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Photocatalytic activity of

Nig.5Zng sFe>,O4@polyaniline decorated BiOCl for
azo dye degradation under visible light — integrated
role and degradation kinetics interpretationf

Ruchika Tanwar® and Uttam Kumar Mandal {2 *

Herein, we demonstrated the excellent improvement in photocatalytic degradation performance of BiOCl
upon facile heterogeneous decoration with an integrated Nig sZng sFe,O4@polyaniline hanocomposite for
an organic pollutant, methyl orange dye (MO), under visible light irradiation. The physico-chemical nature of
the heterogeneous nanocomposite was characterized by XRD, FTIR, HRTEM-EDX and XPS analyses. The
tuning of the band gap and optical sensitivity of BiOCl using Nig sZng sFe,O4@polyaniline were measured
by DRS, PL and EIS techniques. To validate the transformation of the BiOCl photocatalyst to a visible light
active photocatalyst due to the incorporation of NigsZng sFe,Os@polyaniline and to gain insight into the
origin of the synergistic effect for dye degradation by the heterostructured hanocomposite, we explored
the effects of process parameters such as catalyst dosage, initial dye concentration, pH and the
presence of inorganic anions on the extent of photo degradation. To get more details about reaction
kinetics, a kinetic model using non-liner regression analysis was developed and the validity of the model
was tested by comparing the experimental values with the calculated data. Based on the intermediate
product formation, identified by GC-MS, a probable degradation pathway and a mechanism based on
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1. Introduction

The presence of toxic organic pollutants has had great reper-
cussions on the environment and public health and become
a global issue recently.”” The research in the field of effluent
treatment has proclaimed that the use of semiconductor pho-
tocatalysts is expected to be a potential solution to degrade toxic
organic pollutants and could solve many environmental prob-
lems. Among the various semiconductor photocatalysts, the
integrated heterogeneous nanoscale photocatalysts appear to
be one of the most promising technologies and a thriving
strategy to treat wastewater as they use direct solar energy and
generate no secondary pollutants.®>* The search for an inte-
grated nanoscale heterogeneous catalyst has been ongoing
since the materialisation of TiO, as a photocatalyst that is
limited in its application as a visible light photocatalyst because
of its large band gap, rapid recombination of photogenerated
charge carriers and low photostability.>® Toward this goal, many
researchers have successfully designed nanostructured hetero-
geneous photocatalysts to manifest visible light harvesting and
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the electrochemical behaviour of the developed catalyst and trapping experiments were also proposed.

photocatalytic performance of TiO, marked by intrinsic fast
collection and recombination of photoinduced charge
carriers.”® In this plethora of heterostructured nanosize pho-
tocatalysts, in recent years, bismuth based photocatalysts have
also attracted great attention in the design of heterogeneous
photocatalysis due to their outstanding electrical, optical and
photocatalytic properties.” Among them, the ternary oxide
semiconductor and member of the Sillen family of composites
bismuth oxychloride (BiOCl) has drawn much interest due to its
good biocompatibility, high photocorrosion stability, unique
layered structure and dye photosensitization degradation
capability.”®"" In this respect, many researchers have explored
strategies to build heterostructured BiOCI photocatalysts with
improved photocatalytic activity and a broader photoresponse
by doping metal or non-metal elements or forming
heterojunctions.”

With this particular interest, many research efforts have also
been made to combine conjugated compounds/polymers such
as graphene, carbon, polyaniline etc. with semiconductor pho-
tocatalysts to improve efficiency, especially in terms of cost, the
catalytic degradation performance and photocorrosion
stability.”*'* Conjugated conducting polyaniline, as an innova-
tive new material, exhibits many extraordinary physical prop-
erties such as a chemically inert nature, excellent mobility of
charge carriers and relatively good optical properties.'>*® Under
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visible light, polyaniline being an excellent photosensitizer acts
as an efficient electron donor as well as a good hole trans-
porter.”” For example, the role of polyaniline serving as an
electron transfer medium in polyaniline-BiOCI photocatalysts
has been demonstrated by Wang et al.’®* On the basis of these
properties, the incorporation of polyaniline into heterojunction
photocatalysts not only enhances catalytic efficiency but also
accelerates the degradation kinetics due to the integrated
nanostructure and synergistic functionalities. Therefore, poly-
aniline (PAni) provides a potential platform for designing
hybrid heterostructures to advance into the field of visible light
driven catalysis for sustainable water treatment.

Lately, the PAni@transition metal ferrite based hetero-
nanocomposites have attracted attention due to their reason-
able catalytic activity under visible light with a narrow band gap
and efficient charge transfer by the hopping process within
different valence states.” Additionally PAni@transition metal
ferrites exhibit the integrated advantages of a narrow band gap
energy corresponding well to the spectrum of sunlight, which
makes them promising nanomaterials in the area of visible
light driven photocatalysis. The integration of ferrites with
other semiconductors or conductive materials adds many
advantages such as photocorrosion stability, potential separa-
tion efficiency of photogenerated charge carriers, low toxicity,
easy preparation and separation, superparamagnetic proper-
ties, cost effectiveness as well as overall enhancement in the
photocatalytic activity and stability of composites.>**** Among
the classes of transition metal ferrites, nickel ferrite is signifi-
cant because of its excellent chemical stability, remarkable
mechanical hardness and ferromagnetic behaviour.”® What's
more, in our previous work, we successfully fabricated dual
phase nickel-zinc ferrite (NiysZnysFe,0,) through a co-
precipitation method** and explored the enhancement of
conductivity of polyaniline in the presence of multiferrite.>

Regarding morphological and architectural manipulation,
tailoring of the heterojunction between two semiconductors
also plays a crucial role in facilitating the efficiency of energy
harvesting and enhances the separation of charge carriers for
photoinitiated electro-chemical devices such as solar cells and
catalytic reactors.”® Although heterostructured photocatalysts
are not categorised based on the photocatalytic and photo-
electrochemical reactions in which they are active as these
technologies face common challenges for achieving immense
efficiency, commercially, heterostructured photocatalysts are
mainly established in the fields of water splitting into oxygen
and hydrogen for energy conversion and depollution of organic
contaminants in aqueous medium. The water splitting effi-
ciency is now well controlled by tuning the valence and
conduction band energy gap of electrochemical compounds to
the level of the water redox couple. Oppositely, in the domain of
the photocatalytic degradation of organic pollutants, it is
generally believed that modulated photocatalysts are able to
generate active radicals such as OH" (hydroxyl radicals) and
0O, (superoxide radical ions) or the mechanism may only
proceed through photogenerated holes and electrons produced
from the catalyst surfaces leading to reaction intermediates by
the basic three steps, ie. the generation, transfer and
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consumption of charge. In efforts to connect each step in the
charge kinetics, some fundamental models have been consid-
ered for the synthesis and manufacture of photocatalytic
materials with the band-gap energy principles. The materiali-
zation of different models has moved the photocatalytic process
forward from single component to multicomponent catalysts
and the systems have developed more complicated kinetics as
the generation and consumption of charge may occur simulta-
neously at different components as well as the transfer of charge
taking place from one component to another one. Moreover, the
surface chemistry, morphology and their correlation with the
charge carrier transport ability in the photocatalysts have
already been reported in several studies and it was reported that
the reaction kinetics, mechanism and photonic reaction are
complicated and difficult to determine, especially for reactions
on heterostructure catalyst surfaces.”” Therefore, dye degrada-
tion is mainly unfavoured as a model reaction route for evalu-
ating activities in different catalysts and the formation of
intermediate products. Recently, several research works re-
ported the excellent improvement and accelerated photo-
catalytic dye degradation of heterostructured photocatalysts®
but there are limited pertinent literature reports, to the best of
our knowledge, that properly address the kinetics, mechanism
and the intermediate product formation based on the surface
activity of heterostructured nanoscale photocatalysts. In order
to regulate reactive species and intermediate products kinetics,
their studies may play very important task for the theoretical as
well as practical applications of the heterostructured
photocatalysts.

Considering the recent developments, in our previous work,
we have reported heterojunction photocatalysts of BiOCI inte-
grated with functionalised spinel ferrites (Nigs5ZngsFe,0,@-
PAni) and their excellent synergistically improved
photocatalytic performance in the degradation of organic dye
under visible light.”® The focus was put on the heterostructured
photocatalyst synthesis, surfaces and the characteristics needed
to prepare an efficient photocatalyst for degradation of an
organic pollutant in aqueous solution driven by visible light.
Motivated by the synergistically propitious photocatalytic
performance of Ni, sZn, sFe,O,@polyaniline decorated BiOCl
nanosheets prepared through a simple and facile mixing
method to degrade an organic dye under visible light very
effectively, in the present study, we have gained insight into the
engineering aspects and mechanism for understanding the
commendable photoactivity of the composite for the depollu-
tion of methyl orange in aqueous medium. The analysis of the
physico-chemical characterisation and electro-chemical activity
correlation of the composite suggested that the commending
photoactivity predominantly benefits from the integrative
synergistic modulation of the band gap, better photoredox
capability and enhanced adsorption capacity. In contrast, the
present work mainly focuses on the evaluation of degradation
kinetics for methyl orange dye under visible light at multiple
catalyst interfaces in the NijsZngsFe,O,@polyaniline deco-
rated BiOCl photocatalyst. Also, in studying the engineering
aspects of the charge kinetics and gaining deeper under-
standing, the study unveils the influence of the key factors such
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as initial dye concentration, catalyst dose, pH and inorganic
anions in the reaction kinetic rates along with modelling of
these parameters using nonlinear regression analysis. Further-
more, based on the analysis of electrochemical characteriza-
tion, intermediate products detected by GC/MS and
experimental data analysis help to illuminate the underlying
synergistic role of integrated Ni,sZn, sFe,O,@polyaniline for
photocatalytic degradation and the mechanistic pathways for
the degradation of organic pollutants in water, e.g. MO dye.
Hopefully, such knowledge may be worthy, helpful and lay the
groundwork for the development of heterostructured nano-
photocatalysts to address the challenges of environmental
issues and industrialization of the process technology.

2. Experimental section
Chemicals

All chemicals were of analytical grade and used as received. The
details of all chemicals used are given in the ESL.f

Preparation of the photocatalysts

Synthesis of NiysZng sFe,0,@polyaniline  nanofibers
(N@PAni). The NijsZn, sFe,0,@polyaniline (N@PAni) nano-
fibers were prepared by an in situ polymerization method. The
detailed synthetic procedure is given in the ESI.}

Synthesis of BiOCIl. BiOCIl powder was prepared by a facile
hydrolysis method. The detailed synthetic procedure is given in
the ESL}

Synthesis of Nig5Zn,sFe,0,@polyaniline modified BiOCl
photocatalyst (N@P/B). The Ni, 5Zn, sFe,0,@polyaniline/BiOCl
photocatalysts were synthesized by dispersive mixing of
N@PAni nanofibers and prepared BiOCI in tetrahydrofuran
(THF). First, a stock solution of N@PAni was prepared by
dispersing ferrite nanoparticles in tetrahydrofuran with 0.45 g
1" concentration. A measured amount of as-prepared BiOCI
powder was added to 200 ml of the above N@PAni solution,
which was then sonicated for 15 min and finally stirred for 24 h.
The filtered precipitates were washed with water and ethanol
several times and dried in a vacuum oven at 80 °C for 24 h.

Characterization techniques

The prepared composite was characterized using XRD, FTIR
spectroscopy, HRTEM-EDX, XPS, DRS, PL and EIS. The instru-
mental details and the techniques are given in the ESL{

Adsorption and photocatalytic experiments. Methyl orange
dye was used for the dye removal study using photocatalysts.
The detailed experimental procedure is explained in the ESLt

Trapping study. To confirm the main reactive oxygen species
involved in the catalytic reaction, trapping studies were carried
out. The analysis procedure is described in the ESIL.{

3. Results and discussion
Physicochemical characterization

The phase composition and crystallographic structures of pure
BiOCl, N@PAni nanofibers and the N@P/B composite were
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confirmed by XRD patterns (Fig. 1a). The strong and narrow
diffraction peaks of pure BiOCl at 11.98°, 24.10° and 33.4°
match the (001), (101) and (102) planes of tetragonal BiOCl (a =
b=3.891 A, ¢ = 7.369 A, JCPDS no. 06-0249), respectively, which
primarily confirmed that the as-synthesized BiOCI was crystal-
line.” The XRD pattern of the N@PAni nanofibers revealed
broad diffraction peaks at 13.30°, 20.60° and 25.40° attributed
to the semi crystalline phases of the HCl doped polyaniline
chain periodicity®® but the characteristic crystalline peaks of
nickel zinc ferrite were absent, probably due to the presence of
a very small fraction of nanocrystals. The XRD pattern of the as-
prepared N@P/B composite shows strong and sharp peaks
similar to the BiOCl diffraction pattern but of lesser intensity.
The intensity ratio of Iyp1/I10, for the N@P/B composite is 0.804,
which is much smaller than that of pure BiOCl (Iy1/l102 = 1.7),
hence the (001) peak is no longer dominant for the as-
synthesized catalyst. This confirms that the presence of heter-
ophase N@PAni nanofibers in BiOCI lowered the crystallinity of
the N@P/B composite and also indicates the stacking of small-
size N@PAni nanofibers in the layer of BiOCl.

Fig. 1b shows the FTIR spectra of the pure BiOCl, N@PAni
nanofibers and N@P/B composite. The IR spectrum of BiOCl

(a) . e
S
S (=] 1 o o~ N
S S N g 2 ST N@P/B
3
A
g
« -
= o
3 ° - o~
= 2 o°
= o~
«§ 28§ R g 3
” JCPDS #06-0249
1 L I I L || ] L ol
10 20 30 40 50 60 70 80
2 Theta
(b) N@P/B
g
]
Q g
b —e
g p
@ 1473, 4o
£
530
1 A 1 A 1 A 1 A 1 A 1 A 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)
Fig. 1 (a) XRD pattern and (b) FTIR spectra of pure BiOCl, N@PAni and

the N@P/B composite.
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displays diffused bands at 3730 cm ™" and 1398 cm ™' that may
be due to stretching from water molecules and an intensive
peak at 530 cm™ " that is assigned to the Bi-O bond.*® The FTIR
spectrum of the prepared N@PAni reveals a broad weak band
around 3444 cm ™" attributed to O-H stretching vibrations from
water molecules, and bands at 1570 and 1473 cm ™ attributed to
the C=C stretching deformation of quinonoid and benzenoid
units of polyaniline, respectively. The weak bands appearing at
low wave numbers (580 and 420 cm ') are characteristic peaks
of the tetrahedral and octahedral sites of NZF nanocrystals,
respectively.” However, the FTIR spectrum of the N@P/B
composite displayed the characteristic peaks of polyaniline
(1577 and 1490 cm ™) as well as the absorption peak of BiOCl
(532 em™") shifted to higher wave numbers. In the figure, the
characteristic peaks of NZF do not appear due to the low
concentration of magnetic nanocrystals. The above results
confirm some interactions between polyaniline functional
groups and BiOCI.

Fig. 2a-d displays the surface morphologies as well as inner
structure of BiOCl and the N@P/B composite examined by TEM
and HRTEM. The TEM image of pure BiOClI (Fig. 2a) showed two
dimensional sheet like nanostructures with a regular thickness
of about 30-40 nm and a relatively smooth surface. The low
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resolution TEM image of N@P/B evidenced that the composite
has a morphology like the BiOCl sheets with even distributions
of N@PAni throughout the BiOCI surfaces (Fig. 2b). In the
respective HRTEM image (Fig. 2c), two distinct lattice fringes
were found with d-spaces of 0.250 nm and 0.274 nm, which
accord well with the (311) plane of NZF nanocrystals and (110)
plane of tetragonal BiOCl, respectively.* This implies the
heterogeneous decoration of N@PAni composite particles over
BiOCI sheets and confirms the formation of a heterojunction
structure. The selected area electron diffraction pattern (inset
Fig. 2c) and HRTEM image indicate that the exposed facet of the
composite is the (110) facet of BiOCL. In addition, the elemental
content of N@P/B was further investigated by EDS. As shown in
Fig. 2d, the peaks of N, H, Ni, Zn and Fe originating from the
nanofibers certify that N@PAni exits in the as-prepared
samples.

The Raman spectrum (Fig. 3) of BiOCl shows two strong
peaks at 142.8 cm™ ' and 198.4 cm ™!, which are in agreement
with the published values.®® The bands at 142.8 cm™ ‘and
198.4 cm ™! are ascribed to the A;; and the E, internal Bi-Cl
stretching modes in BiOCl. For the N@P/B composite, the
bands and vibrations are similar to those of the pure BiOCI
sample. In the composite, the bands at 141.5 cm ' and

110 (BiOCI)y

001 (BiOCl)

S50 nm

Fig. 2 TEM images of BiOCl (a) and N@P/B (b), HRTEM image and SAED diffraction pattern of N@P/B (c) and EDX spectra of the N@P/B (d)

composite.
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Fig. 3 Raman spectra of BiOCl, NZF/BiOCl, PAni/BiOCl and N@P/B.

200.3 cm ! are assigned to the A4 and the E; internal Bi-Cl
stretching modes, which show a small blue and red shift,
respectively, compared with that of pure BiOCl. A broad
diffused band peak at 411.2 cm™" is related to the C-H defor-
mation and another band at 577.4 cm™ " is attributed to the
amine deformation of the polyaniline.’” In contrast, the Raman
signals for NZF cannot be clearly observed in the hybrid as the
NZF nanoparticles have been enveloped by the polyaniline,
although a very weak symmetric stretching of oxygen atom in
Fe-O at 297.3 cm ' is observed. The Raman spectral study
confirms the successful formation of the N@P/B hetero-
structure. The band shifting corresponding to 142.8 cm ™' and
198.4 cm™ ' suggests that an intensive interaction exists between
BiOCI and N@PAni.

Band-gap and visible light harvesting

The UV-vis-DRS technique was employed to find the band gap
value of the prepared composite and the light harvesting ability
of the developed catalyst. To investigate the contribution of
BiOCl and N@PAni to the light absorption properties of the as-
prepared composite, the UV-vis DRS spectra of BiOCl, N@PAni
and the N@P/B nanocomposite were collected in the wave-
length range from 200 nm to 800 nm, as shown in Fig. 4a. The
DRS spectrum of BiOCl displays a strong absorption in the
ultraviolet region of 200-400 nm, indicating more photo-
catalytic activity in the UV region of light (A < 390 nm). BiOCl
shows an absorption edge at 320 nm, which corresponds to
a band gap of about 3.2 eV. In the absorption spectrum of the
N@PAni nanofibers, there is a broad absorption region from
200 to 800 nm. This result indicates that the nanofibers show
significant absorption of visible light. The absorption spectrum
of the N@P/B nanocomposite displays an absorption profile
similar to that of BiOCI with a visible absorption region from
380 nm to 420 nm. It is interesting to note that the DRS spectral

This journal is © The Royal Society of Chemistry 2019

response of the composite was greatly extended and enhanced.
This observation clearly reveals that the loading of N@PAni
nanofibers enhances the absorption of BiOCI in the visible
region due to the high absorption coefficient of polyaniline.*®
Thus, improved absorption is expected to contribute to the
improvement of the overall activity of the composite. This
observation suggests the coexistence of N@PAni and BiOCl
components, which is consistent with the results of XRD and
HRTEM images. Moreover, the colour of the composite also
changes from white to grey (inset of Fig. 4a) with the loading of
N@PAni nanofibers. The band gap energies of BiOCl, N@PAni
and N@P/B were determined to be 3.2 eV, 1.2 eV and 2.1 eV
(Fig. 4b), as measured from the Tauc plot followed by the
equation:

A(hv — E,)"

ahy = > (1)

where A, a, E; and v are the proportional constant, absorption
coefficient, band gap and light frequency, respectively. Among
them, n depends on the characteristic transition in the semi-
conductor (i.e., n = 1 for direct transition or n = 4 for indirect
transition).

Surface chemistry and interfacial interaction

XPS analysis was carried out to determine the surface elec-
tronic states and chemical composition of the N@P/B
composite (Fig. 5). The full XPS spectrum (Fig. S1%) indi-
cated that the as-prepared N@P/B contained Bi, O, Cl, N, Fe, Ni
and Zn elements, which is in complete agreement with the
EDX analysis. The two intense peaks at 159.1 and 164.9 eV
were assigned to Bi 4f,,, and Bi 4f;),, respectively, indicating
bismuth existed as Bi*" in the composite.** The broad peak of
Cl 2p around 198.6 eV can be resolved into Cl 2p;/, (198.3 eV)
and Cl 2p3/, (199.1 eV) energy levels, which are characteristic

RSC Adv., 2019, 9, 8977-8993 | 8981
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Fig. 4 (a) UV-vis diffuse reflectance spectra and (b) plot of (ah»)/? versus hv for the band gap energies of BiOCl, N@PAni and the N@P/B

composite along with colour change images as the inset of (a).

of the Cl™ ion. The overlapping between Cl 2p,,, and ClI 2p;,
regions caused the appearance of a single peak of chloride ion
for BiOCL* The diffused XPS signal for O 1s was asymmetric
and could be fitted to three peaks situated at 529.1, 530.4 and
532.2 eV, which were ascribable to O, in the NZF system, Bi-O
bonds and chemisorbed oxygen, respectively, revealing three
different kinds of oxygen species in the composite.*® The peaks
at 284.7 and 286.3 eV can be assigned to carbon from XPS
analysis. The N 1s core spectrum shows diffuse peaks at
around 399 eV with a binding energy centred at 398.2 eV,
399.1 eV and 400.5 eV resulting from the quinonoid imine
(-N-), benzenoid amine (-NH-) and imine (-NH') groups,
respectively. Fig. 5 shows the Fe 2p peak at 710.9 eV, which is
consistent with the photoelectron peaks of Fe®" in the
composite.’” Similarly, weak satellite peaks appeared at
854.5 eV and 1022.1 eV that correspond to characteristic peaks
of nickel and zinc, Ni 2pz, and Zn 2p;j,, respectively.®®
Therefore, the decoration of N@PAni nanofibers might change
the charge distribution of the BiOCI surface and chemical
bonds could be formed at the interface of BiOCl and the
N@PAni nanofibers. This indicates the presence of N@PAni,
which is consistent with the results of XRD.

Photocatalytic activity and degradation kinetics

In our previous publication,* we reported that a Niy sZn, sFe,-
O,@polyaniline/BiOCl  heterostructured photocatalyst with
20 wt% NipsZngsFe,0,@polyaniline showed commendable
catalytic performance in the degradation of various organic
pollutants of dye wastewater driven by visible light. In continu-
ation of this study, to evaluate the role of integrated Nij sZng 5-
Fe,O,@polyaniline in BiOCI for advantageous catalytic activity
through heterojunctions, we investigated the photo-degradation
kinetics of different physically mixed photocatalysts such as
BiOCI/Ni, sZn, sFe,0,4, BiOCl/PAni, BiOCl/Ni, sZn, sFe,0,/PAni,

8982 | RSC Adv., 2019, 9, 8977-8993

Niy 5Zny sFe,O,@PAni, NijsZn, sFe,0,@PAni/BiOCl as well as
bare PAni, NijsZngsFe,O4 and BiOCl. The photocatalytic
performances of the synthesized composites were evaluated by
using MO degradation under visible light irradiation. Fig. 6a
shows the photocatalytic degradation efficiency of MO under
different conditions. During photolysis, negligible degradation of
dye (only 5%) was observed even after 60 min. The developed
Nij 5Zn, 5Fe,0,@PAni/BiOCl (N@P/B) multi-component hybrid
nanostructure with heterogeneous interfacial junctions showed
promising photocatalytic performance and accelerated degrada-
tion kinetics over other catalysts. Amongst all, N@P/B showed the
highest photoreactivity and degraded the methyl orange dye
almost completely within 60 min of visible light irradiation. The
enhancement in photocatalytic activity is attributed to the inte-
grated form of NijsZn, sFe,0,@PAni enabling a high rate of
surface oxidation-reduction reactions, photon absorption and
generation of electron-hole and separation-migration of active
charge carriers.* To observe the excellent photocatalytic activity
of the N@P/B heterostructured samples, we have compared the
photocatalytic performances of some heterojunction catalysts
already reported earlier (Table 1).

Further, the degradation reaction kinetics was studied for
the different composites by using pseudo first (eqn (2)) and
second order (eqn (3)) kinetic models.

—In (CEO) = kappt (2)
1/C=kit+1/Cy (3)

where k,,, is the apparent rate constant (min '), and C, and C
are the concentration of dye initially and at time ¢ (min),
respectively. Fig. 6b and c¢ present the pseudo first and second
order kinetics of the degradation reaction. It can be inferred
that the degradation reaction clearly follows pseudo first order

This journal is © The Royal Society of Chemistry 2019
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kinetics rather than second order kinetics. The analysis of the
degradation constant reveals that the N@P/B heterostructure
exhibits the highest rate as k,pp, is about 7.5 times higher than
that of BiOCl.

Degradation kinetics control parameters

pH is an important factor in the photodegradation process as it
has a significant effect on the adsorption-desorption properties
at the catalyst surface. To study the effect of pH on the

This journal is © The Royal Society of Chemistry 2019

performance of the catalyst, photocatalytic degradation of MO
dye was carried out in the pH range 3-11. Photocatalytic effi-
ciency of the N@P/B composite at pH 3, 5, 6, 7, 8,9 and 11 was
found to be 48.34%, 66.02%, 87.30%, 96.56%, 91.54%, 78.43%
and 72.57%, respectively (Fig. 7a). The results indicate that at
low and high pH values, photodegradation rates are slow. The
reason for this is that at high pH, a high OH ion content
enhances electron-hole separation. However, photogenerated
CO, will be trapped in the solution and carbonate and bicar-
bonate are formed in an alkaline system. Both carbonates are

RSC Adv., 2019, 9, 8977-8993 | 8983
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Table 1 Comparison of various photocatalyst systems for dye removal in the literature

Irradiation Decolourisation Catalyst Degradation Cyclic stability
Photocatalyst Dye (conc.) source time (min) dose efficiency (runs/efficiency) Ref.
BiOCI/PANI MO (10 mg 1) Visible 210 min 1g1 ~67% 3 runs/~67% 18
CoFe,0,/ RhB (20 mg 17 Visible 6h 1g1! ~95% 3 runs/~80% 20
BiOCl
PAN/TiO, MB (10 mg 17 Sunlight 90 min 2¢17? ~80% 4 runs/~55% 27
BiOCI-PT RhB (10 mg 1) uv 180 min 03glt ~86% Not studied 32
BiOCl/BiVO, MO (20 mg 1Y) Visible 11 h 1gl™? ~85% 6 runs/(not mentioned) 34
BiOCI-TiO, MB (20 mg 1'%) Visible 120 min 1gl1? ~97% 5 runs/(not mentioned) 35
N@P/B MO (10 mg 171 Visible 60 min 1gl™? ~96% 4 runs/~90% This study

efficient scavengers of hydroxyl radicals due to their very high
rate constants with hydroxyl radicals (k = 3.9 x 105 M ' s~ for
carbonate and k = 8.5 x 10° M~ ' s~ for bicarbonate).*® On the
other hand, at low pH, the acidic medium hinders the forma-
tion of hydroxyl radicals and subsequently reduces the degra-
dation rate.* The optimum pH value for photocatalytic
degradation is 7 and the first order rate constant at pH 7 is
0.0301 min~".

Another crucial kinetic parameter in the photo degradation
process is the catalyst concentration. The effect of catalyst dose
was found by varying the amounts of N@P/B from 0.2 to 1.5 g 1"
for 10 mg 17" MO dye solution. It can be seen that the photo-
degradation rate increases with increasing amounts of photo-
catalyst (Fig. 7b). Decolorization of MO dye with different
amounts of N@B/P composite follows pseudo first order kinetics
(inset of Fig. 7c). It was observed that k,,;, significantly increases
with an increase in the dose of photocatalyst from 0.2 to 1 g 17",
But, the rate constant (k,pp) values for the 1 and 1.5 g 1" catalyst
dose are approximately the same and hence 1 g 17" can be taken
as the optimum catalyst loading. Also, reaction rate constants
were found to be 0.008, 0.012, 0.0301 and 0.031 min~" for catalyst
doses of 0.2, 0.5, 1 and 1.5 g 17, respectively. The enhanced
photodegradation is attributed to the increased number of pho-
toactive sites on the photocatalyst surface, which increases the
number of adsorbed photons and dye molecule adsorption.
However, upon a further increase of the photocatalyst dosage
beyond the optimum, the penetration depth of the photons
reduced, which reduces catalyst efficiency.*

Additionally, the effect of initial dye concentration was also
studied for the N@P/B catalyst dose of 1 g 17" at four different dye
concentrations of 5,10, 15 and 20 mg 1. The results displayed in
Fig. 7d show that the photocatalytic degradation strongly
depends on the initial concentration of methyl orange. As the
concentration of dye increases from 5 to 20 mg 17, the photo-
catalytic decolorization decreases from 98.58% to 52.05% within
60 min of visible light irradiation. At a low dye concentration, MO
dye molecules adsorb on the active surface of the catalyst and
react with photogenerated holes and hydroxyl radicals on the
catalyst surface. These reactive species effectively degrade MO.
But, at high concentrations (=15 mg 1~ '), shielding of light by the
MO solution would lead to poor interaction with the catalyst and
finally resulting in insufficient generation of electron-hole
pairs.*** This causes an insufficient hydroxyl radical concentra-
tion for the removal of a high dosage of dye. Another reason for

This journal is © The Royal Society of Chemistry 2019

the lower photocatalytic efficiency at high dye concentration may
be that crowding of molecules over the catalyst surface might
block the active sites and eventually decrease hydroxyl radical
production.*® Also, the reaction rate constants for the different
dye concentrations are included in the inset of Fig. 7d. The rate
constants for the dye concentration of 5 and 10 mg 17" are
approximately the same and hence 10 mg 1™ was taken as the
concentration for catalytic degradation study.

Besides catalyst dose and dye concentration, the presence of
inorganic anions such as chloride, sulphate, carbonate, nitrate,
phosphate etc. also affects the photocatalytic degradation rate.
Generally, anions have an inhibitory effect on decolourisation
efficiency due to the occurrence of competitive adsorption and
the formation of less active inorganic radical species. The effect
of inorganic anions on the photocatalytic degradation of MO
solution by the N@P/B composite was studied using the corre-
sponding sodium salts. Fig. 7f shows the influence of various
inorganic anions (i.e., CI, NO;~, PO,>~ and SO,>") at the same
concentration (0.1 M) on the decolorization activity of the N@P/B
composite. Compared to the control test in the aqueous MO dye
solution without anions, the existence of all the anions reduced
the MO degradation to a certain degree except nitrate. It was
observed that the SO,> anions have the strongest inhibition
effect on decolourisation efficiency. The decolourisation inhibi-
tion effect due to anions is in the following decreasing order:
SO,>” >PO,*” >Cl~ >NO;" (Fig. 7¢). The inhibition effect is due
to the h* and "OH scavenging properties of the adsorbed anions
(eqn (4)-(9)) and the results agree with a published report.*

Clags™ + haas " = Cl (4)

Clig + Clags = ClL (5)

SO4% adgs + hags™ = S04 aas (6)

SO4* ads + "OHuds = SO4" " ags + OHuas™ (7)
PO, s + haas” = PO4 g (8)
PO, 445 + "OHugs = PO4™ g (9)

From the above reactions, it can be concluded that the
catalyst surface active sites are blocked by the radical anions,
which are not easily oxidizable, and subsequently the photo-
catalytic efficiency decreases.
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Fig.7 Effect of (a) pH, (b) photocatalyst dose, (d) dye concentration and (f) presence of anions on photocatalytic activity of N@P/B and variation

of apparent kinetic constant for dye degradation at different (c) photocatalyst dose, (e) dye concentration and (g) anions.
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Degradation rates and modelling

A non-linear regression analysis was used to evaluate the pseudo
first order rate constant (k,pp) for the given photocatalytic system.
This method was used to find the relationship between rate
constant and operational parameters including initial dye
concentration, catalyst dosage and presence of anions. The
apparent reaction rate constant for the photocatalytic degrada-

tion of dye was evaluated by using an empirical power law, as*
kapp = a(operational parameter)”

where a and b are model parameters. The model parameters (a
and b) were calculated for each operational parameter with non-
linear regression and the results are shown in Fig. 7c, e and g.
kapp increases with increasing catalyst concentration (Fig. 7c).

Table 2 GC-MS spectral data of intermediate products of MO

View Article Online

RSC Advances

On the other hand, k., reduces with increasing initial
concentration of dye (Fig. 7e) and in the presence of anions
(Fig. 6g). As previously discussed, degradation of MO follows
pseudo first order kinetics, therefore it is inferred that k,p, is
a function of the operational parameters as follows:

[catalyst],"

oo =0 MO, fanion],

With non-linear regression analysis, the values of x, y and z
were estimated and the average value of k, was calculated as
0.077. Finally,

[catalyst] 00'738

kapp = 0.077
pp [MO]OO'SSG[anion}OO'GIS

A comparison between experimentally and theoretically
calculated kpp, values for the decolorization of MO dye is shown
in Fig. 8. The results from the plot reveal that the developed
kinetic rate equation is in good agreement with the observed
experimental data.

Degradation intermediate formation and reaction pathways

Methyl orange dye contains a -N=N- double bond and
a sulfonyl group located on the p-benzene ring. GC-MS analysis
was conducted for the detection of different degraded frag-
mental products of MO dye, which were obtained after degra-
dation under visible light in the presence of the N@P/B
composite. Generally, hydroxyl radicals and photogenerated
holes are responsible for the degradation of dye. Reactive
species may attack different chemical bonds of the dye or
directly oxidize MO to form different intermediates. The sample
after 45 min of irradiation showed two m/z peaks of medium

Retention time
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intensity at 136 and 172 and a lower intensity m/z peak at 121 in
the GCMS analysis (Table 2). These peaks can be attributed to
the substituted aromatic amines. This indicates that the
degradation proceeded through the symmetric cleavage of the
azo group, which results in the formation of N,N-dime-
thylbenzenamine, N,N-dimethyl-p-phenylenediamine and sul-
fanilic acid.*”*®* After 1 h of visible light irradiation, the
degradation products of MO disappear without the formation of
new by-products. It seems likely that the intermediates were
further degraded into smaller molecules during the degrada-
tion experiments.*>*® Eventually, it is assumed that complete
mineralization of MO dye leads to CO,, H,0, SO,>~, NH," and
NO;™ as end products.®* Based on the findings reported in this
paper and previous literature data,*** the expected dye inter-
mediates and their possible chemical structures are suggested
in Fig. 9 and the pathways for formation of the intermediates
are schematically presented in Scheme S1.}

View Article Online
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To further investigate the fate of MO dye and its degradation
intermediates, the extent of mineralization was quantified by
TOC analysis. It was observed that ~75% of the carbon content
of the dye solution was mineralized. It can be concluded that
MO can be completely mineralized by the hydroxyl radicals/
photo holes, and degradation intermediates can be converted
into CO,, H,O and inorganic ions.

Reusability and photocorrosion stability

The photocorrosion stability is another criterion to determine
the service life of a catalyst. Therefore, to further understand the
superiority of the synthesized composite, we measured the
cycling performance of N@P/B during 4 runs of photo degra-
dation experiments. In between each cycle, the used catalyst was
centrifuged, washed and dried in an oven at 60 °C after each
run. Fig. 10a and b shows that the decolorization efficiency of
the photocatalyst decreased after each run. This reduction in

-\{-------'

L

Fig. 9 GCMS-expected dye intermediates with their possible chemical structures.
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photo activity is due to the adsorption of some organic mole-
cules on the surface of the catalyst, which permanently block
the active sites of the catalyst. Moreover, the physico-chemical
stability of the as-prepared composite was further inspected
by FTIR spectroscopy. Fig. 10c displays that the FTIR spectra of
the recycled composite did not change after the repeated use
compared with the fresh sample. XRD and TEM results of the
catalyst obtained after four recycles (Fig. 10d and inset figure)
also confirmed that the phase and morphology of the catalysts
remained unchanged. It is clear from the spectra that the
chemical structure of the composite remains the same after
photocatalysis, which demonstrates the outstanding recycla-
bility and stability of the as-synthesized N@P/B composite.

Electrochemical properties and efficient charge transfer
kinetics

The enhanced rate of photocatalytic degradation of BiOCI
decorated with N@PAni from a simple solution mixing method

This journal is © The Royal Society of Chemistry 2019

may be due to some intrinsic role of the in situ synthesized NZF
and PAni composite in band tuning, charge separation effi-
ciency and accelerated charge carrier photogeneration. To
ascertain the enhancement in the degradation efficiency, we
tried to figure out the rate of recombination of the photo-
generated charge carriers and participation of reactive radical
species in the catalytic reaction system. The photoluminescence
technique is commonly used to study the recombination rate,
life span and behaviour of photogenerated electron-hole
pairs.>* Here, to check the role of N@PAni in the BiOCl
composite, the PL spectra of pure BiOCl, NZF/BiOCl, PAni/
BiOCl and the N@P/B composite were studied and are pre-
sented in Fig. 11a. The excitation light source was a 280 nm He-
Cd laser. The emission peak for BiOCl was observed at around
320 nm under visible light whereas the N@P/B composite
showed a weaker emission peak. This drastic quenching of
photoluminescence intensity was observed after the introduc-
tion of the N@PAni nano-scale composite, implying that the

RSC Adv., 2019, 9, 8977-8993 | 8989
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photogenerated electrons and holes experience better separa-
tion in the heterojunction. The above results also demonstrate
that the efficient transfer of photogenerated electrons from NZF
to BiOCl via polyaniline occurs, which reduces the direct
recombination of electrons and holes, leading to efficient
charge separation.® In an earlier report, it was shown that
magnetic photocatalysts transport holes predominantly via
surface states and not directly from the valence band.*® The
coating of PAni on transition metal ferrites favoured the
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conditions.
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diffusion of holes to surface states of the composite particles
and slowed down the charge separation. As a result, this
enhances the interfacial charge transfer kinetics and ensures
more photon utilization during the photocatalytic reaction.””

To further ascertain the interfacial charge transfer property,
the EIS response was compared in terms of Nyquist plots of the
BiOCIl, NZF/BiOCl, PAni/BiOCl and N@P/B electrodes and fitted
using an equivalent circuit (inset in Fig. 11b). The circuit is
composed of R, which is the intrinsic bulk solution resistance,
R., which is the interfacial charge transfer resistance, and C,
the constant for the electrode/electrolyte interface, respec-
tively.*® Under light, all electrodes show a semicircle arc, sug-
gesting charge transfer controls the kinetics at the electrode
interface. Normally, the smaller the radius, the better the charge
transfer ability.”® It was found that the N@P/B electrode has the
smallest radius among all electrodes of BiOCl, which suggested
that the composite possesses a lower charge transfer imped-
ance. A significant decrease in charge-transfer resistance in the
N@P/B composite indicates accelerated ion diffusion and
electron transfer at cycling rates. The surface area of N@P/B in
contact with the electrolyte solution itself facilitates electron
transfer from N@PAni nanofibers within the whole electrode.
The multiple cations through strong interaction with PAni
chains in N@P/B are the centres of redox sites, enable electron
transport and enhance the separation efficiency of electron-
hole pairs.> This implied that the composite catalyst provides
appropriate electronic channels and enhances the separation of
photoelectrons and holes, as already evidenced by the PL
studies. Very recently, it was reported that the presence of PAni
in heterostructure composite electrodes of magnetic materials
enabled good electrochemical performance due to its unique
hierarchical structure, short pathway for ion penetration and
the connection between the PAni chains and multiferrite
oxides.'>*® In the dark, the Nyquist plots (Fig. 11c) of BiOCl and
N@P/B are almost the same, including a minor semicircle part
at high frequencies corresponding to charge transfer resistance
and a major straight line part at low frequencies corresponding
to mass transfer resistance. The pronounced straight line part
at low frequencies indicated that mass transfer was a dominant
process at this stage compared to the charge transfer.

Interfacial charge kinetics and mechanistic insights

The generation and transport of photogenerated reactive charge
carriers including active oxygen groups, singlet oxygen, super-
oxide radicals and hydroxyl radicals have been proposed as the
key parameter for the enhanced catalytic activity of semi-
conductor nanomaterials.®* It is emphasized that the generated
electron-hole pairs (ecg /hys') on the catalyst surface react with
the adsorbed species and generate active radicals such as
hydroxyl radicals (OH") and superoxide radical ions (O, ")
through redox reactions. These radicals participate in the
oxidative degradation of the absorbed dye molecules on the
catalyst surface. Therefore, to better understand the mecha-
nism, it is imperative to identify the responsible reactive species
in the photocatalytic degradation of organic dye over N@ZP/B.
Fig. 12 shows different experimental kinetics in the presence

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Effect of scavengers on degradation kinetics of N@P/B composite.

of specific reactive species scavenging chemicals. As shown in
the figure, when EDTA-2Na and IPA were added into the
degradation system, the degradation efficiency was remarkably
decreased.®® This indicates that the holes and hydroxyl radicals
are the main active species in the dye degradation. This
suggests that holes directly or indirectly, via adsorbed water to
hydroxyl radicals, degrade MO dye. However, when any one of
benzoquinone or AgNO; was added into the degradation
system, photodegradation activity was hardly affected. This
indicates that e" and O, do not play an important role in the
degradation process.

To gain deeper insight into the rate of charge transfer in the
heterojunction architecture, as illustrated in the PL, EIS and
trapping analysis, it was observed that the rate of hydroxyl
radical formation and transport of holes on the catalyst surface
are the main cause for the high rate of oxidation of MO dye
under visible light. It is assumed that the generated photoholes
may react with absorbed water (eqn (13)) on the catalyst surface
to yield h" and OH’, which play an indirect role in the degra-
dation of the dye. The produced hydroxyl radical may now
directly react with the adsorbed dye molecules, forming an
intermediate, and finally degrade the dye (eqn (15)-(17)).

N@P/B + hw — N@P/B (¢~ + h*) (12)
N@P/B (h*) + H,O/OH~ — OH" + H* (13)
N@P/B (e7)+ 0, —» Oy~ (14)

0,” + H*—HO, (15)

2e” + HO, + H" - OH- + OH" (16)

0,, HO;, OH+, h™ + MO — degradation of MO (17)

This journal is © The Royal Society of Chemistry 2019

Based on the results of our experiments as well previous liter-
ature, a probable schematic mechanism of carrier transfer and
intermediate product generation during dye degradation over
N@P/B is represented in Scheme 1. When N@PAni and BiOCl
contact and form a heterojunction, the band structure of BiOCl
may be tuned and reconfigured. In the first stage, the energy
bands of NZF and PAni are combined and form an equilibrated
Fermi level along the path of the diffusion carriers. In the
second stage, the energy bands of N@PAni and BiOCI shift
upward and downwards carrying the diffused charges till the
Fermi levels equilibrate. When light irradiates the hetero-
junction, generated holes and electrons appear in the valence
band and conduction band at a higher rate and there is low
charge separation efficiency due to the small energy gap in the
heterostructured composite. NZF in the present work may act as
a co-catalyst and play a combined synergistic role with PAni,

Scheme 1 Suggested charge carrier transport on N@P/B surfaces in
aqueous solution.
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similar to the case of carbon-doped Fe,O; nano-scale photo-
catalysts.®*** Due to the band alignment and low potential
difference® in N@PAni, electrons easily transfer from the
conduction band of N@PAni to the conduction band of BiOCI
and simultaneously the holes in the valence band of BiOCl
move to the valence band of N@PAni. NZF mainly may plays two
roles in the enhancement of catalytic performance. One is to
support the charge separation and transport through the
formation of junctions/interfaces with the light sensitizing PAni
chains and the other is possibly to serve as a reaction site to
accept the separated charges for surface reaction on N@PAni.*
As a result, the photogenerated electron-hole pairs are effec-
tively separated at a higher rate, which is crucial for the higher
rate of degradation. Further, as the generated holes very quickly
move to PAni and easily transport to acceptors like adsorbed dye
molecules (eqn (17)) or water (eqn (7)), the formation of "OH
and dye degradation are consequently accelerated, which may
support the scavenger study results and kinetic analysis.

4. Conclusion

The present work provides a tangible platform to design a multi-
component heterostructured photocatalyst for visible light
harvesting that restricts the recombination rates of the photo-
generated electrons and holes in BiOCI by generating interfacial
interaction with a Niy 5Zn, sFe,O,@polyaniline nanocomposite.
The enhanced kinetics and propitious catalytic performance of
the N@P/B composite could be credited to the strong interfacial
interaction in N@PAni that maximizes the interfacial contact
between Ni, 5Zn, sFe,0, and polyaniline as well as synergisti-
cally accelerating charge transfer at different interfaces in
BiOCl. The PL spectral analysis and the EIS studies also
successfully demonstrated that N@PAni on BiOCI can effec-
tively transfer the surface electrons and prolong the lifetime of
the photogenerated charge carriers. Furthermore, due to the
high adsorption capacity of the dye molecules, the deposited
N@PAni can also remarkably increase the surface adsorption of
the N@P/B composite. Also, it was found that the reaction of
MO degradation follows the first order kinetic model and the
presence of inorganic ions has an inhibitory effect on dye
degradation in a sequence of S0,>” > PO,>” > Cl™ > NO; . The
structural information about the degradation intermediates
obtained from GC-MS analysis provided the degradation route,
which followed demethylation and hydroxylation processes. It
is believed that the combined effect of BiOCI and the formation
of the N@PAni heterojunction contribute to the accelerated
degradation efficiency of dye molecules driven under visible
light.
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