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Abstract: The present work reports the synthesis of cobalt ferrite and its nanohybrids with polythio-
phene (PTh) in the weight ratios of 10% and 20%. The ferrite and its nanohybrids were characterized
using thermogravimetric analysis (TGA), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS) and scanning electron microscopy coupled with elemental mapping (Fe-SEM) to confirm the
morphology as well as the structure of the synthesized nanohybrids. The nanohybrids were tested
for their photocatalytic activity upon modification of PTh against Alizarin Yellow (AY), Congo Red
(CR) and Brilliant Blue (BB). Almost 100% degradation was achieved in 30 min using 50 mg of the
photocatalyst. The effect of catalyst concentration and dye concentration was also investigated to
explore optimum concentration of the photocatalyst required for rapid degradation of the dye. The
generation of radicals responsible for degradation was analyzed by radical scavenging experiments
and a probable mechanism of degradation was proposed.
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1. Introduction

Conventional photocatalysts such as TiO, and ZnO have been extensively investigated
in the field of photocatalysis, but their application has been restricted due to their large
bandgaps that are mostly active under ultraviolet (UV) light [1,2]. One of the methods
commonly adopted to reduce the bandgap and enhance the photocatalytic performance has
been the utilization of transition metal oxide heterostructures such as MnO, [3], Cu,O [4,5],
FeyO3 [6] Cop03 [7], NiO [8], CuO [9], etc., exhibiting large surface area, chemical stability,
and enhanced photocatalytic activity [10]. Nanostructured spinel ferrites have emerged
as the most studied photocatalytic materials in recent years due to their narrow bandgap,
which allows rapid degradation of organic pollutants under visible light [11]. Spinel ferrites
have their two distinct tetrahedral and octahedral structures where the divalent metal
cations (Zn%*, Cd**, Co**, Mg2+ and Cu?*) occupy the tetrahedral sites, and the trivalent
metal cations (Fe**, AI**, Eu®*) occupy the octahedral sites [12]. Hence, the unique crystal
lattice provides extra catalytic sites that lead to enhancement in the photocatalytic activity
under visible light irradiation. The other features that make these materials a subject of
immense interest are their ease of synthesis, chemical stability, and ease of recovery, as they
are magnetically separable, thereby promoting green photocatalytic technology [13,14].

To enhance the visible light activity and prevent electron-hole recombination, nanocom-
posites/nanohybrids of the spinel ferrites have been formulated with conducting polymers
(CPs) such as polyaniline (PANI) [15], poly(1-naphthylamine (PNA) [16], p(o-phenylene
diamine) (POPD) [17], polythiophene (PTh) [18], etc. CPs are known to act as sensitizers
and can degrade the pollutants due to an increase in the mobility of charge carriers upon
visible light excitation. Although a lot of work has been reported on cobalt ferrite-based
nanohybrids with CPs, no work has been reported on the formulation of its nanohybrids
with PTh [19,20].
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Hence, with a view to explore the effect of PTh loading on the photocatalytic perfor-
mance of CoFe,O4 nanohybrids, the present work reports the synthesis and characterization
of PTh/CoFe,O4 nanohybrids using 10 wt.% and 20 wt.% loading of PTh. The loading
of the CP was confirmed by thermogravimetric analysis (TGA) via char content, while
the synergistic interaction of PTh with cobalt ferrite was established by X-ray photoelec-
tron spectroscopy (XPS) analysis. The X-ray diffraction (XRD) experiments confirmed the
crystallinity of the nanohybrids and the crystal structure of cobalt ferrite. The ultrasound-
assisted photocatalytic degradation was studied using three dyes: Congo Red (CR), Alizarin
Yellow (AY) and Brilliant Blue (BB). The effect of dye concentration and photocatalyst con-
centration was also analyzed and the radicals responsible for degradation of these dyes
were confirmed by radical scavenging experiments. A tentative mechanism of photocataly-
sis was proposed.

2. Results
2.1. Confirmation of Loading of PTh via Thermogravimetric Analysis (TGA) Studies

The TGA profile of CoFe;O4, shown in Figure 1, showed 5% weight loss around 300 °C
and 20% weight loss around 600 °C. The TGA profile of PTh showed 30% weight loss
around 300 °C and complete weight loss at 600 °C. The TGA profile of 10-PTh/CoFe;O4
exhibited 15% weight loss at 400 °C, while 30% weight loss was found at 600 °C. Based
on the difference in the weight loss profiles of pristine PTh and CoFe;Oy, the char content
at 600 °C was 10 wt.%, which confirmed the loading of PTh to be 10 wt.% in this case.
Likewise, the TGA profile of 20-PTh/CoFe,O4 showed 20% weight loss around 375 °C and
40 wt.% loss was found at 600 °C, which confirmed the loading of PTh to be 20% in this
nanohybrid. Hence, the char content of the nanohybrids confirmed the loading of PTh
in COFGQO4.
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Figure 1. TGA of CoFe;O4 and PTh,CoFe; O, nanohybrids.

2.2. XRD Analysis

The XRD profile of CoFe;O4, shown in Figure 2, showed peaks at 26 = 32.3°, 33.6°,
38°,41.5° and 58.3° corresponding to (220), (222), (311), (440), (400) planes respectively. The
structural phase of CoFe,O4 was confirmed to be face-centered cubic (FCC) with lattice
parameters of a=b =c =83 A° and a =b = ¢ = 90° cobalt ferrite (file No. 22-1086) and
space group of Fd-3m based on the standards of JCPDS. The XRD of 10-PTh/CoFe;O4 and
20-PTh/CoFe;O4 exhibited a peak at 26 = 25.2°, which was correlated to the presence of
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PTh. Interestingly, the nanohybrids revealed all peaks associated with CoFe,O4 with minor
changes in intensity, confirming that the crystalline structure of CoFe,O4 remained intact
and PTh encapsulated the ferrite structure, as reported by other authors [21-23].
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Figure 2. XRD of CoFe;O4 and PTh,CoFe,O4 nanohybrids.

2.3. XPS Analysis

The XPS profile of CoFe;O4 and PTh,CoFe;O4 nanohybrids is provided in Supporting
Information as Figure Sla—h. The survey spectra showed peaks corresponding to Co (1s),
Fe (2p % and 2p 3/2), C (1s) and S (2p). The high-resolution spectrum of CoFe,Oy revealed
Fe 2p peaks at binding energy 710.35 eV and a broad hump at 724 eV assigned to Fe 2p!/?
and Fe 2p>/2, respectively. These results support the presence of Fe3* in the invers spinel
CoFe;O4. The nanohybrids 10/PTh/CoFe;O4 and 20-PTh/CoFe,Oy also revealed the Fe
2p peaks at 710.37 and 710.47, respectively [24,25]. Minor shifting in binding energy was
noticed along with the change in the full width at half maxima (FWHM) values, confirming
synergistic interaction of PTh with CoFe,Oy4 via electrostatic interaction. The core-level Cls
XPS spectrum of the nanohybrids revealed peaks at binding energies 289.17 eV, 284.50 eV
and 286.16 eV assigned to C-S, C=C and C-C, respectively. There was an appreciable
increase noticed in the C-S FWHM values for 20-PTh/CoFe;O4, which confirmed the
presence of a higher amount of PTh and hence higher extent of interaction between the S of
PTh with the Fe as well as Co in CoFe,O4 present in the nanohybrid. Likewise, the high
resolution of S 2p in 10-PTh/CoFe,;O4 exhibited a single peak at 169 eV associated with
the S in PTh, with FWHM value of 1.29, which increased to 2.12 for 20-PTh/CoFe;O4. The
shifting of peaks and changes in the FWHM values indicated strong interaction between
the polymer and the metal ferrite.

2.4. SEM with Elemental Mapping

The SEM of CoFe;0y, shown in Figure 3a, shows a granular morphology comprising
Co, Fe, and O. The SEM of 10-PTh/CoFe; Oy, shown in Figure 3b, also revealed a granular
morphology, exhibiting intense bright particles and confirming higher concentration of
O and S, while the SEM of 20-PTh/CuFe;O4, shown in Figure 3¢, revealed mainly S
content to be predominant, which enveloped the CoFe,Oy particles, thereby confirming
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the encapsulation of ferrite by the polymer [25,26]. The elemental mapping shows an
increase in the C, O and S content surface in both of the nanohybrids (given in Supporting
Information as Figure S2a—c). The surface was found to be S-rich and O-rich, as compared
to the pristine metal ferrite, indicating that PTh was intimately mixed with CoFe;O4 and
mostly covered the surface of the metal ferrite.

mapped surface of 10-PTh/CoFe;04

mapped surface of 20-PT h/CoFé;04

Figure 3. SEM with elemental mapping of (a) CoFe;Oy, (b) 10-PTh/CoFe;O4, (c) 20-PTh/CoFep Oy
nanohybrids.

2.5. Analysis of Bandgap

The optical band gaps of CoFe;O4 and PTh/CoFe;O4 nanohybrids were calculated
using Kubelka—-Munk equation and are shown in Figure 4a—c [25,26]. The band gap for
pristine CoFe,O4 was found to be 1.77 eV [27]. The band gap values were found to be
1.55 eV for 10/PTh/CoFe;O4 and 1.45 eV for 20-PTh/CoFe;O4, suggesting that with an
increase in PTh loading, the band gap consistently reduced. In a conducting polymer/metal
ferrite nanohybrid, CP acts as a photosensitizer to absorb a wide range of visible light
because of the lower bandgap compared to metal ferrite. Polymers like PTh, poly ethylene
dioxythiophene (PEDOT), usually have a non-degenerate ground state but show three
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distinct electronic band structures upon doping due to the formation of polaron by local
changes in the structure when the polymer gets oxidized. In our case, ferric chloride was
used as an initiator as well as dopant. Hence, a double-charged bipolaron is formed in
PTh due to loss of electrons, and by further oxidation, the bipolarons overlap, forming
bipolaronic bands, thereby reducing the overall bandgap and functioning as a sensitizer for
the metal ferrite [27].
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Figure 4. Kubelka-Munk plot of (a) CoFe;O4 (b) 10-PTh/CoFe;Oy, (c) 20-PTh/CoFeyOs.

2.6. Photocatalytic Activity

The adsorption of dyes played an important role in degradation, and for this purpose,
the Langmuir adsorption data were plotted with amount of dye, Qe, as a function of the
equilibrium concentration of dye in the solutions.

The data followed the Langmuir isotherm as per the following equation:

C_C, 1
Qe Qm kKQnu

where Ce is the concentration of the dye at equilibrium, k? is the Langmuir adsorption
constant expressed in mL/mg and Qp, is the adsorption capacity in mg of dye per mg
of catalyst.

The second-order model for adsorption is given as:

1)

d

T — ks (Qe - o1? @)
where Q is the amount adsorbed at time t (in mg of dye/mg of catalyst) and ks is the rate
constant (mg of catalyst/mg of dye). Integrating Equation (2) for gt = 0 at t = 0, we obtain:

1 1 1
= + —t 3
qt KsQe Qe ( )
A linear plot of t/Qt vs. t for various dyes was obtained and the values of Qm,
Qe, and KsQe? were determined from the slope; they are given in Table 1. It shows that
there was slight adsorption of dyes onto CoFe,Oy particles, but for the PTh/CoFe;O4
nanohybrids, which showed an increase with the increase in the amount of PTh. This
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was due to the development of electrostatic interaction between the anionic dyes (AY)
and (CR) and the cationic dye (BB) with PTh. There was slightly higher adsorption of
anionic dyes, as the negatively charged groups of the dyes showed higher interactions with
the positively charged backbone of PTh, while the cationic dye BB presumably showed
repulsion, resulting in its lower adsorption as compared to the anionic dyes [28].

Table 1. Kinetic parameters for the adsorption of AY, BB, CR by CoFe;O4 and PTh/CoFe;Oy.

Adsorption

Parameters CoFe2 04 IO-PTh/COFez 04 20-PTh-C0Fe2 04
AY-dye

Qm 0.103 0.111 0.115
Qe 0.032 0.038 0.042
KsQe? 0.041 0.044 0.048
CR-dye

Qm 0.112 0.120 0.135
Qe 0.045 0.058 0.062
KsQe? 0.051 0.064 0.068
BB-dye

Qm 0.005 0.112 0.131
Qe 0.015 0.018 0.020
KsQe? 0.012 0.016 0.022

The photocatalytic activity of CoFe;O4 and PTh/CoFe;O4 nanohybrids was studied
against Brilliant Blue, Alizarin Yellow and Congo Red dyes. The C/Co plots of the dyes
using 50 mg of CoFe;O,4 and PTh/CoFe;O4 nanohybrids and 50 ppm dye concentration are
shown in Figure 5a—c. For CoFe;Oy, 80% degradation of BB dye was observed, as shown
in Figure 5a, using 50 mg of the photocatalyst, while for 10/PTh, 85% degradation was
attained using the same amount of the photocatalyst, as shown in Figure 5b. Almost 98%
degradation was achieved using 20-PTh/CoFe,O;. Similarly, for the AY dye, using CoFe,O4
achieved 83% degradation, and 86% degradation was attained using 10/PTh/CoFe;Oy, as
shown in Figure 5b, while 97.3% degradation was seen for 20-PTh/CoFe;Oy. For the CR
dye, as shown in Figure 5¢, CoFe,Oy4 exhibited 74% degradation, while 20-PTh/CoFe,O4
exhibited 85% degradation. The degradation kinetics followed the pesudo-first order
kinetics model in all cases.

2.7. Effect of Catalyst Concentration and Dye Concentration

To study the effect of catalyst concentration, 25 mg to 100 mg of CoFe,O4 and
PTh/CoFe;O4 was used against 60 ppm dyes, as shown in Figure 6a—c. For BB, AY
and CR dyes, as shown in Figure 6a—c) maximum degradation was achieved using 150 mg.
For the BB dye, as shown in Figure 6a, CoFe;O4 exhibited maximum degradation of
88% using 150 mg of the 10-PTh/CoFe;O4 and 20-PTh/CoFe;O, photocatalyst, while
10-PTh/CoFe;O4 showed 95% degradation using the same amount of catalyst. The nanohy-
brid 20-PTh/CoFe,O4 showed 100% degradation using 150 mg of the photocatalyst. For
the AY dye, as shown in Figure 6b, CoFe,O4 showed 90% degradation using 150 mg of
the photocatalyst, while 10-PTh/CoFe;O4 and 20-PTh/CoFe,O4 showed 96% and 100%
degradation, respectively, using the same amount of the photocatalyst. For the CR dye, as
shown in Figure 6¢, CoFe,Oy, 10-PTh/CoFe;O4 and 20-PTh/CoFe;O4 showed maximum
degradation of 88%, 93% and 100%, respectively. The degradation of the dyes was higher
using 100 mg of the catalyst and 150 mg of the catalyst concentration.
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To study the effect of dye concentration, 50 ppm, 100 ppm and 150 ppm of BB, AY and
CR dyes were used along with 100 mg of the CoFe,O4 and PTh/CoFe;Oy4 photocatalyst,
as shown in Figure 7a—c. Values of 85%, 90% and 100% degradation were achieved using
50 ppm BB dye with CoFe;O4, 10-PTh/CoFe;O4, and 20-PTh/CoFe;O4, as shown in
Figure 7a. Likewise, for 50 ppm AY dye, as shown in Figure 7b, maximum degradation
of 80%, 87% and 99% was seen using CoFe;Oy4, 10-PTh/CoFe;O4, and 20-PTh/CoFeyOy,
respectively, while 73%, 78% and 85% degradation of the CR dye was observed using
CoFepOy, 10-PTh/CoFeyOy, and 20-PTh/CoFeyOy, respectively, as shown in Figure 7c.
Among all the dyes, a lower degradation rate was seen for the CR dye as compared to the
BB and AY dyes, presumably due to the higher conjugation and molar mass of the dye.
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Figure 7. Effect of dye concentration on the degradation for (a) BB dye, (b) AY dye and (c) CR dye.

2.8. Radical Scavenging Experiments

To further explore the generation of radicals responsible for photocatalytic degradation
of dyes, radical scavenging studies were carried out to confirm the main reactive oxidative
species involved in the photocatalytic degradation of the of the dyes [16]. The use of radical
scavengers leads to a decrease in the rate of photocatalytic activity if the targeted radical
is involved actively in the mechanism. Tertiary butyl alcohol (t-BuOH) has been widely
used as a hydroxyl radical scavenger (*OH), whereas formic acid, ethylenediaminete-
traacetic acid (EDTA), and ammonium oxalate had been used as a hole scavenger (h*).
p -Benzoquinone and Cu?* are widely used as superoxide radicals (O,°~) and electrons
(e—) scavengers, respectively. Before being exposed to visible irradiation, the BB, AY and
CR dye solutions were mixed with various scavengers, ethylene diamine tetra acetic acid
(EDTA) (h+ scavenger), Nap;SO4 (oxygen scavenger) and t-butyl alcohol (t-BuOH), which
is an *OH scavenger, as shown in Figure 8. The degradation efficiency in all cases was
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reduced to 35-40% in the presence of t-BuOH, confirming that hydroxyl radicals were
the min species involved in the degradation of the dyes in the presence of CoFe;Oy4, and
PTh/CoFe;O4 nanohybrids, as photocatalysts. Ghosh et al. [29] studied the photo response
of PEDOT nanofibers decorated with Au nanoparticles under visible light and established
that holes, hydroxyl radicals, and superoxide radicals were the reactive species involved in
the enhanced photocatalytic activity of PEDOT/Au hybrids.

I Absence
B EDTA
I Na,S0,
100 4 05 [7]t-BuOH
90 89

80+

60 +

40 4

Degradation (%)

204

CoFe204 10-PTh/CoFe204  20-PTh/CoFe204
Catalyst

Figure 8. Effect of addition of radical scavenger on the degradation rate.

2.9. Mechansim of Degradation

The photocatalytic mechanism is presented in Scheme 1. When visible light irradiates
the PTh, a photon with energy higher than the bandgap excites an electron from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO),
also known as the 77- 77+ electronic transition [30]. CP acts as a photosensitizer to absorb
a wide range of visible light because of the lower bandgap compared to metal ferrite,
and the LUMO of PTh injects electrons (e™) into the conduction band (CB) of the metal
ferrite, which reacts with an adsorbed water molecule to form O, ~*® radicals, whereas holes
may react with water to form *OH [31-33]. Higher generation of *OH radicals causes the
degradation of the dyes [31]. The overall mechanism can be depicted as follows:

CP + hv (visible light) =CP (e~ (LUMO) ....h" (HOMO);
Electron (e7) + Oy —0O,~* (superoxide radical);

O,~* + H* (from H,O) —*OO0OH;

2°0O0H — Oz + HzOz;

HyO, + O;7* — *OH + OH™ + Oy;

HyOr+ h* —2 HO".

The PTh thus acts as a sensitizer towards the metal ferrite and replenishes the electrons
and holes in its valence and conduction bands and prevents their recombination.

The combination of PTh with the metal ferrite leads to a reduction in the band gap,
as confirmed by UV-DRS experiments, which suggested that heterojunctions are created,
and it is known that thiophene-based polymers have smaller band gaps as compared to the
other five membered heterocycles. The lower bandgap causes photoinduced charge transfer
under visible light irradiation from the lowest unoccupied molecular orbital (LUMO) of PTh
to the conduction band of the metal ferrite with holes remaining in PTh. This phenomenon
thus prevents electron-hole recombination. The extended 7-conjugation in PTh facilitates
charge transport. The other factors that can possibly cause higher photocatalytic activity
are enhancement in the surface area as well as increase in the surface-active sites for photo-
catalysis upon nanohybrid formation. As seen in the SEM elemental mapping, the hybrid
surface is rich in O and S, which possibly creates highly reactive sites for photocatalysis.

SR S e
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Scheme 1. Mechanism of photocatalytic activity by PTh/metal ferrite nanohybrid.

Table 2 compares the photocatalytic activity with other polymer/metal ferrites. Leng
et al. [34] designed PANI-modified CoFe;O4-TiO; nanoarchitectures and studied the photo-
catalytic degradation of methylene blue (MB) dye in aqueous using UV and visible light.
They obtained complete degradation under UV light within 60 min, while under visible
light, complete degradation was obtained after 180 min. They explained the mechanism of
degradation by showing that polyaniline (PANI) and cobalt ferrite both absorbed photons to
generate electron-hole pairs and the photogenerated electrons in the LUMO of PANI were
injected into the conduction band (CB) of TiO,, and then transferred to the CB of CoFe;Oy,
due to which rapid charge separation and slow charge recombination occurred. Sadegh-
pour et al. [35] investigated the photocatalytic stability of PANI/CoFe,O, against azo dyes
Acid Black, Congo Red, Acid Blue, and Acid Violet and obtained 80%, 90% 85% and 90%
degradation under visible light. The authors showed that cobalt ferrite had no major role in
the photocatalytic process but was easy to collect due to its magnetic behavior, while it was
PANI that was excited under visible light to generate electronic charges as well as radicals
responsible for degradation. In our previous work, we have reported 100% degradation
of Malachite Green under visible light irradiation using poly(o-phenylenediamine) and
cobalt ferrite nanohybrids. The higher extent of degradation within a short span of 100 min
was attributed to the synergistic interaction between the polymer and metal ferrite [25].
Jung et al. [36] also studied the degradation of Methyl Orange under visible light using
Cop.5Mny.5Fe;O4-PANI nanohybrids and achieved 92% degradation within 120 min. These
authors too showed that it was PANI that was excited under visible light to generate
electron and holes and electrons were transferred from the LUMO of PANI to the CB
of Cop.5sMny.5Fe;O4, while the holes formed in Cog.sMng.;Fe,O4 were injected into the
HOMO of PANI. Hence, the heterojunction structure of PANI and Coy.5Mng.5Fe;O4 caused
decomposition of the dye due to its large surface area, as well as enhanced photoinduced
separation. We have also shown the synergistic effect of PTh and CoFe,Oy that leads to
rapid photocatalytic degradation of the dyes within a short span of 30 min.

Table 2. Comparison of photocatalytic activity of conducting polymer/CoFe;O4-based materials.

Photocataly.st Pollutant (Concentration)  Light Source Duration Degradation (%)
(Concentration)

UV light
PANI-CoFe,;04-TiO, Methylene Blue Light visible 60 min >99% (UV)
(1g/L) [34] (50 mg/L MB) 500 W Xe for Visible and 180 min 99% (visible_)

11 W, 0.8 mW /cm? for UV
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Table 2. Cont.
Photocatalyst . . . s o
. Pollutant (Concentration)  Light Source Duration Degradation (%)
(Concentration)
e
CoFeyO4/PANI Acid Blue, UV and visible light 30 min 900/0
(0.5g) [35] s 85%
Acid Violet 90%
(20 mL) °
CoFe;O4/poly(o-
phenylenediamine) ?;OC(;) dyfn) Visble light 100 min 100%
(POPD) (200 mg) [25]. PP
CopsMng 5Fe, Oy- Methyl orange
PANI 0.02g L% Visble light 120 min 92%
(0.02 g) [36] (100 mL)
PTh/CoFe;O4 BB,AY,CR - . . o
our work (20 ppm 300 mL) Visible light 30 min 99%

3. Experimental Methods and Characterization

Cobalt nitrate Co(NO3),-6H,O and ferric nitrate Fe(NO3)3, 9H,O (Merck, Wilson, NC,
USA), thiophene (Merck, Wilson, NC, USA), ferric chloride (Merck, Wilson, NC, USA) were
used without further purification.

3.1. Synthesis of Polythiophene

Thiophene monomer (10 mL) was dissolved in deionized water (30 mL) and placed in
a 150 mL conical flask and sonicated for 30 min. FeCl; (1 g) dissolved in deionized water
(30 mL) was added drop-wise to the thiophene solution for a period of half an hour and the
mixture was sonicated at 25 °C for 4 h on an ultrasonic bath/magnetic stirrer. The obtained
polymer was then centrifuged and washed with deionized water to remove the unreacted

monomer, oxidant and other impurities and finally dried in a vacuum oven at 80 °C for
24 h.

3.2. Synthesis of CoFe,Oy

Cobalt nitrate and ferric nitrate were used without further purification. Initially, Cobalt
nitrate Co(NO3),-6H,0 (0.1 M) and Fe(NO3)3. 9H,O (0.2 M) were dissolved in 100 mL
of distilled water separately and stirred to obtain a lucid solution. Then, mineralizer
(NaOH) was added drop-wise in line to achieve pH 9 under continuous stirring, and
finally, the obtained precipitate was stirred at 80 °C for 3 h. As a result, brown precipitate
was centrifuged thrice with double-distilled water and twice with ethanol. The obtained
product was dried at 80 °C for 24 h in an oven, followed by calcination at 500 °C to a further
period of 5 h to obtain the final product of CoFe,O4 nanoparticles.

3.3. Preparation of Nanohybrids

For the preparation of 10-PTh/CoFe;O4, PTh (10 mg) was dispersed in deionized
water along CoFe,O4 (100 mg) and grinded using an agate mortar pestle for 3 h followed
by drying in a vacuum oven at 70 °C for 24 h. A similar procedure was adopted for the
synthesis of 20-PTh/CoFe;Oy.

3.4. UV-Visible Studies

Diffuse reflectance spectroscopy (Perkin-Elmer Lamda-365+, Shelton, CT, USA) was
used to measure the UV-Vis reflectance spectra of synthetic materials. The wavelength
range was from 200 to 800 nm.
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3.5. XPS Analysis

XPS experiments were performed using a Physical Electronics Versa Probe III instru-
ment equipped with a monochromatic Al ko x-ray source (hv = 1486.6 eV) and a concentric
hemispherical analyzer. Charge neutralization was performed using both low-energy elec-
trons (<5 eV) and argon ions. The binding energy axis was calibrated using sputter-cleaned
Cu (Cu2p3/2=932.62eV,Cu3p3/2="75.1¢eV) and Au foils (Au 4f7/2 = 83.96 eV).t Peaks
were charge referenced to the CHx band in the carbon 1 s spectra at 284.8 eV. Measurements
were collected at a takeoff angle of 45° with respect to the sample surface plane. This
resulted in a typical sampling depth of 3-6 nm (95% of the signal originated from this depth
or shallower). Quantification was performed using instrumental relative sensitivity factors
(RSFs) that account for the x-ray cross-section and inelastic mean free path of the electrons.
On homogeneous samples, major elements (>5 atom%) tend to have standard deviations
of <3%, while minor elements can be significantly higher. The analysis size was ~200 pm
in diameter.

3.6. XRD Studies

X-ray diffraction patterns were obtained using a Malvern Panalytical Empyrean
Mastersizer 3000+ Ultra, X-ray diffractometer coupled with Ni-filtered Cu-K« radiation.

®

3.7. SEM Studies

Field emission—scanning electron microscopy (FE-SEM) was used to analyze the sur-
face morphology using Leo Supra 50 V P, Carl Zeiss, Oberkochen, Germany.

3.8. Adsorption Studies

Adsorption experiments were conducted by adding different amounts of metal ferrite
and PTH/metal ferrite hybrid into the flask containing 50 mL of dye solutions with an
initial concentration of 20 mg/L under magnetic stirring for 2 h in the dark. Samples were
collected at different time intervals (0, 5, 10, 20, 30 min, respectively) and concentration of
the dye was determined by Perkin-Elmer Lambda 30 UV-vis spectrophotometer. The dye
concentrations were calibrated using the Beer—-Lambert law at Apax values of AY, CR and
BB dyes.

3.9. Dye Degradation Studies

Approximately 50 mg of catalyst was dispersed in CR, AY and BB dye solutions
(50 ppm, 300 mL) and the adsorption—desorption equilibrium between the dye solution and
the catalyst was established by keeping it under dark condition for 3 h. The solution was
then exposed to visible light irradiation for 60 min and aliquots of the solution (5 mL) were
taken and centrifuged at regular intervals of 0, 10, 20, 30, 40, 50, and 60 min. The UV spectra
of the solutions were taken on a Perkin-Elmer Lambda 30 UV-Vis spectrophotometer.

3.10. Radical Scavenging Experiments and Recyclability Tests

For scavenging studies, 5 mM concentrations of scavengers were used for the detection
of *OH radicals, holes (h+), and electrons (e—), as reported in our previous studies, respec-
tively [12,13]. The scavengers were gradually introduced to the dye solution containing the
catalyst to observe how scavengers affected the rate of degradation. The collected samples
were washed with distilled water and dried in a vacuum oven for about 6 h at 80 °C.

4. Conclusions

PTh-decorated CoFe;O4-based nanohybrids were successfully synthesized and the
loading of the conducting polymer was confirmed by thermogravimetric measurements.
The XRD studies confirmed the structure to be crystalline and the loading of PTh did
not alter the crystallinity of the nanohybrids. XPS showed changes in the FWHM val-
ues, which confirmed the interaction between PTh and CoFe,O4. SEM with elemental
mapping confirmed encapsulation of the CoFe;O4 with PTh. The Kubelka—-Munk plots
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showed lower bandgap values for the nanohybrids as compared to pristine metal ferrite.
The photocatalytic activity showed rapid degradation of dyes using 20-PTh/CoFe;Oy
nanohybrids. The degradation rate was found to be highest for all the dyes in presence
of PTh/CoFe,Oy as compared to pristine CoFe;O4 The nanohybrids could be utilized as
effective photocatalysts for the degradation of azo dyes. Studies on the rate of degradation
of a mixture of dyes in the presence of CoFe,O, are under progress in our laboratory and
will be published soon.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ catal14080495/s1, Figure S1 (a) XPS survey spectrum of CoFe,Oy
and PTh/CoFe; Oy, high resolution spectra of (b) Fe 2p in CoFe;Oy, (c) Fe 2p in 10-PTh/CoFe;Oy,
(d) Fe 2p in 20-PTh/CoFe;Oy, (e) C 1s in 10-PTh/CoFe;Oy, (f) C 1s in 20-PTh/CoFe;Oy, (8) S 2p
in 10-PTh/CoFe;Oy, (h) S 2p in 20-PTh/CoFe,O4. Figure S2 Elemental mapping of (a) CoFe;O4
(b) 10-PTh/CoFe;0y, (c) 20-PTh/CoFe;Oy.
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