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In present report, an efficient, reliable ternary photocatalyst based on Bi2O3 nanostructure accompanied
by polypyrrole doped carbon black (PPC) and palladium nanoparticles (Pd NPs) was created employing
simple ultra-sonication and photo-reduction methodologies for treatment of contaminated water. XRD
studies confirmed the tetragonal phase of b-Bi2O3 while elemental composition and nanocomposite
development amongst Pd NPs, PPC and Bi2O3 has been confirmed by XPS and FTIR investigations. TEM
studies revealed the presence of Pd NPs of 5–15 nm, stacked layers of dense beads of PPC along with
irregular ball like particles of Bi2O3 grown in high density in designed ternary photocatalyst. Newly devel-
oped Pd@PPC/Bi2O3 photocatalytic framework was found to be highly effective when employed on color-
less insecticide imidacloprid (IMD) and methylene blue (MB) dye under visible light. Newly fabricated
Pd@PPC/Bi2O3 photocatalyst showed excellent removing skills with 93.60 % elimination of IMD just in
30 min representing 276 % more effectual than pristine Bi2O3. Furthermore, Pd@PPC/Bi2O3 nanostructure
was found to be stable and exceptionally active towards MB, with a total dye elimination achieved within
12 min. Enhanced performance of the ternary photocatalyst was attributed to increased surface area,
enhanced charge carrier transfer with better separation behavior.
� 2023 The Author(s). Published 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

Continuous introduction of untreated hazardous metabolites
and dangerous chemicals into the nearby surrounding developed
severe disorders and health problems between different existing
flora and fauna (Alam et al., 2017; Faisal et al., 2011; Faisal et al.,
2011; Farah et al., 2004). Hence, for such panic situation, specifi-
cally for water pollution issue, a precise, competent, and cost-
effective treatment approach is urgently required. At present, the
best available treatment methodology is semiconductor mediated
photocatalytic treatment of noxious pollutants (Masula et al.,
2023; Gade et al., 2018; Masula et al., 2022; Gade et al., 2022;
Rao et al., 2021).

Nowadays, bismuth oxide: Bi2O3 was proven to be extremely
potent semiconducting material due to suitable band gap
(Shimizugawa et al., 1997), high refractive index, promising
photoconductivity/photoluminescence, and dielectric permittivity
(Shimanoe et al., 1998). Bi2O3 has been utilized in various sectors
for different applications like in superconductor ceramic glass
(Pan and Ghosh, 2000), sensor optical coating (Leontie et al.,
2002), electroreduction (Pérez et al., 2005) and in electrolyte
(Sarat et al., 2006). Bi2O3 exhibited six polymorphic phase denoted
by a: monoclinic, b: tetragonal, c: cubic (bcc), d: cubic (fcc), e:
orthorhombic and x: Bi2O3 (triclinic) (Yilmaz et al., 2011;
Mehring, 2007; Drache et al., 2007). Among various phases, a
and d-Bi2O3 phases are recognized to be quite stable while other
phases are high-temperature metastable (Leontie et al., 2002). In
addition, this thermodynamically a-Bi2O3 was found to be most
stable phase in the range of 25––730 0C (Ho et al., 2013; Vila
et al., 2012). At 730 0C, a-Bi2O3 transforms into d-Bi2O3 with
stability up to 825 �C (Lin and Wei, 2011). Among these various
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polymorphic forms of Bi2O3, a- and b-Bi2O3 has been exploited
effectually under visible light (Ho et al., 2013). Also, some
researchers observed that b-phase showed better photocatalytic
performance than a- Bi2O3. Therefore, some devoted and focused
efforts are perquisite for b-Bi2O3 to further improved its
performance.

In recent times, it has been very well established that hybrid
photocatalyst in conjugation with polymeric metabolites found
to be extremely efficacious with encouraging photocatalytic results
(Li et al., 2017; Nsib et al., 2015; Riaz et al., 2015; Luo et al., 2017;
Li et al., 2017). Allied polymeric organization supposed to have
boosting and multifunctional outcomes like: (i) Polymeric struc-
tures proven to be productive photosensitizer due to flexible
wide-range visible light captivation skills. (ii) Delivers hassle-free
channels for uninterrupted transferal of charge with better separa-
tion skills. (iii) Offers impeccable heterojunction with semicon-
ducting nanostructures for constant interfacial charge
transference (Li et al., 2017; Nsib et al., 2015; Riaz et al., 2015;
Luo et al., 2017; Li et al., 2017). Conducting organic polymers
which includes polypyrrole, polythiophene and polyaniline recog-
nized to be extremely feasible for the creation of promising hybrid
photocatalytic framework with semiconducting metabolites.
Among these, polypyrrole (PP) noticed to be quite consistent with
sufficient stability and good conductivity. PP has very simple and
straight forward synthesis procedure (Ansari, 2006). PP possessed
band gap in the range of 2.2–2.4 eV works smoothly under visible
light (Oh et al., 2005). This productive polymer has been compre-
hensively utilized in numerous sectors for wide range of applica-
tions like in elimination of cancerous tomours / tissues (Jeon
et al., 2014; Zha et al., 2013), fuel cells / catalysis (Yao et al.,
2014), super capacitor electrodes (Shi et al., 2014; Huang et al.,
2015) and actuators (Naficy et al., 2013), etc. It is pertinent to men-
tion here that composites photocatalytic structure among PP with
non-metallic metabolites like carbon proven to be quite productive
with boosted performance (Marschall and Wang, 2014).

Very recently, numerous hybrid photocatalyst of Bi2O3 with
precious metals have been exploited in environmental manage-
ment processes and these hybrid photocatalysts found to be quite
competent and effective with excellent photocatalytic perfor-
mance (Zhong et al., 2014; Parvathi et al., 2021; Anandan et al.,
2010; Li et al., 2014). Efficacious linkage among noble metal (di-
electric confined electronic phase) and semiconductor (quantum
confined electronic phase) offered framework with outstanding
optoelectronic properties (Daniel and Astruc, 2004; Larkin et al.,
2004; Figuerola et al., 2010). Furthermore, LSPR effect between
involved noble metal and semiconductor increases the absorption
skills of developed framework with favorable exciton dynamic
(Shaviv et al., 2011; Sagarzazu et al., 2013). Hybrid electronic states
of involved moieties provides swift /effectual charge transference
at metal–semiconductor boundary (Haldar et al., 2012; Jakob
et al., 2003; Costi et al., 2009) along with augmentation in visible
light captivation, supposed to highly fruitful for efficacious and
favorable photocatalytic reactions (Elmalem et al., 2008; Costi
et al., 2008).

Owing to LSPR effect, the local electromagnetic field signifi-
cantly boosts up the surface of metallic NPs. Theoretically, more
is the electromagnetic intensity more effective is the photo-
generated electron–hole pairs separation as S. Lv and coworkers
designed a Ag/AgX nanocomposite photocatalyst for CO2 photore-
duction and observed that production of CH4 in 1 h was improved
to 28.7 times (Lv et al., 2022). The enhancement in photocatalytic
activity could be attributed to increased separation velocity of
electron–hole pairs and the close-range dipole–dipole resonance
at the interface between the semiconductor and metal due to the
enhanced local electromagnetic field. It has been noticed that the
excited electrons mainly located in the shallow position below
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the surface of semiconductor, allowing an extremely short diffu-
sion distance to the surface. Hence, due to local electromagnetic
field, electron–hole pairs could be rapidly generated near the semi-
conductor surface and promptly migrate to the surface to have oxi-
dation/reduction reactions (Lv et al., 2022).

Considering the above promising special features of conducting
polymer/ semiconducting photocatalyst as well as encouraging
outcomes by noble metal/semiconductor combination, we focused
our research on the designing of a trio photocatalysts based on
noble metal, conducting polymer and a semiconducting material
i.e. a photocatalyst possessed Pd NPs, polypyrrole doped carbon
black (PPC) and Bi2O3. Fabricated Pd@PPC/Bi2O3 photocatalyst
has been successfully utilized for the management of colorless
insecticide imidacloprid (IMD) and on methylene blue (MB) dye.
Main aim of current research is to work out a strategy to enhance
performance of Bi2O3. As per previous literature and to best of
author’s knowledge this is the first study regarding the deploy-
ment of newly created Pd@PPC/Bi2O3 nanostructures as photocat-
alyst for environmental cleansing issue.
2. Experimental

2.1. Materials and methods

Polypyrrole doped carbon black, Bismuth (III) oxide: Bi2O3

nanopowder, palladium (II) chloride methylene blue, isopropanol,
nafion, CH3OH and C2H5OH were procured from Sigma Aldrich.
2.2. Preparation of PPC/Bi2O3 and Pd@PPC/Bi2O3

10 %PPC/Bi2O3 nanocomposites represented as PPC/Bi2O3 were
came into existence by applying ultra-sonication method. Briefly,
1 g of Bi2O3 nanopowder was poured in 100 ml of DI water along
with 0.1 g of PPC and mixed (constant stirring) for about 20 min.
Obtained solution was then ultra-sonicated for about 40 min.
Attained mixture then washed appropriately with ethanol and DI
water, dried in oven at 65 ◦C for 24 h to attained PPC/Bi2O3 nanos-
tructures. Subsequently, for the fabrication of prerequisite 1 %
Pd@10 %PPC/Bi2O3 trio photocatalytic framework, photo-
reduction technique as reported previously was employed (Faisal
et al., 2022). Desired weight of palladium (II) chloride (solid) has
been taken (contained 1 wt% of Pd), carefully mixed in 0.5 gms
of 10 % PPC/Bi2O3 suspension and irradiated by Hg lamp (Osram)
having 2.0 mWcm� 2 intensity for 14 h. After completion of irradi-
ation process, mixture was then centrifuged to separate the
required material. Later, the acquired material was then washed
with ethanol/DI water, dried at 65 �C/24 h to obtain 1 % Pd@10 %
PPC/Bi2O3 named as Pd@PPC/Bi2O3 throughout the entire
manuscript.

The formation mechanism of the synthesized Pd@PPC/Bi2O3

nanocomposite may involve several steps, including the prepara-
tion of PPC/Bi2O3 composite and subsequent deposition of Pd NPs
onto the composite. A general overview of the formation mecha-
nism includes firstly the ultrasonication step to disperse PPC and
Bi2O3 in DI water. During this process, the particles may be broken
down into smaller sizes, ensuring good dispersion and intimate
contact between the components. Then, in the next step during
the photoreduction process, the reduction of Pd ions occurred upon
exposure to light to produce Pd NPs deposited onto the surface of
the PPC/Bi2O3 composite. The photoreduction process starts with
the absorption of photons by the composite material, particularly
the semiconductor Bi2O3, leading to electrons excitation from the
valence band to the conduction band, creating electron-hole pairs.
The excited electrons can then transfer to Pd ions, reducing them in
the solution, leading finally to the deposition of Pd NPs. Such elec-



Fig. 1. XRD patterns of PPC, pure Bi2O3, PPC/Bi2O3, and Pd@PPC/Bi2O3

photocatalysts.
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tron transfer process may be facilitated by PPC, which may act as
an electron donor or mediator. The deposited Pd NPs may interact
with the surface of the PPC/Bi2O3 composite via either chemical
bonding or physical adsorption, further enhancing their stability
and catalytic activity.

2.3. Materials characterization

XRD measurement of prepared samples was successfully
accomplished on AXS D4 Endeavour model of Bruker diffractome-
ter utilizing Cu Ka1/2, ka1 = 154.060 pm and ka2 = 154.439 pm
radiation. Surface morphology and other associated features were
comprehensively analyzed on 5 kV -field emission scanning elec-
tron microscope (JEOL-6300F) and on JEOL JEM-2100F-UHR model
of transmission electron microscope at 200 kV, fitted with 1 k CCD
camera and Gatan energy filter: GIF 2001. FTIR spectra of fabri-
cated nanostructures has been recorded on Spectrum 100 model
of Perkin Elmer spectrometer (in range 400–4000 cm�1) under
KBr pellet mode. XPS investigations were conducted on 200R:
VGESCALAB spectrometer fitted with hemispherical electron ana-
lyzer applying MgKa monochromatic X-ray source (hm = 1253.6 e
V). Prior to analysis each sample was appropriately degassed. PL
spectra of each sample was successfully acquired on Hitachi fluo-
rescence (F-7000) spectrophotometer at 325 nm excitation wave-
length. Surface area was examined on NOVA 4200 model of
Quantachrome analyzer at 77 K. Each tested sample has been
degassed for 12 h at 200 0C. Diffuse reflectance spectra for each
sample in the range 800 nm to 200 nm has been recorded on
UV–Vis �3600: Shimadzu spectrophotometer. Acquired values of
% R were then utilized in Kubelka-Munk function versus Energy
i.e. [F(R) E]2 versus E to evaluate the bandgap (Eg) for various fabri-
cated samples applying the below mentioned equation:

F Rð ÞE2 ¼ ð1� RÞ2
2R

� ht

 !2

Where F(R) stands for Kubelka–Munk function, R is the reflec-
tance, E is the incident photon energy.

2.4. Photocatalytic experiments

Different created photocatalyst were tested for photocatalytic
performance evaluation taking imidacloprid (IMD) and methylene
blue (MB) dye as aim analytes. All photocatalytic trials were con-
ducted in photo-reaction assembly (150 ml) of quartz glass. For
illumination process, visible light lamp (250 W) procured from
Lelesil Mumbai (India) was utilized, the spectra of this lamp is pro-
vided in Supplementary Information. Photo-reactor have well
designed water circulation channels to control the excess heat gen-
erated and continuous air was supplied to the reaction solution
during the entire reaction process. Typically, for individual photo-
catalytic reaction, 100 mg of fabricated photocatalyst was mixed
with 100 ml of IMD (concentration 20 ppm) in reaction assembly.
Adsorption factor was also analyzed by putting aim pollutant + pho
tocatalyst solution in dark (for 30 min). About 5 ml sample at reg-
ular time interval was withdrawn during the treatment reaction.
Centrifugation method has been utilized for separation of photo-
catalyst from irradiated solution. Absorbance of IMD and MB
(0.02 mM) dye solution was recorded at k = 271 and 663 nm.
The % efficacy of each photocatalyst was determined by using
below equation:

%removalefficacyoftestedpollutant ¼ Co � Ctð Þ=Co½ � � 100

Where Co symbolizes the initial concentration and Ct designates
the concentration after particular irradiation time t of target
pollutant.
3

2.5. Photo-electrochemical test

Bi2O3 and Pd@PPC/Bi2O3 oriented photocurrent was examined
by Zahner CIMPS (PP211) universal photo-electrochemical work-
station with Z-photonics accessory. In brief, 3 mg of fabricated
nanostructures were dispersed in Nafion (50 lL) + ethanol
(450 lL) solution. From this, 1.5 lL solution was carefully put on
working electrode in the form of fine smooth layer. During each
experiment, Pt and Ag/AgCl wire were positioned as a counter
and reference electrode. LED light of 500 Wm�2 intensity was used
as irradiation source to measure the response of nanostructures
employed electrodes under light, the LED light source used is pro-
vided in Supplementary Information. All trials were conducted at
0.0 V with 30 s as exposure time to light.
3. Results and discussion

3.1. Structural analysis of Pd@PPC/Bi2O3 nanocomposites

XRD investigations were conducted to clarify the crystallinity,
purity, and phase of different created samples. Fig. 1 shows the
XRD spectral trends of PPC, Bi2O3, PPC/Bi2O3 and Pd@PPC/Bi2O3

samples. XRD pattern of PPC presents a wide, broad peak centered
at 2h = 24.840 representing the amorphous structure of PPC and
carbon nanocomposite (Das� and Yurtcan, 2016). On the other hand,
Bi2O3 possesses several distinct peaks at 2h = 25.82�, 28.11�, 30.23�,
31.8�, 32.87�, 41.49�, 46.35�, 47.16�, 51.27�, 54.51�, 55.59� and
57.83� demonstrating respectively the (210), (201), (211),
(002), (220), (212), (222), (400), (123), (203), (421), and
(402) planes of the tetragonal arrangement of b-Bi2O3 (JCPDS no.
27–0050) (Helal et al., 2016). PPC/Bi2O3 composite sample shows
XRD peaks of Bi2O3, confirming that Bi2O3 crystal arrangement
remained intact even after the development of hybrid framework
with PPC. In PPC/Bi2O3 sample, we could not observe any PPC
related band, might be due to well-ordered dispersion of polymeric
PPC into the Bi2O3. Also, in case of Pd@PPC/Bi2O3 sample, similar
trends like that of PPC/Bi2O3 has been achieved with no peak
related to Pd NPs which might be due to the lesser Pd content. It
is pertinent to mention here that peak intensity has been slightly
reduced in case PPC/Bi2O3 and Pd@PPC/Bi2O3 nanostructures in
comparison to Bi2O3, indicating proper establishment of hybrid
structure amongst the chosen contenders. The XRD results unam-
biguously reveal the successful fabrication of trio photocatalyst
among Bi2O3, PPC and Pd. Furthermore, no shift in XRD pattern
was observed in case of Pd@PPC/Bi2O3 suggesting the impeccable
structure of developed photocatalyst. The crystallite size of Bi2O3,
PPC/Bi2O3 and Pd@PPC/Bi2O3 samples were also determined using
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the Scherrer’s equation (Holder and Schaak, 2019). The crystallite
size of pure Bi2O3; PPC/Bi2O3 and Pd@PPC/Bi2O3 samples are
56.01, 55.71 and 54.70 nm, respectively.

FTIR spectra of Bi2O3, PPC, PPC/Bi2O3 and Pd@PPC/Bi2O3

nanocomposites are shown in Fig. 2. The absorption bands at
555 cm�1 in Bi2O3 as well as in PPC/Bi2O3 and Pd@PPC/Bi2O3 sam-
ples originate due to Bi-O stretching mode (Gurunathan, 2004;
Faisal et al., 2014). In case of PPC sample, peaks appeared at 670
and 778 cm�1 arise due to C–H plane deformation in polypyrrole
(Ahmad et al., 2020) while the peak at 930 cm�1 is assigned to
doped state of polypyrrole with oxidant (Hayat et al., 2019). Fur-
thermore, two discrete peaks in PPC at 1055 and 1193 cm�1 con-
firmed the = C � H bending and C � N stretching vibrations of
polypyrrole (Ahmad et al., 2020). Presence of 670, 930, 1055 and
1194 cm�1 peaks of pure PPC in fabricated hybrid samples i.e.
PPC/Bi2O3 and Pd@PPC/Bi2O3, confirmed the effective formation
of hybrid photocatalysts among the nominated metabolites.

Diffuse reflectance spectra in UV–visible range have been
recorded for Bi2O3, PPC, PPC/Bi2O3 and Pd@PPC/Bi2O3 nanostruc-
tures for the evaluation of band gap. It has been observed that pho-
tocatalytic performance of any newly created framework
exceedingly hinge on its optical features. Revealed spectra for
PPC, Bi2O3, PPC/Bi2O3 and Pd@PPC/Bi2O3 nanocomposite are dis-
played in Fig. 3 (a). Acquired tangent in Kubelka-Munk (K-M) func-
tion F(R) versus photon-energy plot offered bandgap energy (Eg) for
individual photocatalyst as depicted in Fig. 3 (b) for Pd@PPC/Bi2O3

photocatalyst. Band gap energies for Bi2O3, PPC/Bi2O3 and Pd@PPC/
Bi2O3 nanostructures were found to be 2.55, 2.50 and 2.36 eV,
respectively. Attained Eg value for pure Bi2O3 is perfectly in line
with previous literature (Jiang et al., 2015). The bandgap energy
was reduced from 2.55 eV to 2.36 eV for pure material to ternary
composite due to the doping of pure metal oxide like Bi2O3 with
various elements led to creation of new energy levels near the con-
duction band. The incorporation of elements leads to the distortion
of the semiconductor crystal lattice, thus changing its surface char-
acteristics, and led to a decrease in the bandgap (Anna Khlyustova
et al., 2020). Encouraging values of bandgap in visible range are
fruitful for immense exploitation of developed frameworks under
low energy irradiation.

X-ray photoelectron spectroscopy (XPS) was conducted on
Pd@PPC/Bi2O3 to examine the achieved chemical state of designed
trio photocatalyst. Fig. 4(a) exhibited the result of wide scan spec-
tra of created Pd@PPC/Bi2O3 photocatalyst. Appearance of Pd, Bi, C,
O and N elements in analyzed sample confirmed the perfect estab-
lishment of desired trio photocatalyst among preferred metabo-
lites. The narrow scan spectrum of Pd 3d as shown in Fig. 4(b)
Fig. 2. FTIR examination of Bi2O3, PPC, PPC/Bi2O3, and Pd@PPC/Bi2O3

photocatalysts.
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exhibited two peaks at binding energy 337.73 and 342.82 eV which
can be assigned to Pd2+ (Shao et al., 2020). Bi 4f XPS spectrum (nar-
row scan) as displayed in Fig. 4 (c) revealed two peaks marked
their presence at binding energies 158.7 and 164.1 eV corroborated
respectively to Bi 4f7/2 and Bi 4f5/2 spin orbit peaks (Zhang et al.,
2016). Fig. 4 (d) shows C1s spectrum of two peaks at binding ener-
gies 284.71 and 285.20 eV. The peaks appeared at 284.71 eV and
285.20 eV confirmed sp2 and sp3 hybridized carbon atom in the
designed photocatalyst, respectively (Sivaranjini et al., 2018;
Senthilnathan and Yoshimura, 2017; Dolgov et al., 2015). Fig. 4
(e) exhibited the high-resolution XPS spectra of O1s where the
original peak deconvoluted into two peaks at binding energies
530.4 and 531.53 eV. The peak at 530.4 eV signifies the presence
of O2� ions, whereas the peak at 531.53 eV corroborated to O2�

ions existing in oxygen deficient sites (Faisal et al., 2021). The nar-
row scan XPS spectrum of N1s as shown in Fig. 4 (f) revealed a sin-
gle peak at 400.24 eV originated due to [N–(C)3] i.e. nitrogen atom
linked to three-carbon atoms (Faisal et al., 2021).

FESEM images in Fig. 5 showed the acquired morphology of
scrutinized nanostructures. FESEM image of pure Bi2O3 as exhib-
ited in Fig. 5(a) revealed nanoballs like morphology whereas PPC
in Fig. 5(b) displayed overlapped layered structures (one layer
stacked over another) with layer size 100 to 300 nm. Developed
PPC/Bi2O3 nanocomposites in Fig. 5(c) have dense layered network
of PPC dispersed on Bi2O3 nanoballs. Developed ternary photocat-
alyst has been confirmed in Fig. 5(d) where Bi2O3 nanoballs, PPC
(layered organizations) and Pd NPs (inside yellow circles) can be
easily seen in single frame. EDS examination shown in Fig. 5(e)
has also been done on trio framework to assess the elemental com-
positions. Presence of palladium, bismuth, carbon, oxygen and
nitrogen in tested sample further confirmed the existence of tern-
ary framework among Pd, PPC and Bi2O3.

TEM images collected in Fig. 6(a–e) were captured to explore
the detailed morphology of produced trio framework among Pd,
PPC and Bi2O3. Pure Bi2O3 as presented in Fig. 6 (a) has irregular
ball like particles grown abundantly. The size of these nanoballs
ranges from 20 to 200 nm while obtained image of PPC as dis-
played in Fig. 6(b) has stacked layers of dense beads like organiza-
tion connected well with each other through chain like
arrangement. Explored Pd@PPC/ Bi2O3 sample as exhibited in
Fig. 6(c) revealed a consistently entangled chain of PPC with
Bi2O3 nanostructures. Efficacious formation of trio photocatalyst
among Bi2O3, PPC and Pd has been confirmed by the presence of
Pd NPs (5–10 nm) in the created organization along with Bi2O3

nanostructures and PPC polymeric chains. HRTEM image in Fig. 6
(d) for Bi2O3 presented fringe width with 0.28 nm separation, in
line with (001) planes of b-Bi2O3 (Hou et al., 2013). Furthermore,
attained SAED (selected area electron diffraction) trends for
Pd@PPC/Bi2O3 nanostructures are presented in Fig. 6 (e) demon-
strating polycrystalline ring organization clarifying impeccable
crystalline structure among selected metabolites.

Acquired Bi2O3 and Pd@PPC/Bi2O3 nanostructures were also
explored for the examination of BET surface area along with total
pore volume to check the probable effect of these vital parameters
on photocatalytic outcomes of fabricated nanostructures. Both
pure as well as hybrid sample were investigated through nitrogen
isotherm (adsorption /desorption) technique at 77 K, as presented
in Fig. 7. Achieved type IV isotherm in both Bi2O3 and Pd@PPC/
Bi2O3 nanostructures clearly confirmed the mesoporous nature of
both materials. Also, both photocatalysts exhibit H4 type hystere-
sis loop arrangement, enlightening the presence of pores in inves-
tigated samples. BET surface areas for Bi2O3 and Pd@PPC/Bi2O3

nanostructures are observed to be 1.95 and 79.52 m2/g respec-
tively. It has been clear from attained values that alteration of bare
Bi2O3 to ternary Pd@PPC/Bi2O3 framework boosted up the surface
area remarkably to � 40.77 times, a clear confirmation of develop-



Fig. 3. (a) UV–visible diffuse reflectance spectra of pure Bi2O3, PPC, PPC/Bi2O3, and Pd@PPC/Bi2O3 nanocomposite photocatalysts. (b) The plot of transferred Kubelka–Munk vs.
energy of light absorbed for Pd@PPC/Bi2O3 photocatalyst.

Fig. 4. (a) Wide-scan (survey spectrum) and (b-f) narrow-high resolution scan XPS spectra of Pd@PPC/Bi2O3 nanocomposite photocatalyst. The high-resolution scan spectra
were recorded respectively for Pd3d, Bi4f, C1s, O1s and N1s.
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ment of proficient photocatalyst. Additionally, the pore-size distri-
bution analysis showed 38.50 and 15.3 nm as average pore size for
Bi2O3 and Pd@PPC/Bi2O3, respectively. The BJH adsorption cumula-
tive pore volumes for Bi2O3 and Pd@PPC/Bi2O3 nanostructures
were found to be 0.0188 and 0.3041 cm3/g, respectively.
5

3.2. Evaluation of photocatalytic activity

Generation of exceedingly dynamic moieties like O2
�� / �OH

(Superoxide radical anions or hydroxyl radicals) during photocat-
alytic reactions is supposed to be the main factor for its dominating



Fig. 5. FESEM images of (a) pure Bi2O3 (b) PPC (c) PPC/Bi2O3 (d) Pd@PPC/Bi2O3 and (e) Energy Dispersive X-ray analysis of Pd@PPC/Bi2O3 photocatalyst.

Fig. 6. TEM images of (a) Bi2O3 (b) PPC (c) Pd@PPC/Bi2O3 (d) HRTEM image of Bi2O3 (e) Selected area electron diffraction of Pd@PPC/Bi2O3 photocatalyst.

Fig. 7. N2 sorption isotherm for pure Bi2O3 and Pd@PPC/Bi2O3 photocatalyst.
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nature over the other treatment practices for the efficient destruc-
tion of aim pollutants. During the treatment of target analyte,
abundantly produced �OH and O2

�� moieties easily led to the break-
down of complicated/rigid structures of hazardous organic pollu-
6

tants bonded by C–C / C–H or C = C linkage. Another significant
requirement for proficient photocatalyst is that the chosen
metabolites for the designing of new photocatalytic framework
must have adequate surface area with admirable command over
separation of charge carriers.

Firstly, the effect of change in pH has been examined on photo-
catalytic degradation of imidacloprid by changing the solution pH
in the range of 4.1 to 10. Solution pH was adjusted by dropwise
addition of dilute aqueous solution of either HNO3 or NaOH. The
interpretation of pH impact on photocatalytic reaction is quite
complicated task due to its multiple roles such as electrostatic
interactions between the photocatalyst surface, solvent molecules,
substrate and charged radicals formed during the course of reac-
tion. The ionization state of photocatalyst surface can either be
protonated or deprotonated under acidic and alkaline conditions
(Abu Tariq et al., 2005). Accomplished degradation rate constant
(k) values for the decomposition of target analyte imidacloprid as
a function of reaction pH are presented in Fig. S1 (Supplementary
Material). As can be seen that degradation rate constant (k)
decreases with increase in reaction pH and the highest value was
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observed at pH 4.1 i.e. under acidic conditions which might be due
to the higher concentration of negatively charged OH� ions over
the catalyst surface at greater pH values, thereby repelling the
electron-rich pollutant imidacloprid (Dipyaman Mohanta, 2021;
Patil et al., 2014). Obtained results are perfectly in line with previ-
ous available reports for imidacloprid degradation (Dipyaman
Mohanta, 2021; Patil et al., 2014).

The photodegradation activity of newly accomplished Bi2O3,
PPC/Bi2O3 and Pd@PPC/Bi2O3 nanostructures has been effectively
assessed on an insecticidal derivative IMD. Aim pollutant was
noticed to be fairly stable and steady when treated to bare visible
light (i.e., without any photocatalyst) with no observable degrada-
tion effect. On the other hand, all fabricated nanostructures of
Bi2O3, PPC/Bi2O3 and Pd@PPC/Bi2O3 were reasonably effective for
the elimination of IMD. Among different accomplished nanostruc-
tures, newly fabricated Pd@PPC/Bi2O3 trio photocatalyst was found
to be most efficacious with almost complete destruction of IMD
molecule after 30 min of irradiation. Fig. S2 displayed the spectra
of IMD insecticide after different irradiation times when treated
in presence of Pd@PPC/Bi2O3 photocatalyst. Obtained spectra of
IMD molecule unarguably illuminate the destructing potential of
Pd@PPC/Bi2O3 photocatalyst. As can be seen the distinctive band
of IMD appearing at kmax � 271 nm collapsed entirely after
30 min under Pd@PPC/Bi2O3 photocatalyst with shattered absor-
bance value. These promising outcomes by newly developed
Pd@PPC/Bi2O3 photocatalyst are in support of its brighter future
in environmental management activities.

Removal percentage of IMD molecule with and without differ-
ent created nanostructures like Bi2O3, PPC/Bi2O3 and Pd@PPC/
Bi2O3 is presented in Fig. 8a. It has been clear that under visible
light exposure i.e. without photocatalyst no observable degrada-
tion of target IMD molecule has been noticed even after 30 min
while various tried photocatalysts were noticed to be quite effec-
tive on IMD and eliminated the insecticide to various extents.
Fabricated hybrid nanostructures exhibited much better perfor-
mance than bare Bi2O3, revealing the prominence of alteration or
manipulation during the creation process of novel photocatalytic
structures. It has been observed that 60.77 % and 80.87 % of target
IMD has been removed under Bi2O3 and PPC/Bi2O3 nanostructures
after 30 min of irradiation. Above all, exceedingly worthwhile
degradation of IMD molecule has been occurred under Pd@PPC/
Bi2O3 photocatalyst with 93.6 % removal of IMD after 30 min, sig-
nifying the perfect establishment of efficient photocatalytic struc-
ture between Pd NPs, PPC and Bi2O3.

Various created nanostructures were also tested for the assess-
ment of k value i.e. photodegradation rate constant which recom-
mends the degradation rate of photocatalyst, as shown in Fig. 8b.
Here, the rate constant (k) value of PPC/Bi2O3 and Pd@PPC/Bi2O3

is much higher than Bi2O3, again elucidating the worthiness of
Fig. 8. (a) Change in concentration versus irradiation time; and (b) comparison of rate
Pd@PPC/Bi2O3 photocatalysts.

7

composite photocatalyst in environmental cleansing activities.
Value of k escalates linearly from 0.0314 min�1 to 0.0868 min�1

as bare Bi2O3 was amended to Pd@PPC/Bi2O3 nanocomposite.
Achieved highly encouraging rate constant (k) for Pd@PPC/Bi2O3

photocatalyst undeniably clarifies the fruitful development of pro-
ficient ternary photocatalyst, almost 276 % (�2.76 times) more
proficient than Bi2O3 and found to be most dominant among all
designed nanostructures.

Above experimental studies evidently revealed that PPC/Bi2O3

nanostructure is effective than bare Bi2O3. Also, precise amend-
ment of PPC/Bi2O3 to Pd@PPC/Bi2O3 photocatalyst by dispersing
Pd nanoparticles led to the creation of most efficacious photocata-
lyst. Rapid eradication of target IMD by Pd@PPC/Bi2O3 photocata-
lyst might be due to (i) the involvement of polypyrrole with
carbon black i.e. PPC in newly established Pd@PPC/Bi2O3 nanocom-
posite. Existing PPC material in nanocomposite makes fluent roam-
ing of electrons towards the conduction band of Bi2O3 once excited
upon exposure of light. Available electrons acquired surficial part
of Bi2O3: generate hydroxyl radical (� OH) in reaction with water
or produce superoxide radical anion (O2

��) once interacted with
oxygen. Also, interweaved carbon black in PPC provides hassle free
smooth passage for e-/h+ pairs for effectual redox reactions. (ii)
Developed surface plasmon resonance (SPR) among Pd nanoparti-
cles and Bi2O3 enhances the light captivation capabilities of
Pd@PPC/Bi2O3 nanostructures, ultimately offers admirable photo-
catalytic performance (Gurunathan, 2004). Besides this, plasmonic
effect amongst Pd nanoparticles and Bi2O3 also can retard the
recombination activity of e�/h+ pairs with ample supply of destruc-
tive agents like �OH or O2

� for effective degradation (Zhao et al.,
2008; Schmucker et al., 2010; Gaikwad et al., 2018; Hashim
et al., 2019). (iii) Presence of Pd NP onto PPC/Bi2O3 nanocomposite
delivers a photocatalyst (Pd@PPC Bi2O3) with lower bandgap as
compared to bare Bi2O3: a photocatalyst works efficiently well
under visible light (iv) Created Pd@PPC/Bi2O3 nanocomposite has
surface area almost � 40.77 times higher than bare Bi2O3, another
favorable factor responsible for better performance of Pd@PPC/
Bi2O3 photocatalyst. Therefore, impeccable synergistic coordina-
tion among Pd, PPC and Bi2O3 is supposed to be the main factors
for its excellent photocatalytic activity.

Destructing skills of Pd@PPC/Bi2O3 nanostructures have been
further verified by employing the created photocatalytic structure
for the eradication of complex dye framework i.e. methylene blue
(MB). Photocatalytic results in terms of absorbance after different
exposure times are displayed in Fig. S3. Adsorption factor was also
analyzed by putting MB + photocatalyst solution in dark (for
30 min) since the adsorption capacity of the catalyst plays a crucial
role in the photocatalytic performance and it has been observed
that 19.5 % of MB has been removed via adsorption onto the pho-
tocatalyst. Better is the adsorption skill of any created photocata-
constant (k) for the decomposition of imidacloprid utilizing Bi2O3, PPC/Bi2O3 and
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lyst, encouraging will be its removal efficiency. MB dye molecule
exhibited two well distinct humps at 291 and 663 nm. Upon expo-
sure to light in presence of Pd@PPC/Bi2O3 nanostructures, both the
humps completely lost their identities just in 12 min. It has been
observed that absorbance spectral lines became completely flat-
tened just after 12 min verifying the immense striking skills of
designed photocatalyst. As per previous studies, it has been sug-
gested that the breakdown or annihilation of MB framework pro-
ceeds either via oxidative means or followed two-electron
reduction pathway (MB decolorization) with the development of
leuco MB (Park and Choi, 2005; Jalalah et al., 2015). During the
entire treatment activity, we could not detect any hump or peak
signifying the leuco form of MB usually appeared at k = 256 nm,
a clear evidence confirming that the removal of dye followed the
oxidative route (Faisal et al., 2021).

The above experiments revealed that eradication of target pol-
lutants significantly enhanced in the presence of Pd@PPC/Bi2O3

nanostructures. Hence, it is very important to explore the favorable
parameters responsible for pleasing outcomes of Pd@PPC/Bi2O3

photocatalyst. For semiconductor photocatalyst, the valence (EVB)
and conduction (ECB) band location can be assessed through
appended equations (Gaikwad et al., 2018):

EVB ¼ v � Ee þ 0:5Eg
ECB ¼ EVB � Eg

Where v symbolizes the absolute electronegativity of Bi2O3 i.e.
4.686 eV (Devi et al., 2020), Ee represents the energy on hydrogen
scale (i.e. 4.5 eV) for free electrons and Eg indicates the bandgap of
Bi2O3 i.e. 2.50 eV. Utilizing the above the mentioned equations, EVB
and ECB for Bi2O3 are calculated as 1.44 and �1.06 eV, respectively.
Reported value for LUMO and HOMO for PPy is � 1.73 and 0.39 eV
vs. NHE, respectively (Liu et al., 2021). Here EVB for Bi2O3 is less
positive than (OH�/ �OH) redox potential i.e. � +1.99 eV vs. NHE,
so the existing holes at the Bi2O3 valence band surface could not
oxidize H2O to deliver �OH directly. Here, EVB of Bi2O3 is more pos-
itive than standard oxidation potential of O2/H2O i.e. � +1.23 eV vs.
NHE (Nwaji et al., 2021), so the holes produced by Bi2O3 can react
with H2O to generate hydrogen ions (H+) and oxygen (O2). Addi-
tionally, the ECB of Bi2O3 is well suitable for conversion of O2 into
H2O2 (+0.69 eV vs. NHE) (Nwaji et al., 2021). Thus, electrons in con-
duction band of Bi2O3 offered �OH by multi-electron reaction with
oxygen and consume the available O2 and H+ ions species. Also, the
electrons present at the surface of Bi2O3 conduction band
(photo-induced electron) can easily transformed the adsorbed
O2 to O2

�� because ECB of Bi2O3 is more negative than
(E (O2 /O

�:
2 ) = -0.046 eV vs. NHE) (Nwaji et al., 2021). These redox

reactions produced moieties (�OH / O2
��) are supposed to be the

chief destructive agents for the eradication of noxious
contaminants.

A probable photodegradation mechanism in presence of
Pd@PPC/Bi2O3 for the eradication of IMD is accordingly depicted
in Scheme 1. Semiconductors like Bi2O3 once illuminated with light
energy � band gap energy led to the generation of photo-excited
e�/h+ pairs, where electrons travel to the conduction band and
holes seated in the valence band of Bi2O3. Later, these e� and h+ tra-
vel towards the surface of Bi2O3, participate in reaction with avail-
able O2/H2O to generate dynamic striking agents like O2

��/ � OH
which finally led to the deprivation of target IMD structure. Also,
involved polymeric PPC in Pd@PPC/Bi2O3 nanostructure can play
a significant role. PPC can dynamically offer e�/h+ pairs even under
visible light exposure. So, PPC exposed to light radiations compe-
tently supplies electrons to the conduction band of Bi2O3. These
electrons then reached to the surficial part of Bi2O3: offers hydroxyl
radical (� OH) after reacting with water or offers superoxide radical
8

anion (O2
� �) in combination with oxygen, considerably desirable

species generated during AOP. Additionally, the occurrence of ben-
eficial plasmonic effect due to the involved Pd NPs improves the
separation skill or led to clampdown of ongoing recombination
activitywithsurpluscreationofdynamicspecieslike�OHand
O2
� �. Overall, the promising synergistic/cumulative effect by Pd

NPs, PPC and Bi2O3 moieties in Pd@PPC/Bi2O3 ternary photocata-
lyst are supposed the main factor for its excellent results.

The photodegradation products as well as intermediated of
insecticidal molecule imidacloprid has been examined/analyzed
by several researchers and are well documented in literature
(Sharma et al., 2015; Liu et al., 2006). Different structurally related
compounds to imidacloprid were observed as possible photodegra-
dation intermediates/products as shown in pathway I, II and III of
Scheme 2 (Sharma et al., 2015; Liu et al., 2006). It has been noticed
that imidacloprid guanidine and imidacloprid-urea i.e. compound
2 and 3 are most common intermediate forms during the photocat-
alytic treatment of imidacloprid molecule leading to generation of
smaller structures like compound 4, 5 and 6 which can easily
degraded to eco- friendly inorganic ions.

Photoluminescence (PL) examination has also been carried out
for Bi2O3, PPC/Bi2O3 and Pd@PPC/Bi2O3 nanostructures. The PL
spectra as displayed in Fig. 9 (a) have been recorded at 325 nm
excitation wavelength. As can be seen, accomplished results in
terms of PL spectral intensities followed the order: Bi2O3 > PPC/Bi2-
O3 > Pd@PPC/Bi2O3 demonstrating that alteration of bare Bi2O3 to
hybrid nanostructures dropped the PL intensities significantly. Dis-
played spectra for Pd@PPC/Bi2O3 photocatalyst showed spectral
hump with lowest intensity among various tested nanostructures,
elucidating that the most efficient e�/h+ pairs separation has been
occurred in Pd@PPC/Bi2O3 ternary photocatalyst (Faisal et al.,
2018; Ismail et al., 2018). Smooth control over recombination
activity by Pd@PPC/Bi2O3 photocatalyst is a decisive factor for its
efficient and rapid behavior. Our PL investigation is perfectly in line
with attained photocatalytic results.

To assess the contribution of each available active species dur-
ing treatment reaction, several trials were performed in presence
of different trapping agents or scavengers. For each test, 0.01 M
of scavenger i.e. potassium iodide (KI) for hole (h+), ascorbic acid
(AA) for superoxide radical anion (O2

��) and isopropyl alcohol
(IPA) for hydroxyl radicals (�OH) scavenging moiety were taken
with Pd@PPC/Bi2O3 photocatalyst in MB solution (Faisal et al.,
2021; Helal et al., 2017). As revealed from Fig. 9 (b), photodegrada-
tion activity under IPA was retarded severely, confirming that the
produced hydroxyl radicals (�OH) are the prime destructive candi-
date during photocatalytic treatment of pollutant. In addition to
this, presence AA and KI along with photocatalyst also retards
the degradation rate to some degree, demonstrating that O2

�� as
well as h+ have supportive effect during the treatment reaction
along with main destructive candidate i.e. hydroxyl radicals.

Trials were also performed to determine the electrochemically
generated photocurrent by Bi2O3 and Pd@PPC/Bi2O3 nanostruc-
tures and particular responses are displayed in Fig. 10. Incessant
movement of charge from Bi2O3 or Pd@PPC/Bi2O3 nanostructures
to outer circuit led to the photocurrent generation, superior is
the charge separation encouraging will be the obtained photocur-
rent response through nanostructures (Faisal et al., 2022). Pho-
tocurrent response increases considerably as bare Bi2O3 was
manipulated to Pd@PPC/Bi2O3 nanocomposites. Pleasing and
acknowledgeable response in case of Pd@PPC/ Bi2O3 might be
due to efficacious decline in e�/h+ pairs recombination with
prompt electrons flow towards the surface of semiconductor.
Accomplished electrochemically generated photocurrent is in line
to our tested photocatalytic results.

Stability and reusability are two major concerns regarding the
practical implementation of any newly generated photocatalyst.



Scheme 1. Proposed schematic representation during the photodegradation and charge transfer at the surface of Pd@PPC/Bi2O3 nanocomposite photocatalyst.

Scheme 2. Proposed pathway for the degradation of imidacloprid.

Fig. 9. (a) Photoluminescence (PL) spectra of Bi2O3, PPC/Bi2O3 and Pd@PPC/Bi2O3 nanocomposites (excited at k = 325 nm). (b) Reactive species scavenging experiments on MB
dye using Pd@PPC/ Bi2O3 photocatalyst in the presence of different scavenging moieties.
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So, among various created photocatalysts, most potent
Pd@PPC/ Bi2O3 has been tested for the elimination of MB for five
continuous photocatalytic runs and their results are displayed in
9

Fig. 11. Newly accomplished Pd@PPC/Bi2O3 photocatalyst was
observed to be sufficiently stable even after five consecutive trials
with almost negligible deterioration in % removal efficacy.



Fig. 10. Photocurrent behavior (photocurrent vs. time) measured for Bi2O3 and Pd@
PPC/Bi2O3 nanocomposite at 0.0 V applied potential, light exposure time = 30 s,
lamp intensity = 500 Wm�2.

Fig. 11. Repeated tests up to 5 times for the photocatalytic degradation of MB in
presence of Pd@PPC/Bi2O3 photocatalyst.
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Exceedingly steady results could be decidedly noteworthy as far as
the future/practical execution of tried photocatalyst is concern.
During the washing/extraction procedure after each trail, there
might be loss of some active material which in turn may be the
reason behind the slight dropping in photocatalytic activity.

Furthermore, XRD results of tested Pd@PPC/Bi2O3 before and
after cyclic tests demonstrate that there was no deterioration in
the arrangement of designed photocatalyst. Fig. S4 (a) exhibits that
the crystallinity and configuration of the created nanohybrid
remain preserved even after five cyclic experiments. Furthermore,
FESEM image of tested photocatalyst Pd@PPC/Bi2O3 after cyclic
experiments clearly suggests that the morphology of developed
ternary nanocomposite preserved even after several trials as
shown in Fig. S4 (b).

4. Conclusions

Novel Pd@PPC/Bi2O3 ternary nanocomposite photocatalyst has
been created utilizing simple, reliable, cost-effective, and stress-
free ultra-sonication approach followed by photo-reduction tech-
nique. Created Pd@PPC/Bi2O3 ternary photocatalyst exhibited
promising photodegradation activity on insecticide IMD as com-
pared with bare Bi2O3 photocatalyst. Pd@PPC/Bi2O3 exhibited
excellent photodegradation performance with 93.6 % removal of
insecticide IMD just in 30 min. Also, the Pd@PPC/Bi2O3 photocata-
lyst was found to be remarkably well for the destruction of MB
with complete removal of rigid dye molecule in 12 min. Synergistic
effects by Pd NPs, PPC and Bi2O3 in designed ternary structure
offered encouraging charge-separation with swift flow of charge
carriers resulting in efficient photodegradation activity. Promising
and steady outcomes by Pd@PPC/Bi2O3 nanostructures are highly
vital features for its brighter future in environmental remediation
related fields.
10
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