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In this work, composites of BiOCl with activated carbon (AC) were prepared via hydrothermal synthesis
under environmentally benign conditions using water as solvent. The as-prepared samples were then
characterized by using different techniques such as X-Ray Diffraction (XRD) Scanning Electron Microscopy
(SEM), Energy Dispersive X-Ray Spectroscopy (EDX), Raman Spectroscopy and UV-Vis Diffuse Reflectance
Spectroscopy. The different compositions of AC were used for the synthesis of BiOCl composites (0.5 wt.%
and 1 wt.%) to study the removal efficiency of the composites for phenol as model pollutant. Through the
photocatalytic degradation results, it was found that more than half of the phenol was photodegraded by
AC/BiOCI composites in only 120 min under UV light irradiation. The AC decreased the primary crystallite
size and band gap of the samples which further supports the high performance of AC/BiOCl composites
than pure BiOCl under UV light irradiation.

© 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

BiOCl is a novel and promising candidate in the field of photo-
catalysis, like other BiOX. It is a white-colored semiconductor and
was the first among other BiOXs to be studied for its photocat-
alytic properties in 2006 by Zhang et al. [1]. Since then it has
received much attention for its potential applications as a novel
photocatalyst. It is due to its unique layered structure that im-
parts high photocatalytic activity and chemical stability. Similar to
other BiOXs, BiOCI crystallizes into tetragonal matlockite structure
which consists of Bi,0, slabs interleaved by double chlorine atom
slabs forming a layered structure. Each [CI-Bi-O-Bi-Cl] layer con-
tains a bismuth atom surrounded by four oxygen and four chlo-
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rine atoms. BiOCl has a wide band gap (~3.2-3.5 eV) which is
quite close to the classically-known photocatalyst, TiO, (Eg: ~3.0-
3.2 eV), therefore, it is UV active [2,3]. Although dye-sensitized
BiOCl have shown good response for the photodegradation of RhB
under visible light [4,5]. Upon irradiation, BiOCl generates elec-
tron/hole pairs which further participate in redox reactions and
carry out the photodegradation of pollutants. Their application cov-
ers a broad spectrum in photocatalytic energy conversion and envi-
ronmental remediation area, such as hydrogen production by solar
water splitting, indoor-gas purification, photocatalytic wastewater
treatment, photodegradation of volatile organic compounds (VOC)
and nitrogen fixation. But there are still two main drawbacks of
BiOCl that need to be addressed. Firstly, synthesizing this material
through an environmentally friendly route and secondly, its lim-
ited light absorption and energy loss resulting from the recombina-
tion of photogenerated electron/hole pairs. Hence, alone it would
not serve the role of an efficient photocatalyst at industrial level.
Thus, exploring new strategies to optimize its photocatalytic activ-
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ity remains a necessity. Considerable efforts have been put in this
regard to enhance its photocatalytic response. Some of the tech-
niques may include tuning of morphology or crystal orientation via
controlled synthesis, use of co-catalyst, forming heterojunctions,
doping or forming composites based on carbon or nitrogen or no-
ble metals. Among these, we found a limited number of studies
reported for carbon-based composites with BiOX unlike in the case
of TiO, which consists of a huge pile of work in carbon-based com-
posite system.

Activated Charcoal is one of the cheap and readily available ma-
terials. It is also sometimes called active carbon or activated car-
bon and is a class of carbon nanostructures which has been widely
used since long as a support or adsorbent in case of removal of
pollutants from air [6] or eliminating organic amides from aque-
ous solutions [7]. Owing to its large adsorption capacity, it is one
of the common choices for adsorbents in industries as the interme-
diates produced after photodegradation process can be effectively
adsorbed on its surface. Like with other carbon nanostructures, the
combination of AC with semiconductor can suppress the recombi-
nation of electron/hole pairs to some extent. It is also the most
preferred choice in case of carbon-supported catalysts [8]. How-
ever, its adsorptive property alone would not be sufficient if the
main application involves mineralization of organic pollutants be-
cause the removal of pollutants using AC is primarily based on sur-
face adsorption. Therefore, the studies on composites of semicon-
ductor photocatalyst with AC are carried out to exploit the benefits
of each of these materials.

Herein, we report a simple and environmentally benign method
to prepare the composites of BiOCl and activated carbon via hy-
drothermal synthesis. Further investigation of their photocatalytic
efficiency for the removal of phenol under UV light irradiation was
carried out.

2. Materials and methods
2.1. Materials

Following reagents were used as precursors: Bismuth nitrate
pentahydrate (VWR, 98.0%), glacial acetic acid (Molar Chemicals
Kft. 99.9%), potassium chloride (VWR, 98.0%), Activated Charcoal
(Sigma Aldrich, 100 mesh) and phenol (VWR, analytical grade). All
the reagents used in this study were of analytical grade and used
without further purification. For the synthesis and photocatalytic
experiments, ultrapure Millipore Milli-Q (MQ) water was used.

2.2. Method

2.2.1. Synthesis of AC/BiOCl composites

Two solutions A and B were prepared and used for the syn-
thesis of BiOCl and AC/BiOCl composites. For solution A, 3 g
Bi(NO3)3-5H,0 was dissolved in 3 mL glacial acetic acid with con-
tinuous magnetic stirring and heated around 45 °C to speed up
the mixing process in order to obtain a homogenized solution. Af-
ter this, a calculated amount of AC and 25 mL of deionized water
was added and sonicated for an hour. The following wt.% compo-
sition of AC was taken: 0.5 and 1 wt.%. This was marked as so-
lution A. For solution B, 0.46 g potassium chloride (KCl) was dis-
solved in 25 mL deionized water and mixed thoroughly. Solution
B was added dropwise to solution A with continuous magnetic
stirring and the mixture was stirred for another 30 min. It was
then transferred to 120 mL Teflon®-lined stainless-steel autoclave
and subjected to 150 °C for 6.30 h. The mixture was cooled down
naturally to room temperature and the product was collected and
washed with ethanol and deionized water three times and dried in
the oven around 40 °C overnight. The similar process was followed
for the synthesis of pure BiOCl without activated carbon. This was
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used as a reference sample. Based on our previous studies, the as-
mentioned synthesis conditions were used [9,10].

2.2.2. Characterization

The products were characterized by X-Ray diffraction (XRD)
using a Rigaku Miniflex Il diffractometer (26° = 10-70°) at A
(CuKy) = 0.15418 nm equipped with a graphite monochromator
for the analysis of the structural properties of the composites, such
as the degree of crystallinity and crystal orientations. The mean
primary crystallite size was also calculated for the samples us-
ing the Scherrer equation [11]. N, adsorption-desorption measure-
ments were carried out to measure the specific surface areas of the
samples for which a BELCAT-A (Osaka, Japan) device was used and
calculated according to the BET (Brunauer-Emmett-Teller) method.
Morphological analysis was carried out using Scanning Electron
Microscopy (SEM), Hitachi S-4700 Type II FE-SEM (Tokyo, Japan)
instrument operating using a cold field emission gun (5-15 kV)
and Transmission Electron Microscopy (TEM). For TEM measure-
ments, the as-prepared samples were examined by high-resolution
transmission electron microscopy (HRTEM, FEI Technai G2 electron
microscope, 200 kV) to explore the morphology and particle size
of the nanocomposites. Sample preparation was made by drop-
ping an aqueous suspension of the nanocomposites on 300 mesh
copper grids (lacey carbon, Ted Pella Inc.). The optical properties
were analyzed using Diffuse Reflectance Spectroscopy (DRS) JASCO-
V650 with an integration sphere (ILV-724) (A = 300-800 nm). Ra-
man spectroscopy was used to study the composite formation and
crystal defects in the prepared composites. A multilaser confocal
Renishaw in Via Reflex Raman spectrometer equipped with a Ren-
Cam CCD detector was employed to record the Raman spectra. The
532 nm (green) laser was applied as an excitation source. Using a
0.9 NA objective of 100 x magnification, the Raman spectra were
collected. The integration times were 20 s, 1800 lines/mm grat-
ing for all spectra, and 10% of the maximum laser intensity - laser
power was 20 mW with 4 cm~! was the spectral resolution.

2.2.3. Photocatalytic measurements

The photocatalytic activity of BiOCl and AC/BiOCl composites
was measured by studying the photodegradation of phenol aque-
ous solution under UV light irradiation. In case of UV-A irradia-
tion, 6 x 6 W fluorescence UV-A lamps (Lightech, Dunakeszi, Hun-
gary) with 365 nm emission maximum were used. The photocata-
lyst suspension containing the pollutant was continuously purged
with air to keep the dissolved oxygen concentration constant dur-
ing the whole experiment. The initial concentration of phenol (Cp)
was 0.1 mM and the amount of catalyst loaded was 1.0 g-L-! with
130 mL total volume of the suspension (Vsysp). The suspension was
ultrasonicated for 5 min to ensure formation of homogeneous sus-
pension. The photocatalyst containing suspension was stirred in
dark for 30 min to obtain adsorption/desorption equilibrium. After
this the lamps were turned on and the samples were withdrawn at
regular time intervals. The total irradiation time was 120 min. The
samples collected were centrifuged for 3 min. at 15,000 rpm and
filtered with Filtratech 0.25 pm syringe filter. The decrease in con-
centration of the phenol was measured by HPLC (Merck-Hitachi L-
7100) with a low-pressure gradient pump, equipped with a Merck-
Hitachi 1-4250 UV-Vis detector and a Lichrospher Ry 18 column
using a methanol/water (50:50 v/v) mixture as eluent and 210 nm
as the detection wavelength. Also, an important observation was
made when these composites were sonicated in aqueous solution
of phenol for photocatalytic studies. Unlike in our previous exper-
iments with other BiOX and CNT [9,10], in this study, the catalyst
particles in AC/BiOCl composites were completely dispersed form-
ing homogeneous suspension indicating its hydrophilic nature. To-
tal organic carbon content of the phenol solution was measured
using Analytik Jena Multi N/C 3100.
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Fig. 1. XRD diffractograms of BiOCl and AC/BiOCl composites prepared at 150 °C for
6:30 h.

3. Results and discussion
3.1. XRD

The XRD patterns of BiOCI and AC/BiOCl composites are shown
in Fig. 1. All the diffraction peaks are indexed to the tetragonal
phase of BiOCI (JCPDS file no. 06-0249). The main diffraction peak
of carbon is not visible due to low amount of AC and overlap-
ping with BiOCI diffraction peak. The diffraction patterns of stan-
dard BiOCl crystal did not change after adding AC which means
the crystal structure of BiOCl is maintained. Based on our previ-
ous studies [10,9], as mentioned in the synthesis section also, in
this study we chose the best conditions for obtaining a highly crys-
talline structure which was the hydrothermal treatment at 150 °C
for 6.30 h. This is evident from the diffractograms also, as shown
in Fig. 1, where the sharp and intense peaks of AC/BiOCl compos-
ites show that the samples are well-crystallized. From Fig. 1, we
can see the variation in the peak intensities of (001) and (102)
crystal phases. The prepared samples had higher crystallite size as
calculated using the Scherrer equation. For pure BiOCl, the crystal-
lite size was more than 100 nm while for the composites a drop
in the crystallite size was witnessed. All the composites exhibited
primary crystallite size below 100 nm. Therefore, it can be con-
cluded here from these calculations that the presence of AC led to
a decrease in primary crystallite size of the composites.

3.2. Ny-adsorption

The specific surface area of the samples was conducted us-
ing Nj-adsorption technique and calculated via BET (Brunauer-
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Emmett-Teller) theory. All the prepared samples exhibited lower
surface area with the value ranging between 3 and 5 m2/g. Sim-
ilar results of low surface area samples were seen in our previous
studies of BiOX/CNT composites and yet high photocatalytic activ-
ity were reported in such cases. This indicates that in our study
surface area is not the determining factor for obtaining high per-
formance of the samples and sometimes, photocatalysts with lower
surface area can result in higher photodegradation efficiency. In
such cases, other factors such as crystallinity may play a dominant
role in deciding the overall photocatalytic efficiency of the photo-
catalyst.

3.3. SEM and TEM

The morphology of the composites was investigated using scan-
ning electron microscopy. The samples were composed mainly of
bulk plates stack on top of each other as shown in Fig. 2. The
interesting point to consider here is that in each sample case,
whether pure BiOCl or its composite with AC, stacking of these
plates was consistent, can be seen in Fig. 2 (a-c). As can be seen
from Fig. 2 (a-c), AC is not visible in the SEM images. Therefore,
further characterizations were carried out to check their presence.
Similar morphology has also been reported in [12]. This kind of
nanoplates stacking was also found in our other studies of BiOX
composites with CNT [9,10]. One of the possible reasons for this
could be the use of water as the solvent in the synthesis process,
as reported in [13]. This also explains the low surface area of the
samples. In a study by Liu et al., it was reported that use of glacial
acetic acid prevented the state of agglomeration because of its low
viscosity [14]. Likewise, in this work, water and acetic acid was
used for dissolving bismuth precursors, both having lower viscos-
ity than other solvents (like ethylene glycol or glycerin) which al-
lowed BiOCl particles to grow freely, thus avoiding aggregation of
nanoplates.

The samples were also investigated by TEM to confirm the pres-
ence of AC in the composites. Fig. 3(a) shows the TEM micrographs
of AC/BiOCl composites. It was observed, as can be seen from
Fig. 3(a), that it is difficult to detect AC, probably, because of its
high dispersion. Fig. 3 (b and c) shows morphology of pure AC to
confirm that their original particle size does not explain the “invis-
ibility”. At higher magnification graphitic-like layered sheets could
be seen in Fig. 3(c) marked in circles. The confirmation for pres-
ence of these graphitic-like layers is obtained through measuring
the interplanar distance (D-spacing) through HRTEM which was
around 0.35 nm (shown in the inset of Fig. 3(c)), also coinciding
with the literature value [15]. These graphitic sheets represent the
presence of sp? carbon bonds which would be interesting to verify
using a technique which is sensitive to such signals. Therefore, we
used Raman spectroscopy to further confirm their presence.

3.4. Raman spectroscopy

Raman measurement was carried out to investigate and confirm
the chemical environment of the prepared samples. As depicted

Fig. 2. SEM images of (a) pure BiOCl (b) BiOCl + 0.5% AC (c) BiOCl + 1% AC.
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500 nm

Fig. 3. TEM micrographs of (a) BiOCl + 1%AC (b) pure AC (c) pure AC showing regions reflecting the presence of graphitic-like layered structures (marked in yellow); (d)

enlarged inset of pure AC showing D-spacing.
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Fig. 4. Raman spectra of BiOCl and AC/BiOCl composites and the inset showing D
and G bands of AC.

in Fig. 4, the peaks at 142, 198, and 392 cm~! were present in
all the samples (BiOCl and its composites with various wt.% AC).
The strong peak around 142 cm~! corresponds to Ay, internal Bi-
Cl stretching mode and another peak at 198 cm~! belongs to Eg
internal stretching mode of Bi-Cl. A very weak and not readily no-
ticeable peak was also present around 392 cm~! which belongs to
Eg and Bjg bands due to motion of oxygen atoms. These Raman
spectral results are consistent with other previous reports [16,17].
In case of samples containing AC, the bands reflecting sp? carbon
atoms called D and G bands were also present around 1300-1700
cm~!, however, their intensity varied with change in the amount,
as shown in the inset of Fig. 4. The peak at 1350 cm~! represents
D band and the peak at 1609 cm~! denotes G band. The presence
of D and G bands indicate the successful formation of composites
and chemical interaction between AC and BiOCL. Also, the intensity
ratio of Ip and I; bands were calculated which represents the de-
fective nature of carbon present. The initial ratio of Ip/I; was 0.95
and it increased to 0.97 with increase in AC amount. This repre-
sents more defects on the BiOCl surface as a result of different
compositions of AC.

3.5. DRS

The photocatalytic activity of a semiconductor is closely related
to its band gap energy structure. The optical properties of the com-
posites were, therefore, evaluated using UV-Vis DRS. The indirect
band-gap energy was calculated using the Kubelka-Munk equation,
that is [F(R).hv] p = A(hv - Eg), where h is Planck constant, Eg is

4.0

BiOCI_150°C_6.30 h
35— BiOCI+0.5% AC_150°C_6.30 h e
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Fig. 5. DRS spectra of the prepared samples at 150 °C and 6.30 h.

the band gap energy, A is constant and p is dependent on the type
of optical transition and is obtained by plotting the graph between
(achv)'/2 vs. photon energy (hv). Fig. 5 shows the band gap energy
of the samples calculated by Kubelka-Munk (K-M) function. The
values follow 3.33, 3.18 and 3.15 eV for samples BiOCl, BiOCl + 0.5%
AC, BiOCl + 1% AC, respectively. Through these values, we can see
a significant decrease in band gap even with the addition of a very
low amount of AC. The pure BiOCl showed strong absorption in the
ultraviolet region with an absorption maxima edge near 355 nm.

3.6. Photocatalytic activity

The photocatalytic activity of BiOCl and AC/BiOCl composites
was determined by measuring the decomposition rate of phenol in
aqueous solution under UV light irradiation in 120 min. The results
are summarized in Fig. 6. The dark time for achieving adsorption-
desorption equilibrium time was 30 min. During this dark time,
negligible phenol adsorption took place since phenol is a poorly
adsorbing material. Therefore, the actual decrease in phenol con-
centration that took place over time is in the presence of light.
This indicates the photocatalytic removal of phenol rather than
simple adsorption. The removal of phenol gradually increased with
the addition of AC. The highest degradation efficiency of 50% was
achieved in case of both the composites (0.5 wt.% and 1 wt.% AC)
while pure BiOCl reported 40% photodegradaion efficiency under
UV light irradiation in 120 min. In the literature, the enhanced
photocatalytic activity in case of composites with AC is attributed
to the creation of interface between solid phases involved and con-
tinuous charge transfer process taking place from AC to semicon-
ductor [18]. Our results look quite promising given the fact that we
have used ordinary UV lamps of low power instead of high pres-
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sure mercury lamp or Xenon lamps which are not economical op-
tions from an industrial point of view. Another interesting point is
when we compared our results to a study done by Velasco et al.
where immobilization of TiO, was done on AC, almost 98% phenol
removal was attained after 6 h of irradiation by using high pres-
sure mercury lamps [19]. The enhanced photocatalytic activity of
the composites can also be linked to the decreased band gap and
primary crystallite size of the composites.

To understand the photocatalytic response of the AC/BiOCl com-
posites, some correlations were studied. Initially, a clear relation-
ship was observed between primary crystallite size of the compos-
ites and their photocatalytic activity. As discussed previously in the
XRD section, with the addition of AC, a decrease in crystallite size
was seen. Following Fig. 7 we can say that increase of crystallite
size led to lower photocatalytic activity. This is true because prob-
ably less number of active sites are available with higher crystallite
size and lower surface area. Further, the correlation between the
band gap energy and photodegradation efficiency was also seen.
From Fig. 7, it is visible that the band gap energy decreases with
the addition of AC which also led to enhanced photocatalytic ac-
tivity of AC/BiOCl composites as compared to pure BiOCl.

Therefore, in this study we concluded no evidence for the pres-
ence of AC from XRD and EM investigations; however, other tech-
niques (Raman, DRS, and photocatalytic activity) revealed the dif-
ferences between pure BiOCl and their composites with AC. It is
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Table 1
TOC values (mg/L) for the sample BiOCl + 1% AC.

Pollutant TOC value (mg/L)
Initial (0 min) 30 min 60 min 90 min 120 min
Phenol 17 15.8 14.6 13.24 11.92

assumed that AC might be either dispersed on the surface of BiOCl
crystals or trapped inside the nanoplates.

The intermediate investigation of any pollutant is very impor-
tant, however, some previous studies including our research group,
has already dealt with phenol byproducts in detail. From these
studies, we can report that phenol upon oxidation generates sev-
eral intermediates (both aromatic and aliphatic). This is why we
proceeded with the TOC measurements to further demonstrate
that similar mechanism is valid in our system. For this, the sam-
ple with 1% AC composition was selected. As the irradiation time
increased, TOC values of the phenol solution decreased gradually.
The monotone decrease in TOC values indicates the transformation
of phenol although not complete mineralization of the pollutant
probably due to shorter decomposition interval as compared to the
literature data. The results are shown in Table 1 and Fig. 8 below.

4. Stability

The TOC result for 1% AC composite indicated mineralization of
phenol. Meanwhile, we have carried out the stability tests in or-
der to study the structural and morphological changes (if any) in
our material. For this, the samples were washed after three cycles
with ethanol and water and finally dried for XRD analysis. Fig. 9
illustrates the XRD diffractogram for the samples before and af-
ter cycling. The unchanged XRD diffraction patterns after the three
runs indicated that BiOCl and BiOCI/AC is structurally stable during
the whole photodegradation process. No new peaks were detected
in all the samples after three runs of photodegradation test. This
indicates that crystal structure of BiOCl has not changed signifi-
cantly after the tests. From the morphological point of view also,
the samples were analysed using SEM before and after the three
photocatalytic tests. Fig. 10 shows the SEM micrographs of BiOCl
and BiOCI/AC samples before and after the photocatalytic tests. The
morphology of the samples has not changed even after the 3 cy-
cles. Similar stacking of nanoplates without any surface irregular-
ities could be seen in Fig. 10. All of these results proves that the
catalyst is stable in terms of both, structural and morphological as-
pects.

55
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Fig. 7. (a) Correlation between primary crystallite size and photodegradation efficiency (%deg.) of AC/BiOCl composites; (b) Correlation between band gap energy values (Eg)

and photodegradation efficiency of AC/BiOCl composites.
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Fig. 9. The diffractograms of BiOCl and BiOCI/AC composites (a) before and (b) after the photocatalytic test (3 cycles).

Fig. 10. SEM images of samples before and after the photocatalytic tests. Before photodegradation tests (a) BiOCl, (b) BiOCl + 0.5% AC composites, (c) BiOCl + 1% AC
composites; After photodegradation tests (d) BiOCl, (e) BiOCI + 0.5% AC composites, (f) BiOCl + 1% AC composites.
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hydroquinone under UV light irradiation (one of the byproduct during photocat-
alytic degradation of phenol).

4.1. Proposed mechanism

The phenol photodegradation occurs in two steps: intermedi-
ate formation and complete mineralization. Clearly, through our re-
sults, it is evident that after undergoing irradiation for 2 h, the pri-
mary stage intermediates appeared (as evident from Fig. 11). The
chromatogram shows the presence of the first intermediate, i.e.
hydroquinone, followed by the main peak of phenol. It is known
for phenol photodegradation process that the primary intermedi-
ate stage involves the formation of catechol, hydroquinone and re-
sorcinol, followed by the ring opening leading to the formation of
small molecules of aliphatic organic acids like maleic acid, oxalic
acid and formic acid and finally to CO, and water. In our study,
the TOC constant decreased value shows that the materials are ca-
pable of undergoing complete mineralization, if irradiation time is
prolonged. Considering literature studies, total mineralization have
been reported in the cases of longer irradiation times. For instance,
in a study reported by Dang et al., phenol disappeared completely
after 24 h of irradiation [20].

It can be assumed that on irradiating the surface of BiOCl par-
ticles, the electrons/holes charges are produced and these pho-
togenerated electrons are further migrated to the activated car-
bon surface due to their good electron conductivity property. In
this way, activated carbon is facilitating the charge separation pro-

Q19100

BiOCl precursors
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cess and hence, enhanced photocatalytic activity could be attained.
Fig. 12 represents the scheme for phenol photodegradation by
BiOCI/AC composite under UV light irradiation.

5. Conclusion

In the present study, the composites of BiOCl with AC were
synthesized via hydrothermal synthesis. For the synthesis, the
best pre-determined synthesis conditions were used for obtain-
ing higher crystalline material. Two compositions of AC with BiOCl
were prepared (0.5 and 1 wt.%). The decrease in the primary crys-
tallite size with the addition of AC was observed. Microplates-like
morphology was obtained for all the samples. No morphological
transformations took place during composite formation. TEM and
Raman spectroscopy confirmed the possible incorporation of AC
into BiOCl. The addition of AC also led to a decrease in band gap
energy of the AC/BiOCI composites. All of the above-mentioned re-
sults facilitated in achieving higher photodegradation efficiency for
phenol under UV light. The higher performance for AC/BiOCl com-
posites was obtained (more than 50%) as compared to the pure
BiOCl (less than 40%). Additionally, TOC result for BiOCl+1% AC
indicates that the material undergo mineralization process which
shows that the composite has high potential for the removal of
phenol pollutant. The stability tests also demonstrated the struc-
tural and morphological stability of the prepared materials. The
use of water as media during synthesis demonstrate that the use
of non-hazardous solvent can be an effective method for preparing
AC/BiOCI photocatalytic material.
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