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In this work, we have synthesized composites of BiIOCl with carbon nanotubes (CNTs) via a hydrothermal

method. Different compositions of CNTs were used to study their influence on the physicochemical

properties of BIOCL. Based on the interesting results obtained, various significant correlations were made.

This study explored how use of CNTs and different hydrothermal crystallization conditions can influence
the photocatalytic activity of composites. The CNTs have an impact on the primary crystallite size and
morphology of BiOCLl. Also, a higher degree of crystallization was obtained in the case of samples

containing CNTs. However, in some cases, the synthesis parameters such as high temperature and

longer duration also promoted crystallinity in BIOCI/CNT samples. Further, the samples were investigated

for their photocatalytic activity to study the photodegradation of RhB and phenol, as model pollutants,
under visible and UV light, respectively. The maximum degradation efficiency of 83% for RhB under
visible light and almost 40% for phenol under UV light was obtained using BIOCI/CNT composites.
Surprisingly, pure BiOCl showed higher performance for the removal of both the pollutants. This is why

some comparisons and correlations between the structural and optical properties of BiOCl and CNTs

were made. Finally, this study illustrates how a nanostructure like conductive multiwalled carbon
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nanotubes can sometimes have detrimental effects on the overall photocatalytic properties of

a photocatalyst like BiOCl under certain conditions. Therefore, understanding the synergy between
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1. Introduction

Bismuth oxyhalides (BiOX, X = Cl, Br, I) are a relatively new
class of visible light active photocatalyst and show a narrow
band gap energy, except for BiOCI which has a wider band gap
energy." They have a unique layered structure that plays
a significant role in extending their light-harvesting ability
(from the UV to visible region).> There has been a tremendous
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physico-chemical properties of BiOCl and nanostructured-modifiers like CNTs could help in designing
a photocatalyst system which could benefit wastewater treatment.

amount of research devoted to BiOX after the first study of
BiOCI concerning the photodegradation of methyl orange in
2006 by Zhang et al.® The applications cover a broad spectrum in
the field of photocatalytic energy conversion and environmental
remediation, such as hydrogen production by solar water
splitting,* indoor-gas purification,® photocatalytic wastewater
treatment,® photodegradation of pesticides” and other volatile
organic compounds (VOC)® and nitrogen fixation.® All BiOX
crystallizes into tetragonal matlockite structure which consists
of Bi,O, slabs interleaved by double halogen atom slabs form-
ing a layered structure.

BiOCl is one of the novel and promising candidates among
other BiOXs. However, BiOCl has a wide band gap (~3.2-3.4 V)
which is quite close to TiO, (e.g.: ~3.0-3.2 eV). This popular
photocatalyst also has a wide band gap, therefore, such photo-
catalysts are UV-active." Nevertheless, dye-sensitized BiOCI
showed good response for the photodegradation of RhB under
visible light.*® The removal of dyes is widely reported and does
not seems to be as challenging as is the case for pollutants like
phenol, salicylic acid or oxalic acid etc.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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A number of factors are known to influence the photo-
catalytic response of the semiconductor material, such as
synthesis parameters, structural, morphological and optical
properties, pH, source of light and its intensity and so on. Most
of the work found in literature focuses on enhancing the pho-
tocatalytic activity of the material and very few studies have
reported the fundamental correlations between the perfor-
mance of photocatalyst and its properties. This is a very
important area to study as it gives the background information
about the behavior of the material and how certain parameters
can influence its properties. Not only this, the prior knowledge
of correlations between its properties like structural or optical,
with the photocatalytic behavior of the semiconductor would
help the researchers in designing the novel photocatalysts with
the desired characteristics. One such work was carried out by
our research group that studied the effect of solvothermal
synthesis conditions (temperature and time) on morphology and
crystallinity of BiOX and their impact on the photocatalytic
activity."* Likewise, other study by Qian et al. reports the synergistic
effect between the magnetic core Fe;O, that facilitated the inter-
facial charge transfer process and core shell of BiOL'*> The present
study was also intended to fulfill such gaps since majority of the
studies are concerned on modifying the morphological or struc-
tural aspects of the photocatalyst which includes modification
with the shape and size of the nanomaterials by using certain
shape-tailoring agents or in some cases, facet-dependent synthesis
(for e.g. in case of BiOCl), or introducing some structural
defects.*** The work of Adriana et al. on the effect of different
synthesis conditions on the photocatalytic activity of BiOCl show
significant findings.” The author reported the removal of gallic
acid by BiOCI and further describes the dependence of physico-
chemical properties and photocatalytic efficiency of BiOCl on the
synthesis temperature conditions. This shows how changes in
synthesis conditions can have substantial effect on the overall
performance of a photocatalyst.

Talking about crystallization factors influencing the photo-
catalytic behavior of the photocatalyst, some other parameters that
can affect the properties of a photocatalyst is the addition of
compounds that acts as a modifier. For instance, addition of
carbonaceous materials (for e.g. carbon nanotubes-CNTs). For long,
CNTs have benefitted several photocatalysts, including TiO, and Bi-
based photocatalysts, in terms of extending their light-harvesting
response from UV to visible light region.”>'® CNTs due to their
good electrical conductivity and adsorption of reactants, acts as an
electron sink or as a photosensitizer. For instance, in a study of
multiwalled carbon nanotube, TiO, and Ni composite catalyst
(MWNT-TiO,:Ni) by Ou and coworkers, MWCNT acted as a photo-
sensitizer by absorbing the light and transporting the photo-
generated electrons into the conduction band of TiO, particles and
further to isolated Ni particles which reduced the water molecules
to H,."” By virtue of their high specific surface area, hollow layered
structure and presence of delocalized m-electrons, CNT facilitated
in enhancing light absorption capacity and charge transportation
phenomena. They are known to accelerate the electron transfer
and thereby suppressing the recombination process. Nonetheless,
this is not always the case. For instance, in our previous study of
BiOBr/CNT composites, we observed that CNT was not

© 2021 The Author(s). Published by the Royal Society of Chemistry
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contributing fully to the high photocatalytic activity for phenol
rather other factors were dominant in some cases and suppressed
the action of CNTs.” Our research group has also studied the
optimal content of MWCNT in TiO,/MWCNT composite that
resulted in enhanced photodegradation of both phenol and oxalic
acid.” Similarly, several other reports in literature could be found
on effect of MWCNT on overall photocatalytic efficiency of
BiO 19,20‘

Until now, none of the reports so far has ever reported any
kind of correlations between the CNTs amount, structural and
optical properties of BiOCl with its overall photodegradation
efficiency. In this work, we have synthesized composites of
BiOCl with CNT and further studied the influence of three key
factors, crystallization temperature, time and CNT amount on the
physicochemical properties of BiOCI/CNT composite. Based on the
results, different correlations were made. Further, we have inves-
tigated the effect of CNTs on the overall photocatalytic efficiency of
BiOCl/CNT composites for the removal of phenol under UV and
rhodamine B (RhB) under visible light irradiation.

2. Experimental

2.1. Materials

Bismuth nitrate pentahydrate [Bi (NO;);-5H,0] (Sigma-Aldrich,
98.0%), glacial acetic acid (Molar Chemicals Ltd., 100%),
potassium chloride (Molar Chemicals, 99.7%), functionalized
carbon nanotubes (Nanothinx S. A., Greece), Phenol (VWR extra
pure, 100%) and RhB from Alfa Aesar (no purity data given). All
the reagents were of analytical grade and used without further
purification. Deionized water was used for the entire study.
Methanol of HPLC-grade was used for HPLC measurements to
prepare the necessary eluent for the analysis.

2.2. Methods

Synthesis of BiOCl and BiOCI/CNT composites. In the
synthesis, two solutions (A and B) were used. For solution A, 3 g
Bi(NOs);-5H,0 was dissolved in 3 mL glacial acetic acid under
continuous magnetic stirring and heated to ~45 °C to speed up
the solubilization process. After this, a clear solution was ob-
tained and thereafter the calculated amount of CNTs were
added followed by 25 mL of deionized water and the suspension
was ultrasonicated for an hour. The desired composition of
CNTs in BiOCl were made 0.5 wt%, 1 wt% and 2 wt%. For
solution B, 0.46 g of potassium chloride was dissolved in 25 mL
deionized water and mixed thoroughly. Then, solution B was
added dropwise to solution A under continuous magnetic stir-
ring. The mixture was stirred for another 30 minutes. A white-
colored suspension was obtained which was then transferred
to a 120 mL Teflon-lined® stainless-steel autoclave and sub-
jected to the desired heat treatments at different temperatures
(120 °C & 150 °C) and time intervals (4.5 hours and 6.5 hours, in
both cases of temperature values). The mixture was then cooled
down naturally to room temperature and the product was
collected and washed with ethanol and deionized water, three
times each and dried in an oven around 40 °C overnight.
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For the synthesis of BiOCl reference samples (without CNTSs),
the process was same as described above. The total number of
samples prepared were 16, out of which 4 were the reference
sample BiOCl (one each from different synthesis conditions)
and rest 12 were composites with CNT (BiOCI/CNT).

2.3. Characterization

The samples were characterised using X-ray diffraction to study the
phase compositions and crystal orientations. A Rigaku Miniflex II
diffractometer, X-ray diffraction, with the following measurement
conditions was used: 26° = 10-80°, A (Cu Ka) = 0.15406 nm, 40 kv
and 30 mA. The primary crystallite size (d) was calculated by using
following well-known Scherrer equation:

d=kA + Bcosb

where, k is the shape factor constant, usually in the range of 0.8-1.2
(typically taken value is 0.9, in case of spherical particles or if shape
information is unknown), A is the X-ray wavelength, 6 is the Bragg
angle and ( is the peak width at full width at half maximum
intensity (FWHM) of the peak in radians, also known as line
broadening and can be calculated as 8 = 85 — 6o, where 8¢ and G,
are XRD peak half-widths of the sample and of the silicon standard.

Morphological analysis was carried out using Scanning
Electron Microscopy (SEM), Hitachi S-4700 Type II SEM and
Transmission Electron Microscopy (TEM). During SEM
measurements, the electron beam was produced using a cold
field emission gun applying 10 kV acceleration voltage. For TEM
measurements, the as-prepared samples were examined by
high-resolution transmission electron microscopy (HRTEM, FEI
Tecnai G2 electron microscope, 200 kV) to explore the
morphology and particle size of the nanocomposites. Sample
preparation was made by dropping an aqueous suspension of
the nanocomposites on 300 mesh copper grids (lacey carbon,
Ted Pella Inc.). N, adsorption-desorption measurements were
carried at 77 K using a BELCAT-A device to measure the specific
surface areas of the samples and calculations were done via BET
(Brunauer-Emmett-Teller) method.

A Jasco-V650 spectrophotometer with an integration sphere
(ILV-724) was used for measuring the diffuse reflectance spectra
of the samples (A = 220-800 nm). The indirect band-gap energy
was calculated using the Kubelka-Munk equation, that is
[F(R)-7iv] p = A(hv — E,), where 7 is Planck constant, E, is the
band gap energy, A4 is constant and p is dependent on the type of
optical transition and Tauc plot is used to determine the band
gaps of the samples by plotting the graph between (akv)"? vs.
photon energy (hv).* In some cases, the possible electron
transitions were evaluated by plotting the first derivative spectra
dA-dr ~! where A is the wavelength and r is the reflectance.

2.4. Photocatalytic measurements

The photocatalytic activity of the composites was determined by
measuring the photodegradation of phenol and RhB in an
aqueous solution under UV-A, or visible light, respectively. The
initial concentration taken for phenol and RhB (C,) was 0.1 mM
and 0.4 mM, respectively. For the test, the suspension containing

37428 | RSC Adv, 2021, N, 37426-37435
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the pollutant and photocatalyst were continuously purged with air
to keep the dissolved oxygen concentration constant throughout
the experiment. In case of UV-A irradiation, 6 x 6 W fluorescence
UV-A lamps (Lightech, Dunakeszi, Hungary) with 365 nm emission
maximum were used. For the visible light irradiation, 4 conven-
tional energy saving lamps (Diwi 25920/R7S24W) were used. The
amount of catalyst loaded was 1.0 g L™ " with 130 mL of the total
volume of the suspension (Vsusp). Initially, the suspension was
ultrasonicated for about 5 minutes to ensure a homogeneous
suspension for the experiment.

For phenol, the dark period to achieve the adsorption/
desorption equilibrium was 30 minutes. The total irradiation
time was 2 hours under UV-A irradiation. The samples were
withdrawn in regular time intervals. The collected samples were
then centrifuged (13 500 rpm min ') for 3 minutes and filtered
with Filtratech 0.25 pm syringe filter. The decrease in the
concentration of phenol was measured by HPLC (Merck-Hitachi
L-7100) with a low-pressure gradient pump, equipped with
a Merck-Hitachi L-4250 UV-vis detector and a Lichrospher R, 18
column using a methanol/water (50 : 50 v/v) mixture as eluent
and 210 nm as the detection wavelength.

For RhB, the dark period of the suspension was 10 minutes.
The irradiation time in case of RhB was also same as in the case
of phenol but under visible light irradiation and the same
process was followed. The dye concentration was measured
using UV spectrophotometer, JASCO-V650 at the maximum
absorption wavelength of RhB, A,.x = 553 nm.

3. Results and discussions

3.1. Structural investigation of BiOCI/CNT composites

The crystal structure of pure BiOCl and BiOCI/CNT composites
were investigated by X-ray diffraction (XRD) and the diffracto-
grams of the samples are shown in Fig. 1(a and b). All the
diffraction peaks can be indexed to tetragonal structure of
BiOCI (JCPDS 06-0249). The peaks at 12.17°, 24.1°, 25.92°,
32.50°, 33.29°, 36.50°, 40.87°, 46.66°, 49.64°, 55.21°, and 58.60°
correspond to the crystal planes of (001), (002), (101), (110),
(102), (003), (112), (200), (113), (211) and (212). All of the other
samples showed similar diffraction patterns. The characteristic
peaks for CNTs were absent in all the cases probably due to its
low amount and overlapping with the diffraction peak of (101)
crystal facet of BiOCI. As it can be seen from the diffractograms,
the composites showed similar diffraction peaks as that of its
reference sample (bare BiOCl), therefore, it could be suggested
that no change in the structure of BiOCl occurred with the
introduction of CNTs. However, a little variation in the relative
intensity values of the peak profiles can be seen among different
sample series. Interestingly, compared to the standard diffrac-
tion pattern (JCPDS: 06-0249), the diffraction peak intensity of
(102) plane, in all cases, is relatively stronger than that of the
other planes and in some situation, the diffraction peak of (001)
was missing, as shown in Fig. 1(b). Additionally, the literature
has reported mostly (101) or (110) as the dominant crystallo-
graphic planes but in our study, the preferred orientation is
along (102) for all the sample series.*” Clearly from the dif-
fractograms, higher crystallinity could be seen in case of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of samples showing reflections of (a) BIOCI/CNT composites prepared at 120 °C for 6.5 h (b) BIOCI/CNT composites

showing absence of (001) crystallographic plane.

samples containing CNTs and was also reported elsewhere®
and in our previous studies of BiOBr/CNT and BiOI/CNT.****
From Fig. 1(a and b), it is evident that a larger portion of
amorphous region is present in case of the reference samples
(pure BiOCl). Besides CNT amount, higher temperature condi-
tions have also contributed to the high crystallinity of the
samples. For instance, at high temperature condition (150 °C),
the reference samples were also crystalline and the amorphous
region was absent unlike in the case of 120 °C, also visible in
Fig. 1(a). This indicates that presence of CNT and use of higher
hydrothermal crystallization temperature is enhancing the
overall crystallinity of the materials.

The primary crystallite size was also calculated for the samples
using the Scherrer equation as discussed in the experimental
section. Through the calculations, it was observed that the primary
crystallite size of the samples prepared at 120 °C were compara-
tively lower than that of the samples prepared at 150 °C. This is
a common phenomenon because generally higher temperature
condition leads to larger crystal formation. At 150 °C, a wider
variation in crystallite size was observed. For example, the primary
crystallite size ranged approximately between 40-125 nm in case of
150 °C while those synthesized at 120 °C were in between 60-
80 nm. Although there is a wider range in the primary crystallite
size of the samples at 150 °C but a clear sharp decrease was
observed with increasing CNT content which means that CNTs are
also affecting the primary crystallite size of the composites besides
crystallinity. The range of crystallite size for the composites
prepared at 150 °C is represented in Table 1. The crystallite values
above 100 nm obtained from the Scherrer equation calculation
does not represent a precise value and therefore, we have repre-
sented those values in an approximate value.

3.2. Morphological investigation of BiOCI/CNT composites

In order to study the influence of CNT and hydrothermal
synthesis conditions on morphology, the samples were
measured using TEM and SEM. BiOCI/CNT composites

© 2021 The Author(s). Published by the Royal Society of Chemistry

displayed mostly irregular, non-hierarchal structure of micro-
sheets. All the samples have the similar morphology. The
Fig. 2(a—c) is the representative image concerning BiOCl and
BiOCI/CNT samples. Fig. 2(b and c) shows the stacking of these
micro-sheets. In addition to this, the surfaces of these sheets
were extremely smooth while no pores could be seen on its
surface. It is quite common to see the aggregation of nano/
microsheets of BiOX when the synthesis involves aqueous
media, as discussed previously in ref. 2 and this is why it could
be the reason of the aggregation of microsheets in our study.
For this reason, some authors have reported the use of ionic
liquids during the synthesis to avoid random aggregation of
individual nanoplates/sheets.”® On the other hand, in case of
CNT-containing samples, as the amount of CNT increased, the
irregular shaped nanoplates started to build edges at the corners
creating a uniform square-like nanoplates, shown in the inset of
Fig. 2(d). This square-like morphology was also observed in a study
by Xiong et al. where the author used mannitol as a template-
directing agent which resulted in the formation of such square-
like BiOCl nanoplates.”® However, this distribution of square-like
nanoplates was, of course, not homogeneous in our case. Also,
these changes were not significantly dependent on synthesis
parameters (time and temperature).

Table 1 Variation in primary crystallite size as a function of CNT in the
BiOCl and BiOCI/CNT composites prepared at 150 °C

Primary crystallite

Sample names prepared at 150 °C size (in nm)

BiOCl_150_4.5 h >100
BiOCl + 0.5%CNT_150_4.5 h >100
BiOCl + 1%CNT_150_4.5 h ~89
BiOCl + 2%CNT_150_4.5 h 42.5
BiOCl_150_6.5 h >100
BiOCl + 0.5%CNT_150_6.5 h >100
BiOCl + 1%CNT_150_6.5 h ~94
BiOCl + 2%CNT_150_4.5 h 43.3

RSC Adv, 2021, N, 37426-37435 | 37429
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Fig. 2 SEM micrographs of BiOCl and its composites with CNT (a) BiOCl + 0.5% CNT_120 °C_6.5 h (b) BIOCI_150 °C_4.5 h (c) BiOCl + 0.5%

CNT_120 °C_4.5 h (d) BiOCl + 2% CNT_120 °C_4.5 h.

In addition to this, the authors also conducted TEM and
HRTEM measurements for pure CNT and BiOCI/CNT composite
to gain the better understanding of CNT interactions and the
defects created by them. Fig. 3(a) represents SEM micrograph of
pristine CNT. Fig. 3(b) shows the TEM image of pristine CNT
and in order to examine the presence of CNT and its defect sites,
HRTEM analysis was also conducted, as can be seen in Fig. 3(c).
In these images, the uniform structure with rather smooth and
very well graphitized parallel walls of pure CNT could be
observed. The functional groups on CNT's surface are correlated
to defect sites in several studies and presence of such defects on
the semiconductor photocatalyst material have positive influ-
ence on the affinity bonding of CNT to other particles and in
charge transfer process during photodegradation phenomena.
In our work we used MWCNT produced by the CVD technique
and we know that those exhibit a higher quantity of structural
defects due to their multiple graphite layers and intershell struc-
tural defects. Fig. 3(d) shows TEM image of BiOCI/CNT composite
and the existence of CNT is observed in the TEM image and the
heterogeneous distribution of CNT on BiOCI microplates could
also be seen. The tube-shaped material on right side of the same
image are the CNTs and the dark regions reflects the overlapped
BiOCl microplates with average crystallite size of <70 nm, as
calculated by the Scherrer equation (see XRD section).

3.3. Optical investigation of BiOCI/CNT composites

The optical properties of the composites were studied by using
diffuse reflectance spectroscopy. The band gap values of BiOCI
and BiOCI/CNT composites were calculated and it fall in the
range of 2.96-3.38 eV. Fig. 4(a) shows the DRS spectra of the

Fig. 3

composites prepared at 120 °C for 6.5 h. The absorption
maximum for BiOCl was observed around ~353 nm. This
suggests that the samples have strong light absorption in the
UV region. Through the first derivative of the DRS spectra, as
shown in Fig. 4 (b), it was found that the addition of CNT led to
the blue shift in the absorption edge maxima. Similar blue-shift
was also observed with increasing CNT amount in BiOI in
another study.”” This means that the emission and excitation
bands are different. Additionally, the composites showed
a decrease in the band gap values. In case of samples without
CNT, the band gap was in between 3.26-3.38 eV while for
composites the band gap values fall in a much wider range
between 2.96-3.15 eV, depending on the amount of CNT and
synthesis conditions. The decrease in the band gap of
composites with CNT was also reported in ref. 28. These iden-
tical results could be explained through the previous reports
which dealt with the influence of CNT on the optical properties
of a photocatalyst. One of it explains the photosensitizer
behavior of CNT that is responsible for extending the spectral
spectrum for photocatalyst.>® Also, it is assumed that the pres-
ence of covalent bonding between the photocatalyst and CNT
can even contribute to extended light absorption. We assume
similar phenomenon of enhanced light absorption occurred in
our study as well after the incorporation of MWCNT.

3.4. Photocatalytic evaluation

The photocatalytic efficiency of the samples was demonstrated
for the removal of pollutants, RhB and phenol, under visible
and UV light, respectively. The samples were tested for aqueous
of both the pollutants. In case of RhB

solution

(a) SEM micrograph of pure CNT (b) TEM image of pristine CNT (c) HRTEM of pristine CNT representing graphitic sheets that corresponds

to the defect sites due to the presence of functional groups on CNTs surface (d) TEM image of BIOCI/CNT composite prepared at 120 °C for

4.5 h.
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photodegradation, complete removal with the maximum
degradation efficiency of 98% was achieved by pure BiOCl
prepared at 120 °C for 6.5 h and the solution became trans-
parent after 120 minutes of irradiation. Even though this
sample contains background of amorphous region, as evident
from XRD, higher photocatalytic activity was observed. This
indicates the role of other factors contributing in the photo-
degradation process which will be discussed later. Considering
the composites, the minimum degradation efficiency of 52%
and maximum of 88% RhB removal rates were obtained under
visible light irradiation, shown in Fig. 5. Both of these samples
belong to the similar sample group, i.e. at 120 °C for 6.5 h,
represented in Fig. 5. From the figure, it is clear that almost 20%
of the adsorption took place and rest of the dye was photo-
catalytically removed. In spite of having wide band gap, BiOCl
can efficiently degrade RhB under visible light irradiation. This
is, apparently, due to the phenomenon called “indirect dye
photosensitization” process, where the dye molecule gets
excited and transfers the photo-excited electron to the conduc-
tion band of semiconductor.*®** This could possibly be the
reason of photocatalytic activity of BiOCI for RhB under visible
light irradiation.

Among the composites with different CNT contents, the
sample with 0.5% CNT prepared at 120 °C for 6.5 h showed the
maximum degradation efficiency of 88% for RhB as stated
above under visible light irradiation in 120 min. For the rest of
the samples, the removal efficiency ranged in between 60-83%.
Fig. 6 shows the trend observed in the photocatalytic degrada-
tion of RhB as a function of CNT amount under visible light. It is
clear from Fig. 6 that the composites with 0.5% and 2% CNT are
showing the similar pattern for photodegradation efficiency (%
deg.) as a function of CNT amount. However, no specific trend
can be seen for 1% CNT and without CNT samples. This
suggests that difference in the photocatalytic activity in the
latter case cannot be directly correlated to CNT amount.

To better elucidate the performance of the composites, the
photocatalytic activity of the samples were compared by using
a colorless pollutant (phenol). Since phenol is colorless, the

© 2021 The Author(s). Published by the Royal Society of Chemistry

photosensitization process does not occur. Additionally, phenol
is a weakly adsorbing compound on the surface of several
catalysts.** Due to the wide band gap of BiOC], no photocatalytic
activity was observed for phenol under visible light. The
degradation efficiency of the sample was in the range between
30-45% under UV-A irradiation. These values represent prom-
ising values in the areas of removal of such recalcitrant pollut-
ants since ordinary lamps were used in this study. The samples
prepared at higher temperature and longer heat treatment
conditions (at 150 °C for 6.5 h) showed the maximum removal
efficiency for phenol under UV light. Fig. 7 shows the concen-
tration changes in phenol over time by the samples prepared at
150 °C for 6.5 h with different CNT content. This is the best
performing sample series among all and so we represented
these samples here. In order to compare the results more effi-
ciently, the photodegradation efficiencies of the samples were
compared with respect to CNT amount (Fig. 7). As observed in
Fig. 6, the same compositions (0.5% and 2% CNT) showed
trends similar to each other. In addition to this, pure BiOCl
samples also showed some relatable trends to 0.5% and 2%
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Fig. 5 Photodegradation efficiency of BiOCl and BIiOCI/CNT
composites prepared at 120 °C_6.5 h for RhB under visible light
irradiation.
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Fig. 6 Trend reflecting the % photodegradation of RhB by BiOCl and
BIOCI/CNT composites under visible light as a function of %CNT.

CNT composites. The composition with 1% CNT again did not
show any specific trend. When the amount of CNT was high (2%),
the photocatalytic activity was also high under UV light irradiation.
Even lower CNT amount (0 or 0.5%) showed higher photo-
degradation efficiency in some cases while most of the samples
with medium CNT amount (1% CNT) experienced lower photo-
catalytic activity. Now here arise several questions which could be
answered if some correlations could be made. Therefore, our next
step was to find some connections between the photocatalytic
activity and physico-chemical properties of the samples.

3.5. Linking the photocatalytic activity to the investigated
properties

Several correlations were explored to see the dependence of
photocatalytic activity on the physico-chemical properties of the
BiOCl and BiOCI/CNT composites. For this, two parameters
were selected which were structural and optical properties since
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ABIOCI + 2%CNT_150°C_6.5h

0.9

0.8
&

R
Light On U

cre,
a e

o> o

0.7

0.6 O ¢ ¢

0> e

>3]

-20 0 20 40 60 80 100 120
Irradiation time (min)

Fig. 7 Photodegradation efficiency of BiOCl and BIiOCI/CNT
composites prepared at 150 °C_6.5 h for phenol under UV-A
irradiation.
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the results from XRD and DRS gave some hints. In our previous
studies also, some interesting correlations were found such as
those with the photocatalytic activity and band gap energy. For
instance, our previous report on BiOI/CNT shows a clear
dependence of photocatalytic performance of the composites
on the band gap energy where the samples with higher band
gap energy showed the lowest photocatalytic activity.”* However,
our other previous study on BiOBr/CNT showed opposite trend
where higher photocatalytic activity was found for samples with
higher band gap energy.'® Therefore, we wanted to see if any
interesting correlations that could be seen for our BiOCl and
BiOCI/CNT composites. Unlike the results of our previous
studies, no significant correlation could be made with band gap
energy in this study. Nonetheless, we could see a clear and
important relation with the structural properties (primary
crystallite size) of BiOCl with their photocatalytic activity. For
BiOCl and BiOCIl/CNT composites, the crystallite size seems to
affect the overall photocatalytic activity. The samples with
higher crystallite size showed higher photocatalytic activity
which was also observed in our BiOBr/CNT study.'® Generally,
the higher crystallite size means lower specific surface area that
means lower number of active sites and thus lower photo-
catalytic performance - although the surface normalized values
could be higher.** Here, we found that the samples with larger
primary crystallite size showed higher photocatalytic perfor-
mance and were among the best samples for phenol degrada-
tion. The crystallite size is, therefore, one of the important
parameter to consider as it can influence the photocatalytic
activity although its effect varies depending on the type of
halogen in bismuth oxyhalides. Therefore, in the subsequent
section we will discuss in detail about its effect on our BiOCl
and BiOCl/CNT composites.

3.6. Crystallite size vs. photocatalytic activity

In this section, we tried to correlate the CNT amount and
synthesis conditions with the primary crystallite size and
further its influence on their photodegradation efficiency. At
lower temperature and shorter period of crystallization (120 °C,
4.5 h), a narrow range of crystallite size was seen, as shown in
Fig. 9 (marked in green and blue). As more and more energy was
applied to the samples (150 °C, 4.5 and 6.5 hours), an enlarged
spectrum of crystallite size was observed, shown in Fig. 9
(marked in red and purple). This shows that the spectrum of
crystallite size grew with rise in hydrothermal crystallization
temperature which was enough for CNT to impart crystallinity
and take part in charge distribution process. This means that
enough time and temperature was given to the crystals for their
growth and thus higher crystallization was seen in the samples
and vice versa. This is why the samples with lower or no CNT
amount (0.5 or 0%), see Fig. 9 (top right), with larger crystallite
size and lower crystallinity also showed higher photocatalytic
activity because the hydrothermal crystallization conditions
(time and temperature) are playing a crucial role.* It indicates
that at lower CNT amount, hydrothermal crystallization condi-
tions are one of the prime or controlling-factor in deciding the
photocatalytic ~ performance of BiOCI/CNT composites.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Trend reflecting the degradation efficiency of phenol by BiOCl
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However, samples with higher CNT amount (2%) also shows
maximum photodegradation efficiency (top left in Fig. 9) which
again indicates that there are other factors also which are
influencing the photocatalytic activity of the composites.
Therefore, we made different correlation with the optical
properties, %CNT and crystallinity.

When no direct relation was seen with the band gap energy
and the photodegradation efficiency, we compared the first
derivative spectra (absorption maximum) of the samples with
their photocatalytic activity. Some interesting connection was
found, as shown in Fig. 8. At higher percentage of CNT (2%
CNT), the dependence on excitability was observed, however, at
lower percentage (0, 0.5 and 1% CNT) no dependence on optical
properties was found. At this point, it was an indication for us
that there exists a relation between CNT amount and optical
properties of our material. Therefore, we made correlation
between the absorption maxima and degradation efficiency of
samples, see Fig. 10. Lower CNT amount (0.5 and 1%) did not
show any specific trend and so does not seem to interfere with
the optical properties of our BiOCI/CNT material, although
lowering of band gap was observed in case of composites but
then again it did not show any correlation with the photocatalytic
activity. This is why it is not represented here. Out of all, the most
relevant and significant relation was chosen and represented
which included samples containing higher CNT amount (2%).
These composites exhibit red-shift (which is still in the UV region
due to the wide band gap of BiOCI). As a result, these samples
witnessed higher photocatalytic activity which means CNT inter-
feres with the charge distribution process at this amount.
Considering Fig. 10, as the crystallization conditions favored
higher crystallinity, red shift appeared in the samples with
increasing hydrothermal crystallization temperature and time
which further resulted in higher photocatalytic activity.

It is evident from Fig. 9 that the samples on the left are the
ones with least crystallinity (proved through XRD) which
increases as we go up with higher hydrothermal temperature

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and time conditions. The least crystalline material among this
has the higher crystallite size and therefore, lower surface
properties and showed lowest photocatalytic activity and vice
versa. This correlation shows that there is an interaction
between the optical and structural properties of the semi-
conductor material and CNTSs at a specific concentration.
From Fig. 9 and 10, important conclusions can be made
related to CNT amount and hydrothermal crystallization
temperatures on BiOCI photocatalytic performance. As evident
from the results, 1% CNT did not show any clear relation in
response to optical or structural properties and photocatalytic
activity. Nonetheless, lower CNT amount showed dependency
on structural properties (primary crystallite size) and higher
CNT amount on optical properties (absorption wavelength).
Moreover, the amount of CNT cannot be considered as the sole
or main reason for enhanced photocatalytic performance of
BiOCI/CNT (2%) composites. This is for the simple reason that
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Fig. 10 Correlation between the absorption maximum and degrada-
tion efficiency of BiOCl + 2% CNT composites showing dependence
on excitation wavelength.
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sufficient energy is required for CNT to play a role in the charge
separation phenomena and to enhance the photocatalytic
performance of semiconductor materials like BiOCl. These
correlations gave us a fundamental understanding of the
materials belonging to bismuth oxyhalide family. Our studies
have shown that different trends and dependency could be seen
for one member of BiOX which may or may not be true in the
case of other member of BiOX family.

3.7. Proposed mechanism

From Fig. 6, some interesting observations were found with
respect to the amount of CNT and hydrothermal synthesis
conditions. As can be seen from Fig. 6 that in case of reference
samples (0% CNT), when the crystallization time is short, the
process of crystallization of the crystals did not complete and
hence, not sufficient time was given for the crystal to grow
which would be favorable for photocatalytic performance. As
a result, some amorphous region is still present with low crys-
tallinity but when enough time was given, higher crystallinity
was attained. Therefore, even though when there are no CNTs,
the samples show significant photodegradation of RhB under
visible light irradiation. This indicates here that the duration of
hydrothermal crystallization was very effective in enhancing the
photocatalytic performance of the BiOCIl samples. When CNT
was present, its positive effect on crystallization was visible in
some cases. Contrary to this, the activity enhancing role of CNTs
get suppressed in other cases due to hydrothermal crystalliza-
tion conditions which means higher hydrothermal time and
temperature are sufficient for proper crystal formation even
without the presence of CNT. This is why we cannot see the clear
trend for samples with different CNT compositions. This shows
that these parameters (time, temperature and CNT amount)
compete with each other for gaining effective crystallization. In
case of phenol photodegradation, Fig. 8 shows that in all cases
the beneficial effect of CNTs was suppressed due to hydro-
thermal crystallization. For reference samples it is clear that
increasing both time and temperature is beneficial for phenol

37434 | RSC Adv, 2021, 1, 37426-37435

degradation most probably because of higher crystallinity. The
same trend can also be observed for the samples containing
CNT, except for 1% CNT.

The difference in photocatalytic activity of RhB and phenol
can be explained by two facts. One is the adsorbability of the two
model pollutants: it can be presumed that CNT can enhance
adsorption of RhB in certain cases (short hydrothermal time)
thus trapping the organic compound on the surface which then
can migrate to the photocatalytically active sites. The other
reason might be the possible photosensitizing effect which
helps in harvesting the energy of visible light via RhB adsorp-
tion even in the presence of a semiconductor having relatively
high band gap (with higher crystallinity of BiOCl these effects
are suppressed). The pictorial representation of this can be seen
in Fig. 11. The investigation concerning the intermediates and
end-products during the photocatalytic process is quite
complex and requires a separate study on its own. Therefore, it
is not included in this study.

4. Conclusions

In the present study, the composites of BiOCl with CNT were
synthesized via hydrothermal method. Various compositions of
CNT and different synthesis conditions were applied.
Microplates-like morphology was obtained for the samples
without CNT while in presence of CNT, edges started to appear
forming a square-like morphology. This shows that addition of
CNT led to some morphological changes in BiOCl. The crys-
tallinity of the composites was enhanced with increasing
amount of CNT. The higher degree of crystallization was also
observed when higher temperature and longer duration was
applied during the synthesis. The primary crystallite size of the
composites experienced a sharp decrease with increasing CNT
content. The optical properties of the composites were also
affected by the presence of CNT. A decrease in the band-gap of
composites was seen. The photocatalytic activity of pure BiOCl
reported almost 98% removal of RhB under visible light and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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more than 40% of phenol photodegradation under UV-A light
irradiation. This study forms the fundamental for the materials
like CNT that acts as a crystallinity promoter. Through the
results obtained in this study, it can be interpreted that such
nanostructures can promote higher photocatalytic activity to
the photocatalyst, under certain circumstances, even if the
semiconductor material loses its surface properties during the
hydrothermal crystallization treatment. In other words, using
electron conductive materials like CNTs in appropriate
concentration could compensate the loss of surface properties
of the material by enhancing its photocatalytic activity. This
could be due to its influence on the optical properties of the
material. This study also illustrates that if a crystalline semi-
conductor material is present, CNT can facilitate the photo-
catalytic process by interacting with it. On the contrary, at lower
CNT amount, the crystallite size becomes more predominant
and a deciding-factor when it comes to the superior perfor-
mance of BiOCI/CNT composites.
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