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Abstract

As a promising metal oxide semi-conductor, hematite (a-Fe203) has interesting optical
properties to be regarded as photoactive material. In this study, we evaluated the cathodic shift
in onset potential (Eonset) and the negative shift in flat band potential (Emw). It was observed that
the Eonset Value of -0.457 V for a-Fe203 based electrode shifted to -0.638 V for the ternary
nanocomposite (PNFC) [Pani/Ni-a-Fe203/CNT] based electrode. The flat band potential for a-
Fe203in 1M NaOH is at -0.49 V which shifts to -0.68 V for the ternary nanocomposite (PNFC).
This photoelectrochemical enhancement appears due to electron-hole pair separation.
Therefore, it apparently increases the photocurrent trace for PNFC at -0.60 V to 7.04 mA cm’
2. compared to the photocurrent of 4.52 mA cm observed for pristine a-Fe20s. According to
the Mott-Schottky plot, the donor concentration (Ng) for the a-Fe203 is 4.83 x 10° cm3, whereas
for the ternary nanocomposite (PNFC) is 7.68 x 10° cm™, respectively. As evident, the Na value
increase for the ternary nanocomposite PNFC points to the proximity of the Fermi (Er) level
below the CB edge when Ni doped a-Fe203 comes in contact with polyaniline (Pani). Indeed,
the ternary nanocomposite PNFC with lower Eg value (1.32 eV) and higher photocurrent (7.04
mA cm2) show higher photo-activity with percent degradation of 98.42% for photocatalytic
degradation of Sunset Yellow under visible light irradiation. The aforementioned correlations
of the energetic levels of band edges with the shifting of Em to more negative potentials provide

insight into the high photo-activity observed.
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Introduction

As a sustainable source of energy, the harnessing of solar irradiation has potential that
will greatly suffice the ongoing energy demand globally. However, the crucial task here is the
development of such semi-conducting materials which are not only efficient but also
economically viable for harvesting the radiation energy. Among the attractive possibilities to
harness solar energy, photoelectrochemical (PEC) processes are of prime importance. But the
key factor for a successful commercial application of PEC based material is the development
of photo-active material that fulfil the stern requirements of efficiency and durability [1].
Recently it has been observed that the semiconductor based nanocomposites depict cathodic
shift in Fermi levels when subjected to metal ion doping [2, 3]. The enhancement in the
composite system energetics then occurs due to the Fermi level shifting towards the more
negative potential which also facilitates the interfacial charge-transfer processes. Among the
semi-conducting material employed as photo-active material, the electron-hole pair
recombination limits their photo activity hence decreasing their efficiency [4]. A subtle
approach to address this matter is to couple two different semi-conducting substances which
will decrease the recombination rate, hence increasing the efficiency. Benamira et. al developed
such an interesting photocatalyst based on a Cu2O/TiO2 heterojunction for the photocatalytic
degradation of the cationic dye Rhodamine B [5]. According to the Mott-Schottky plots, the
flat band potentials were found to be 0.3 and — 0.32 V vs SCE for TiO2 and Cu20, respectively,
which depicted an enhancement in the photo-electrochemical properties of the as prepared
catalyst. Such improvement occurs when two semi-conducting material with the position of
the conduction bands (CB) and the valence bands (VB) edges at appropriate levels, can lead to
transport of photo-generated charge carriers across the interface which hinders electron-hole
pair recombination improving the photo activity which will result in outperforming the activity

of each individual semiconductor [6, 7].



The magnetic iron oxide (hematite) (a-Fe203) nanoparticles have edge over other semi-
conductors of being magnetic in nature rendering it clearly divisible and chemical stability at
any range of pH [8]. They are thought to be such materials that carry significant properties such
as catalytic behavior, biocompatible nature, low-cost, non toxicity and environmentally benign
nature [9]. Hematite (a-Fe203) is an n-type semiconductor having an optical band gap of 2.1
eV, respectively [10]. It can utilize visible light energy with wavelengths in visible region upto
600 nm, thus using ~45% of the solar energy radiations. The significant electron—electron
interaction is evident in the hematite (a-Fe203) in addition to the coupling of the electron—
phonon which depicts the complexity of the electronic structures as well as enhanced optical
properties. Since, the hematite is environmentally benign whereas is also stable
thermodynamically of all the oxides of iron under different pH and ambient environment.
Hematite (a-Fe203) based nanoparticles have found significant uses solar based catalysts
pertaining to the narrow optical band gap [11]. Despite this, the efficiency of semiconductor
photocatalysts is limited by photoexcited charge carrier recombination and a confined light
absorption zone. Although such photoactive material has been developed in which the charge
separation of photogenerated electron-hole (e-/h+) pairs by solar excitation within a depletion
width, extended up 15 nm [12]. Therefore, the photogenerated e can be transmitted to
electrically conducting materials that operate as e~ acceptors, can successfully prevent the
photogenerated electron hole pair from recombination. The doping of the conducting polymers
such as polypyrrole, polythiophene and polyaniline with suitable dopant such as protonic acid
improves its conductivity [13].

Presently, a great curiosity has been revealed by the research community toward
electrically conductive polymers, particularly polyaniline (PANI), for their physical and
chemical applications. Polyaniline can be constructed as powders, aqueous suspensions and as

the polymer matrix for the embedment of the NPs, and it can be involved in different co-



polymerization synthesis techniques for enhancing the conductivity of final compounds, such
as, by doping polyaniline (PANI) with protonic acid or graphene and carbon nano walls [14].
Moreover, PANI efficiently removes microbes and colorants from waste waters, so, it
possesses antibacterial and photocatalytic activity. The advantage of conductive polymers over
the conductive materials listed above is their processability, particularly through the solution
process. Solar cells, transistors, thermo-electric power sector, microwave absorptive material,
and LEDs are just a few of the applications where conductive polymers have been studied
extensively [15]. Intrinsically conducting polymers can be combined with semi-conductor
nano-assemblies to create composite photocatalysts. Because conducting polymers can match
electron energy level geometries with other semiconductor materials, they can minimize
photogenerated electron-hole pair interaction in composite photocatalysts. The act of starting
a reaction by absorbing light and transferring it to the necessary reactants is the basic step in
the process of sensitization. By contributing an electron to the substrate or abstracting hydrogen
atom from the substrate, photosensitizes cause a physicochemical change in an adjacent
molecule. Various techniques have been used to increase the photocatalytic and
photoelectrochemical activities of metal oxide nanostructures, including coupling of graphene

derivatives [16], carbon nanotubes [17], and fullerene [18].

Under this study, we performed a systematic investigation for understanding the
correlation between the modification of the a-Fe203 and that of the photo-optical performance
of the ternary nanocomposite PNFC based photoanodes. Of the modification routes at hand,
we employed a-Fe20O3 doping with Ni and then performing surface modification with Pani as
well as MWCNTSs as zero band gap material. Therefore, we also addressed the cathodic shift
in Eonset and shifting of the Ex in relation to redshift in the optical band gap with post doping
modification which effectively improved the photo-optical properties of the ternary

nanocomposite PNFC.



Experimental
Materials

Anhydrous salts of iron (Il) chloride, iron (111) chloride and nickel (Il) nitrate having
purity of 99.99% were acquired from Merck. For pH 7, 0.25 M aqueous acetate buffer solution
was prepared by mixing with acetic acid or NaOH for pH adjustment with sodium acetate stock
standard solution and further diluted with deionized water to attain the required volume. Multi-
walled carbon nanotubes (O.D. x L 6-13 nm x 2.5-20 um, >98% (carbon)) were purchased
from Sigma Aldrich and were used as it is. The aniline monomer was acquired from the UNI
CHEM which was subjected to vacuum distillation prior to use. Ammonium peroxydisulfate
(APS) (purity ~98%), was procured from Duksan Pure-Chemicals, South Korea, and was used
as it is. Commercial grade methanol and acetone were attained and were purified through
distillation under vacuum prior to use.
Synthesis of Doped [Ni-a-Fe>O3] and Undoped Hematite [a-Fe.Os] nanoparticles

Hematite a-Fe203 nanoparticles was prepared by employing co-precipitation technique
[19]. Initially, the Fe3*/Fe?* mixture in 2:1 was prepared in distilled water while stirring it
vigorously for 1 h at 80 °C. Afterwards, the above prepared mixture was basified with dropwise
addition of 1M NaOH aqueous solution while stirring for 2 h vigorously. The reactions
proceedings were observed with formation dark black brown colored precipitates. Finally the
precipitates was washed with distilled water and dried in hot air oven followed by calcination
at 500 °C in the furnace for 5 h [20]. Furthermore, the nickel doped hematite Ni-o-Fe20;
nanoparticles were synthesized from the same above mentioned procedure with the addition of
Ni2* as dopant in calculated quantity [21].
Synthesis of ternary nanocomposite [Pani/Ni-a-Fe>Oz/CNT]

In order to prepare the ternary nanocomposite labelled as PNFC, 0.83 M hydrochloric

acid aqueous solution was used for dissolving 1 mL of aniline through stirring for 30 min [22].



0.05 g MWCNT were added to above mixture which was subjected to 30 min ultrasonication.
Afterwards, the homogenous mixture was stirred vigorously for 30 min followed by addition
of 0.01 g of hematite nanoparticles (doped or undoped). This mixture was again ultrasonicated
for 30 min. This homogeneous mixture was stirred while 0.18g of potassium persulfate (KPS)
was added to it as an oxidant. The obtained precipitates were washed with distilled water
followed by drying in hot air oven at 80 °C.
Characterization

The Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (JEOL
JSM-6300) were applied for the morphological study and elemental analysis for which the gold
sputtering of the sample was performed prior to analysis. The structural analysis was performed
in order to understand the crystal structure by employing the Theta-Theta instrument which
used the X-ray radiation beam of Cu Ka (A = 0.15418 nm) which were accelerated with a
voltage of 40 kV and current of 40 mA at room temperature. The Fourier transform Infra Red
(FTIR) spectrophotometer (Perkin—Elmer SPECTRUMZ1000) was employed to acquire the
infrared (IR) transmittance spectra at room temperature whereas the instrument has the
resolution of 1 cm™ using the KBr matrix as pellets.

Photo electrochemical measurements [PEC]

The photoactive electrodes were exposed to light in a homemade chamber PEC tests.
For acquiring the electrochemical data of the respective photoactive electrode, high
performance Reference 600+ potentiostat/galvanostat (Gamry Instruments, Warminster, PA,
USA) was used in three electrode assembly of the electrochemical cell while Ag/AgCl was
used as reference electrode, the counter electrode was a platinum wire whereas the working
electrode was based on indium tin oxide (ITO) (1 x 1 cm?) at room temperature. The Nyquist
plot was acquired in the frequency range of 10 Hz to 1 MHz with AC perturbation of 10 mV

amplitude in open circuit potential of 0.2 V vs Ag/AgCl as reference electrode using a redox



probe (0.1 M KCI & 2 mM Ks[Fe(CN)es]/Ks[Fe(CN)e] in 1:1) solution at pH 7 in dark and
illumination. As illumination source, a Xe lamp of 500 W (PL-G500L) (I = 1800 W m) with
wavelength range of approximately 350-780 nm (Beijing Pulinsaisi) was employed. The
capacitance (C) of the respective electrodes was measured using the imaginary impedance
(Zimg) acquired at 100 Hz frequency (f) since the semiconductor properties show stability at this

frequency while approximation followed was done as;

do 1
C=-— ey e SOUOORUOURO 1
dy, Zﬂflzimgl ( )

Furthermore, the total capacitance (C) which having input of both the space charge
capacitance (Csc = dQsc/dyo) as well as the double layer capacitance (Cai = dQuai/dyo) that are
in series, is therefore used to approximated the Csc by taking Cai of 30 uF cm™ constant value

since 1, is the Galvanic potential difference;

Photocatalytic degradation of Sunset Yellow dye
For evaluating the photocatalytic degradation behavior, 10 mL of the dye was taken in the
respective concentration to which 0.01g of the photocatalyst was added. Afterwards, 2 mL
H202 (30% v/v) was added to this reaction mixture as an oxidant followed by subjection to the
visible light illumination. Then, the photocatalyst separation was achieved by centrifugation
(10,000 rpm for 30 min) (Hettich MIKRO 220) from the reaction mixture and the supernatant
absorbance was determined through spectrophotometric analysis by employing a UV/visible
double beam spectrophotometer (Hitachi Model U-2500) at 480 nm wavelength, respectively.
Photodegradation kinetic parameters
In order to carry out the Kinetics study of photodegradation, the Sunset Yellow dye
solution having 2, 6, 10 and 20 ppm concentration was prepared. These respective solutions

were photocatalytically degraded with photocatalyst dosage of 0.01 g/10 mL while using 2 mL



H202 (30% v/v) as oxidant. Then, the absorbance of the supernatant obtained after the
centrifugation at regular time intervals was performed using the spectrophotometer (5, 15, 30,
60 and 180 min). Then the concentration of the dye was evaluated using the standard calibration
curve in accordance to the Beer Lambert law. After non linearly fitting the acquired Kinetic
data with the Langmuir-Hinshelwood Model, the different parameters of the kinetic such as the
reaction rate constant kr (mg/L min) and the adsorption constant ks (L/mg) were determined.
Results & Discussion

Scanning Electron Microscopy (SEM)

As evident in Fig. 1 (a), the SEM micrograph of the undoped a-Fe20s NPs show
uniformity with respect to the morphology. In contrast to the micron-sized agglomerated
particles, the size of undoped a-Fe203 NPs varies from 100 to 150 nm. The large size of the
NPs can be corresponded to the Ostwald ripening process which leads to increase in the particle
size. Similarly, for Ni-a-Fe203 NPs as depicted in Fig. 1 (b), the homogeneity is evident with
respect to the morphology while the particles diameter lies in the range of 50 to 100 nm. There
is a clear decrease in the particle size with the Ni doping which can be attributed to
heterogeneous nucleation phenomenon. Also, in contrast to both U-a-Fe203 NPs, Ni-a-Fe203
and Pani, the GnP exfoliated flakes are also evident with compact packing in polymer matrix
of Pani as shown in Fig.1 (d & e). The ternary nanocomposites of [Pani/Ni-o-Fe203/CNT]
PNFC displayed a heterogeneous morphology with the respective Ni-o-Fe203 NPs embedded
in the Pani matrix as shown in Fig. 1 (c) whereas the MWCNTSs were also embedded in the
Pani matrix during insitu polymerization process. This indicated the fact that that there is an
interaction between the MWCNTSs and NPs with the polymer matrix. The different phases seem

to have blended evenly in the Pani polymer matrix.
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Fig. 1 SEM micrographs of (a) a-Fe203 NPs,(b) Ni-a-Fe203 NPs, and (c) Pani/Ni-o-
Fe203/CNT ternary nanocomposite (PNFC).

Fourier Transform Infrared Spectroscopy (FTIR)

To further understand the molecular structure of the desired product, FTIR
spectroscopy was employed. The fundamental oscillations of the stretching mode assigned to
the Fe-O bond appears at 533 cm™ in the IR spectra as shown in Fig. 2 [23, 24]. Accordingly,
the oscillations of the asymmetrical mode assigned to the -OH group is at ~3445 cm™, whereas
the bending oscillation associated with the water molecule occurs at around 1633 cm™,
indicating the presence of water molecules adsorbed at the surface of the products. Pani has the
benzenoid rings which have characteristic stretching vibrational peaks for the C=C group
appears respectively at 1471 cm™, respectively. The secondary amine has the C-N moiety
having the stretching oscillations appearing as IR band at 1279 cm™, depicting the existence of
the intrinsic bipolaron structure in Pani [25]. The peaks associated to the bending oscillations
in and out of plane for the C-H moiety present in the 1,4-disubstituted aromatic ring appear at

1065 cm?, accordingly [26]. The intrinsic double bond oscillations appear as IR peak at 1723
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cm* depicting the MWCNTS presence in the ternary nanocomposites [27]. The FT-IR spectra
of the respective ternary nanocomposite samples as shown in Fig. 2 (a, b & c) has the sharp
and prominent peaks for the vibrational bands of a-Fe20s in addition to the respective red shifts
pointing to the interaction of electronic nature between Pani, MWCNTSs and a-Fe203 phase
[28]. Therefore, these results of FTIR spectroscopy confirm the successful embedment of the
a-Fe203 in the Pani matrix since the appearance of the intrinsic IR peaks confirms the ternary

nanocomposite formation.
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Fig. 2 FTIR spectrum of (a) a-Fe203 NPs,(b) Ni-a-Fe203 NPs, and (c) Pani/Ni-a-Fe203/CNT
ternary nanocomposite (PNFC).

X-ray Diffraction (XRD)
The crystalline assembly of the respective samples was determined using XRD
analysis. The reflections for the (012), (104), (110), (113), and (024) crystal planes of the
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respective trigonal crystal system are found at 20 = 23.95°, 33.20°, 35.50°, 43.89° and 49.25°
in the XRD pattern for the a-Fe203 and Ni-a-Fe203NPs, as shown in Fig. 3 (a-b) [29]. The a-
Fe203 and Ni-a-Fe203NPs exhibit good crystallinity and purity as evident by the narrowness
and sharpness of the peaks. The respective peaks for the a-Fe20s and Ni-a-Fe203NPs also
appear in XRD patterns for the PNFC ternary nanocomposite as they are embedded in the
polymer matrix as shown in Fig. 3 (c). Similar the X-ray diffraction analysis also affirms the
Pani in PNFC with the orthorhombic structure having the orthorhombic space group Pben Whose
reflections are located at 20 = 19.25° 28.8° and 31.35° pertaining to the respective crystal
plane of (110), (200), & (211) [30]. Additionally, the quinoid and benzenoid rings are arranged
in a regular way that is evident with a peak at 20 = 25.5° depicting the phenyl rings interlayer
spacing for the stacks of the neighbouring chains in parallel planes. These results affirm the
semi-crystalline nature of the Pani [31]. Furthermore, the stacks of graphitic carbon hexagonal
layers has the reflection appearing at 26.48° corresponding to the (002) plane confirming the
presence of MWCNTs embedded in the polymer matrix. The XRD patterns don’t have the
peaks for Ni or NiO which was indicative of good crystallinity and high purity of the doped
samples. Moreover, with the Ni doping, the respective peaks for the a-Fe203 show an increase
in intensity as well as in peak width depicting the decrease in crystallite size as confirmed by
Scherrer formula. There is also slight shift in the peaks for a-Fe20s structure in addition to
change in the full width half maximum value when doped with Ni which established the Ni
integration into the o-Fe20s lattice [32]. The interlayer spacing was determined using the
Bragg’s equation given as;
2dpi1 SINOpks = NA i, 3
whereas dnk denotes the interlayer spacing, 6hk represents the peak location as the angle

of incidence, A is the respective mean Cu Kq; wavelength and n is the order of diffraction (n =
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1, 2, ...). The crystallite size (D) was determined using the Debye-Scherer’s formula for the

respective samples;

KA

o (4)

- ,3 Cos ehkl

whereas D represents the crystallite size, K= 0.89 as the shape parameter, A = 0.154056
nm is the mean CuK,; radiation wavelength while £ is the full-width-half-maximum (FWHM)
value of the corresponding reflections at the Bragg’s angle 6 (rad) and converted into angle
from radian for analysis. The FWHM was determined using the origin software while
employing the gaussian function. The evaluated values of the structural parameters for the
respective samples are listed in Table 1. As iron Fe (III) has 6 coordination number in a-Fe203
structure since the oxygen ions are in hcp arrays of the Hematite’s structure along the [001]
direction in which Fe (111) ions occupy two thirds sites trailed by one vacant site in the
respective (001) plane. In addition, Ni has the coordination number of 6 as well for Ni?* having
octahedral symmetry with the O ligand due to which it fits very well in the FeOs octahedra in

a-Fe20s structure [33].

Table 1
Evaluation of crystallite size of the as prepared samples
Samples K A (nm) B (rad) Onii D (nm)
a-Fe,O3 NPs 0.89 0.154 0.00415 21.95 31.37
Ni-a-Fe2O3 NPs 0.89 0.154 0.00716 21.95 15.58
Pani/Ni-a-Fe;O3z/CNT 0.89 0.154 0.01050 21.95 11.71
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Fig. 3 XRD spectrum of (a) a-Fe203 NPs, (b) Ni-a-Fe203 NPs, and (c) Pani/Ni-a-Fe20s/CNT
[PNFC] ternary nanocomposite.

Energy Dispersive X-ray analysis

The elemental analysis was performed using the EDX in order to confirm the presence
of the respective elements in the as prepared sample which is displayed in Fig. 4 (a-c) for a-
Fe203 NPs, Ni-a-Fe203 NPs, and Pani/Ni-a-Fe203/CNT [PNFC]. Furthermore, the respective
percentage composition of the each element is also listed in Table 2. The peaks at 6.398 keV
and 0.525 keV for Fe (K«) and O (Kq) confirm the presence of the iron and oxygen in the
samples of the a-Fe203 and Ni-a-Fe203 NPs and the respective PNFC ternary nanocomposites.
However, for Ni incase of Ni doped a-Fe20s3, the Ni (K«) maxima appears at 7.480 keV
validates the Ni presence in the samples containing Ni-a-Fe203 NPs. Likewise, the presence of
carbon [C(K4)], nitrogen [N(Kc)] & chlorine [CI(Kc)] in Pani is affirmed by the presence of the
peaks at 0.277 keV, 0.392 keV and 2.621 keV in case of the nanocomposites (ternary)
containing the polymer matrix of Pani, respectively. The extra maxima that appears in Fig.4
(a-c) corresponding to the silicon (1.740K.), sodium (1.040K.), & chloride (2.621K,) are

attributed to the glassy substrate employed for the performing the EDX/SEM.
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Table 2
EDX elemental composition for quantitative analysis
o-Fe,O3 NPs
Element (keV) Mass%
C Ka 0.277 4.28
O K 0.525 23.50
Fe Kq 6.398 72.22
Total 100.00
Ni-a-Fe2O3 NPs
Element (keV) Mass%
C K 0.277 5.45
O Kq 0.525 23.24
Ni Kq 7.480 5.57
Fe Kq 6.398 65.74
Total 100.00
Pani/Ni-a-Fe2O3/CNT [PNFC]
Element (keV) Mass%
C Kq 0.277 14.41
O Kq 0.525 20.30
N Ka 0.392 9.86
Cl Kq 2.622 3.89
Ni Kq 7.480 9.99
Fe Kq 6.398 41.05
Total 100.00
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Optical Properties

Fig. 5 (A) shows the UV visible spectra of undoped and Ni doped a-Fe203 NPs, and
the respective PNEC ternary nanocomposite. The a-Fe203 NPs depict an energy band gap Eg
of 1.76 eV which is validated by Tauc plot analysis since it is in agreement with the maximum
absorbance for the a-Fe203 NPs occurring at about ~525 nm. This peak at ~525 nm corresponds
to the process of the double exciton transitions based on pairs of Fe** - Fe3* cations as compared
to the ligand field transition of the single Fe®* cation [34]. Incase of the a-Fe203 NPs, the optical
energy band gap is dependent on the existence of cationic or anionic unoccupied sites, states
due to structural defects, and interstitials that occur adjacent to the level of the energy band gap
[35]. Similarly, the UV-Visible absorbance for the Ni-a-Fe203 NPs also lies in the visible range
with the maximum absorbance occurring at ~540 nm. This apparent redshift points to the
decrease in the energy of the optical band gap [36]. In the instance of the respective ternary
nanocomposites, a red shift takes place when the maximum absorbance occurs in the range of
~600 to ~750 nm, showing an improvement in the utilization of visible light energy as a result
of band gap extension to the visible region. It can be attributed to the presence of Pani for which
the quinoid rings polaron- " transition appears at 525 nm whereas the n-polaron transitions
(exciton) occur as a peak at 675 nm [7].

The optical band gap (Eg) was calculated using a Tauc plot analysis, which is obtained
by plotting (ahv)? against (hv), as shown in Fig. 5 (B). Since the following expression is

followed in which the plot linear region is extrapolated to o= 0 [37];

while hv denotes the photon energy, « is the absorption coefficient whereas the edge
parameter is represented A. The value of n = %4 for direct transitions in the case of a-Fe203, Ni-
a-Fe203 NPs, and the ternary nanocomposite PNFC. Accordingly, the optical band gap (Eqg)

values which are calculated are listed in the Table 3 which clearly show decrease in the optical
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band gap pertaining to the photosensitization of the Ni-a-Fe203 NPs through functionalization
with Pani. The induced strain or size effect (Bohr exciton radius) due to doping are associated
with the decrease in Eg due to the apparent red shift [38]. As the induced strain induces the
crystal defects in a-Fe2O3structure, the redistribution of the band to tail energy levels thus takes
place allowing the transition from tail to tail and band to tail which leads to the band shrinkage
[39]. Since, the graphitic layers in MWCNTSs has been decorated with hematite nanoparticles
on its surface, Fe?* in the o-Fe203 structure interacts with the oxygen-containing carbon
moieties on the MWCNTSs leads to the production of electron-hole pairs. Also, the transition
of electrons of the m-n", n'-polaron, and m-polaron nature in Pani renders the ternary
nanocomposites to absorb to considerable extent in the UV and visible region. Furthermore,
the new excitation processes occur due to the addition of MWCNTS, since they can be ascribed
to the graphene sheets sp? clusters, indicating the appearance of the quantum confinement [40].
The ternary nanocomposite will therefore, generate the most electron-hole pairs as a
consequence, which will validate the occurrence of the photosensitization phenomenon. By
using Polyaniline (Pani) to sensitize a-Fe203 structure as an n-type semiconductor, the visible
spectrum at longer wavelengths may be used more effectively. An electron is subsequently
transferred to the a-Fe203 conduction band by the oxidation of the excited Pani present at the
semiconductor surface. However, the hole produced in the valence band of the semiconductor
without sensitization is at a more positive potential than the one produced by the electron
transfer to the semiconductor conduction band by light. Furthermore, Eg reduction with Ni

doping can also be attributed to increase in charge carrier density.

The calculation of the Urbach energy obtained from Urbach plot as shown in Fig. 5 (C)
provides additional evidence for the decrement in the band gap (optical) energy Eg of the
ternary composite in comparison to the a-Fe203 and Ni-a-Fe203 NPs. The improvement occurs

when there is a decline in the decrementing energy transitions since the addition of the Ni-a-
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Fe2Os NPs to the Pani matrix, leads to the creation of the band gap level defects that are
potential electron trap sites. As these electron traps are confined levels which are introduced
into the band tails known as the Urbach tails. Furthermore, their respective energy as the
Urbach energy associated with the defect-tail width as it is the width of the localized charge
carrier trap sites tail in the band gap region. The Urbach energy of the respective ternary
nanocomposite as listed in Table 3 is more in comparison to a-Fe203 and Ni-a-Fe203 NPs. This
difference can be attributed to the ternary nanocomposite PNFC structural and morphological
modifications. Similar to this, the widening of the localized trap sites that are introduced into
the band gap, which is apparent as the increase in the Urbach energy due to the sensitization,
can be associated to the reduction in optical band gap energy Eg [41].

In the vicinity of the lower photon energy region, the absorption coefficient a exhibits
an exponential relationship known as the Urbach empirical rule, which is expressed

mathematically as [42];

a = a,exp (Z—v) ................................ (6)

u

whereas hv denotes the energy of photon, ao designates a constant, and Eu indicates the
Urbach energy. The Urbach energy, Eu, explains the width of the exponential absorption edge

acquired from the Urbach plot slope according to the following relation as;

_ Jd(na) -1
R [ — @)
Table 3
Optical band gap energy (Eg) and Urbach Energy (Eu) for the respective samples
a-Fe;03 | Ni-a-Fex0s E ag//Nc;\(ﬁ
NPs NPs €203
[PNFC]
Eq (eV) 1.76 1.72 132
Eu (eV) 1.33 1.55 0.72

19




(A (B) ©

£ @[ e aFeog]

T T T T
14 16 18 20 22 24 26 28

hu (eV)

§00 T T T T T
450 500 550 800 650 700 750 800

Wavelength (nm)

(b) —O—Ni-:-Fe O,

a1
1y
iy,
gy,

1y
JJJJJ
',

(ceho)

(b)| @ Ni-a Fe,0,

iy,
llllllll
ty

T T T T
1.4 16 18 20 22 24 26 2.8
hu (eV)

Z T T T T T T
450 500 550 600 850 700 750 800

Wavelength (nm)

(ahv)

T T T T T 1 T T ™ —T— T T
450 500 550 600 650 700 750 800 : T T T T T T T 14 16 18 20 22 24 26 28
12 14 16 1.8 20 22 24 26 28

Wavelength (nm) hu (8V) hu (eV)

Fig. 5 UV-visible absorbance spectra (A), a Tauc plot (B), and an Urbach plot (C).

Photo-electrochemical Measurements
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Fig. 6 Cyclic voltammogram acquired in dark using 0.1 M NaOH as supporting electrolyte at
30 mV st scan rate.

Cyclic voltammetric measurement across -1.0 to 1.0 V potential range were acquired
in the dark using 0.1 M NaOH as the electrolyte while employing Ag/AgCI as reference
electrode. The conduction band edge as depicted by the onset potential value (Eonset), was
determined approximately by extrapolating the current density value to zero at point where the

cathodic current trace begins to appear as shown in Fig. 6. Hence, the onset potential value
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(Eonset) locates the position for electron accumulation at the bottom of conduction band. Incase
of a-Fe203 electrode, the onset potential (Eonset) value is -0.457 V whereas -0.492 V and -0.638
V is acquired for Ni-o-Fe203 and PNFC based electrodes, respectively. As apparent, there is
cathodic shift in the Eonset values of Ni-a-Fe203 and PNFC which is remarkable. This
enhancement is probably due to reduction the surface electron hole recombination due to Ni
doping and surface modification with Pani [43]. Another suggestion for the band level
positioning in Ni-a-Fe203 and PNFC is the occurrence of the shallow donors due to doping in
comparison to the deep electron traps in pure o-Fe203 [44, 45]. Also the accelerated hole
transfer across the semiconductor-electrolyte can be attributed to the suppression of
recombination processes [46]. Therefore, the cyclic voltammetric studies demonstrate that both
the dopants and surface modification with Pani complement each other in improving the current
density and reducing the onset potential. The quasi-rectangular shape of the cyclic
voltammograms owes to the reversible redox reactions of the Fe3* and Fe?* ions in the NaOH

electrolyte which intercalates with the electrode material [47].
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Fig. 7 J-V characteristics recorded in a three-electrode cell using Pt as counter electrode,
Ag/AgCI as reference electrode, and 1 M NaOH as supporting electrolyte. Xenon lamp with
power density of 1800 mW m was used as light source for the excitation.
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The surface modification of Ni-a-Fe2O3 with Pani indeed shifts the Fermi level to more
negative potential while improving the photo electrochemistry of the ternary composite PNFC.
For the evaluation of this influence on energetics, the electrodes based on a-Fe203, Ni-a-Fe203
and PNFC were employed as photoanode using 1 M NaOH as supporting electrolyte in a
photoelectrochemical cell. The acquired J-V characteristics are displayed in Fig. 7. Apparently
the potential at which the current density is zero corresponds to the flat band potential since the
net current flow reduces to zero at this applied potential due to recombination of all the
photogenerated electrons and holes. Also, the negative bias which is applied counter balances
any built-in driving force for transporting electrons to the electrode-electrolyte interface [48].
Therefore, the zero-current potential value can be adopted to evaluate the flat band potential
(or apparent Fermi level) of the as prepared samples. As depicted in Fig. 7 that the apparent
value of the flat band potential for a-Fe203, Ni-a-Fe203 and PNFC in 1M NaOH is at -0.49 V,
-0.55 V and -0.68 V vs Ag/AgCl. The flat band potential shows a significant shift to the
negative potentials for the ternary nanocomposite PNFC, respectively. This fact is visible as
significant photocurrent trace for PNFC at -0.60 V vs Ag/AgCl potential whereas on the other
hand, absolute recombination is observed in pristine o-Fe203. Obviously, the surface
modification in addition to doping of a-Fe20z3 facilitates the electron-hole pair separation and
accelerates the electron transfer at the electrode-electrolyte interface. Therefore an
enhancement is observed in the photoelectrochemical behavior as reflected in the generated
photocurrent. The traces of the photocurrents are significantly higher at positive bias. The
photocurrent of 4.52 mA cm is observed for the pristine o-Fe20s whereas 7.04 mA cm? is
recorded for the ternary composite PNFC at 0.4 V vs Ag/AgCI. The appreciable enhancement
of the photoelectrochemical behavior appears as increment in the photocurrent density. Barber
et al. reported that the doping of the a-Fe203 nanorods with 5 mol% Mn enhanced the

photocurrent densities by 3 times at 1.23 V vs. RHE as compared to pristine hematite. In
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addition, the surface treatment of the spray pyrolyzed hematite mesoporous thin films with
ZnAc also resulted in enhanced PEC performance apparent as more than 40% increase to 1.08
mA cm? at 0.23 V vs. Ag/AgCl [46]. Zhong and co-workers also recorded an increase in the
photocurrent density form 0.87 mA/cm™ at 1.23 V vs. RHE for the pristine a-Fe203to 1.61
mA/cm? for the optimized Ti-modified hematite [45]. Doping process also results an
improvement in the PEC response according to Pan et al. which was exhibited as ~6 folds
increase in the photocurrent density at 0 V versus Ag/AgCl (~1.0 V vs RHE) for the 3% Au-
modified hematite thin film [49]. In case of our study, however, the exploitation of the visible
region of the electromagnetic spectrum enable the ternary nanocomposite PNFC to hinder the
photo generated electron hole pair recombination under irradiation. Hence a considerable
photocurrent flow is observed as depicted in Fig. 7 when more positive bias is employed as
compared to the flat band potential (Em). The photogenerated holes in the space-charge region
are accelerated to the semiconductor-solution interface leading to the oxidation at electrode
potential which is effective with respect to the valence band edge energy level. Contrary to
this, the excess electrons are accelerated towards the bulk region under applied electric field
and hence contribute to the photoanodic current density due to ease in electron mobility in the

ternary nanocomposite PNFC [50].

23



40

220
*
.......
DJ
20-J

30 4

0 = T T _r 1% - % T ¢ T & T °
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04 0.6 0.8
Potential (V vs Ag/AgCI)

Fig. 8 Mott-Schottky (M-S) plots (1/C? vs. V) of a-Fe203, Ni-a-Fe203 and PNFC electrodes
immersed in 0.1 M NaOH as supporting electrolyte.

The flat band potential (Es) corresponding apparently to the Fermi level of the semi-
conductor was determined from the Mott-Schottky analysis. The space charge capacitance Csc
2 was plotted against the applied potential E to acquire the Mott-Schottky plot as displayed in
Fig. 8 [51]. An AC perturbation of + 10 mV at 1 kHz frequency having 30 mVs?scan rate was
employed in order to obtain the space charge capacitance Csc? in the potential range of -1.0 to
0.7 V vs Ag/AgCI as reference electrode using 0.1 M NaOH as supporting electrolyte under
illumination. The linear behavior of Cs: against the applied potential with positive slope is
indicative of n-type semi-conductivity in a-Fe203, Ni-a-Fe203 and ternary nanocomposite
PNFC. Since, the doping of a-Fe20s with nickel result in interstitials defects or oxygen
vacancies (Vo) which promote the free electrons transport to conduction band [52]. In order to
evaluate the flat band potential (Em) as well as the donor densities (Nd), Mott-Schottky

expression is applied [53];

€2~ NgFere,
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whereas Na denotes the Avogadro’s number (6.022 x 102 mol™?), Na (cm™3) depicts the
donors density, F denotes the Faraday’s constant (~9.65 x 10* C mol™?), & is the dielectric
permittivity, eo is the free space permittivity eo (8.8542 x 10 F cm™), Em (V) represents the
applied potential for Csc'2 measurement, Es denotes the flat band potential, R denotes the ideal
gas constant (8.314 J KX mol %), and T is the absolute temperature (~ 298 K). Also, the donor
concentrations (Na) is attained from the linear region slope [d(C~2)/dE] of the Mott-Schottky

plot in accordance with the following expression [54];

N, = ZNA[ dE ] ............................. (9)

Fereo LA(C72)

The donor concentration (Nd) for the a-Fe203, Ni-a-Fe203 and ternary nanocomposite
PNFC is 4.83 x 10% 5.77 x 10° and 7.68 x 10° cm™®, respectively. As evident, the Nq value
increase for the ternary nanocomposite PNFC points to the proximity of the Fermi (Er) level
below the CB edge [55]. Hence, the improvement of the charge transfer rate due to increase in

its donor concentration Nq leads to an enhanced PEC activity.

As an important parameter of semiconducting material, the flat band potential (Ef)
reflects the Fermi level position before establishing interface with the electrolyte. As the
surface electron depletion occurs at semi-conductor/electrolyte interface due to applied voltage
perturbation, the band bending takes place which will also be affected by the separation of the
Fermi levels of semiconductor and redox specie under the influence of the applied voltage
change [56]. However, when the band bending disappears, then the applied voltage corresponds
to the flat band potential (Ew). The flat band potential (Ew) values obtained for a-Fe203, Ni-a-
Fe203 and the ternary nanocomposite PNFC are -0.493, -0.556 and -0.692 V vs Ag/AgCl in
accordance with the intercept of the Mott-Schottky plot acquired after the extrapolation of

linear region to 1/C~2 = 0 that is equivalent to Ef;, + (RT/F), respectively. With regards to

these results, it can be suggested that the photogenerated delocalized electrons are rapidly
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promoted to the vacant CB level. Therefore, the photo-excited charge carrier (e*- h*) pairs are
spatially separated which also accelerated the transfer of holes to VB since they are trapped by
the crystal lattice defect sites due to doping [57]. Also, the cathodic shift of the flat band
potential (Em) results in Fermi (Er) level positioning more close to negative potentials i-e
increased band banding (Eb) given by E,, — Ef;, leading to increased charge carrier separation
[58-60]. For the anodic potentials as compared to the flat band potential (Emw), an electric field
establishes due to depletion of charge carriers. The affect of aforementioned phenomenon on
an n-type semi-conductor PEC enhancement then even appears at low potential due to more
negative flat band potential (Em) [7]. Here it can be mentioned that since the crystal structure
defect sites shifts the Fermi (Er) level due to doping. The Fermi level (Er) shifting develops the
surface states due to the localized atomic orbitals energy levels at defect site proximity which

relocates the band edges [61].
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Fig. 9 (a) Electrochemical (V vs. SHE) and potential energy (eV) diagram depicting the
position of fermi level (Er) and valence band edge (Ev). At pH 6 while employing 0.1 M NaOH
as supporting electrolyte, Es (MS) was used for EF approximation whereas Ev was estimated
by summation of Eg to Er and (b) Illustration depicting the energy level positions.

For energy structure estimation, the position of fermi level (Er) and valence band edge
(Ev) are approximated as displayed in Fig. 9 (a & b). Since the lower end of the conduction
band is populated with donor states, the flat band potential (Ew) is then positioned beneath it
which is also suggested by the moderate level (N¢ = 10° cm=) of donor concentration.
Correspondingly, the Fermi level (Er) is also located below the conduction band edge by the
surface states in n-type semiconductor. The high value of Er for the ternary nanocomposite

PNFC will allow efficient electron flow to the semi-conductor/electrolyte interface due to
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which a depletion region is established that hinders electron hole pair recombination. However,

the holes have low oxidizing ability since the Ev is less positive for PNFC as depicted shown

in Fig. 9 [62].
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Fig. 10 EIS Nyquist plot with inset showing respective equivalent circuit diagram

Electrochemical impedance spectroscopy (EIS) was employed for understanding the

photo-electrochemical response as interfacial charge transfer occurred at the
electrode/electrolyte junction. EIS data was recorded under illumination of 100 mW cm? as
well as in dark from 10 Hz — 1 MHz. Fig. 10 (a, b & ¢) shows the Nyquist plot for a-Fe203, Ni-
a-Fe203 and the ternary nanocomposite PNFC with the inset depicting their respective
equivalent circuit diagrams. The net value of the series resistance including the electrolyte
resistance is depicted as Rs in the equivalent circuit diagram. The electrochemical double layer

capacitance of the Helmholtz layer at electrode/electrolyte interface is represented as Ca
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whereas Rt is the interfacial charge transfer resistance for the semiconductor depletion zone
depicted by one complete semicircle at high frequency as evident in Nyquist plot. However,
the electrochemical double layer offers Rp as the interfacial polarization resistance at the
electrode/electrolyte interface visible as a semicircle arc at the low frequency end which
decreases upon illumination due to swift charge transfer [63]. Similarly, CPE is the constant
phase element assigned to the capacitance due to the semiconductor depletion region since the
system is non homogeneous and also the charge carriers are diffusing through the electrode.
For the Rct values as listed in Table 4 obtained after fitting EIS data with equivalent circuit
model, there is notable decrease in its value under illumination whereas Rai which occurs at the
semiconductor-solution phase junction decreases with illumination of white light [64]. For the
ternary nanocomposite PNFC, Rp value decreases in light as compared to dark depicted as
smaller semi-circle arc at low frequency end suggesting the occurrence of the faradaic reaction
across the interfacial electrochemical double layer [65]. Since, the GnP as zero band gap
material have the © — conjugated system which assists the swift transfer of the photo-excited
electrons from the a-Fe203 NPs conduction band and the LUMO energy level of Pani to the
specie in the solution phase [66]. Also the Pani HOMO accommodates the holes transferred to
it form the a-Fe203 NPs valence band. The n-conjugated system in both the GnP and Pani
overlaps which not only facilitates electron transfer but also limits the electron hole pair

recombination [67].

Table 4
Values obtained for different elements after EIS fitting for the proposed equivalent circuit.
RsX |Cax |RetX Rp-n
10? 104 10? CPE-T x | CPE- | x 10?
() (F) () ZwR | ZwT | ZwP [102(F) |P(a) [ ()
a-Fe,O3 (Dark) 341 1.0 758 10.0949 | 0.79 582
a-Fe203 (Light) 3.29 7.0 6.64 | 0.0772 | 0.86 501
Ni-a-Fe:0O3 (Dark) 2.86 2.0 6.68 |0.0336 | 0.78 592
Ni-a-Fe203 (Light) 2.46 2.0 497 10.0857| 0.73 471
PNFC (Dark) 3.18 54 3.58 84 29 0.35 6.72 0.82 | 3.19
PNFC (Light) 2.61 3.6 2.64 73 32 0.4 5.82 0.76 | 2.47
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Investigation of Photo-activity
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Fig. 11 (a) Co-relation of the Eq and Photocurrent with the photocatalytic degradation of sunset
yellow dye for evaluation of the photo-activity and (b) Illustration depicting the reaction

mechanism with respect to the energy level positions

For evaluating the photo-activity of a-Fe20s, Ni-a-Fe203 and the ternary
nanocomposite PNFC, the degradation of sunset yellow dye was carried out under visible light
irradiation. As evident in Fig. 11 (a & b), the ternary nanocomposite PNFC displayed higher

photodegradation efficiency as compared to a-Fe2O3 and Ni-a-Fe20s. Indeed, the ternary
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nanocomposite PNFC with lower Eg value and higher photocurrent show higher photo-activity,
hence the optical band gap is the principal factor determining the photo-activity. The
sensitization of Ni-a-Fe203 with Pani is an approach for utilization of longer wavelength light.
After excitation, Pani injects a photo-electron into the conduction band of Ni-a-Fe203 while
itself being oxidized. It’s a known fact that the photoelectrochemical cells are created at the
surface of the photocatalyst when exposed to the visible light, through which an advanced
oxidation process (AOP) takes place. The production of radicals like Oz¢ and *OH, which are
necessary for the degradation of the dyes, is made facile by the presence of a lower Eg. Similar
to how the positively charged holes generate the (OH") group by interacting the water molecule,
the O2 also interact with the e present at the interface located in the conduction band for
generating the radical (*O2) [superoxide] [19][68]. Through photocatalytic degradation, the
organic pollutant is mineralized with its reduction to the basic product like CO2 and H20. It is
noteworthy here that the reduction in the Eq and the hindrance in the photogenerated electron-
hole pairs recombination due to Pani sensitization greatly affects the photo-activity [69]. Since
the holes at this neutral pH generates the hydroxyl free radical (*OH) by interacting with the
(OH) group [68].

Through photocatalytic degradation, the organic pollutant is mineralized with its
reduction to the basic product like CO2 and H20. Since the oxidizing agent completely degrades
the organic compounds, it is noteworthy here that the generation of the hydroxyl free radical
(OH) and the hindrance in the photogenerated electron-hole pairs recombination substantially
affect the photocatalytic degradation process [69]. Initially, the generation of the electron-hole
pairs is due to the absorption of visible wavelength by the photocatalyst corresponding to the
band gap energy. There are two essential mode through which the organic pollutant is degraded
by heterogeneous photocatalysis: (i) the oxidation of the organic pollutant simple product

occurs through attacks by the hydroxyl free radical (HO¢), or (ii) primary contact of the
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photogenerated holes with the organic pollutants following a mechanism analogous to the
photo-Kolbe reaction [70]. The hydroxyl fee radical attack is initiated when the conduction
band electrons e ) Which are photogenerated interacts with the oxygen. It generates the
superoxide specie 0, that neutralized by the proton H* leading to the formation of short-lived
hydrogen peroxide or hydroperoxyl radicals HO, [71]. Afterwards, the oxygen and hydrogen
peroxide are produced as a result of its breakdown. The positively charged holes thVB) react
with water to form hydroxyl free radicals, or they may also oxidize organic dyes directly. The
breakdown of the Sunset yellow dye into simple molecules is brought on by the hydroxyl free
radicals [72];
Catalyst + hv — eg + hErVB)
ecp) t 0, - 0,
hivey+ H,0 (H* + OH™) » H* + OH’
0y, + H* > 'HO,
2 'HO, - H,0, + 0,
H,0, +e~ = OH + OH~
R+ OH - R + H,0
R + hiyp = R — Degraded Product

The photocatalytic performance of different photocatalysts have been listed in Table 5
in comparison to the results acquired from the ternary nanocomposite Pani/Ni-a-Fe2O3/CNT
suggests that the considerable percent degradation has been achieved along with decrease in

the optical band gap of the as prepared photocatalyst.
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Table 5

Photocatalytic performance by different photocatalyst compared to ternary nanocomposite

Pani/Ni-a-Fe203/CNT

Photocatalyst Band gap (eV) | Dye Percent degradation (%) | Ref.
Cobalt chromium
oxide (CoCr204) 1.74 Congo Red 94 [73]
nanoparticles
NiFe204
-NiFe204/n-TiOz Eq =1.64 eV),
phetero-structure ( TiO2 : Congo Red o7 [74]
(Eg=3.21eV)
ZnMn204
Hetero-junction (Eg =1.97 eV), | Rhodamine 95 [75]
ZnMn204/TiO2 TiO2 B
(Eg=3.24eV)
Bi(l1l) MOFs,
including UU-200,
CAU-17, and their ~3.43eVto | Rhodamine ~99 [76]
integrated 3.60 eV B
architecture, namely
MIX-UCAU
Cadmium ferrite
(CdFez04) 1.71 Methy| ~99 [12]
: green
nanoparticles
Pani/Ni-a-Fe203/CNT 132 Sunset 98.42 This
yellow study

Modelling of degradation Kinetics by the Langmuir-Hinshelwood Model [L-H]

The Langmuir-Hinshelwood model, which elaborates on its kinetics, properly explains

the electron transport process that underlies photocatalytic degradation. According to the L-H

model, the dye molecule is adsorbed in line with the Langmuir model prior to

photodegradation. The adsorptive nature of the organic pollutant at the photocatalyst surface is

the fundamental foundation of the Langmuir-Hinshelwood model [77]. The rate of degradation

suggests a plausible interaction between the Sunset yellow dye and the photocatalyst surface

that leads to a high rate of surface adsorption at various initial dye concentrations.
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Fig. 12 Kinetic measurements of photocatalytic degradation for Sunset yellow dye fitted with
non-linear Langmuir-Hinshelwood model for (a) a-Fe20s NPs, (b) Ni-a-Fe203 NPs (c)
Pani/Ni-a-Fe203/CNT ternary nanocomposite.

As shown in Fig. 12, the non-linear Langmuir-Hinshelwood connection between the

concentration of the Sunset yellow dye and the rate of photodegradation is as follows:

krksCo
v=k S 10
app 1+kCo (10)

While the kr (mg/L min) and ks (L/mg) stands for the reaction rate and adsorption

constants, accordingly.

Table 6

Kinetic parameters derived from non-linear Langmuir-Hinshelwood model

. Pani/Ni-a-
a-Fe,O3 NPs Ni-a-Fe,O3 NPs Fe,0s/CNT
kr (mg/L min) 0.0276 0.0183 0.0569
ks (L/mg) 0.6102 1.7614 0.2142
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The co-adsorption phenomenon is necessary for the photocatalytic activity because
when two or more species adsorb on the catalyst surface, the presence of the secondary species
may change the electronic structure of the surface. Such secondary species, which are the
hydroxyl free radical (HO), which should primarily be produced by electron donation from the
OH- and H20 molecules to the photo excited holes, may be referred to as promoters when they
boost the photocatalytic activity. At least one reactant undergoes chemisorption at the surface
of the photocatalyst, which is followed by its transformation into a reactive form that reacts
quickly, then desorption of the product is followed. This fact that the reaction rate is based on
the surface coverage of the reacting species is elaborated by the surface phenomenon, which
also involves the reactive interaction between the changed molecular fragments of the reactant
molecules. As shown in Table 6, the ternary nanocomposite (PNFC) has a higher rate constant
(kr) than the a-Fe203 and Ni-a-Fe203 NPs because the Sunset yellow dye covers more surface
area than the hydroxyl free radical (HO), which is constant because there is a large excess of
OH- and H20 molecules. However, the rate constant kr is also influenced by the second order
Kinetic. Similar to that, the ternary nanocomposite's (PFG) adsorption constant ks in Table 5
shows a higher concentration of the intermediate product of degradation due to an improvement
in the photocatalytic activity [78].

Conclusions

In this systematic work, we analysed the correlation between the cathodic shift of the
Eonset and lowering of the Em in conjunction with the redshift of the optical band gap Eg. To this
end, our approach was post doping modification of a-Fe203 with Pani for the fabrication of the
photoanodes. A cathodic shift in Es was observed from -0.493 V for a-Fe20sto -0.692 V for
the ternary nanocomposite PNFC which were in correspondence to the decrease in their Eg
from 1.76 eV to 1.32 eV, respectively. PEC measurements under dark and illumination pointed

to fact that electron hole pair recombination has not only been hindered but the photogenerated
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charge carriers mobility has also increased enhancing the electrochemical properties at the
electrode/electrolyte interface. Mott—Schottky analysis revealed the n-type nature of the ternary
nanocomposite PNFC. The photo activity results also confirm an enhancement in the utilization
of solar irradiation which suggests that the ternary nanocomposite PNFC is an actively
enhanced photoactive material. These results which are presented here depict the enhancement
of the photo-optical properties of the a-Fe203 with post doping modification using Pani. It is
because of the fact that it produced the electron-hole pair extensively whereas the carbon
nanofillers effectively transferred the photo-excited carriers hindering the charge carrier
recombination. This improvement in the photo-optical behavior corresponds to the optical band

gap energy reduction as well as the hindrance in the electron-hole pair recombination.
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Hematite (a-Fe203) based ternary nanocomposite PNFC was prepared using Ni
doped a-Fe203 and polyaniline to fabricate a photoactive material.

The optical band gap (Eg) analysis, Mott—Schottky analysis and electrochemical
impedance spectroscopy established a quantitative relationship between the band
gap reduction (redshift) and negative shift of E.

The optical band gap (Eg) values clearly showed decrease in the optical band gap
from 1.76 eV for a-Fe203 to 1.32 eV for PNFC pertaining to the photosensitization
of the Ni-a-Fe203 NPs through functionalization with Pani.

The cathodic shift in onset potential (Eonset) and negative shift in flat band potential
(Em) was observed for ternary nanocomposite PNFC.

It was observed that the Eonset value of -0.457 V for a-Fe203 based electrode shifted
to -0.638 V for ternary nanocomposite (PNFC) based electrode.
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