magnetic stirring. The remnant TA after
the irradiation of visible light was analyzed from its characteristic
absorption peak detected by UV-vis spectrophotometer (Perkin-
Elmer Lambda 40).

3. Results and discussion

The initial BipO3 purchased from Aldrich Chemical Co. was a
rod-like structure with a diameter of 1-2 pm, as shown in Fig. 1a.
By adding HCI, the surface of Bi,O3 was converted to BiOCl/Bi,0O3,
and its shape was gradually changed with increase of BiOCl con-
tent. In a low BiOCl composition, a granular BiOCl/Bi,03 structure
was formed on the surface of the BiyO3 rods, as shown in the
Fig. 1b. With increase of BiOCl compositions, the surface of the
rod-like Bi;Os structure was gradually collapsed to form primary
nanoparticles, as shown in Fig. 1c (85/15 BiOCl/Bi»03). By addition
of excessive HCI, the well-defined pure BiOCl particles with a di-
ameter of about 200 nm were formed (Fig. 1d).

The XRD patterns for BiOCl/Bi,O3 composites with molar ra-
tios of 100/0, 85/15, 55/45, 40/60, and 0/100 are illustrated in
Fig. 2. Pure Bi;O3 and BiOCl were the monoclinic «-phase [28]
and tetragonal phase [26], respectively. With the increase of BiOCI
component in BiOCl/Bi;O3 composites, the intensity of (120) peak
at 27.42°, which is identified as the main peak of the remnant
Bi»O3 phase, was gradually decreased, whereas that of the (101)
peak at 25.86° inherent from the BiOCl phase was increased. No
other phases were found in BiOCl/Bi;O3 composites, suggesting
that there is no appreciable chemical reaction between BiOCl and
Bi;03. The BiOCl/Bi» 03 samples were annealed up to 450°C in air,
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Fig. 1. SEM images of pure Biy0O3 (a), 40/60 BiOCl/Bi, O3 (b), 85/15 BiOCl/Bi,03 (c),
and pure BiOCI (d). Each scale bar is 1 pm.
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Fig. 2. X-ray diffraction patterns of Bi; O3, BiOCl, and several BiOCl/Bi, O3 in different
compositions.

but the crystallinity of neither the BiOCl nor the Bi;O3 was notice-
ably changed.

Fig. 3 indicates the UV-vis diffuse reflectance spectra of BiOCl,
Bi;03, and BiOCl/Bi>03 in several compositions. The bandgaps (Eg)
of the BiOCI and Bi»03, determined by extrapolation to the zero
absorption coefficient, were 3.6 eV and 2.8 eV, respectively, cor-
responding to the results of the previous reports [32,34,35]. For
BiOCl/Bi» O3 composites the absorbances in the 370-440 nm range
decreased, as the component of Bi;O3 phase decreased. There-
fore, those absorbance values could be used to estimate relative
concentration of BiOCl and Bi;03 in the composites by applying
Beer-Lambert’s law (the molar ratios of BiOCl to Bi» 03 indicated in
this manuscript were estimated by this method).

For the characterization of the heterojunction structure be-
tween BiOCl and Bi,03, the 85/15 BiOCl/Bi;O3 particles were em-
bedded in a polymer matrix and sliced with 60 nm-thickness using
an ultramicrotomy technique. The prepared specimens were then
analyzed by TEM, as shown in Fig. 4. The TEM image in Fig. 4a
reveals that the 85/15 BiOCl/Bi;O3 is a well-defined longish parti-
cle of ~200 nm width. It is difficult to obtain clear high-resolution
TEM image for the Bi;Os part, since Bi;O3 is much more vulnera-
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Fig. 3. Diffuse reflectance spectra of Bi; O3, BiOCl, and several BiOCl/BiO3 in differ-
ent compositions.
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Fig. 4. TEM images for an 85/15 BiOCl/Bi,O3 particle. Typical TEM image (a), and
HRTEM images for the outer (b) and inner (c) parts of the sample.

ble to electron beam irradiation than BiOCl. As shown in the high-
resolution TEM image of Fig. 4b, the outer part of the BiOCl/Bi,03
particle reveals a clear image, suggesting the presence of the crys-
tallized BiOCl. The uniform fringe, with an interval of 0.73 nm, is
in good agreement with the (001) lattice plane of the tetragonal
BiOCl. On the other hand, as shown in Fig. 4c, the TEM image
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for the core of the BiOCl/Bi,O3 particle is not as clear as that of
outer part, and several sets of mixed fringes are found, indicat-
ing the presence of the mixed phases of BiOCl and Bi;03. That is,
the interlayer distance of 0.73 nm corresponds to the (001) lat-
tice plane of BiOCl, and that of 0.33 nm is consistent with the
(120) plane of a-Biy03. These observations indicate that the nano-
sized Biy03 grains are embedded here and there inside the BiOCI
matrix. For now compositional uniformity from particle to parti-
cle still remains in question, but it is clear that the BiOCI phase
is positioned on the surface, while the some of the unreacted
Bi;O3 remained inside in each BiOCI/Bi;O3 particle. Hence, the
prepared BiOCl/Bi» 03 is considered to be a tightly-contacting het-
erojunction structure between BiOCl and Bi,O3 formed in nanosize
level.

Photocatalytic activities of the BiOCl/Bi;O3 composites in de-
composing organic compounds were evaluated under an irradi-
ation of visible light (A > 420 nm). First of all, gaseous IP was
utilized as a model compound. It has been well known that IP first
decomposes to acetone, and then finally mineralized to CO, [37].
The decomposition of gaseous IP approximated the first order ki-
netics. That is, the photocatalytic reaction is simply described by
—d[c]/dt = k[c], where [c] is the concentration of IP, and k denotes
the degradation rate constant. The removal of IP as a function
of irradiation time is described in Fig. 5a. The BiOCl/Bi,O3 com-
posites demonstrated notably high photocatalytic activities over a
wide composition range, whereas the individual BiOCl and BiyO3
showed a negligible efficiency. The calculated degradation rate con-
stants (kip) in decomposing IP with several photocatalytic sam-
ples are shown in Table 1. Especially, the 85/15 BiOCl/Bi,03 re-
vealed the highest decomposition rate. That is, kjp of the 85/15
BiOCl/Bi; O3 was 4.3 times that of Degussa P25. BET surface areas
of the prepared photocatalysts are also given in Table 1. The sur-
face areas of the BiOCl/Bi;O3 composites were much smaller than
that of Degussa P25, and this seems to be caused by considerably
larger particle size. For the comparison of conversion efficiency
per unit catalytic surface area, a parameter of kjp/A, where A is
the surface area of the photocatalyst applied to the catalytic reac-
tion, was determined, as shown in Table 1. The kjp/A of the 85/15
BiOCl/Bi; O3 was 9.6 times as high as that of P25.

Fig. 5b describes the evolution of CO as a function of irradia-
tion time. The trend of CO, evolution, according to relative compo-
sition in the BiOCl/Bi;O3 composites, was very close to that of the
IP removal. The highest photocatalytic activity was observed from
the 85/15 BiOCl/Bi, 03 composite. That is, the evolved CO; after 2 h
irradiation was 6.7 ppm, which was 5.7 times of that of P25.

Second, the photocatalytic activity of BiOCl/Bi,O3 was evaluated
according to the removal of TA dissolved in aqueous solution. The
remnant TA after the irradiation of visible light (=420 nm) was
analyzed from its characteristic absorption peak by UV-vis spec-
troscopy. With approximating the photocatalytic degradation of TA
as the 1st order kinetics, the plots of InC vs. irradiation time for
several catalytic samples were shown in Fig. 5c. The overall de-
composition trend in aqueous solution was quite similar as that of
the reaction in gas phase. The 85/15 BiOCl/Bi;O3 showed the high-
est photocatalytic activity. As shown in Fig. 5c and Table 1, kga
(the degradation rate constant of TA) of the 85/15 BiOCl/Bi, 03 was
10.5 times that of P25 and 3.6 times that of BiVOy4, while kra/A of
the 85/15 BiOCl/Bi O3 was 26.4 times that of P25.

Both the BiOCl and the Bi;Os showed very low photocat-
alytic activity under a visible light irradiation, but their hetero-
junctions demonstrated 10-50 times higher activity than the end-
members. Presumably, the unusually high photocatalytic activity of
BiOCl/Bi; O3 originates from the unique relative band position of
these two semiconductors. The VB energy level of Bi,O3 [38] is ex-
pected to be considerably lower than that of BiOCI, since the VB
of Bi» 03 originates from O2p, whereas that of BiOClI mainly comes
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Fig. 5. (a) Photocatalytic removal of gaseous IP vs. irradiation time, and (b) CO,
evolved in 2 hr under visible light irradiation (>420 nm). Initial concentration of
the gaseous IP was 117 ppmv. (c) Photocatalytic removal of aqueous TA vs. ir-
radiation time. The initial concentration of TA was 50 uM. The amount of each
photocatalyst was 50 pmol in all photocatalytic experiments.

from ClI3p [32]. This was confirmed by our energy band calculation
performed with the DFT method (see Supplementary Information).
That is, the VB of BiyO3 was lower than that of BiOCI by 0.7 eV,
while the bandgaps of BiOCl and Bi; O3 were calculated to 3.55 eV
and 2.75 eV, respectively.
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Table 1

Surface areas and degradation rate constants of various visible-light photocatalysts in decomposing gaseous IP and aqueous TA.

Photocatalytic BET surface 2-propanol (IP)

1,4-terephthalic acid (TA)

samples area (m?/g) ki (1) kip/A* (h~'m~2) kna (h~1) kia/A? (h~''m2)
BiOCl 4.03 0.0034 0.075 0.0010 0.020
95/5 BiOCl/Bi; 03 5.14 0.0357 0.513 0.0640 0.919
85/15 BiOCl/Bi 03 6.85 0.0603 0.602 0.0952 0.951
75/25 BiOCl/Bi, 03 7.29 0.0484 0.426 0.0895 0.788
Bi; 03 2.25 0.0085 0.163 0.0040 0.076
BiVO4 7.21 0.0226 0.193 0.0267 0.228
Degussa P25 56.0 0.0141 0.063 0.0081 0.036
@ A is the surface area of each catalyst (50 pmol) applied to the photocatalytic reactions.
(a) e (b) —_—
—-—N A1V
- €
visible § D3V S CB e 0.4V
light
— visible EE &
light — ol
metal 29V g = h*
chalcogenide mmm 24V, .
i VB mmmm 32V
TiO,
Bi,0,  BiOCI

Fig. 6. Schematic diagram for energy band matching and flow of electrons for the TiO;/chalcogenide systems (a) and BiOCl/Bi;O3 systems (b) during visible light irradiation.

Conventionally, metal chalcogenides with narrow bandgap have
been loaded onto the surface of TiO; for the design of visible-light
photocatalysts. By absorbing visible light the excited electrons in
the metal chalcogenide are transferred to the CB of TiO,, since its
CB is generally positioned higher than that of TiO,, as indicated
in Fig. 6a. In this A-type heterojunction structure, the transferred
electrons to the CB of TiO2 can be used for photocatalytic reduction
reactions. They can also be used for the decomposition of organic
pollutant, but the complete mineralization to CO, is difficult, be-
cause the holes are not generated in the VB of TiO,.

By contrast, the BiOCl/Bi;O3 heterojunction designed in this
work is essentially different from A-type heterojunction structure.
It has been reported that the BiOCl is a potential photocatalyst in
decomposing organics under UV light irradiation [32]. Thus it is
considered for the BiOCI/Bi,O3 that BiOCl works as a main pho-
tocatalyst, while the role of BiyO3 is a sensitizer absorbing visible
light. As indicated in Fig. 6b, the VB level of Bi,03 is lower by 0.7 V
than that of BiOCl. Hence this system is a kind of B-type hetero-
junction [22]. With irradiation of visible light, the electrons in the
VB of Bi;03 are excited to its CB. Thereby the VB of BiyOs3 is ren-
dered partially vacant, and the electrons in the VB of BiOCI can be
transferred to that of Biy03. As a result, holes are generated in the
VB of BiOCl, and these initiate photocatalytic oxidation reactions.
Therefore, with the irradiation of visible light, the BiOCl/Bi, O3 sys-
tem can induce complete mineralization of organics. The observed
CO, evolution, illustrated in Fig. 5b, is a clear indication for the
complete decomposition of organics.

In the BiOCI/Bi;O3 prepared in this study, the BiOCl and
Bi;O3 are tightly bound each other in nanosize level, since the
Bi;O3 has been partially converted to BiOCl. Therefore, the hole-
transfer through the junction will be greatly efficient. Moreover,
the BiOCl working as main photocatalyst is located outer part
of the BiOCl/Bi;O3 nanocomposite structure. Thus the effective
catalytic sites are not screened by the formation of heterojunc-
tion structure. The BiOCl/Bi,03 is safe for the environment, the
synthetic procedure is simple, and it is easy to scale up with

low manufacturing cost. More attention is necessary to this new
heterojunction-type visible-light-photocatalyst.

4. Conclusion

The BiOCl/Bi,03 system developed in this work is a new
heterojunction-type photocatalyst working under visible light. The
BiOCl/Bi; O3 demonstrates notably high photocatalytic activity over
a wide composition range in decomposing IP in gas phase and
TA in aqueous solution, whereas the individual BiOCl and BiyO3
showed a negligible efficiency. Moreover, BiOCl/Bi; O3 induces com-
plete decomposition of 2-propanol to CO,. That is, the evolved CO,
after 2 h irradiation was 6.7 ppm, which was 5.7 times that of De-
gussa P25 (12.8 times compared at unit catalytic surface area). It
is considered for the BiOCl/Bi,O3 that BiOCl works as main pho-
tocatalyst, while the role of Bi; O3 is a sensitizer absorbing visible
light. With irradiation of visible light, the electrons in the VB of
Bi; O3 are excited to its CB. Thereby the VB of Bi,O3 is rendered
partially vacant, and the electrons in the VB of BiOCl can be trans-
ferred to that of Biy0s, since the VB level of Bi;O3 is lower by
0.7 V than that of BiOCl. As a result, holes are generated in the
VB of BiOCl, and these initiate photocatalytic oxidation reactions.
Therefore, with the irradiation of visible light the BiOCl/Bi; O3 sys-
tem can induce complete mineralization of organics by utilizing
the holes generated in the VB of BiOCl.
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