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ABSTRACT

In situ oxidative polymerization technique has been used to synthesize PANi (polyaniline) and
PANi/Ceria nanocomposite. The structural, morphology, optical and thermal properties of the sam-
ples were characterized by FT-IR, XRD, FE-SEM, UV-visible and TGA studies. PANi and PANi/Ceria
nanocomposite exhibited good morphology of nanofibers with an average length of about 200-250
nm and 50-100 nm respectively. The optical and thermal analyses confirm the interaction between
PANi and ceria. The band gap of the samples was calculated using Tauc plot and, the band gap of
PANi and PANi/Ceria nanocomposite were 2.98 and 2.7eV respectively. The surface area analysis
shows that the PANi/Ceria nanocomposite has high surface area than pure PANi and it has 56%
degradation ability of methylene blue dye within 150 min under visible light irradiation.
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1. Introduction

Multiplication of population leads the production of
goods, the tendency for industrialization increase, which
extremely influences the basic need of living organism in
the world. Textile industries are using synthetic organic
dyes as colouring agent but these are playing a crucial
role in water pollution. Dye molecules are less or not bio-
degradable and highly poisonous in nature. There are
numerous technologies to remove the pollutants from
water, such as adsorption [1], photocatalysis by oxida-
tion process [2], membrane separation and filtration etc.,
Photocatalysis of organic dye under light photon has been
widely investigated using conducting polyaniline (PANi)
because it acts as a good electron donor and hole acceptor
after light irradiation [3]. These distinguish characteris-
tics makes PANi (polyaniline) as a favourable material for
charge separation performance in the photocatalytic dye
degradation process. PANi can easily remove the anionic
dye molecules from aqueous solution by adsorption pro-
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cess, because of its positively charged backbone structure
[4-6]. But we cannot remove the cationic dyes from aque-
ous solution using PANi because of its positive backbone
repulse the cationic dye molecules. To degrade the cationic
dye molecules from aqueous solution using PANi, one can
use photocatalytic degradation process because of its high
absorption coefficient under visible light photon due to its
n-conjugated electrons and high mobility charge carriers
[7,8]. In the photocatalytic activity, separation of charges
(electron and hole) is very important. The charge isolation
can be enhanced in a mixture of n-electron-delocalized
conducting polymers and n-type semiconductors [9-16].
In the past few decades, it was reported that PANi could
combine with rare earth elements because of its f-f elec-
tronic transitions and complex formation of organic poly-
mers with lanthanide ions and it was found that a hybrid
effect exists between semiconductors and PANi that causes
a high separation efficiency of photogenerated electron—
hole pairs, resulting in the photocorrosion of the semi-
conductors being completely suppressed and enhanced
photocatalytic activity. In the current research, ceria was
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investigated widely due to its storage capacity and supe-
rior oxygen mobility [17,18]. Furthermore, ceria addition
synergistically enhanced the generation of electrons and
holes in combination with PANi to enhance the degrad-
ability of methylene blue (MB). In present decades the
nanocomposites of conducting PANi and ceria nanoparti-
cles show potential applications in the field of conductive
coating, electromagnetic interference shielding, sensors,
electrocatalysis, electrochromic devices, rechargeable bat-
teries and catalysts [19-24]. On this basis, ceria was added
with PANi to provide a stirring system, which explores the
possibility of designing a photocatalyst with high photo-
catalytic activity. In this work, we reported the photocat-
alytic degradation of methylene blue in aqueous solution
under visible-light photon using homogeneous PANi/
Ceria nanocomposite.

2. Experimental details
2.1. Materials

The chemicals used for this work were analytical
grade Cerium (III) nitrate hexahydrate (Sigma-Aldrich),
aniline, ammonium persulfate, hydrochloric acid and
methylene blue. Double distilled water was used for the
preparation of various solutions.

2.2. Synthesis of PANi

PANi was synthesized by the in-situ oxidative polym-
erization of aniline that was dissolved in 100 ml of 1 M
aqueous HCl, using ammonium persulfate (APS) as an
oxidant. APS was dissolved in 25 ml of 1 M HCI. The oxi-
dant solution was then added slowly to the aniline solution
with continuous stirring at 5°C. The reaction mixture was
stirred continuously for 24 h. The reaction mixture was then
filtered, washed with HCI (0.1 M) and dried in a vacuum
oven at 60°C overnight. The green colour of the obtained
polymer indicated the formation of conductive PANi emer-
aldine salt.

2.3. Synthesis of PANi/Ceria nanocomposite

To synthesis PANi/Ceria nanocomposite, Ce(NO,),
was added in 100 ml of 1 M HCI solution and stirred for
30 min before the addition of aniline. Then the ammonium
persulfate solution was added drop wise, it oxidizes both
Ce(NO,),and aniline, which leads the formation of PANi/
Ceria nanocomposite. The reaction mixture was stirred con-
tinuously for 24 h. The reaction mixture was then filtered,
washed and dried in a vacuum oven at 60°C overnight.

2.4. Characterization

FE-SEM analysis was carried out using FESEM-SUPRA
55-CARL ZEISS field emission scanning electron micro-
scope. The lengths were measured by the software Image
J. The surface area of the samples was analyzed using the
Porosimeter ASAP 2020. The decomposition pattern of the
samples was studied by thermogravimetric analysis (TGA

Q500, TA instruments) at a heating rate of 10°C min™ under
a nitrogen atmosphere. FT-IR spectra of the nanocomposite
were recorded on SHIMADZU IR affinityl spectrometer in
KBr medium at room temperature. X-ray diffraction (XRD)
analysis was done using a Rich Siefert 3000 diffractometer
under Cu Kol radiation (A = 0.15405). The UV-Vis absorp-
tion spectra of the samples in N-methyl-2-pyrrolidone sol-
vent were recorded in the range of 200-800 nm with an
Agilent UV Carry 60. The band gap of the samples is calcu-
lated by using the UV-visible spectra and Tauc relation [25].
The band gap is obtained from the intercept on the abscissa
of the plot of (ahv)?vs. hv. Photodegradation studies car-
ried out using multi-lamp photoreactor.

2.5. Photocatalytic degradation of methylene blue experiment

Photocatalytic dye degradation of MB on PANi was
carried out in a photoreactor under the 150-W tungsten
halogen lamp. To obtain the adsorption-desorption equal-
ity between the catalyst and the dye experiment, 0.03 g of
the adsorbents were dispersed in 100 ml of 10 ppm MB dye
solution and these solutions were stirred for 30 min under
dark condition. The photocatalytic degradation was then
carried by irradiating the above solution mixture using a
tungsten-halogen visible source. The dye solution was
stirred continuously under the light source to make unifor-
mity between photocatalyst and the dye solution. Thereaf-
ter, 2 mL of the dye suspension was taken out at a 10 min
time interval and centrifuged. The concentration of MB in
supernatant solution was analysed by UV-vis absorption
spectra within the wavelength range 300-800 nm.

The dye removal efficiency (R) was calculated by the
following equation:

C,-C,
R% == —x100 1)

0

where C and C, are the initial and equilibrium concentra-
tion of MB (mg L) respectively.

3. Results and discussions
3.1. FE-SEM analysis

Figs. la-b and 1lc-d show the FE-SEM images of PANi
and PANi/Ceria nanocomposite. The observation of micro-
graph images shows the morphology of as-synthesized
materials. These images show an interconnected network
of nanofibrilar morphology and its nanofiber length distri-
bution was measured by the image J software and shown
in the histograms of Fig. 2. The average nanofiber length
of PANi and PANi/Ceria nanocomposite were between the
range of about 200-250 nm and 50-100 nm respectively. The
results revealed that the presence of ceria can affect the mor-
phology of chemically synthesized PANi. When Ce(NQO,),
was added into the reaction solution it gets oxidized to ceria
nanoparticles and interacts with backbone of PANi chain
and it reduces the length of the pure PANi nanofibers but
augments the surface area of PANi/Ceria nanocomposite.
This morphology may lead the photocatalytic degradation
ability of PANi/Ceria nanocomposite towards MB.
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Fig. 1. FE-SEM images of PANi (a-b) and PANi/Ceria nanocomposite (c-d) at low and high magnification.
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Fig. 2. a) &b) Nanofiber length distribution of PANi and PANi/Ceria nanocomposite.
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3.2. Surface area analysis

Figs. 3a and b represent N, adsorption/desorp-
tion isotherms of PANi and PANi/Ceria nanocompos-
ite respectively. These photocatalytic materials show
type IV isotherms, which represents the mesoporous
nature of as prepared samples. The BET surface area
of PANi and PANi/Ceria nanocomposite was calculated
to be 21 and 36 m?/g, respectively. This increase in the
specific surface area suggests that the ceria nanoparticles
engages an important role in the morphology and surface
area of PANi/Ceria nanocomposite, thereby leading to an
enhancement in the photocatalytic degradation ability of
PANi/Ceria nanocomposite [26,27].

3.3. Thermal analysis

The thermal strength of the PAN] is significant for tech-
nical applications due to its undesirable properties such
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as loss of dopant and decomposition at high temperature.
The thermal interaction between the polymer and dopant
can also be studied from the decomposition through TGA.
In the curve of mass diminution for the composite (Fig.
4a) PANi shows decomposition peak between 250-480°C
(~33%) and its backbone is completely decomposed at
800°C. 33% weight loss was observed at 480°C and 67%
weight loss observed at 800°C. After the addition of ceria
in the PANi matrix (Fig. 4b), 24% weight loss was observed
at 480°C [28,29]. This result elucidates the successful forma-
tion of PANi/Ceria nanocomposite.

3.4. FTIR spectroscopy

Fig. 5a shows the characteristic vibration peaks of PANi
at 1574, 1488, 1114 & 1031, 843 and 724 cm™. The peaks at
1575 cm™ and 1488 cm™ due to the stretching mode quinoid
rings and benzenoid rings. The peaks at 1114 cm™ and 1031
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Fig. 3. N, adsorption/desorption isotherms of a) PANi and b) PANi/Ceria nanocomposite.
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cm™ due to sretching mode of C-N. The peak at 724 cm™
due to C-H out of plane bending mode and the bands at
1296 cm™ attributed due to stretching mode of the second-
ary aromatic amine and the peak at 1666 cm™ due to C=C
stretching in polyaniline compound.

FTIR spectra of PANi/Ceria nanocomposite shown in
Fig. 5b with distinctive peaks at 1633 and 1519, 1300, 1142
and 1030, 822 and 706 cm™ which agree with C=C stretching
vibration, N-H stretching vibration of the benzenoid ring,
in-plane C-H bending, out plane C-H bending vibrations
respectively [29]. This spectrum shows the ceria peaks at
698, 635 and 590 cm™ which establishes the presence of ceria
nanoparticles in the PANi matrix [30,31].

3.5. X-ray diffraction pattern

Fig. 6a reveals the diffraction spectra of synthesized
PANi nanofiber and PANi/Ceria nanocomposite. The dif-
fraction spectra of PANi shows that the peaks at 26 = 18°,
20° and 25° identical to the (011), (020) and (200) crystalline
planes of PANi, which indicates the crystalline nature of
PANI [32,33]. The diffraction pattern of ceria doped PANi
nanocomposite (Fig. 6b) shows the peaks at 18° and 25°
corresponding to PANi and also shows new sharp peaks at
28°,33° and 47° corresponding to ceria nanoparticles it elu-
cidates that the successful formation of PANi/Ceria nano-
composite [34].

3.6. Uv-visible spectroscopy

PANI exhibits absorption peaks at 568, 386, 375, 355, 328,
295 and 260 nm. The absorption peaks at 261, 295, 328 and
355 nm correspond to n—n* transitions, whereas that at 375
and 386 nm is associated with n—n* transition of aniline ring.
It was observed that the absorption peak of PANi shifted
to 580, 397, 385, 358, 346, 315 and 265 nm for PANi/Ceria
nanocomposite. In both, the spectra peaks at 568 and 580
nm is originating from the charge-transfer-excitation-like
transition from the highest occupied energy level to the
lowest empty energy level and the n-n* transition in PANi
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Fig. 5. FTIR Spectra of a) PANi and b) PANi/Ceria nanocomposite.
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[35,36]. The redshift in the spectra of PANi/Ceria nanocom-
posite suggests the interaction between PANi nanofibers
and ceria nanoparticles. Due to this interaction, there is a
contraction in the energy band gap and multiplication in the
number of charge carriers in PANi/Ceria nanocomposite.
The energy band gap of PANi and PANi/Ceria nanocom-
posite was estimated from Tauc plot as shown in Fig. 7 and
it was calculated to be 2.98 eV and 2.7 eV.

4. Photocatalytic degradation of MB under visible light
illumination

Photocatalytic activity of the samples was assessed by
the photodegradation of MB in water under visible light
irradiation. MB itself can decompose under visible light
because it photochemical reaction Figs. 9ab show the
photocatalytic activity of the PANi nanofibers with 44%
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Fig. 6. XRD Spectra of a) PANi and b) PANi/Ceria nanocom-
posite.
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Fig. 7. UV-vis Spectra & Tauc plot of a) PANi and b) PANi/Ceria
nanocomposite.
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Fig. 8. Mechanism of photocatalytic degradation of dye using
PANi/Ceria nanocomposite.

photodegradation of MB after 150 min and time course
degradation curve. The photocatalytic investigation of
the MB under visible light illumination disclosed that the
PANi can degrade some quantity of organic dye due to its
n-m* transitions. In an emeraldine salt form, PANi has high
electron conductivity, and these electrons can be excited by
visible light photons. These excited electrons in PANi can
jump from HOMO to LUMO because of its characteristic
n-n* transitions [37-39]. These transitions are answerable
for the emergence of electrons and holes from the LUMO
and HOMO of PANi, thereby foremost to the generation
of advanced oxidation species and degradation of MB
[40]. But the PANi molecule degrades only 44% of MB. To
enhance the photocatalytic ability of PANi, semiconducting
ceria was included in the PANi matrix during the polym-
erization process. Incorporation of ceria increases the sur-
face area of PANi and also enhances the photocatalytic
performance of PANi/Ceria nanocomposite. The effect of
ceria nanoparticles on the photocatalytic activity of PANi
could be described as follows: In the photocatalytic pro-
cess, the interaction between the catalyst and the light leads
to produce separation process of electron and hole. The
separated electrons and holes, in the LUMO and HOMO
of PANi, could interact with oxygen (O,) and water mol-
ecules of pollutants to form superoxide radicals (*O*) and
hydroxyl radicals (*OH), respectively. Superoxide radicals
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Fig. 9. a) &b) UV-vis absorption spectra and time course degra-
dation curve of MB using PANi under visible light.

and hydroxyl radicals are known as strong reduction and
oxidation agents that could degrade the complex chemical
bonds of MB. It suggests that increased contact probability
between the catalyst and light and the time needed for elec-
trons and holes to recombine strongly influences the photo-
catalytic activity [41]. Incorporation of ceria nanoparticles
into the PANi matrix enhances the surface area of the nano-
composite; this may increase the opportunity for contact
between the catalyst and light, thereby increasing the rate
of oxidation process [42]. In addition, ceria can also play
the role of electron transport layer, which makes the trans-
fer of a photogenerated electron from PANI to ceria easier.
So that, ceria could inhibit electron-hole pairs of PANi from
recombining, thus improving its photocatalytic efficiency
[43,44,45,46]. Figs. 10a and b show the degradation pattern
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Fig. 10.a) &b) UV-vis absorption spectra and time course deg-
radation curve of MB using PANi/Ceria nanocomposite under
visible light.

of PANi/Ceria nanocomposite with 56% photodegradation
of MB after 150 min and time course degradation curve. A
possible mechanism of dye degradation using PANi/Ceria
nanocomposite represented in Fig. 8.

5. Conclusion

In summary, pure PANi and PANi/Ceria nanocom-
posite was successfully synthesized by in-situ chemical
oxidative polymerization method. The structural, ther-
mal stability, surface morphology and photocatalytic abil-
ity of nanocomposite have been examined and discussed
in detail. The surface morphology reveals that the pure
PANi and PANi/Ceria nanocomposite showed nanofiber
like structure. The presence of ceria nanoparticles in PANi
matrix was confirmed by FTIR and X-ray diffraction spectra.
Ceria nanoparticles increase the surface area of pure PANi
from 21 to 36 m?/g and slightly increase the visible light
absorption efficiency of the PANi/Ceria nanocomposite via
increased contact probability between the catalyst and light.

The proposed method may be used for the synthesis of vari-
ous conducting polymer nanocomposite materials with dif-
ferent metal oxides focussing the water pollution caused by
various organic pollutants.
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