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Multicomponent materials containing nanoscale structures, the so-called “nanocomposites” are one of the fastest-
growing areas of photocatalytic research. In this study, the nanocomposites of bismuth oxychloride (BiOCI) with
porous carbon foam (CF) derived from waste polyurethane (PU) elastomers were developed by a simple hy-
drothermal method, and the photocatalytic performance of the as-prepared materials was investigated. The
structure, morphology and optical properties of the composites were characterized in detail. The photocatalytic
activity of the samples was evaluated by studying the degradation of methylene blue (MB) under UV-A irradi-
ation. Even at a high MB concentration (0.5 mmol/L), excellent photocatalytic activity was observed, with an
overall removal efficiency of 99.0% in 100 min of irradiation. Kinetic studies were also carried out for the
degradation of MB by pristine BiOCI and CF-BiOCl. The photodegradation rate constants were evaluated by
fitting the kinetic data with a pseudo-first-order model, and the rate constants of CF-BiOCl composites were
higher than that of pristine BiOCl. The enhanced activity of the composites was due to the well-connected
heterojunction interface, improved hydrophilicity, more reactive sites, and effective separation of photo-
generated charges. Thus, our work combines the valuable waste PU-derived CFs with BiOCl, which provides a
strategy to achieve circular economy and environmental remediation objectives.

1. Introduction

Semiconductor photocatalysis is a potential green technology for
environmental and energy issues [1]. A series of semiconductor photo-
catalysts, including metal oxides, oxynitrides, sulfides, and halides, are
widely employed in the photoreduction of CO,, water splitting and
photodegradation of pollutants [2-4]. In recent times, researchers have
focused on novel photocatalytic materials to overcome the low photo-
conversion efficiency of catalysts [5]. Bismuth oxyhalides (BiOX, X =
CL, Br, I) are a relatively new class of semiconductor photocatalysts that
have the advantages of visible light response, good chemical stability,

* Corresponding author.

non-toxicity, appropriate band gap, and controllable morphology [6,7].
Among them, BiOCl is one of the promising candidates due to its good
crystalline structure, high stability, low cost, and low toxicity [8]. BiOCl
has a tetragonal structure of the P4/nmm space group, which consists of
[Cl-Bi-O-Bi-Cl] quinary layers stacked together by the non-bonding
interaction through the Cl atoms along the c-axis [9]. It has a wide
bandgap (~3.2-3.5 eV), which makes it UV-active and is being applied
in areas of UV light detection, solar water splitting, and photocatalytic
wastewater purification. BiOCl has been prepared in well-defined
nanostructures that influence its overall photocatalytic performance.
Different morphologies of BiOCI have been reported, for example, BiOCl
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Fig. 1. A flow diagram for the synthesis of CF-supported BiOCl.

nanosheets [10], hollow BiOCl microspheres [11], BiOCl nanocubes
[12], etc.

However, based on its physical properties such as poor charge
mobility and fast charge recombination, BiOCI has limitations in pho-
tocatalytic reactions [13]. To overcome these limitations, the light
response of the BiOCl photocatalyst has been extended by various
techniques such as morphology control [14], crystal facet exposure [15],
self-doping [16], heterojunction construction [17], surface modification
[18], and supports [19]. Among them, the construction of hetero-
junction is a simple and efficient approach [20]. Xie et al. [21] used
BiOCl and Bi»05COs3 to form heterojunction, significantly improving
photocatalytic performance under ultraviolet and visible light. Likewise,
BioWOg-BiOCl heterojunction with enhanced photocatalytic activity for
efficient degradation of oxytetracycline was reported by Guo et al. [22].
Besides, the operational problems associated with recovering and re-
using BiOCl powder catalysts prevent its large-scale implementation.
The use of support is intended to overcome this limitation. The use of
carbon supports contributes to (i) faster sedimentation and easier re-
covery of the photocatalyst from the reaction medium, (ii) the high
specific surface area provides more reactive sites for the reaction, and
(iii) the heterojunction formed with the semiconductors prevent the
recombination of e-h™ pairs. Combining BiOCl with functional porous
carbon improves photocatalytic activity due to their high adsorption
capacity, good electron transfer ability and chemical stability [23].
Generally, the BiOCl powder has low adsorption capacity owing to its
less specific surface area (Sggr — typically 5-10 m2/g) or active sites. The
composite of BiOCl with carbon materials such as activated carbon
[19,24], biochar [25], carbon nanotubes (CNTs) [26,27], carbon fibers
[28] and graphene [29] exhibited enhanced adsorption due to improved
surface area and good photocatalytic response. However, these carbons
still suffer from some drawbacks, e.g., high production costs, handling of
powdered materials and complicated acid purification steps. On the
contrary, the 3D hierarchical porous carbon material derived from the
waste would be economical and the best choice to overcome these
shortcomings. One such material is carbon foam (CF), which is an
excellent support material for nanomaterial catalysts, owing to its hi-
erarchical porous structure, high Sggr, low cost, non-toxicity and high
stability [30].

Dye pollution has become one of the major contributors to water
pollution across the world. More than 100,000 dye products have been
discharged into the aquatic environment, which is toxic and carcino-
genic [31]. The dyes released into the water bodies are hard to be
degraded under natural conditions. One of the highest-consuming dyes
in the industries is methylene blue (MB), for colouring silk, wool, cotton,
and paper [32]. The removal of methylene blue from industrial

wastewater has been investigated using various methods such as the
chemical precipitation method, enzymatic process, electrochemical
removal, membrane filtration, and physical adsorption methods [33].
Each method has its advantages and limitations. Adsorption is the
simplest method for the effective removal of MB by utilizing low-cost
and abundant adsorbents e.g., carbon-based adsorbents. In our recent
work, we reported the synthesis of activated CFs using waste poly-
urethane elastomer templates and evaluated their methylene blue (MB)
adsorption capacity as high as 592 mg/g [34].

Though the adsorption removes the dyes from the wastewater, it
does not necessarily degrade the pollutants into eco-friendly products.
Hence, the integration of adsorption and an advanced oxidative process
such as photocatalysis can enhance the overall removal efficiency. Some
earlier works have reported the applicability of CFs as support for the
semiconductor catalyst and showed good photocatalytic performance
and overall pollutant removal rate. For instance, a CF-loaded nano-TiO5
photocatalyst was synthesized and the degradation of methyl orange
evaluated its photocatalytic activity as a model pollutant [35]. The work
of Qian et al. [36] reported the preparation of mesoporous TiO5 films
coated on CF based on polyurethane foam for enhanced photocatalytic
oxidation of VOCs. Moreover, a flower-like BiOBr/CF composite with
enhanced visible-light-driven catalytic activity was synthesized using
the double-template bionic mineralization method with CF as a hard
template and polyvinylpyrrolidone (PVP) as a soft template for the
removal of Rhodamine B [37]. There are some works which reported the
BiOCl-assisted photodegradation of dye [38-41]. To the best of our
knowledge, there has been no study on the preparation of CF-supported
BiOCl composites as photocatalysts. Therefore, the preparation and
photocatalytic performance of the CF-BiOCl composite contribute to a
new research direction.

In this work, the CF with high Spgr (2172 m?/ g) [34] produced from
waste polyurethane elastomer template was used to synthesize CF-BiOCl
composite in which the BiOCI micro flowers and plates were immobi-
lized on the CF surface. Moreover, it was reported that the use of a
shape-controlling agent like PVP improved the properties of the com-
posite by regulating the crystal structure of BiOBr on CFs [37]. As a
widely and efficiently used anionic surfactant, sodium dodecyl sulfate
(SDS) has been used for the synthesis of novel morphologies of nano-
structures [42]. Hence, herein the role of SDS in the formation of BiOCl
nanostructure on the CFs was also investigated. Further, the photo-
catalytic performance of the composites was evaluated by the degra-
dation of methylene blue (MB) as a model pollutant under UV light
irradiation. The usage of waste PU elastomer-derived CF as a support
material for BiOCl and its applicability in photocatalytic degradation of
MB dye was studied in line with multiple Sustainable Development
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Fig. 2. XRD diffractogram of pristine BiOCl and CF-BiOCl composites with and without surfactant.

Table 1
Results of XRD and nitrogen sorption test.

Samples XRD analysis Nitrogen sorption test
Mean primary crystallite size (nm) (001), (101) and (1 02) intensities ratio SgeT Total pore volume Average pore diameter

(m*/g) (cm®/g) (nm)

BiOCl 83.2 0.68:1.00:1.05 4.9 0.009 7.1

BiOCl/SDS 61.1 2.21:1.00:1.32 2.8 0.009 12.7

CF/BiOCl 28.6 0.39:1.00:0.93 258.5 0.18 2.0

CF/BiOCl/SDS 28.5 0.39:1.00:0.91 34.8 0.026 4.8

JCPDS No. 4509949 N/A 0.54:1.00:0.98 N/A N/A N/A

Goals of the United Nations, e.g., Goals 6 (Clean water and sanitation)
and 12 (Responsible consumption and production).

2. Materials and methods
2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3-5H50), potassium chloride
(KCl), SDS and nitric acid (HNOs) (65%) were purchased from VWR
International Ltd., Hungary. All the reagents were of analytical grade
and used without further purification. As reported in our earlier work,
the CFs prepared from the waste polyurethane elastomers were used as a
support material [34]. MB dye (VWR International Ltd., Hungary) was
used as a model pollutant in photocatalytic tests. Ultrapure water (re-
sistivity of 18.2 MQ cm) was used throughout the experiment.

2.2. Preparation of CF-BiOCI composites

A schematic representation of the synthesis procedure is given in
Fig. 1.

Two types of composites were prepared with and without the addi-
tion of surfactant SDS. Firstly, 2 mmol of Bi(NO3)3-5H,0 was dissolved
in 40 mL of 0.15 M nitric acid solution, denoted as ‘Sol A’. 2 mmol of KCl
was dissolved in 20 mL of deionized water, denoted as ‘Sol B’. Then, SDS
(0.4 g) was added to Sol A and stirred for 30 min to obtain a suspension.
Subsequently, Sol B was added dropwise into the suspension and stirred
for 30 min. Then, the CF (0.25 g) was added to the above mixture and
shaken for 2 h. The mixture was transferred to a Teflon-lined® autoclave
and allowed to react at 160 °C for 12 h. After self-cooling to room
temperature, the solid product was washed with deionized water and
ethanol several times. Finally, the composite was obtained by drying at

70 °C overnight. The as-prepared composite is named ‘CF/BiOCl/SDS’
and the composite without the addition of SDS is denoted as ‘CF/BiOCI’.
The same procedure was followed for the synthesis of pristine BiOClL
except for the addition of CFs named ‘BiOCl/SDS’ (with SDS) and ‘BiOCI’
(w/o SDS).

The pristine BiOCI and the CF-BiOCl composites were also synthe-
sized by doubling the precursors’ concentration (4 mmol of (Bi
(NO3)3-5H50 and KCl) and surfactant (0.8 g of SDS) and their charac-
teristics and photocatalytic performances are given in supplementary
material.

2.3. Characterization

The crystal structure of the samples was characterized by X-ray
diffraction (XRD) using a Rigaku Miniflex II diffractometer with a Cu K,
radiation source (30 kV and 15 mA) in a range of 3° < 20 < 90° with a
scan speed of 0.01° 26/sec. The primary crystallite size (D) was calcu-
lated using the Scherrer equation given below:

K4

- Pcosd M

where K is a dimensionless shape factor, 4 is the wavelength of the X-ray,
A is full-width at half maximum (FWHM) of the diffraction peaks, and 6
is the Bragg angle [43].

Nitrogen adsorption—desorption experiments were carried out at 77
K to determine the Brunauer-Emmett-Teller [44] (BET) specific surface
area using an ASAP 2020 instrument (Micromeritics Instrument Corp.,
Norcross, GA, USA). Before each measurement, the samples were
degassed by holding them at 90 °C for 24 h.

Raman spectroscopy measurements were carried out using a high-
resolution Raman spectrometer (Nicolet Almega XR, Thermo Electron
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Fig. 4. (a) Elemental composition, and (b) XPS survey spectra of pristine and CF-supported BiOCl samples.

Corporation, Waltham, MA, USA) equipped with a 532 nm Nd: YAG
laser (50 mW).

The composition and chemical states of the samples were investi-
gated by X-ray photoelectron spectroscopy (XPS) using the Supra plus
instrument (Kratos, Manchester, UK) controlled by ESCApe 1.4 software
(Kratos). The instrument was equipped with an Al K, excitation source.
The binding energy scale was corrected using the C-C/C-H peak at 284.8
eV in the C 1s spectra. During the XPS analysis, the charge neutralizer
was on. The spectra were acquired at a 90° take-off angle on a 300 by
700-um spot size. Survey spectra and high-resolution spectra were
measured at pass energy of 160 eV and 20 eV, respectively. Background
subtraction was performed using the Shirley background subtraction

[45].

Scanning electron microscopy (SEM) was performed with Thermo
Helios G4 PFIB Cxe to investigate surface morphology. The device was
equipped with energy-dispersive X-ray spectroscopy (EDS) enabling the
mapping of the samples. EDS maps and spectra were acquired using an
acceleration voltage of 25 keV with a beam current of 13nA and a dwell
time of 500 ps. For SEM analysis, the samples were deposited on sticky
carbon tape.

Avantes AvaSpec-2048 spectrometer was used for measuring the
diffuse reflectance spectra of the samples. The indirect band-gap energy
was calculated using the Kubelka-Munk equation given as follows:
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(FR)hw ) = A(hw — Ey) )
where h is the Planck constant, v is the frequency of the incident photon,
y represents the nature of the electronic transition (y = 2 for direct
allowed transition and y = 1/2 for indirect allowed transition), A is the
proportionality constant, E, is the band gap energy. Tauc plot ((F(R)
hv)*2 vs photon energy (hv)) is used to determine the band gap of the
samples. The electron transitions were evaluated by plotting the first
derivative spectra dR/dA.

2.4. Photocatalytic test

The photocatalytic activity of the composites was evaluated via the
photodegradation of MB in an aqueous solution under ultraviolet irra-
diation using UV-A lamps for 120 min (300-500 W) with emission
maxima of 315 and 375 nm. The initial concentrations of MB were taken
as 0.05 mmol/L and 0.5 mmol/L. In each case, the catalyst of 200 mg
was dispersed in 200 mL of MB solution and stirred in the dark for 2 h.
The total irradiation time was 2 h under UV-A. Approximately 3.5 mL of
the reaction suspension was removed in regular time intervals and
filtered through a 0.22 pum syringe filter. The concentration of MB was
measured using a UV-Vis light spectrophotometer (UV-M51) at an
absorbance of 664 nm. The degradation and residual rates of MB were
calculated using Egs. (3) and (4):

The degradation rate of MB = O 100%
Co

3)

Residual rate of MB = < x 100%

Co

4

where ¢y and c¢ are the initial and final concentrations of MB,
respectively.

The kinetics of the photocatalytic degradation rate of MB was
determined using the Langmuir-Hinshelwood kinetic model, as given in
Eq. (5):

< = it
C

)

The pseudo-first-order rate constant (k) was calculated from the
slope of In(cy/c) versus irradiation time t.

3. Results and discussion

For a better understanding of the correlation between structure and

function, the physicochemical properties of the blank and CF-supported
BiOCl were widely studied and the results of samples prepared from 2
mmol of precursors are discussed in the following sub-sections.

3.1. Structural and surface properties

The crystal structure and the phase composition of pristine BiOCl and
CF-BiOCl composites were investigated by XRD and the respective dif-
fractograms are shown in Fig. 2.

All the diffraction patterns correspond well with tetragonal bismuth
oxychloride (JCPDS No. 4509949). The XRD pattern of the pristine
BiOCI shows intense diffraction peaks at 20 values of 12.0°, 25.9°, and
33.5 ° corresponding to the crystal planes of (001), (101) and (102)
respectively. On the other hand, the composites exhibit the major peaks
at 20 of 25.9° 32.6°, and 33.5° relative to the respective planes of (101),
(110) and (102). No additional peaks from other impurities indicate the
successful synthesis of BiOCl. The presence of amorphous background is
evident through the peak widening (Fig. 2) due to the amorphous CF
template. Compared to the pristine BiOCI, there is no significant change
in the position of the diffraction peaks of the CF-BiOCI composite which
means that the addition of CF does not alter the crystal structure of
BiOCl. However, we could observe a little variation in the relative in-
tensities of the peaks that points toward some changes in the crystal
orientations. For instance, the dominant crystallographic orientation of
pristine BiOCl (shown in yellow colour) is the (102) plane, but the
addition of SDS enhanced the crystal growth along the (001) plane
(shown in green colour), whereas, at higher precursors’ concentrations
(4 mmol), the predominant crystallographic orientation of pristine
BiOCl with SDS is the (102) as shown in Fig. S1. On the other hand, the
CF template regulated the growth direction of the BiOCl crystal in the
(101) irrespective of the surfactant (shown by red and blue
diffractograms).

The range of primary crystallite size calculated from the Scherrer
equation (Eq. (1)), intensities ratio (calculated after the baseline cor-
rections), Sggr, total pore volume and average pore diameter measured
using nitrogen sorption test of the pristine BiOCl and the composites are
given in Table 1. The pristine BiOCI showed a larger crystallite size of
83.2 nm, whereas the addition of SDS slightly reduced the crystallite size
to 61.1 nm. On the other hand, relatively smaller crystallite sizes (~29
nm) were observed for both types of composites. Hence, the CF template
supported the formation of smaller crystallites of the BiOCl, and the
surfactant had no significant role in regulating the crystallite sizes in the
case of composites.
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The Sggr of the blank samples was 2.8 m?%/ g (BiOCl/SDS) and 4.9 m?%/
g (BiOCl) which is true since the hydrothermal treatment leads to the
formation of larger crystals. The Sgpr of the pure CF was 2172 m%/g
[34], but after the formation of BiOCl crystals, the specific surface area
drastically reduced for CF/BiOCl (258.5 m?/g, which can be seen in
Table 1), on account of the eventual blockage of the BiOCl nanoparticles
in the pores of the CF. The reduction in the surface areas indicates that
BiOCl has effectively grown on the surface of CF with sufficient inter-
facial interaction [23]. However, it got further reduced while using
surfactant due to its excessive quantity, which could limit the diffusion
of Ny during measurement, thereby showing reduced surface area. As

can be seen from Table 1, the CFs benefit the surface property of the
composites with improved surface area (compared to blank BiOCl),
which means a higher number of active sites which could enhance the
photocatalytic activity of BiOCl and overall pollutant removal
efficiency.

Raman spectra were used to evaluate the chemical structure of the
composites. As shown in Fig. 3a, the peaks at 142, 198 and 392 cm™!
were present in the pristine BiOCl samples. The strong peak around 142
ecm™! corresponds to A1g internal Bi-Cl stretching mode and another
peak at 198 cm™! belongs to E, internal stretching mode of Bi-Cl. A very
weak peak around 392 cm ™! belongs to Eg and Bjg bands due to the
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Fig. 7. SEM micrographs of (a, b) BiOCl, (c, d) BiOCl/SDS, (e, f) CF/BiOCl, and (g, h) CF/BiOCl/SDS.

motion of oxygen atoms. These spectra are in line with other earlier
reports [24,46].

In the case of composites, the two noticeable peaks were slightly
moved towards 141 cm™! and 196 cm™!, respectively, as shown in
Fig. 3b. Moreover, the CF exhibited two characteristic peaks 1325 cm ™
and 1582 cm™! (Fig. 3c), which belonged to the D and G bands. The D
and G bands reflect the structural defects and the crystallinity of CFs,
respectively. However, in the CF-supported BiOCl, the D and G bands
moved towards 1329 cm ™! and 1588 cm L. These shifts represent the
successful formation of composites and chemical interaction between CF
and BiOCl.

To determine the composition and the interactions between CF and
BiOCl crystals further, the surface chemical states of the samples were

investigated using XPS. The surface atomic concentrations and the sur-
vey spectra of the samples are shown in Fig. 4a and b, respectively. Bi-,
O-, Cl-, and C-containing species were present in all samples tested
(Fig. 4b). The blank samples contain a higher atomic surface concen-
tration of Bi, O, and Cl than the composites (Fig. 4a). The C-containing
species in the blank BiOCl sample originated from the adventitious
carbonaceous species and/or surfactant and/or impurities during syn-
thesis. In the case of composites, the sample without surfactant (CF/
BiOCl) showed a higher atomic surface concentration of Bi (6.4 at. %)
and CI (4.9 at. %) than CF/BiOCl/SDS (1.4 at. % of Bi and 1.3 at. % of
cD.

The high-resolution XPS spectra for Bi 4f and Cl 2p are shown in
Fig. 5a and b. Bi 4f is composed of two peaks centred at 164.5 eV and
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Fig. 8. EDX elemental mapping of Bi, O, Cl and C of (a) CF/BiOCl/SDS, and (b) CF/BiOCl.

(a)

° —— CF/BiOCl/SDS
—— CF/BiOClI

51 ——BiOCI/SDS
—— BiOClI

(F(R)*h*v)”z

T
3.0

3.5
Energy (eV)

4.5

Fig. 9. Band gap calculation of the pristine BiOCl and CF-BiOCl composites from (a) zero extrapolation in Tauc representation of (F(R)hv)'/2
extrapolation of the linear least square fit of (F(R)hv)'/2 versus hv using the double fitting approach.

159.2 eV originating from Bi 4f5,; and Bi 4f;,5, respectively (Fig. 5a).
The position of the peaks corresponds to Bi®*. A separation of Bi 4fs/,
and Bi 4f;» peaks by 5.3 eV relates to spin-orbit splitting [47].
Compared to the pristine BiOCl, the Bi 4f peaks for composites shifted to
lower binding energy due to the lower valence state of bismuth, which
may suggest the Bi-C bonding [48]. These peak shifts in the composites
indicate a strong interfacial interaction between BiOCl and CF [37]. The
deconvoluted Cl 2p spectra (Fig. 5b) displayed peaks located at 198.0 eV
and 199.5 eV, corresponding to Cl 2ps,» and Cl 2p; /5, due to the pres-
ence of Cl™ in the samples.

The deconvoluted spectra of C 1s of the composites are shown in

(b)

6
—— CF/BiOCI/SDS
—— CF/BiOClI

5 4 —— BiOCI/SDS

(F(R)*h*V)HZ

3.0 3.5
Energy (eV)

4.5

versus hv, and (b)

Fig. 6a and b. The peak at 284.8 eV is ascribed to the C—=C bond of the
CFs. The peaks centred at 286.3 eV and 288.5 eV are attributed to the
C-0 and -COO implying the presence of oxygen-containing functional
groups in the CFs. Besides, a small shoulder peak located at 283.5 eV in
the composites can be assigned to Bi-C bonds [48]. Further, the O 1s
deconvoluted spectra of the pristine BiOCl and CF-BiOCl composites are
depicted in Fig. 6¢-f. The peak at 529.9 eV corresponds to the 0% state
of lattice oxygen, which could be ascribed to the Bi-O bond in [BizO5]
slabs of the layered structure of the BiOCl. The peaks centred at 531.5 eV
and 532.7 eV are related to the O?~ state of oxygen vacancies and -OH
groups/adsorbed water molecules on the samples, respectively. Another
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Fig. 10. First derivative DRS spectra of (a) pristine BiOCl, (b) CF-BiOCl composites, and (c¢) UV-Vis diffuse reflectance spectra of all samples.

peak particularly present in the composite around 534.0 eV corresponds
to the O—=C-O groups of the CFs [49]. To conclude, the chemical shifts of
Bi 4f and Cl 2p to lower binding energies and a small intensity peak that
appeared around 283.5 eV in C 1s spectra indicate a strong interfacial
interaction between the CF and BiOCl.

3.2. Surface morphologies

The morphological investigation of pristine and CF-supported BiOCl
with and without surfactant was done by SEM and the results are shown
in Fig. 7a-h. As can be seen in Fig. 7a and b, the pristine BiOCl show
more regular and thicker plates with smooth surfaces related to the
tetragonal structure of BiOCl, whereas the addition of SDS forms irreg-
ular and thinner microplates (Fig. 7c and d).

In the case of composites, the hierarchical rose-like structures of
BiOCl crystals were dispersed on the surface of the CFs while using the
SDS, as shown in Fig. 7g, h and S2a, b. But, no such flower, rather
clusters of hierarchical microplates are seen in the composites prepared
without the SDS (Fig. 7e and f). Through the EDX elemental mapping of
the CF-BiOCl composites (Fig. 8a and b), the distribution of Bi, O, Cl and
C can be observed, revealing the formation of BiOCl on the surface of the
CFs.

3.3. Optical properties

The optical properties of the samples were determined using UV-Vis
diffuse reflectance spectroscopy (DRS) in the wavelength range of
200-800 nm. Due to the strong interfacial interactions between the
BiOCl and CF, a mixed mechanism for the associated electronic transi-
tions could be occurring. Most studies report that light absorption by a
specific type of semiconductor and amorphous carbon proceeds through
indirect allowed transition [50,51], therefore the indirect band gap
energy was calculated using the Kubelka-Munk equation (Eq. (2)). The

optical band gaps of the samples were primarily calculated from the zero
extrapolation in the Tauc plot of (F(R)hw)™? versus hv, which is about
3.39 eV and 3.45 eV for pristine BiOCl and BiOCl/SDS, respectively and
a decrease in band gap (2.75 eV and 2.98 eV) was observed for the CF-
BiOCl composites, as shown in Fig. 9a. However, due to the strong light
absorption of carbon in the visible region, the diffuse reflectance of the
composites is lower than 100% due to which the onset of the Tauc
representations is no longer close to zero and appears above zero in the
(F(RYh)? axis. Therefore, the estimation of the band gap by the zero
extrapolation of (F(R)h1)'/? is not valid which overestimates the band
gap value of the composites (shown in Fig. 9a). As a result, a double
linear fitting (extrapolation of the intersection of the dotted lines to zero
of (F(R)h)/? axis) [50] was applied for the Tauc plot as shown in
Fig. 9b. The estimated band gap values by the double linear approach
have shown an increase in band gap values for the composites compared
to the pristine BiOCl.

It is further evaluated through the first derivative DRS spectra (dR/
d)\) of both reference samples and composites, which are shown in
Fig. 10a and b. The absorption maximum for the pristine BiOCl samples
was observed at around 349 nm (BiOCl/SDS) and 356 nm (BiOCl)
(Fig. 10a). On the other hand, the CF-based composites showed a blue
shift in the absorption maximum, which is around 341 nm for the
composites as shown in Fig. 10b. Similar behaviour of blue shift in ab-
sorption maximum while adding carbon in the semiconductor catalyst
was reported elsewhere [52,53]. This result is in line with the double
linear fitting of the Tauc plot, thus the addition of carbon does not
necessarily decrease the band gap and extends the absorption to the
visible region.

Fig. 10c has shown that the adsorption edge of the composites seems
to exhibit a red shift in the spectra between 440 and 490 nm, which
could be misleading. As discussed before, the extrapolation of the linear
region of the curves to zero of the y-axis provides a false interpretation.
Therefore, the absorption edge can be depicted from the dR/dA curve
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Fig. 11. Photocatalytic degradations of MB using different catalysts at (a) 0.05 mmol/L, (b) 0.5 mmol/L, and (c) photographs of MB removal test. The photolysis of

MB without a catalyst is shown by pink scatter plots.
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Fig. 12. The quasi-first order kinetics of the degradations of MB at different concentrations using the catalysts — (a) 0.05 mmol/L, and (b) 0.5 mmol/L.
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Table 2
Rate constant values of the MB photodegradation.
Sample MB concentration (mmol/  The rate constant, k R?
L) (min~ )
BiOCl 0.05 0.0273 0.9623
BiOCl/SDS 0.0104 0.9558
CF/BiOCl/ 0.0522 0.9786
SDS
BiOCl 0.5 0 -
BiOCl/SDS 0 -
CF/BiOCl 0.0332 0.9695
CF/BiOCl/ 0 -
SDS
Table 3

Comparison of the degradation of MB by various photocatalysts under UV
irradiation.

Catalyst Concentration Catalyst Time The Ref.
of MB dose (min)  degradation
(mg/L) () rate of MB
(%)
BiOCI-NPIs-AC 10 0.025 60 98.8 [61]
TiOo/AC 16 0.02 90 98.2 [62]
Fe304/AC/ 100 0.1 60 98.0 [63]
TiO,
Graphene- - 0.01 110 80.5 [64]
BiOCl/
Fe304
ZnO-NR/ACF 50 0.01 120 99.0 [65]
Luminescent 2.2 0.015 140 99.7 [66]
carbon
material
TiOy/BC 50 0.7 60 99.5 [67]
CF/TiO,/BiOI 10 0.1 80 99.2 [68]
CF/BiOCl/SDS 16 0.2 60 97.2 This
work
CF/BiOCl 160 0.2 100 99.0 This
work
CF/BiOCI s
~ <5 &5 Before test
8 S =
/\- e =
=)
8
After test
>
x
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<
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Fig. 13. The XRD diffractograms of the composites before and after the pho-
tocatalytic tests.

(Fig. 10a and b) between 380 and 388 nm for the pristine BiOCl samples
and around 368 nm for the composites. Through these interpretations,
we can conclude that the presence of carbon doesn’t shift the absorption
to the visible region for the UV-active photocatalysts like BiOCI unlike
most reported. This blue shift observed in the case of composites could
be due to the quantum size effect, which has been well reported in
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[54,55]. Also, in our case, the size reduction of the BiOCl in the com-
posites was seen and these are the samples which showed blue shift.
Therefore, we can assume the influence of lower crystallite size on the
absorption edge of BiOCl.

3.4. Evaluation of photocatalytic activity

The photocatalytic activity of the catalysts was evaluated by the
degradation of the MB as the model pollutant under UV-A irradiation.
The degradation efficiencies of MB in the presence of different catalysts
are shown in Fig. 11a and b at two different initial MB concentrations.

First, all the catalysts except CF/BiOCl were analysed with 0.05
mmol/L of MB (Fig. 11a). Since CF/BiOCl possess a relatively higher
specific surface area, the photodegradation of the catalyst was analysed
with a higher pollutant concentration (0.5 mmol/L), which is shown in
Fig. 11b. In both concentrations, the photolysis of MB without the
addition of catalyst was also tested, which is shown by pink scatter plots.
At 0.05 mmol/L, the pristine BiOCl exhibited the photodegradation of
MB in the following order: BiOCl (82.6%) > BiOCl/SDS (48.0%) in 60
min of irradiation. Here, the (001) facet-exposed BiOCl showed less
activity than the other pristine BiOCl samples with (102) crystal
orientation, as shown in Fig. 11a and S3a. At the same condition, the
composite CF/BiOCl/SDS showed almost complete removal of MB
(97.2%) due to its enhanced surface area, crystal orientation and hier-
archical structure of BiOCl. Moreover, due to the high Sggr of CF/BiOCl
(258.5 m?/g), the catalyst completely removed the MB in the adsorption
stage itself (in 30 min). However, at a higher MB concentration of 0.5
mmol/L, both the pristine catalysts and the CF/BiOCl/SDS exhibited no
activity, since more dye molecules present in the solution absorbed the
UV light and hindered the light penetration towards the surface of the
catalysts. However, the composite CF/BiOCl displayed an overall
removal efficiency of 99.0% in 100 min of irradiation at that high MB
concentration. It has removed 44.0% of MB by adsorption due to its high
specific surface area, therefore the reduced dye molecules in the solution
favoured the light-harvesting efficiency of the catalyst. The higher
precursor concentrations (4 mmol) have shown some changes in the
formation and morphology of BiOCl crystals on the CFs, for instance, the
formation of flower-like BiOCl with more hierarchical plates on CFs in
the presence of SDS, but poor BiOCl crystal growth without the addition
of SDS. However, there wasn’t any significant influence on the structural
and optical properties and also their photocatalytic performances, which
are discussed in the supplementary material.

Fig. 12a and b show that the photocatalytic decolourization of MB
was fitted to the Langmuir-Hinshelwood model by plotting In(cy/c)
versus irradiation time (t). The pseudo-first-order kinetics was used to
calculate the rate constant, k (min~') and the values at two different
concentrations are given in Table 2. At 0.05 mmol/L, the rate constant of
CF/BiOCl/SDS is 0.0522 min~!, which is higher than that of pristine
BiOCL. Moreover, the rate constant of CF/BiOCl is 0.0332 min !, which
is zero for the remaining samples at high MB concentration.

Upon UV irradiation on the synthesized material, the photo-
generated electrons are excited to the conduction band, which created
holes (h™) in the valence band. Electrons would be transferred to the CF
at the heterojunction interface, which would enable the efficient sepa-
ration of e-h™. The adsorption of MB on the catalyst is favourable for the
transfer of charge carriers between the dye and the catalyst surface. It
has been reported that e” reduces O to superoxide anion (O3) while hole
either oxidizes H,O to form OH radicals or directly oxidizes MB dye. The
reactive species (O3, h™, "OH) [56,57] initiate the redox reactions and
degrade MB into smaller molecules like CO3, H3O or inorganic ions.
Therefore, the color change of MB to colorless is due to the degradation
of its aromatic rings.

Based on the comprehensive review by Khan et al. [58], usually, ‘OH
and superoxide anions (O3) have been widely reported and known for
the ring opening and complete degradation of methylene blue. Ac-
cording to a study by A. Houas et al [59], the initial step in the
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Fig. 14. SEM images of composites before and after the photocatalytic tests (a & ¢) CF/BiOCl, and (b & d) CF/BiOCl/SDS.

degradation of methylene blue is the attack on the C-S+—C by ‘OH
followed by central aromatic ring opening containing heteroatoms, S
and N, to conserve the double bond conjugation which was lost during
the transformation stage of C-S+—C to C-S(—O0)-C. The holes play an
important role in the formation of CH and NH bonds. And the study by
Wiedmer et al. [60] showed the degradation of MB was dependent on the
generation of O3/00H. According to the above discussion, a possible
degradation mechanism of MB has been proposed in steps: (a) deme-
thylation (b) ring opening (breaking of the central aromatic ring in MB
followed by side aromatic rings), (c) conversion of fragments resulting
from the previous steps to the intermediate species, like phenol, R-NH3,
aniline and aldehydic/carboxylic species, and (d) conversion of inter-
mediate species to simple molecules (CO,, HyO and NHZ).

Generally, in the case of porous carbon support, the rate of photo-
degradation is accelerated by the enhanced mass transfer and detention
of the intended pollutant molecule in the pores. Thus, the hierarchical
structure of CFs with high Sggr enables the catalyst to have more contact
area for the dye molecules to promote the photocatalytic reaction and
the heterojunction formed between CF and BiOCI facilitates the sepa-
ration of e and h*. The electrons can be transferred from BiOCI to the
conductive CF through the well-connected heterojunction interfaces.
Though blue shifts were seen for the composite samples, the smaller
crystallite size and the higher Spgr of the composites facilitated the
complete removal of MB. Therefore, for CF-BiOCl composites, the
dominance of structural and surface area together with hierarchical
morphology has contributed to the photodegradation of MB rather than
the optical property.

The degradation percentage of MB by various photocatalysts under
UV irradiation is summarised in Table 3. The degradation of MB by CF-
supported BiOCl is comparable to, or greater than various photocatalysts
reported earlier. Finally, stability tests were carried out to study the
structural and morphological changes during the photocatalytic reac-
tion. The used catalysts were washed after three cycles with ethanol and
water and dried for XRD analysis. The XRD diffractogram of the com-
posites before and after the photocatalytic tests is shown in Fig. 13.

The unchanged XRD diffraction pattern of the composite catalyst
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after three cycles represents their structural stability during the photo-
catalytic reaction. No new peaks were formed, which indicates that the
crystal structure did not change significantly after the tests. The
morphology of the composites was analysed using SEM (shown in
Fig. 14) and no significant change in the morphology was observed
before and after the tests. Therefore, the CF-supported BiOCl composites
proved to be stable as a photocatalyst for MB degradation.

4. Conclusion

In this work, we proposed the applicability of waste PU elastomer-
derived porous CF as a support material to the semiconductor BiOCI to
improve its photocatalytic performance and overall pollutant removal
efficiency. The CF-BiOCl composites were synthesized via the simple
hydrothermal method in which the BiOClI hierarchical micro flowers and
plates were immobilized on the CF surface. The determination of the
band gap from diffuse reflectance through double linear fit exhibit an
increased band gap of the composites, which indicates that the addition
of carbon does not necessarily decrease the band gap and shifts the
absorption to the visible region for the UV-active BiOCl. The photo-
catalytic activity of the samples was evaluated by studying the degra-
dation of methylene blue (MB) under UV-A irradiation. Even at a high
MB concentration (0.5 mmol/L), excellent photocatalytic activity was
observed with an overall removal efficiency of 99.0% in 100 min of
irradiation. Though a blue shift was seen for the composites in DRS, the
smaller crystallite size and higher specific surface area of the composites
facilitated the complete removal of MB. It is found that the dominance of
structural and surface properties together with hierarchical morphology
has contributed to the photodegradation of MB rather than the optical
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