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form infrared spectroscopy (FTIR). Degradation of MB and MO dyes under UV irradiations was
performed to evaluate the photocatalytic performance of the synthesised nanocomposites. The
results indicated that the h-BN nanosheets doped nanocomposites demonstrated better photocat-
alytic activities as compared to bare PANI or h-BN. Moreover, the nanocomposite P-BN-2, with
2 wt% of 2D h-BN nanosheets was found to be an optimal composition with 93% and 95% degra-
dation efficiency for MB and MO within 90 min respectively.

© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The current era is the age of rapid industrialization which has
witnessed a rapid development and is a major contributing fac-
tor to environmental degradation. Environmental pollution has
been a serious issue which has attracted considerable attention
due to its negative impact on the ecosystem and has been centre
of immense scientific consideration (Xing et al., 2017; Ge et al.,
2016; Syed, 2016; Snyder et al., 2013). Water bodies are one of
the major sufferer of environmental pollution since the organic
pollutants such as dyes are often discharged from various indus-
tries including textile, food industries directly into the water
bodies and causes severe water pollution (Shahabuddin et al.,
2016a). The coloured dyes effluents are often non-
biodegradable (Raffainer and Rudolf von Rohr, 2001) which
effects the aquatic flora and fauna as they reduce the penetra-
tion of solar radiations thereby effecting photosynthetic activi-
ties (Gupta, 2009) besides being toxic and carcinogenic for
human beings (Shahabuddin et al., 2016b; McCann and
Ames, 1976). According to the World bank assessment, approx-
imately 10-15% of the organic coloured dyes are discarded into
the water bodies from dyeing industries contributing around
17-20% of the total industrial aqueous pollution (Chan et al.,
2011; Huang et al., 2014; Shahabuddin et al., 2016c). 3,7-
Bis(dimethylamino)-phenothiazin-5-ium chloride and Sodium
4-((4-dimethylamino)-phenyldiazenyl)-benzenesulfonate, com-
monly known as methylene blue (MB) and methyl orange
(MO), are commonly used synthetic dyes with the complex
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chemical structures as depicted in Scheme 1. These dyes are
often used in various industrial applications including food, tex-
tiles, paper, laser printing, additives and are known to be highly
stable, persistent and terribly harmful for living beings in higher
concentrations (Parida et al., 2010; Shahabuddin et al., 2015).
The harmful effects of dyes effluents to human being includes
quadriplegia, jaundice, cyanosis, diarrhoea, tissue necrosis,
vomiting and may be carcinogenic in extreme cases (Gouamid
et al., 2013; Vinothkannan et al., 2015; Adams et al., 2007).
Thus, there is an immense need to develop techniques which
can address the challenge posed by these aforementioned pollu-
tants. Among various techniques developed to degrade harmful
pollutants from waste water, photocatalysis has proved to be
most effective method to transform the toxic complex organic
pollutants into the less toxic or even completely harmless mole-
cules by utilising simple light energy from sunlight or UV illumi-
nation (Shahabuddin et al., 2016a, 2015; Dai et al., 2014).
Currently, conducting polymeric based nanomaterials have
appeared as plausible substitutes to traditional nanomaterials
owing to their tuneable surface chemistry, enhanced mechani-
cal stability, larger surface area, uniform pore size distribution,
and possible regeneration under minor conditions (Zare et al.,
2018; Nodeh et al., 2018). Due to their unique m-conjugated
electron systems in polymeric backbone, conducting polymers
possess unique optoelectronic and electrical properties.
Recently, conducting polymer based nanocomposites compris-
ing polyaniline (PANI), polythiophene (PTh), polyethele-
namine (PEI), polypyrrole (PPy), etc. have gain considerable
scientific attention in wide varieties of applications such as pho-
tocatalysis, sensors, adsorbents, thermoelectric, electromag-
netic, batteries, electro-luminescence, and electromechanical
applications (Shahabuddin et al., 2016b, 2016¢; Zare et al.,
2018; Jamal et al., 2016; Srivastava et al., 2015; Baharin
et al., 2016). Amongst all the conducting polymers, polyaniline
(PANI) is extensively explored due to its cost effectiveness,
facile synthetic methodologies, unique porous surface, ease of
regeneration, mechanical and environmental robustness, insol-
ubility in water and non-toxicity (Shahabuddin et al., 2016a;
Zare et al., 2018). PANI is usually used as a conjugated conduc-
tive polymer which is polymerised with wide band gap inor-
ganic semiconducting metal oxides, sulphides, etc. and
demonstrates explicit photocatalytic, optical, and photoelectric
properties (Gustafsson et al., 1992; Jang et al., 2000). In addi-
tion to the above-mentioned properties, PANI also acts as an
efficient electron donor and an eminent hole transporter when
it is subjected to UV-visible irradiation. The composite mate-
rial of PANI with a high band gap metal oxide possess unique
electron transfer mechanism where PANI can generate elec-
trons upon photon irradiation and can transfer these photogen-
erated electrons to the conduction band of the semiconducting
metal oxide such as SrTiOsz, TiO,, ZnO. This transfer of
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electron is possible since the LUMO (lowest unoccupied molec-
ular orbital) of PANI is higher in energy level than the conduc-
tion band (CB) of metal oxides (Shahabuddin et al., 2016b;
Wang et al., 2010). This results in considerable volume of inter-
facial charge transfer and significant reduction in the recombi-
nation of electron-hole pair which may perhaps afford a
substantial photoresponse upon photoexcitation.

Inorganic metal oxides, sulphides, nitrides, etc. have been
potentially used as dopant materials with conducting polymers
to design unique nanocomposites with interesting properties.
Nanocomposites comprising of inorganic materials and con-
ductive polymers have been extensively explored in the field
of photocatalysis since these composites materials had exhib-
ited enhanced photocatalytic activities. The semiconducting
nature of metal oxides is an essential feature which makes them
as photosensitisers in photochemical reaction due to their
empty conduction bands (CB) and filled valence bands (VB).
Among various conducting polymers, PANI has been signifi-
cantly explored with various types of inorganic metal oxides
such as SrTiOs, TiO,, ZnS, ZnO, Co30, since it possesses
enhanced electron mobility whereby the electrons are easily
excited under photo illumination (Golsheikh et al., 2015; Ray
and Biswas, 2000; Autin et al., 2013; Singh, 2010). The photo-
electrons electrons generated in the excited antibonding orbitals
(™) of the PANI matrix transfer into the empty conduction
band of these inorganic metal oxides and sulphides (Zhang
et al., 2006). These electrons and holes reacts with the sur-
rounding water and oxygen molecules to for superoxide and
hydroxide radicals which are responsible for photodegradation
of the organic molecules. Two-dimensional semiconducting
materials owing to their fundamental and unique surface prop-
erties have been widely explored in various applications (Guo
et al., 2013). Among various 2D materials, hexagonal boron
nitride (h-BN) has gained vast scientific attention due to its
structural similarity with graphene and interesting chemical
and physical properties such as enhanced thermal stability,
excellent thermal conductivity, higher band gap, chemically
resistant, and higher surface area (Jang et al., 2016; Kim
et al., 2012; Salehirad and Nikje, 2017). h-BN is a covalently
bonded, hexagonal crystalline layered compound of boron
and nitrogen where the B and N atoms arranged in a sp? hybri-
dized honeycomb lattice resembling graphene (Nag et al., 2010;
Songet al., 2012). 2D h-BN nanosheets have larger surface area
and exhibited greater electron and phonon transport as com-
pared with their 0D and 1D counterparts (Salehirad and
Nikje, 2017; Bhimanapati et al., 2016). Thus h-BN appeared
to be an interesting material for photosensitization of conduc-
tive PANI an area which has not been much explored.

Herein, we report the facile synthesis of PANI nanotubes
and 2D h-BN doped PANI nanotubes through simplistic in-
situ oxidative polymerization for the photocatalytic degrada-
tion of carcinogenic MB and MO dyes from aqueous solution.
2D h-BN was incorporated into the conducting PANI nan-
otubes during polymerization of aniline monomer. PANI was
selected as a matrix material for designing the photocatalyst
based upon its cost effectiveness, significantly enhanced electron
mobility, easy excitement of electrons through photo irradia-
tions and facile method of synthesis. Moreover, doping of PANI
nanotubes with h-BN nanosheets synergistically augments the
generation of photoelectrons and holes which has overall
increased the photocatalytic efficiency of the nanocomposites.
The photocatalytic efficiency of the synthesised nanocomposites

was evaluated by investigating the degradation of MB and MO
under UV irradiations spectrophotometrically. The optimised
amount of 2D h-BN nanosheets within the PANI nanotubes
matrix was found to 2 wt% with respect to aniline with 93%
and 95% degradation of MB and MO respectively in 90 min.
Simplistic synthesis methodology, cost-effectiveness and
enhanced photocatalytic degradation performance make these
2D h-BN nanosheets doped polyaniline nanocomposites as
the credible photocatalysts for organic dyes degradation.

2. Experimental section

2.1. Materials

Under reduced pressure distillation of Aniline (Fluka, >99%)
was performed followed by its storage in the dark prior to its
use. Other necessary chemicals including ammonium peroxy-
disulfate, APS (Merck, >99%) HCIl (Merck, 37%); methanol
(Merck, 99.9%) and acetone (Merck, 95%) were used without
any further purification. Hexagonal boron nitride (h-BN) pow-
der having an average particle size of 70 nm was procured
from Lower Friction Company (Canada). All the analytical
grade reagents were used in all the experiments. Deionised
water was used throughout the entire study.

2.2. Preparation of polyaniline nanotubes (PANI)

Oxidative polymerisation of distilled aniline was employed in
aqueous HCI (IM) by taking ammonium persulfate (APS) as
an oxidant to synthesise polyaniline nanotubes. In short,
0.0215 mol of aniline was taken in 30 mL of 1M of HCI
(aq.) solution. The oxidant solution was added gradually to
the aniline solution maintaining rate of one drop per second
while stirring continuously at 0-5 °C. Stirring was continued
for another 3hrs and kept overnight in refrigerator for allow-
ing completion of reaction. Followed by this, the reaction mix-
ture was subjected to filtration and washing using HCI (0.5 M)
up until the filtrate become colourless and successively with
deionized water to make the filtrate neutral. Subsequently,
the obtained product was washed using solvent 1:1 mixture
of acetone and methanol to remove all unreacted monomers
and oligomers. The resultant polymer was dried overnight by
keeping in vacuum oven at pressure of 100 mb and 60 °C.
The appearance of green colour of the resultant polymer spec-
ified the formation of conductive polyaniline emeraldine salt.

2.3. Preparation of PANI-h-BN nanocomposite

Synthesis of h-BN nanosheets doped nanocomposites were
carried out using various wt% of h-BN (1, 2 and 5 wt% with
respect to 0.0215 mol of aniline). Calculated amount of h-BN
nanosheets were dispersed in 5 mL of deionised water by son-
ication and added dropwise to aniline solution in HCI with vig-
orous stirring. The resultant reaction mixture was sonicated
for a few minutes until it became uniform. The protocol for
further work up was similar to described in the above section.
The nanocomposites so obtained were labelled as P-BN-1, P-
BN-2 and P-BN-5 specifying 1, 2, and 5wt% of h-BN
nanosheets with respect to aniline, respectively. The experi-
mental set up for the synthesis of nanocomposites from mono-
mer is depicted in Fig. SI.
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2.4. Characterisation techniques

JEOL JSM-7600F field emission scanning electron microscope
functioning at 10 kV was used to evaluate the surface morpho-
logical and elemental analysis of the synthesised product.
JEOL JEM-2100F high-resolution transmission electron
microscope was used to study the size, shape and crystallinity
of the prepared nanocomposites. Perkin Elmer TGA6 was
employed to investigate the thermal stability under nitrogen
atmosphere having heating rate of 10 °C/min. 10 mg of dried
sample was kept inside the alumina crucible, and the weight
changes were assessed within the temperature range of 35 °C
to 900 °C. Empyrean X-ray diffractometer was used to record
the X-ray diffraction (XRD) patterns by keeping the 26 = 10-
90° using Cu Ko radiations (A = 1.5418 A) at a scan rate of
0.02 s~!. Micromeritics Tristar I ASAP 2020 system was used
to carry out analysis of surface area using by nitrogen adsorp-
tion/desorption isotherms at 77 K. Brunauer-Emmett-Teller
(BET) methods was employed to measure the specific surface
areas. Perkin Elmer RX1 FT-IR ATR spectrometer within
range of 400-4000 cm ™! was used to obtain the FT-IR spectra
of the synthesized samples using KBr pellets.

2.5. Measurement of photocatalytic activities

To evaluate the photocatalytic activities of the synthesized
samples, degradation of methylene blue (MB) and methyl
orange (MO) dye were monitored in the aqueous phase. About

20 mg of the synthesized nanocomposite powder was dispersed
in 100 mL of an aqueous dye solution having starting concen-
tration of 10 mg L' in quartz vessel. By stirring the reaction
mixture for about 60 min in the dark environment, the
adsorption- desorption equilibrium was attained. The photo-
catalytic degradation was then conducted by irradiating the
above mixture using a UV source placed at a distance of 3
cm from solution. To achieve uniformity in dispersion of pho-
tocatalyst particles, the dye solution along with photocatalyst
was bubbled with air followed by continuous stirring. The
arrangement of photocatalytic setup is depicted in Fig. S2.
Thereafter, 3 mL of the dye suspension was withdrawn at a
regular time interval and centrifuged. The UV-visible absorp-
tion spectra of the supernatant solution were analysed using a
UV-visible spectrometer in 1 cm quartz cuvettes to evaluate
the characteristic absorption peak of MB and MO.

3. Results and discussion

3.1. Morphological analysis of nanocomposites

Morphological analysis of the h-BN nanosheets, PANI nan-
otubes, and h-BN nanosheets doped PANI nanocomposites
were comprehensively studied by FESEM and TEM tech-
niques. Fig. I(a) and (b) depicts the surface morphology of
h-BN nanosheets. As evident from the Fig. 1(a), h-BN revealed
the discs like morphology in nano-range. These disc shaped h-
BN nanosheets are highly stacked as illustrated by Fig. 1(b).

Fig. 1

FESEM micrographs of (a and b) h-BN (c) PANI, and (d) P-BN-5.



1004

S. Shahabuddin et al.

The FESEM micrograph of PANI is depicted in Fig. 1(c). As
obvious from the figure, PANI exhibited well defined tubular
morphology and the measurements of the tubes confirms the
formation of nanotubes. Surface morphological analysis of
h-BN nanosheet doped nanocomposite, P-BN-5, clearly
demonstrate the transformation in the PANI nanotubes into
granular polymeric network Figs. 1(d) and S1). The addition
of h-BN nanosheets does not have much impact on the mor-
phology of PANI polymer but the surface has been modified
to much granular as evident by the highly magnified nanocom-
posite image depicted in Fig. S3. However, it is difficult to
visualise the h-BN nanosheets in the nanocomposites since
the concentration of the former is very meagre as compared
to PANI nanotubes.

Fig. 2
pattern for PANI nanotubes.

In order to further confirm the formation of nanocompos-
ites, TEM analysis were performed for h-BN nanosheets,
PANI nanotubes and h-BN nanosheets doped nanocompos-
ites, P-BN-5. Fig. 2 demonstrates the TEM micrographs of
h-BN nanosheets, PANI nanotubes whereas Fig. 3 demon-
strates the TEM image of P-BN-5 nanocomposite. TEM image
h-BN nanosheet is illustrated in Fig. 2(a) which clearly reveals
the disc shaped morphology. The HRTEM image of h-BN is
represented in Fig. 2(b) which clearly shows the layered struc-
tures with the interlayer distance measured to be 2.5 A, which
is the characteristic N-N intralayer distance in h-BN lattice
(Kim et al., 2011; Kobayashi and Akasaka, 2008). Fig. 2(b)
displays the in-plane high-resolution selected area electron
diffraction (SAED) pattern of h-BN nanosheets depicting the

10 1/nm

(a—b) HRTEM images of h-BN nanosheets (c) SAED pattern for h-BN (d—e) HRTEM images of PANI nanotubes and (f) SAED
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Fig. 3 HRTEM image of P-BN-5 nanocomposites with SAED pattern at three different points.

polycrystalline in-plane structures in the h-BN nanosheets
(Jang et al., 2016). As apparent from Fig. 2(d), formation of
PANI nanotubes is confirmed by TEM micrograph. Fig. 2(e)
and (f) represents the high resolution TEM image and selected
area electron diffraction (SAED) pattern for PANI nantubes
which clearly reveals the formation of pure amorphous poly-
meric material with no crystalline phase. In order to observe
the presence of h-BN polycrystalline phase in amorphous poly-
mer matrix, high resolution TEM analysis was performed for
nanocomposite, P-BN-5 as illustrated in Fig. 3. As noticeable
from Fig. 3, the selected area electron diffraction (SAED) pat-
tern were taken from three different spots namely spot 1, 2 and
3. The SAED analysis indicates the presence h-BN with the
matrix of amorphous PANI. Thus, FESEM and TEM analysis
clearly reveals the formation PANI nanotubes and h-BN
nanosheets doped nanocomposite.

Additionally, as the amount h-BN nanosheets is very less as
compared to the bare polymer matrix and these sheets are
embedded deep within the polymer matrix, it is difficult to
observe the uniform presence of h-BN in PANI matrix by
using FESEM or TEM alone. In order to demonstrate the uni-
form presence of h-BN within the PANI matrix FESEM ele-
mental mapping technique was employed. Fig. 4 exhibits the
elemental mapping result of P-BN-2 nanocomposite with 2
wt% h-BN. As can be seen from the obtained results, boron
and nitrogen are uniformly present within the polymer matric
along with carbon, chlorine and oxygen thereby confirming the
formation of h-BN nanosheet nanocomposite with uniform
distribution of h-BN.

3.2. Thermal analysis

Thermogravimetric analysis of the h-BN, PANI nanotubes,
and h-BN doped PANI nanocomposites were performed at

the thermal range of 30 °C to 900 °C with a ramp rate of 10
°C/min under inert nitrogen atmosphere. Fig. 5 epitomises
the thermal investigation of h-BN, PANI nanotubes and h-
BN doped nanocomposites namely P-BN-1, P-BN-2 and P-
BN-5. As revealed by the thermogram of h-BN, only a minor
weight loss of 1.6% was observed from the temperature range
of 35900 °C which illustrates that h-BN is highly stable at ele-
vated temperatures. The thermogram of PANI nanotubes
demonstrated three principal weight losses at the heating range
of 35-900 °C. Initially PANI nanotubes exhibited a prominent
weight loss from 40 to 130 °C, which might be due to the
removal of moisture adsorbed within polymer matrix, disinte-
gration of the unreacted aniline monomer and decomposition
of the impurities (Syed, 2016; Shahabuddin et al., 2015).
Another major weight loss appeared around 130-300 °C which
can be assigned to the loss of dopant molecules from polymeric
backbone and finally another weight loss was noticed from 300
to 900 °C which is attributed to the breakdown and decompo-
sition of the carbonaceous polymeric chains (Mostafaei and
Zolriasatein, 2012). The thermogram of the h-BN nanosheets
doped nanocomposites revealed enhanced stability as com-
pared to the bare PANI nanotubes which may be due to the
presence of thermally stable pure h-BN nanosheets in the
nanocomposite material. Hence, the thermal investigation of
the nanocomposites evidently indicates the enhancement in
the thermal stability of P-BN-1, P-BN-2 and P-BN-5 owing
to the presence of thermally stable pure h-BN nanosheets
within the polymeric matrix and this stability increases with
increasing the percentage of h-BN in nanocomposites.

3.3. BET analysis

Brunauer-Emmett-Teller (BET) analysis is one of the powerful
tool for investigating the surface properties of the material and
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Fig. 4
Cl (e) N and (f) Boron.
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Fig. 5 TGA patterns of h-BN nanosheets, PANI nanotubes and
h-BN nanosheets doped nanocomposites.

was used for examining the specific surface area of h-BN
nanosheets, PANI nanotubes and h-BN nanosheets doped
nanocomposites via computing the nitrogen adsorption—des-
orption isotherms. Fig. 6 demonstrates the nitrogen adsorp-
tion—desorption isotherms of h-BN, PANI nanotubes, P-BN-
1, P-BN-2 and P-BN-5. As obvious from Fig. 6, the adsorp-
tion—desorption isotherms of the aforementioned materials
depicted the distinguishing type-IV isotherms consistent with
the International Union of Pure and Applied Chemistry
(IUPAC) classification which stipulates their mesoporous nat-
ure (Sing, 1985; Yu et al., 2013). The specific surface area for
h-BN nanosheets, PANI nanotubes, and the nanocomposites
is illustrated in Table 1. As evident from the obtained BET sur-
face area results, the surface area of the nanocomposites was
found to be higher than that of bare polymer and h-BN
nanosheets. The increment in the surface area may be due to

(a) FESEM image and (b) EDX elemental mapping of P-BN-2 nanocomposite on a Si wafer for the following elements: (c) C, (d)

the changes in the surface morphology of the PANI
homopolymer in the presence of h-BN. As discussed in Sec-
tion 3.1, the surface of the PANI nanotubes has become gran-
ular upon doping with h-BN which has increased the porosity
of the material and has led to the overall increment in the sur-
face area of the nanocomposites. Additionally, the surface area
of the nanocomposites increases with increasing the percentage
of h-BN from 1% to 2% and slightly decreases when the dop-
ing percentage increase to 5%. This decrease in the surface
area upon increasing the concentration of h-BN might be
due to the agglomeration of h-BN nanosheets at higher con-
centration which has decreased the overall surface area of
the nanocomposite. Thus, BET investigations revealed the for-
mation of high surface area porous nanocomposites which is a
prime requisition for the photocatalyst.

3.4. XRD analysis

The crystal structure and phase of the samples were analysed
by X-ray diffraction investigations and are represented in
Fig. 7. The XRD pattern of h-BN exhibited very well defined,
intense and well separated peaks representing a higher degree
of structural ordering. All the obtained peaks at 26.80, 41.70,
42.95, 50.20. 55.28, 71.41, 7598 and 82.27 can be readily
indexed to expected crystallographic planes of pure h-BN (0
02),(100),(101),(102),(004),(104), (110), and (112)
respectively in accordance with the JCPDS file number 01-
073-2095 (Guo et al., 2013; Yuan et al., 2016). The character-
istic diffraction peaks of conductive PANI appeared at 26 =

15.76, 20.35, and 25.25 which indicates polycrystalline struc-
ture of PANI (Rahy and Yang, 2008). The intense peaks
appearing in the XRD spectrum of PANI at the diffraction
angles of 20 = 20.35 and 25.25 may be assigned to the periodic
repetition of benzenoid and quinoid rings respectively in PANI
chains (Shi et al., 2009). As depicted by the XRD pattern of the
h-BN nanosheet doped nanocomposites, the sharp and persis-
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Fig. 6 Nitrogen adsorption—desorption isotherms (BET) of h-BN nanosheets, PANI nanotubes and h-BN nanosheets doped
nanocomposites.

Table 1

BET surface area.

BET analysis

S. no. Material BET surface area (m”> g~ ")
1 h-BN Nanosheets 19.04
2 PANI Nanotubes 24.02
3 P-BN-1 33.67
4 P-BN-2 34.85
5 P-BN-5 34.42

tent peaks of PANI nanotubes were retarded significantly
upon the addition of h-BN within the polymer matrix. This
decrease in the intensity of peaks of PANI may be ascribed
to the fact that h-BN nanosheets acts as an impurity thereby
retarding the formation of PANI crystallite. The characteristic
peak of h-BN also appeared in the spectra of nanocomposites,
slightly shifted and becomes intense with the increase in the
amount of h-BN which suggested some interaction within
the PANI chains and h-BN nanosheets within the nanocom-
posites. Hence, XRD investigation indicated the successful
synthesis of PANI homopolymer and h-BN nanosheets doped
nanocomposites.

3.5. FTIR analysis

Figs. 8 and S2 shows the FT-IR spectra of h-BN nanosheets,
PANI nanotubes and the synthesised nanocomposites. As
apparent from the FT-IR spectrum of h-BN, the fingerprint

peaks of h-BN appeared at 1352 and 780 cm™! as indicated
by the arrows. The peak at 1352 cm™' may be attributed to
the in-plane stretching vibrations of B—N bonds whereas the
peak appearing at 780 cm™! can be assigned to the out of
the plane B—N—B bending vibrations (Salehirad and Nikje,
2017; Gorbachev et al., 2011; Seyhan et al., 2017). The FT-
IR data for PANI nanotubes exhibited the characteristic IR
peaks at 1562 cm™! and 1481 cm™! which could be allocated
to the representative C—C stretching of quinoid and benzenoid
rings in PANI homopolymer, respectively (Arasi et al., 2009).
The IR peak representative to C—N and C—N stretching in
PANI nanotubes appeared at 1290 cm™' whereas peaks at
1120 and 808 cm ™' may be ascribed to in-plane C—H bending
and out-of-plane C—H bending in PANI chains (Syed, 2016;
Shahabuddin et al., 2016c). The FT-IR spectra of h-BN
nanosheets doped nanocomposites are depicted in Fig. S4
which shows the characteristic IR peaks of PANI nanotubes
with a slight shifting in the band after doping of PANI nan-
otubes with h-BN. The IR band of 1550 is shifted to around
1532 cm™! whereas the band at 1481 appeared at around
1380 cm™"'. This slight shifting of the IR bands toward the
red side of the spectrum may be due to the weak interactions
such as Van der Waals attraction between the positively
charged PANI backbones and the h-BN molecules. Also, the
characteristic peaks of h-BN at 1295 cm ™! and 791 cm™! start
to appear within the spectra of the nanocomposites (marked
by arrows) and the intensities of these peaks increases with
the increase in the doping percentage of h-BN. Thus, FT-IR
results supports the formation of h-BN nanosheets doped
nanocomposites successfully.
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3.6. Photocatalytic degradation of M B under UV irradiation

The aqueous-phase photocatalytic degradation studies for MB
and MO were performed using UV-light illumination at ambi-
ent temperature in the presence of h-BN nanosheets, PANI
nanotubes and h-BN nanosheets doped nanocomposites
namely, P-BN-1, P-BN-2 and P-BN-5. The adsorption-
desorption equilibrium under dark conditions for the adsorp-
tion of MB and MO on the surface of the catalysts was
observed for 75 min using via UV-vis absorption technique
as depicted in Fig. 9. As apparent from Fig. 9(a) and (b), with
increment in the adsorption time, the amount of MB molecules
adsorbed on the surface of catalysts increases and the catalyst
surface attained saturation with dye molecules within 45 min
of dark adsorption. Same trend was observed in the dark
adsorption-desorption equilibrium attainment of MO dye
where the catalyst saturation was achieved within 60 min
approximately as can be seen from Fig. 9(c) and (d). After
dark adsorption-desorption equilibrium attainment approxi-
mately 2.3%, 10.8%, 15.75%, 19.90% and 21.80% of MB
and 1.9%, 11.1%, 17.8%, 23% and 21.3% of MO was
adsorbed on the surface of h-BN nanosheets, PANI nan-
otubes, P-BN-1, P-BN-2 and P-BN-5 respectively. The dye
molecules (MB and MO) are adsorbed on the surface of con-
ductive PANI nanotubes and its nanocomposites due to elec-
trostatic interactions and m—m conjugation among the

aromatic rings of dye molecules and PANI nanotubes poly-
meric chains which leads to the enhancement in the adsorption
capacity. Moreover, the adsorption was found to be higher in
nanocomposites as compared to bare PANI nanotubes which
may be due to molecular interactions of the h-BN nanosheets
with dye molecules.

The rate and percentage of photodegradation of MB and
MO in the presence of h-BN nanosheets, PANI nanotubes,
P-BN-1, P-BN-2 and P-BN-5 at varying time intervals are
depicted in Fig. 10(a)~(d). As can be seen from Fig. 10(a)
and (b), h-BN and PANI nanotubes displayed lower photocat-
alytic activities as compared to their hybrid nanocomposites,
P-BN-1, P-BN-2 and P-BN-5 for the degradation of MB.
The percentage degradation as illustrated in Fig. 10(b) depicts
the following trend: P-BN-2 > P-BN-5 > P-BN-2 > PANI
nanotubes > h-BN nanosheets. Similar photocatalytic beha-
viour has been observed in the degradation of MO with Fig.
10(c) and (d) exhibiting maximum photocatalytic efficiency
of P-BN-2 followed by P-BN-5, P-BN-2, PANI nanotubes
and h-BN nanosheets. Figs. 11 and 12 shows the real time
UV-vis adsorption spectra of h-BN, PANI nanotubes and h-
BN doped nanocomposites irradiated under UV illumination
for different time intervals for MB and MO respectively. These
real time photocatalytic degradation curves indicate the
enhanced degradation of MB and MO through photocatalytic
phenomenon. The intensity of the MB adsorption band
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decreases significantly with increasing irradiation time.
However, this decrease in the intensity of adsorption band
for MB shows different trends with different material. For
instance, h-BN nanosheets Fig. 11(a)) does not shows any
significant photocatalytic activity with only 4.2% of degrada-
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tion within 90 min. On the contrary, PANI nanotubes demon-
strates some photocatalytic phenomenon with 32%
photodegradation of MB after 90 min as can be seen from
Fig. 11(b). Fig. 11(c)—(e), reveals the degradation pattern for
P-BN-1, P-BN-2 and P-BN-5 which depicts the significantly
enhanced photocatalytic efficiencies as compared to bare
PANI homopolymer. The comparison of photocatalytic activ-
ities of all the photocatalysts is exhibited in Fig. 11(f) which
shows the UV-vis adsorption spectra of the of h-BN, PANI
nanotubes and h-BN doped nanocomposites at the 90th min-
ute of irradiation. The data reveals that P-BN-2 degraded
93% of MB whereas P-BN-1 and P-BN-5 degraded 68 and
87 percent of MB after 90 min of irradiation, respectively.
The photocatalytic degradation data of MO is represented in
Fig. 12(a)—~(f). Photocatalytic degradation of MO also shows
similar pattern as depicted by MB degradation. Approximately
95% of MO was degraded in 90 min by P-BN-2 followed by
89%, 79%, 38% and 5.1% photodegradation by P-BN-5, P-
BN-1, PANI nanotubes and h-BN. The photocatalytic analysis
of the MB and MO dye under UV-photoillimination revealed
that PANI can degrade certain amount of organic matter due
to the presence of conducting polymeric chains undergoing n-
™ transitions upon photoirradiation. However, the photocat-
alytic degradation efficiency increases significantly upon
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equilibrium.
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doping of PANI with h-BN nanosheets. The photocatalytic
efficiency increased noticeably upon increasing the concentra-
tion of h-BN from 1% to 2% but shows a slight decrease o fur-
ther increasing the concentration of h-BN from 25 to 5%. This
might be due to the fact that at higher concentration of h-BN
nanosheets, agglomeration of nanosheets takes place which
decreases the effective surface area of the photocatalyst
thereby hampering the overall photocatalytic efficacy. This
reduction in surface area is also supported by BET analysis,
thereby envisaging P-BN-2 to be an optimal photocatalyst
composition.

The organic dyes have the tendency to absorb light upon
illumination and undergoes electronic transition accompanied
by intersystem crossing which is responsible for generation of
singlet and triplet species thereby leading their self-
decomposition (Subramanian et al., 2014). The singlets and tri-
plets species formed due to photoexcitation are highly ener-
getic and reactive which upon reaction with oxygen and
water molecules forms peroxide, superoxide, and hydroxyl
radicals. These radicals are generally known as advanced oxi-
dation species (AOS) which are the real scavengers and
degrade any organic moiety such as dye molecules and other
pollutants which comes in contact with them. However, this
photo-phenomenon by the dyes is insignificant with only a

very little fraction of photodegradation and is usually aug-
mented by using efficient photocatalysts. The AOS can also
be generated by conductive PANI and its various hybrid
nanocomposites with higher band gap semiconducting materi-
als leading to the efficient and enhanced degradation of
organic pollutants. The conductive emeraldine state of PANI
homopolymer has demonstrated higher electron mobility
where the electrons can be easily excited by photoirradiation.
Analogous to various conductors and semiconductors, emeral-
dine state of PANI have its own valence and conduction bands
commonly known as HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecular Orbital).
The valence electrons present in HOMO can be excited by
absorbing energy from photons when illuminated by light
source thereby jumping to LUMO via n-n” transitions, the
characteristic transitions of PANI molecules (Shahabuddin
et al., 2016a, 2015). Due to these electronics transitions within
the matrix of conductive PANI polymeric chains electrons and
holes are formed in the HOMO and LUMO of PANI respec-
tively, which further forms AOS by reacting with medium’s
water and oxygen molecules leading to the degradation of
MB and MO molecules. This process however is not very effi-
cient since rapid recombination of holes and electrons takes
place which limits the formation of AOS and thus significantly
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decreases the photocatalytic efficiency of PANI homopolymer.
In order to improve the photocatalytic efficiency of PANI
homopolymer semiconducting h-BN nanosheets were incorpo-
rated within the chains of PANI polymer via simple in-situ

polymerization technique. h-BN is a wide band gap semicon-
ducting material (E, = 5.9-6.1 V) whereby its conduction
band interacts with the LUMO of PANI when upon photoex-
citation (Watanabe et al., 2004). These electronic interactions
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among the LUMO and conduction band of h-BN are respon-
sible for bringing LUMO of PANI to closer to the conducting
band of h-BN. Thus, when the nanocomposite comprising
PANI chains and h-BN is subjected to irradiations, electrons
are excited from the HOMO of PANI and jump to LUMO

leading to the formation of positively charged holes in HOMO.
When these photoelectrons are returning to the HOMO for
recombination, they come across the empty conduction band
of h-BN. Thus, instead of returning back to the HOMO of
PANI, these photoelectrons are injected to the empty conduc-
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tion bands of h-BN. This phenomenon aids in charge separa-
tion and significantly decrease the electron-hole recombination
and substantially enhances the formation of AOS. Thus,
greater charge separation, lower electron-hole recombination
and enhanced formation of AOS leads to the incredible degra-
dation of MB and MO. The plausible mechanism for pho-
todegradation is illustrated by Fig. 13. Consequently, h-BN
nanosheets and PANI nanotubes works synergistically for
the generation of AOS by hampering electron-hole recombina-
tion and boosting charge separation which leads to the forma-
tion of an effective photocatalyst for enhanced degradation of
MB and MO.

3.7. Comparison of photocatalytic efficiencies

The photocatalytic performance of the synthesised h-BN
nanosheet doped nanocomposite is compared with other
reported nanocomposites and is illustrated in Table 2. In pre-
sent investigation, 93% and 95% photocatalytic degradation
of MB and MO respectively, is reported with 20 mg/100 mL
of catalyst loading at an initial dye concentration of 10 ppm.
As apparent from the comparative data from Table 2, the syn-
thesised h-BN nanosheet doped nanocomposite offers
enhanced photodegradation within a short interval of time
and thus can be applicable for efficient treatment of polluted
water and can address the challenge of environmental
pollution.

3.8. Reusability studies

Reusability of the photocatalyst is an important aspect which
indicates the economic viability and practical usability of the
material in real time applications. Therefore, reusability

H,0

studies were performed for h-BN nanosheet doped nanocom-
posite, P-BN-2 as depicted in Fig. 14 for MB and MO pho-
todegradation. The photocatalyst after the first photocatalytic
cycle was recovered by subjecting to centrifugal separation
and repeated washings with DI water to remove the adsorbed
dye molecules. The recovered photocatalyst was then dried in
a vacuum oven over a period of 2h at 80° C and later used
for subsequent cycles so as to analyse the photocatalytic effica-
cies with repeated cycles. The obtained photocatalytic data
reveals that the photocatalytic efficiency of P-BN-2 decreases
with each cycle for MB and MO degradation. As apparent from
Fig. 14, the percentage degradation of MB was found to be
86%, 81.3%, 78.1% and 74.2% while for MO it was calculated
to be 90.2%, 87%, 82.5% and 78% for second, third, fourth
and fifth cycle respectively. Thus, the reusability investigations
indicated that 74.2% of MB and 78% of MO can still be
degraded even after 5th cycle showing the enhanced stability
and reusability efficacy of P-BN-2 photocatalyst.

4. Conclusion

In summary, the present investigation epitomised a simple
method to develop conducting polymer-based nanocomposites
for photocatalytic application using in-situ oxidative polymeri-
sation route. The newly developed photocatalysts revealed
higher degree of photocatalytic degradation of MB and MO
dyes. The surface morphology reveals the nanotubular
nanocomposite formation with enhanced surface area and
higher thermal stability. The incorporation of h-BN
nanosheets within the matrix of PANI nanotubes indicated
the synergistic phenomenon leading to enhancement of charge
separation thereby increasing the photocatalysis performance
of the nanocomposites. The h-BN doped nanocomposites

f-i?\@"@ © o o o Degradation
OH' I

OH" |

=
=
w L
Oy
MB [~}
MO
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Fig. 13 Schematic illustration for the formation of advanced oxidation species in h-BN nanosheets doped PANI nanocomposite.
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Table 2. Comparative study of the photocatalytic efficiencies of the different photocatalysts (Shahabuddin et al., 2016¢c, 2015;
Golsheikh et al., 2015; Liu et al., 2014; Jeghan and Kang, 2017; Sboui et al., 2017; Kim et al., 2016; Eskizeybek et al., 2012; Xia et al.,
2015).

Photocatalyst Model dye Conc. of  Amount of % Degradation Source of Reference
dye catalyst Degradation time (min.) light
(mg/L™")  (mg/ml)
PANI/TiO,/SiO, membrane Methyl 1.5 - 87 90 Visible light  Liu et al. (2014)
Orange
Graphene/ZnS Methylene 10 0.2 95 180 uv Golsheikh et al.
Blue (2015)
Urachin like CuCo,04 Methyl 10 0.6 100 240 Sunlight Jeghan and Kang
Orange (2017)
Chitosan/PANI/Co030, Methylene 10 0.3 88 180 UV Shahabuddin et al.
Blue (2015)
TiO,-PANI/Cork Methyl 15 1 95 210 Natural Sboui et al. (2017)
Orange sunlight
PANI/SrTiO; Methylene 10 0.3 97 90 Visible light ~ Shahabuddin et al.
Blue (2016¢)
Hollow CoFe,04~PANI Methyl 20 0.2 85 120 LED Kim et al. (2016)
nanofibers Orange
PANI/ZnO Methylene 32 0.4 99 300 Sunlight Eskizeybek et al.
Blue (2012)
FeOOH-LDO Methylene 3 35 95 180 Visible light ~ Xia et al. (2015)
Blue
PANI/h-BN Methylene 10 0.2 93 90 uv This work
Blue
Methyl 10 0.2 95 90
Orange
Acknowledgements
100 + % Degradation MB

o Degradation MO

2] o
o o
1 L

% Degradation
H
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20
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Fig. 14 Reproducibility cycles of P-BN-2 for (a) MB and (b)
MO degradation.

demonstrated higher degradation of MB and MO within short
interval of time as compared with the pure PANI nanotubes
and h-BN. The reusability analysis specified that the synthe-
sised nanocomposite is highly stable even after the 5th cycle
and can be effectively reused for longer durations. Addition-
ally, the presented technique is a cost effective and facile
methodology which can be exploited for designing several
other types of nanocomposites to confront the growing
menace of environmental pollution.

The authors would like to thank the Sunway University for the
research facilities and financial support through internal grant
(INT-2018-SST-RCNMET-04).

Appendix A. Supplementary material

Supplementary data associated with this article can be found,
in the online version, at https://doi.org/10.1016/j.arabjc.2018.
05.004.
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