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ABSTRACT: A novel nanocomposite material made of two-
dimensional BiOCl nanoplates assembled into highly porous
titania has been successfully prepared following a facile sol—gel
reaction. Both the TiO, (anatase) and BiOCIl components are
crystalline as demonstrated by X-ray diffraction and transmission
electron microscopy analyses. TiO, exhibits a highly porous
network and possesses a small crystallite size, whereas BiOCI forms
micrometer-sized plates with nanometer thicknesses. Aqueous photocatalytic activity tests with this novel material have been
performed on photodegradation of Rhodamine B under ultraviolet—visible light irradiation. Interestingly, the attachment of the
BiOCI nanoplates to the TiO, network significantly enhances the photocatalytic activity of the material compared to that of pure
TiO, due to the formation of BiOCl/TiO, heterojunctions. Thus, this pertinent synergistic combination of TiO, and BiOCI
proves to be a promising strategy for the large-scale production of a new generation of photocatalysts with excellent properties
for the degradation of organic pollutants.
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1. INTRODUCTION

Photocatalytic degradation as a wastewater treatment repre-
sents a promising approach for “green” environmental
remediation.' ™ Since Fujishima and Honda reported in 1972
the use of titanium dioxide as an electrode,” TiO, has become
one of the most commonly used photocatalysts for the
treatment of organic pollutants in water because of its chemical
inertness, photostability, low-cost fabrication, and nontoxic-
ity.>”” When illuminated with appropriate light sources in
aqueous solutions, the photocatalyst generates electron—hole
pairs, which initiate different chemical reactions and, therefore,
produce the hydroxyl radical (OH®) and superoxide anions
(0*7) responsible for the photoactivity.® However, as a
semiconductor with a large band gap (~32 eV; 4, < 380
nm), TiO, presents a relatively low quantum efficiency in the
visible wavelength range that limits its outdoor application
(only 4% of the solar spectrum). Also, a high recombination
rate of photoinduced electron—hole pairs often occurs in TiO,
because of the overlap between the excitation and emission
bands.

From the viewpoint of practical use, in the past several years
great effort has been spent to improve the photocatalytic
efficacy of TiO, by doping it with suitable secondary
components. This makes the resulting material appealing for
clean, affordable, and abundant solar energy.” Many reports
have shown how the photocatalytic properties of TiO, can be
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significantly influenced by the addition of different amounts of
metallic or metal oxide species.lo_13 Interestingly, there have
been several studies of the photocatalytic properties of Bi-
doped TiO, composites under ultraviolet (UV)—visible light
irradiation.’*™'® At the same time, bismuth oxychloride
(BiOCl), considered one of the most important bismuth
oxyhalides, has also attracted an enormous amount of attention
within the scientific community because of its excellent catalytic
and photoluminescent properties,'’’ hence finding numerous
uses as a photocatalyst."*™>° BiOCI crystallizes in the P4/nmm
tetragonal space group and has a layered structure consisting of
[Cl-Bi—O—Bi—Cl] sheets held together by the nonbonding
interaction through the Cl atoms along the c-axis.”' Among all
the different BiOCI nanostructures, two-dimensional (2D)
BiOCl nanoplates and nanosheets are greatly important
because they typically exhibit high crystallinity, large surface
areas, and structural anisotropy. However, this material is still
hard to synthesize, and developing it through an environ-
mentally friendly route remains a challenge. Because of the
properties of BiOCl and TiO,, it is envisaged that a
nanocomposite consisting of these two materials could hold
promise for advanced photocatalytic applications. Additionally,
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compared to the bulk, porous TiO, (PT) could be potentially
beneficial for enhancing the diffusion of reactants and, as a
consequence, enhancing the photocatalytic activity.”>~>’

In this study, we report for the first time a direct and facile
growth method that yields 2D BiOCI nanoplates assembled
into a highly porous TiO, network (BiOCI-PT) and its
characterization. This system exhibits a powerful and efficient
aqueous photocatalytic activity under UV—visible light
irradiation for the degradation of Rhodamine B (RhB), proving
the synergetic effect between BiOCl and TiO,.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. A two-step hydrothermal synthesis
route was conducted to produce the BiOCl/TiO, nanocomposite. In
brief, 10 mL of tetrabutyl orthotitanate {Ti[O(CH,);CH,],, Aldrich,
97%} was dissolved in 50 mL of n-butyl alcohol, and then the solution
was added dropwise to 40 mL of distilled water at pH 2 (using nitric
acid, Aldrich, 69%). After the reaction mixture had been continuously
stirred for 10 h at room temperature, a first hydrothermal treatment
was applied in a sealed container at 80 °C for 4 h. In another beaker,
3.7 g of P123 {HO(CH,CH,0),,[CH,CH(CH;)-
0],0(CH,CH,0),,H, BASF, 99%} was dissolved in 50 mL of distilled
water. The TiO, precursor solution, once cooled to around 50 °C, was
added dropwise to the P123 solution at 50 °C while being vigorously
stirred. Immediately afterward, a solution containing 2.7 g of BiCl; in
100 mL of 1.2 M HCI was also added dropwise. The resulting mixture
was stirred at 50 °C for 2 h, so that the P123 micelles could fully
interact with the TiO, seeds and the BiOCl Finally, a second
hydrothermal treatment was conducted at 100 °C for 20 h. The
resultant white powder was recovered by evaporation of the solution at
75 °C, introduced in a crucible, and then placed in a tubular furnace
for calcination. The furnace temperature was increased to 450 °C at a
rate of 1 °C min™' and held at this temperature for 4 h under
atmospheric conditions. At the end of this process, the furnace was
slowly cooled to room temperature, and the resulting BiOCI-PT
composite was collected. For the purpose of comparison, pure porous
titania (PT) was also synthesized, following nearly the same synthetic
procedure, except for the addition of the BiCl; compound.

2.2. Characterization. The morphology and chemical composi-
tion of the materials were investigated by high-resolution transmission
electron microscopy (HRTEM) using a Jeol-JEM 2011 system
operated at 200 kV and field emission scanning electron microscopy
(FE-SEM) using a Merlin Zeiss microscope operated at 2 kV,
equipped with energy dispersive X-ray (EDX) compositional analysis.
Samples for TEM observations were prepared by dispersing a small
amount of powder in ethanol, and then one or two drops of the
suspension were placed onto a holey carbon grid. For FE-SEM
characterization, the powders were spread onto carbon tape and
directly imaged under the electron beam. Specific surface area analyses
were performed using a Micrometrics Tristar 3000 instrument at
196.15 °C after the powders had been degassed at 135 °C for 1 h and
subsequently at 350 °C for 4 h. Wide-angle X-ray diffraction (XRD)
patterns were collected on a Philips X'Pert diffractometer in the 20
range of 20—80° (step size of 0.03°, step time of 10 s) using Cu Ka
radiation. The structural parameters (crystallite size, microstrains, and
cell parameter) were evaluated by fitting the full XRD patterns using
the “Materials Analysis Using Diffraction” (MAUD) Rietveld refine-
ment software.”®>° The MAUD software uses the Rietveld method to
obtain structural information about the sample by fitting the entire
XRD pattern, thereby overcoming the problem of peak overlap and
allowing the maximal amount of information to be extracted. For
crystallite size and microstrain determination, MAUD used the Delft
model.>"** Crystallite sizes and microstrains are determined from the
pure diffraction profile, f(x). A good approximation of f(x) is obtained
using a Voigt function, which can be written as a combination of a
Cauchy (related to crystallite size) and Gaussian (related to
microstrains) functions. The program can also quantify stacking faults,
based on Warren’s formulas.>® Thermogravimetric (TGA) and
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differential scanning calorimetric (DSC) (TGA 7 and DSC 7,
respectively; PerkinElmer) analyses were conducted under an air
atmosphere, at a rate of 10 K min™' from 25 to 500 °C. The sample
weight was ~10 mg.

2.3. Evaluation of Photocatalytic Activity. The photocatalytic
activity of the materials (PT, BiOCI-PT, and commercial BiOCI) was
evaluated by decolorization of a 10 ppm Rhodamine B (RhB) aqueous
solution (Alfa Aesar, 98%, without further treatment). RhB was
selected as model organic dye as it is one of the most common
xanthene dyes in the textile industry, presents good stability as a dye
laser material, and is used as a biological stain. RhB is highly soluble in
water and organic solvents, and its color is fluorescent bluish red. The
photodegradation of RhB is important with regard to the purification
of dye effluents. Solutions were prepared by adding 0.3 g L™" catalyst
to be tested to 10 mL of the RhB solution. In addition to this, in each
experiment, a blank RhB solution (without catalyst) was used as a
control and reference test. The reaction cells were placed in a
SwiftCure IB-450 irradiation cabin equipped with a mercury lamp.
Following the recommendations given by the ISO 10678:2010
standard, suitable cutoff filters were used to limit the wavelength
radiation and avoid direct photolysis of the dye. The average light
intensity used was 220 W, and the wavelength ranged from 320 to S00
nm. The photocatalytic experiments were conducted under continuous
magnetic stirring at a constant temperature of 29 °C.

After the suspensions had been conditioned for 40 min in dark to
reach adsorption—desorption equilibrium, the light was turned on to
initiate the reaction. Experiments were then conducted under UV
irradiation for an overall time of 180 min. The red color of the solution
faded gradually with time because of the decomposition of RhB.
Aliquots were withdrawn regularly (at 0, 15, 30, 60, 120, and 180 min)
from the reaction, and the dispersed powder particles were removed
with a centrifuge. The supernatant solutions were then tested with a
UV—vis spectrophotometer (Shimadzu UV-1603) by measuring
absorption spectra of RhB (1 = 554 nm) as a function of irradiation
time. The photocatalytic activity of the catalysts was calculated as C/
C,, where C, is the concentration of the test solution of RhB before
irradiation and C is the concentration of RhB after irradiation. The
optical diffuse reflectance spectra were measured at room temperature
using the same UV—vis instrument equipped with an integrating
sphere attachment using NaF as a reference.

3. RESULTS AND DISCUSSION

3.1. Morphological and Structural Characterization.
Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed on the reaction mixture
prior to calcination to evaluate the temperature at which TiO,
begins to crystallize and P123 is removed (Figure 1). Between
100 and 120 °C and between 135 and 185 °C, small
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Figure 1. TGA (—) and DSC (---) data for the BIOCI-PT precursor at
10 K min™%,
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endothermic peaks are detected as a result of the evaporation of
water and butanol (solvent from the synthesis), respectively.
The TGA curve shows a decrease in mass of &5% at 170 °C.
Two endothermic peaks appear around 288 and 300 °C, which
correspond to the oxidation of the block copolymer agent
(P123) and the formation of TiO,. This is accompanied by a
further decrease in the TGA curve of ~#37% in mass. Therefore,
a calcination temperature of 450 °C was selected to ensure both
the transformation of the precursor into TiO, and the complete
removal of the P123 template. Higher temperatures were not
considered to avoid BiOCI decomposition.**

X-ray diffraction (XRD) analysis was conducted to
investigate the crystallographic structure of the prepared
samples. XRD patterns of (a) pure porous TiO, (PT), (b)
commercial BiOCI (for the purpose of comparison), and (c)
BiOCl/TiO, nanocomposite (BiOCI-PT) samples are shown in
Figure 2. As expected, the most predominant phase in curve a is
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Figure 2. XRD patterns of (a) porous TiO, (PT), (b) commercial
BiOCl, and (c) BiOCl/TiO, nanocomposite (BiOCI-PT) samples.
Note that B denotes the brookite phase.

tetragonal anatase (JCPDS Card No. 84-1286), along with a
small contribution of the brookite phase (JCPDS Card No. 76-
1937), as noted from the presence of a reflection located at
30.7°. The peaks are rather broad, confirming the nanocrystal-
line nature of the sample. Commercial BiOCI (curve b) exhibits
the typical pattern for pure tetragonal BiOCI (JCPDS Card No.
06-0249), featuring sharp and narrow reflections. The as-
prepared nanocomposite (curve c) consists of a mixture of
TiO, anatase and BiOCI phases. Some of the BiOCl reflections
are superimposed to the anatase peaks. The peaks located at
24.2°, 34.8°, and 36.6° on curve c correspond to the (002),
(012), and (003) crystalline planes of the BiOCI structure,
respectively. These peaks are characteristic of lamellar
structures. Moreover, all the BiOCI reflections are rather
narrow, as for the commercial BiOCI powder, thus confirming
the presence of well-crystallized BiOCl in the composite as well
as its favored growth along the [110] orientation to form very
thin layers.>> No other phases have been found in the XRD
pattern of the BiOCI-PT nanocomposite. Interestingly, the
brookite peak located at 30.7° is no longer visible, which
suggests that the TiO, component consists of only the anatase
phase. Actually, a decrease in the amount of the brookite phase
has been observed in doped TiO, powders compared to that in
pure TiO,."> The obtained results prove both the high purity of

the BiOCI-PT nanocomposite and the lack of appreciable
chemical reaction between BiOCl and TiO, components. The
full XRD patterns were Rietveld fitted, and the crystallite size
(average size of the coherent scattering domain) and
microstrains for each phase are listed in Table 1. The crystallite

Table 1. Average Crystallite Sizes and Microstrains for Each
Phase Present in the XRD Patterns of PT, Commercial
BiOC], and BiOCI-PT Samples Determined by Rietveld
Fitting

sample phase (D) (nm) (EHV? (£107%)
PT TiO, anatase 11 +2 6% 1073
TiO, brookite 7+2 8§ x 1073
commercial BiOCI BiOCl 150 + 10 8 x 107*
BiOCI-PT TiO, anatase 8 +2 5% 1073
BiOCI 120 + 10 5% 1073

sizes for the TiO, component are in the range of 7—11 nm for
both PT and BiOCI-PT samples, whereas the crystallite size of
the BiOCl phase in BiOCI-PT sample is much larger (120 nm)
and comparable to that of commercial BiOCI powder.
FE-SEM imaging was used to study the surface morphology
of the BiOCI-PT composite. Figure 3 shows images of the
BiOCI-PT composite particles at different magnifications. The
composite particles are rather large, being tens of micrometers
in size (Figure 3a). The arrows point to a few BiOCl nanoplates
that are visible from the outer surface of a particle. The BiOCl
nanoplates are strongly stacked to the highly porous TiO,
network, as shown in Figure 3b, not only to the outermost

Figure 3. FE-SEM images of the BiOCI-PT composite showing (a) a
typical composite particle and (b and c) magnified details of the
composite particles in which the highly porous character of the TiO,
material and the distribution and shape of the BiOCI nanoplates can
be appreciated. The arrows point to BiOCI nanoplates stacked to the
TiO, network.
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surface of the particles but also to their interior. As shown in
Figure 3¢, TiO, is highly porous and the BiOCl nanoplates
have widths ranging from 1 to 4 um and thicknesses ranging
from 100 to 300 nm. EDX mapping (Figure 4) shows the

Ti

Figure 4. EDX mapping distribution of Ti, O, Bi, and Cl elements
taken on a detailed region of the BiOCI-PT composite.

presence of titanium coming from the TiO, framework as well
as bismuth and chlorine elements coming from the BiOCI
nanoplates. The oxygen signal is larger in the TiO, region. The
atomic ratio between Bi and Ti is ~0.3, which is close to the
atomic ratio of the precursor solution.

HRTEM provided additional structural information concern-
ing the in situ growth of the BiOCI nanoplates within the titania
network. Panels a and b of Figure § reveal that the as-prepared
nanocomposite is composed of well-distributed 2D BiOCl
nanoplates well assembled into the porous TiO, structure. A
close-up image of a single BiOCl nanoplate reveals its high
crystallinity (Figure Sc), and the same holds for the TiO,
network (Figure Se). The selected area electron diffraction
(SAED) pattern acquired from an individual BiOCI nanoplate
(Figure Sd) shows a regular and clear square diffraction spot
array with lattice spacings matching those of (113) and (012)
planes, demonstrating the existence of the BiOCl tetragonal
structure, which, in turn, is in agreement with the XRD results.
The SAED pattern taken on the TiO, regions (Figure Sf)
shows diffused lattice fringes, with an interplanar distance of
0.34 nm corresponding to the (101) d spacing of anatase TiO,,
confirming its nanocrystalline nature. Furthermore, it is clearly
seen that the BiOCI has grown into close contact with the TiO,
matrix, providing a tightly packed heterojunction structure.

The specific surface area of pure TiO, (PT) is 161 m* g~
and decreases slightly to 117 m* g~' when BiOCl is stacked to
the TiO, network. This can be ascribed to the presence of the
nonporous oxychloride chunks that partially shield the porosity
of TiO,. Nevertheless, the BiOCI-PT nanocomposite has a
surface area more than 2 times larger than that of the
commercial titania termed Degussa P25 (56 m® g_l).36 Such
BiOCI-PT structure with a large surface area and three-
dimensional connected pore framework could play an
important role in catalyst design because of their potential
capacity to improve the molecular diffusion of reactants and
products.

3.2. Photocatalytic Activity. The photocatalytic perform-
ance of the materials was evaluated by comparing the
degradation rate of RhB under UV—visible light irradiation
(320 nm < 4 < 500 nm) at a working temperature of 29 °C,
after the adsorption—desorption equilibrium was reached
(Figure 6).

As shown in Figure 6 (red line), the concentration of RhB
decreases linearly with time in the presence of PT, reaching a
removal ratio of 64% after exposure for 3 h. With regard to

(d) -

.

(1°13) ; : (012)

Figure S. (a and b) HRTEM images at different magnifications of the
BiOCI-PT composite. HRTEM image of (c) an individual BiOCI plate
and (d) its corresponding SAED pattern. HRTEM image of (e) the
TiO, region and (f) its corresponding SAED pattern.
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Figure 6. Decrease in RhB concentration over time of the pure RhB
aqueous solution (black) in the presence of PT (red), BiOCI (green),
and BiOCL-PT (blue) photocalysts.

commercial BiOCI, the photoactivity of this compound is lower
than that of TiO,; i.e., a maximal removal ratio of 21% was
attained after the same exposition time (Figure 6, green line).

This low photodegradation activity is probably due to both the
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wide band gap of BIOCI*” (~3.29 V) and its low solubility and
porosity. Interestingly, BIOCI-PT (Figure 6, blue line) shows a
photoactivity higher than those of PT and BiOCI because the
concentration decay after 3 h is 86%. A control test without
catalysts (Figure 6, black line) under UV-—visible light
irradiation showed that the photolysis of RhB was negligible
in their absence.

The rate constants for the degradation of RhB in the
presence of PT and BiOCI-PT were determined, assuming
pseudo-first-order reaction kinetics***°

ln(EJ = —kt
Co (1)

where k is the rate constant. The values of k were derived from
the slope of plots of In(C/C,) versus time (t) shown in Figure
7. As shown in the figures, the fitting of experimental data gives

In(C/C,)

o PT
BiOCI
12F 4 BiOCHPT
_1 4 | " 1 " | " 1 L 1 L 1 L 1
0 30 60 90 120 150 180

Time / min

Figure 7. Plot of In(C/C,) of RhB concentration vs time for PT (red),
BiOClI (green), and BiOCI-PT (blue) photocatalysts. The slope of the
fitted line refers to rate constant k.

Table 2. Obtained Values of Rate Constants

sample k (min~")
PT 0.0042
BiOCl 0.0011
BiOCI-PT 0.0073

a good correlation. The determined rate constants (Table 2)
confirm the enhanced reactivity of BiOCI-PT compared to
those of PT and BiOCl Our results are in agreement with
those of Cai et al., who also observed an enhancement of the
photocatalytic activity toward methyl orange and pentachlor-
ophenol in BiOCl nanosheets grafted onto TiO, tubular
arrays.*® The rate constant of our BiOCI-PT sample is higher
than that observed in the degradation of RhB using
nanocrystalline TiO,-zeolite composites with similar surface
areas and TiO, crystallite sizes (k = 0.0040—0.0057 min~').*!
The same is true when the comparison is made with single-
phase BiOCl. For example, BiOCl nanowire arrays exhibited a
rate constant (k) of 0.0067 min~' in the decomposition of
RhB,** which is an interesting result bearing in mind that the
BiOClI plates of our work have comparatively larger crystal
sizes.

According to the BET results previously reported, the
enhancement of the photocatalytic activity of BIOCI-PT cannot
be ascribed to an increase in the specific surface area (which
decreases for BiOCI-PT compared to that of PT). On the other
hand, the change in the crystalline structure from a brookite/
anatase mixture (PT) to almost only anatase (BiOCI-PT)
should also be detrimental to the catalytic activity.* Instead,
the observed higher efficiency of the decomposition of RhB can
be mostly attributed to the formation of a heterojunction
between the two components of the catalyst, BiOCl and
TiO,.** The decrease in the crystal size of the anatase TiO,
from 11 to 8 nm in the composite could also exert a positive
effect. It is known that the photocatalytic activity is sensitive to
the crystallite size; higher activities are typically achieved for
smaller crystal sizes.”>~*" Scheme 1 shows the most probable

Scheme 1. Most Probable Relative Energy Band Positions
between Bulk BiOCI and TiO,”

0,

J
ﬁ

“SHE denotes the standard hydrogen electrode. Photogenerated
electrons (—, green) and photogenerated holes (+, purple).

V(SHE)

relative energy band positions between bulk BiOCl and TiO,.**
Both the conduction band minimum and valence band
maximum of BiOCl are more positive than those of TiO,.
Under light irradiation, electron—hole pairs can be produced in
both BiOCl and TiO,. Because of the driving force that arises
from the difference between the conduction band edges of the
two semiconductors, the electrons in TiO, are transferred to
BiOCl [photogenerated electrons, €y (— in Scheme 1)].
Later, the holes [photogenerated holes, h,." (+ in Scheme 1)]
in BiOCl are guided toward TiO, because of the difference
between the valence band edges of the two semiconductors.
Therefore, the heterostructures created in the BiOCI-PT
nanocomposite probably favor the separation of electrons and
holes, together with the inhibition of its recombination, which
might make a great contribution to the improvement in the
photocatalysis efficiency.

In terms of reaction, the h," can oxidize H,O near the
surface of the TiO, to create hydroxyl radicals (eq 1):

+ + .
hPg + H,0 - H" + OH (1)

On the other hand, the e,,~ can reduce O, to form radicals
(0,°7) in eq 2 and further form relatively stable species of
H,0,:

epg_ +0, > 0,°” )

All these “in situ” generated active radicals can degrade the
organic molecules present in the medium.

dx.doi.org/10.1021/am5033549 | ACS Appl. Mater. Interfaces 2014, 6, 13994—14000
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The rather high specific surface area of BiOCI-PT likely
provides active sites and allows the reactive molecules to easily
diffuse through the pores during photocatalytic degradation.
Moreover, the pores present in BiOCI-PT nanocomposite can
serve as light-transfer paths for the distribution of photo energy.
In this way, the light activation can be enhanced and, in turn,
improve the photoabsorption efficiency of the catalyst.

Finally, the photocatalytic activity is closely related to the
absorption capacity of the photocatalysts. Thus, the UV—vis
diffuse reflectance spectra of PT, BiOCl, and BiOCI-PT were
obtained and converted to the visualized absorption spectra
shown in Figure 8. The absorption spectra of the three
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Figure 8. UV—vis absorption spectra of PT (red), BiOCI (green), and
BiOCL-PT (blue) photocatalysts.

photocatalysts displayed stepped curves. The absorption
spectra of PT and BiOCI exhibit absorption edges at 395 and
360 nm, respectively, from which the absorptions of the
photocatalysts sharply decline. On the other hand, the
absorption of the BiOCI-PT photocatalyst shows a similar
band on the UV range, but the absorption remains >0.5 in the
entire UV—vis region. These results indicate that unlike PT and
BiOCl, the BiOCI-PT photocatalyst exhibits UV—visible light
photoabsorption ability, thus making it a smart candidate as a
visible light photocatalyst.

4. CONCLUSIONS

The successful preparation of BiOCI nanoplates inside highly
porous TiO, (BiOCI-PT nanocomposite) has been achieved
through a simple sol—gel reaction of tetrabutyl orthotitanate
with bismuth(III) chloride. Characterization of the photo-
catalysts by SEM, HRTEM, XRD, and BET measurements
indicated a high degree of porosity as well as a good
distribution and high crystallinity of the BiOCI and TiO,
components in the nanocomposite. Aqueous photocatalytic
activity tests with RhB under UV-—visible light irradiation
revealed that BiOCI-PT exhibits a photocatalytic activity higher
than those of pure TiO, and BiOCl components. These new
findings prove that combining BiOCl with TiO, is a convenient
strategy for developing highly efficient visible light-responsive
photocatalysts and could thus become a smart solution for
wastewater treatment.
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