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ABSTRACT: With careful rational optimization and sub-
stantial simplification of the syntheses of the recently reported
alloys BiO(CLBr,_,), we fabricated, via a very simple
procedure and at room temperature, a unique visible-light-
driven photocatalyst with excellent activity. The alloy
BiOClyg75Brj 1,5 totally decomposed 15 mg/L aqueous
Rhodamine B solution within 120 s upon irradiation with
visible light (4 > 422 nm). The transparent substrate
acetophenone was also swiftly destroyed under the above
conditions. The catalyst maintained partial activity even after
switching off the light source. Initial mechanistic studies clearly
suggest that the mode of action of these materials is
fundamentally different from previously reported photo-
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catalytic mechanisms. Evidently, the putative molecular mechanism does not engage dye photosensitization or oxygen radicals.
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B INTRODUCTION

With the ever-increasing interest in environmentally friendly
processes and products and in renewable energy sources,
photocatalysis has recently attracted a great deal of attention,'
with particular focus on water and air purification® * and
disinfection.” TiO, is by far the leading commercial photo-
catalyst characterized by hlgh activity, simple processing,
notable stability, and low cost.® Unfortunately, its band gap is
too wide for efficient utilization of visible irradiation. Aiming at
developing visible-light-driven photocatalysts, research in
numerous laboratories has focused on doping TiO, with
various dopants,7_9 using TiO,—carbon composites,10 or
searching for non-TiO, catalysts, typically heavy metal
compounds.'’ Nonetheless, adequately stable and practically
usable visible light photocatalysts have not yet been fully
realized.

Following the discovery of bismuth-based ternary metal
oxide photocatalysts, such as Bi,WO,,"> bismuth oxyhalides
(BiOXs; X = E,"* CL"*7'° Br,"” 7" I?°) have lately been found
to exhibit remarkable photocatalytic activity under UV and
visible light irradiation.”" Alloyed compounds contalmng more
than one type of halogen,22 such as BiOI.Cl,_ *3and
BiOBr,I,_,,** were noticed to be even more effective than the
corresponding pure forms. The structure of these oxyhalides
comprises a layer of [Bi,0,]*" slabs interleaved by double slabs
of halogen atoms.”® The unique catalytic properties of these
materials were attributed to the high dipole moment (value
above 2.00 D) within most of the BiOX crystals, the indirect
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band gaps, high redox potential of the holes, low electron—hole
recombination rates, and the easy formation of O vacancies.**

We?® and others®” have recently reported a new family of
BiO(Cl,Br,_,) compounds synthesized via a hydrothermal
method. These alloys exhibited unique photocatalytic activity
under visible light in degradation of Rhodamine B and
acetophenone and in the photoxidation of iodide ion. The
material with X = 0.5 was shown to be three times more active
than Degussa’s P25 in photodegradation of Rhodamine B
under visible light irradiation.*®

We have now observed that with the right selection of the
reagents and with optimizing the synthetic protocol for the
fabrication of BiO(ClLBr,_,) alloys, far more potent photo-
catalytic materials with unique morphologies are obtained.
These hierarchiral 3D nanostructured compounds exhibited
visible-light-induced photocatalytic activity that is considerably
higher than TiO, and is substantially superior (in terms of RhB
decomposition rate) to previously reported visible light
photocatalysts. In addition, the synthetic protocol of these
alloys could be dramatically simplified. Hydrothermal methods
are not necessary, and the complete procedure is accomplished
within minutes under ambient conditions.
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Figure 1. SEM images of the as-prepared BiOCl,g,sBry ;5 using CTAB and CTAC as halide sources.

B RESULTS AND DISCUSSION

Catalysts Preparation and Characterization. Reassess-
ing our previous hydrothermal synthetic protocol’® and
evaluating the solvothermal synthesis of ﬂowerhke BiOBr
microspheres reported by Huo and co-workers,”® we identified
five key crucial experimental variables for the modified
syntheses of the novel upgraded BiOClBr,_, photocatalytic
materials reported herein: (1) the nature of the solvent used in
the preparation, (2) the pH of the reaction mixture, (3) the
reaction temperature and time, (4) the type of the reagents
supplying the bromide and chloride anions, and (S) the Cl7/
Br ratio in the final product (which is evidently identical to the
molar ratio used in the starting materials).

The ordinary source for bismuth cation in the preparation of
BiOXs is bismuth nitrate (probably due to availability and
cost). This salt is inadequately soluble in water, and thus, its
reaction with aqueous base (typically ammonium hydroxide) is
not homogeneous in nature, even when conducted at high
temperature for a long period of time in an autoclave (130 °C
for 14 h according to our previously reported conditions?®). As
a result, the reaction usually does not go to completion. Neutral

conditions, using alcohols or diols as solvents, also require long
periods of heating under pressure at high temperature (160 °C
for 12 h).*®*® We have now found that the key intermediate
species [Bi,0,]*" is swiftly formed under acidic aqueous
conditions where bismuth nitrate is completely soluble.
Consequently, the application of, for example, acetic acid as
cosolvent facilitates an instant reaction between Bi**, water, and
the halide anions at room temperature, yielding the desired
bismuth oxyhalide products as an easily separable precipitate.

(eqs 1,2)

2Bi(NO;); + 2H,0 + 2H* — [Bi,0,]*" + 6HNO,

(1)
[Bi,0,*" + x2Cl” + (1 — x)2Br~ — 2BiOCl Br;__
@)

Interestingly, in a recent related work, Jiang and associates
have demonstrated that modifying the pH of a similar reaction
mixture critically affects the nature of the facet of the BiOCl
single crystalline nanosheets formed, leading to different
photocatalytic properties. The {010} facet was obtained in
the presence of NaOH, and the {001} facet was prepared under
neutral conditions.>**" These two materials exhibited different
photocatalytic activities.

The reaction between halide anions and a homogeneous
solution of bismuth nitrate in acetic acid—water (0.5—10:1 v/v)
mixture at room temperature is swift, and a precipitation is
obtained instantly. The latter is straightforwardly filtered,
thoroughly washed for removal of organics, and dried under
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ambient conditions and can then be directly used as a
photocatalyst.

The nature of the halide reagents providing the chloride and
bromide anions for the composite catalyst is critical for
determining the morphology and, consequently, the catalytic
capacity of the product. We discovered that surface-active
quaternary ammonium salt, such as cetyltrimethylammonium
halides (CTAC and CTAB), afforded the best results. These
reagents evidently have a dual function in this procedure. They
simultaneously serve as bromide and chloride suppliers and also
as structure-directing agents. (This was recently also shown in
the synthesis of BiOBr using CTAB as a bromide source.”***)
The instantly formed crystalline product is composed of a 3D
hierarchical, flowerlike, microsphere 1.5—3 um in diameter (see
SEM image in Figure 1).

Conversely, when a mixture of NaCl/KBr was used as a
halides source, under otherwise identical conditions, the
particles obtained were characterized as having a flakelike
morphology, as shown in Figure 2. These materials, which have

Figure 2. SEM image of the as-prepared BiOClyg;sBry 5 using NaCl
and KBr as halide sources.

indistinguishable chemical composition, BiOClygsBry 1,5, were
found to be far less active as visible light photocatalysts (see
below). The critical role of the morphology of BiOCl
microcrystals in determining the photoactlmtz was recently
demonstrated also by Zhang and associates.” The unique
photochemical properties of flowerlike BiOBr microspheres
were explored and scrutinized by Huo et al.*®

The phase purity of the as-prepared BiOClBr,_, alloys was
determined by XRD measurements, which confirmed that the
Cl/Br ratio in the final product is accurately determined by the
proportion of the halides sources utilized in the starting
mixture. Figure 3 displays the XRD diffraction pattern of
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Figure 3. XRD diffraction pattern of BiOCl,g;sBrg s

BiOCl g;sBry 155. The diffraction patterns of other BiOCIBr,_,
alloys prepared in this study are displayed in Figures S1—S3 in
the Supporting Information.

Using diffuse reflectance spectroscopy, we have calculated
the band gap energy of some of the above alloys. Thus, for
BiOCl, ;sBry 1,5, we obtained 2.94 eV; for BiOCl,¢Br,s, 2.81
eV; for BiOCl 4/Brg33, 2.77 €V; and for BiOCl, Br, 5, 2.68 €eV.
For the pure BiOCl, we measured E, of 3.18 eV, and for pure
BiOBr, 2.53 eV. For more details, see Table S1 in the
Supporting Information. See also our previous report.”® The
Brunauer—Emmett—Teller (BET) surface area, particle size,
and the { potential measured for the above BiOCLBr,_,
compounds are present in Table 1.

Table 1. BET Surface Area, Particle Size and & Potential at
pH = 7 of the As-Prepared BiOCLBr,_, Alloys

X value BET (m?/g) particle size (um) ¢ potential (mV)
0 8.86 5.78 —48.4
0.5 6.00 11.28 —30.4
0.67 16.84 4.96 —-23.6
0.73 15.62 2.86 —-16.3
0.80 25.75 2.62 —16.1
0.875 26.87 1.98 —-12.5
1.0 12.54 3.67 —14.9

The ¢ potential (ZP) was found to be strongly pH-
dependent. This is shown in Figure S6 in the Supporting
Information. At low pH, the ZP of BiOClg,sBry 1,5 is positive,
but above pH = 4, it is negative and linearly decreasing until pH
= 14. The ZP of pure BiOBr and BiOCl was recently measured
by Chang and associates.>* These authors observed the same
trend in the effect of pH on the ZP of these materials; however,
their values are different.

Adsorption and Photocatalytic Activity Measure-
ments Using RhB As a Substrate. Adsorption of the
substrate to the photocatalyst surface is considered a critical
step in photo-induced degradation processes.’**> We have
measured the adsorption of RhB to the BiOCLBr,_, alloys
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under dark conditions. Results are presented in Table 2 (% of
RhB adsorbed in 1 h under the given settings).

Table 2. Adsorption and Photocatalytic Decomposition of
RhB in the Presence of BiOCl Br,_,

% adsorption of RhB in ~ RhB decomposition under

formula the dark after 1 h visible light at t,,, (s)
BiOBr 14 810
BiOCly 50Bro. 6 540
BiOClyg,Bro 5 4 60
BiOCly 5sBroas 3 24
BiOCly 4oBry 0 3 23
BiOCly g75Brg 125" 1 17
BiOCly g75Brg 15 19 630
BiOCl 8 690

“CTAB and CTAC were used as halide sources. °NaCl and KBr were
used as halide sources.

The same table also displays the measured photocatalytic
activity of the BiOCLBr,_, alloys. This was calculated by
monitoring the degradation of aqueous Rhodamine B (RhB, 15
mg/L aqueous solution) under visible light (1 > 422 nm)
irradiation (see the Experimental Section for details). The
photocatalytic activity is expressed as the time needed for 50%
decomposition of 15 mg/L aqueous solution of RhB measured
by UV absorption. Complete conversion is eventually attained
in all these experiments. We could not fit the kinetic profile of
these reactions (see Figure 4) to a first-order rate law, which
was suggested in previous studies.”®

It can be concluded that the highest visible light photo-
catalytic performance is observed with BiOCLBr,_, alloy, where
x is 0.875. As described above, this composite is straightfor-
wardly prepared by controlling the initial molar ratio of CTAC/
CTAB in the preparation protocol. Remarkably, the observed
catalytic activity increases with decreasing degree of adsorption:
the more potent photocatalyst adsorbs hardly any amount of
RhB (1%). This could be rationalized by the masking effect of
the adsorbed substrate that obstructs the transfer of light to the
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Figure 4. (A) Time-resolved degradation of RhB in the presence of
BiOCly g75Bry 155 under irradiation of visible light (422—740 nm). (B)
Same as above, but the light was turned off after 40 s.

catalyst surface, thus impeding the photoactivation in experi-
ments in which a high degree of adsorption is observed.

Using BiOClyg,sBry 155 as a catalyst, we measured complete
destruction of RhB under the above conditions in 120 s. The
destruction is absolute, as can be seen in Figure S7 in the
Supporting Information. The kinetic profile of the degradation
process is shown in Figure 4 and in Figure S4 in the Supporting
Information. Figure S5 displays the slower RhB decomposition
using BiOCly 50Bry 5o as catalyst under identical conditions. The
photocatalytic activity of BiOCl;g,sBry 1,5 was maintained for
10 consecutive runs in which a fresh batch of RhB was added
each time after the previous batch was fully consumed within
120 s. Note that in the absence of a catalyst, the decomposition
of RhB under visible light is negligible. Interestingly, turning the
light source off in the course of the process (after 40 s) did not
terminate the decomposition progression. Slow decomposition
was monitored for more than additional 120 s. This is also
shown in Figure 4.

When a domestic 11 W PL bulb (placed 10 cm away from
the reaction mixture) was used as the light source, the same 15
mg/L RhB solution totally decomposed within 10 min in the
presence of BiOClyg;sBrg ;5. We confirmed that the micro-
scopic appearance of the catalyst particles and its XRD pattern
did not change after the 10 consecutive runs described above.
Moreover, used BiOCl47sBr 1,5 photocatalyst, which was kept
under ambient conditions for 4 weeks, was found to retain its
original activity. In addition, heating the latter alloy at 400 °C
for 4 h did not affect its room temperature photocatalytic
performance. To the best of our knowledge, the above rate of
RhB destruction under visible light irradiation is the highest of
any previously reported photocatalyst®®

Photocatalytic Destruction of Acetophenone Using
BiOCly g;5Bro.125 under Visible Light. The use of dyes as
reference substrates in photocatalysis was rejected by several
authors because of the possibility of dye sensitization.>”>*
Consequently, we have examined the photocatalytic decom-
position of the visible-light-transparent molecule acetophenone
(AP) in the presence of BiOClyg;sBrg 5. A 150 mg portion of
catalyst was mixed with 200 mL of water containing 150 mg/L
of AP under dark conditions for 90 min. Only 2% of the AP was
found to adsorb to the catalyst surface during this time. Visible
light (1 > 422 nm) was then applied, and the decomposition of
AP was monitored by following the UV absorbance of samples
taken from the reaction mixture (see Figure S8 in the
Supporting Information). The kinetic profile of AP decom-
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position is shown in Figure S. It is apparent that 93% of the
initial AP molecules were destructed in 3 h of irradiation.
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Figure S. Time-resolved degradation of AP in the presence of
BiOCly g7sBry 155 under irradiation of visible light (422—740 nm).

AP is sensitive to noncatalytic photolysis. We have tested the
photolysis of the above AP solution under visible light in the
absence of a catalyst and found that 21% of the material
decomposed within 3 h. We may safely conclude that the
greater part (70%) of the decomposition process resulted from
the photocatalysis.

Mechanistic Studies. In an attempt to identify the reactive
intermediates in the RhB photocatalytic process, we examined
the effect of common inhibitors on the RhB decomposition
rate. We could not substantiate the presence of any of the
expected reactive species, such as superoxide anion, hydroxyl
radical, or photogenerated holes or electrons. Running the
above experiment in the presence of benzoquinone (a
superoxide trap®”*®) or in the presence of terephthalic acid
or tert-butyl alcohol (hydroxyl radical scavengers*') did not
affect the rate of RhB decomposition. Addition of EDTA (a
strong hole scavenger*”) or AgNOj; (an electron trap®®) to the
photodecomposition process also had no apparent effect on the
reaction rate.

Another extraordinary feature of these catalytic alloys was
observed when the photocatalysis was carried out under a pure
oxygen atmosphere. It was realized that all the above
composites were far less active in RhB decomposition under
oxygen. On the other hand, under nitrogen atmosphere, the
decomposition rates were slightly higher. The performance of
BiOClg,5Bry 155 in RhB decomposition under pure oxygen and
under nitrogen is displayed in Figure 6. It is well-known that
the presence of oxygen is critical in photochemical systems for
the generation of superoxide anion radical.’” If oxygen retards
the photocatalysis and nitrogen enhances it, we may safely
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Figure 6. Degradation of RhB under visible light (422—740 nm) in the
presence of BiOClg,sBrg 5 under air, oxygen, and nitrogen.
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conclude that superoxide is not an intermediate in our process.
Since superoxide is also the evident intermediate in dye
photosensitization, we can also assert that the mechanism of
our system is, most likely, not based on dye photosensitization.

It seems that the reactive species operating in this light-
induced process are relatively long-living with halflife of
seconds and that they are not confined to the photocatalyst’s
surface. We hypothesize that halide or oxyhalide radicals might
be involved in the catalytic cycle. It could also be assumed that
the formed internal electric fields between the [Bi,0,]*
positive slabs and the halogen anionic slabs induce efficient
separation of photogenerated electron—hole pairs and thus
improve the photocatalytic activity. We may also presume that
the optical path length for light transporting through these
flowerlike microstructures may be longer than that for the
flakelike microplate samples. Thus, a longer optical path length
and multireflections could increase the quantity of photo-
generated electrons and holes available to participate in the
photocatalytic decomposition process. A detailed mechanistic
study of this system is now underway.

B CONCLUSIONS

The excellent photocatalytic activity of the nanostructured
flowerlike mixed bismuth oxyhalides of the general formula
BiOCI,Br,_, is evidently strongly dependent on the fabrication
protocol and the nature of the starting materials. The
challenging molecular mechanism, which apparently does not
consist of a dye sensitization step or oxygen radicals, is probably
unlike any previously known photocatalytic process and is still
to be deciphered.

B EXPERIMENTAL SECTION

Materials. All materials were purchased from Aldrich-Sigma
and were used without further purification.

Instruments. XRD measurements were performed on a D8
Advance diffractometer (Bruker AXS, Karlsruhe, Germany)
with a goniometer radius of 217.5 mm, Gébel Mirror parallel-
beam optics, 2° Sollers slits, and 0.2 mm receiving slit. A low-
background quartz sample holder was carefully filled with the
powder samples. XRD patterns from 5° to 85° 20 were
recorded at room temperature using Cu Ka radiation (4 =
0.154 18 nm) with the following measurement conditions: tube
voltage of 40 kV, tube current of 40 mA, step scan mode with a
step size 0.02° 26, and counting time of 1 s per step for
preliminary study and 12 s per step for structural refinement.
The instrumental broadening was determined using LaBg
powder (NIST-660a).

Morphological observations were performed with a HRSEM
high resolution scanning electron microscope Sirion (equipped
with EDS LN2 detector, Oxford instruments, UK).

The particle size was measured using a Malvern Instruments
Mastersizer 2000 particle size analyzer.

The { potential was measured using a Malvern Instruments
Zetasizer Nano ZS.

The surface area and pore radius were determined by the N2
BET method (NOVA-1200e).

Preparation of BiOClyg;5Brg125. Deionized water (85
mL), glacial acetic acid (45 mL), and bismuth nitrate (14.69 g,
30 mmol) are placed into a 250 mL flask and stirred at room
temperature for 15 min until a clear, transparent solution is
formed. Then CTAB (1.378 g dissolved in 10 mL of water, 3.5
mmol) and CTAC (8.48 g of 25 wt % aqueous solution, 26.5
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mmol) are added to the above solution in one batch, and the
mixture is stirred for an additional 30 min at room temperature.
The precipitate thus formed is filtered and washed five times
with ethanol (50 mL) and five times with water (200 mL) to
remove the nonreactive organic species. The white solid is then
dried (in air) and is ready for use. The weight of the solid
collected was 10.5 g (94% yield)

The product exhibits an X-ray powder diffraction pattern
having characteristic peaks at 12.04, 25.86, 32.56, 46.68, and
58.40 26 (£0.05 26). The average particle size was 1.98 um;
the surface area (BET), 26.87 m”/g; and the pore radius, 24 A.

Adsorption and Photocatalytic Experiments. Experi-
ments were carried out in a 250 mL cylindrically shaped glass
reactor at room temperature under air and at neutral pH. A
suspension of 150 mg of catalyst in 200 mL of aqueous solution
of RhB (15 mg/L) was magnetically stirred in the dark for 1 h.
After filtration, the amount of RhB adsorbed was measured by
UV absorption of the solution. The same procedure was used in
the photocatalytic experiments. The mixture was irradiated by a
300W Xe arc lamp (Max-302, Asahi spectra). Power
consumption of Max-302 was 500 VA.

For visible light experiments, a 422 nm cutoft filter was used.
The light intensity was fixed at 70 mW/cm?, and the reactor
was placed 10 cm away from the light’s source mirror. At
specific time intervals, 5 mL samples were taken and
centrifuged at 6000 rpm for 10 min to remove the
photocatalyst particles. The concentration of the remnant
RhB solution was assayed with a UV—vis spectrophotometer
(Varian EL-03097225) by recording the variations of the
absorption band maximum at 4 = 554 nm.
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