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In this study, pure and Ce-doped Fe,O; nanoparticles were prepared using the sol-gel
technique, and the microstructural, morphological, electrical, and photocatalytic activities
were studied. Here, these prepared samples were characterized by XRD, FTIR, HR-TEM,
and SEM) with EDAX. The XRD pattern demonstrates that the Fe,O3 nanorods are highly
crystalline, and Ce ions were properly incorporated into the Fe,O; lattice. SEM images are
to facilitate increasing Ce doping, nanorods, and nanosphere-like structures smooth Fe,0;
nanorods have appeared. The lattice spacing growth with SAED pattern along the
direction plane [018] was measured to be roughly 0.21 nm, and element mapping using
EDX analysis is observed to the distribution of Fe, Ce & O elements. The functional
groups and chemical interactions of Ce-substituted Fe,O; samples were measured using
FTIR spectroscopy. In particular, a novel photocatalytic activity of the products was
considered using methylene blue. The findings suggest that Ce-doped Fe,O; products have
greater MB reduction efficiency than undoped Fe,O;.
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1. Introduction

During the past years, environmental problems, exclusively the water pollution which is
caused by the discharge from dye industries of organic chemistry and costume textile corporation
have provided the stimulus for the applied research in the area of eco-friendly remediation [1]. The
imperative sites are the improvement of the science arena and technology by manipulators in
various fields with distinctive properties [2]. Nano-iron oxide is frequently utilized in power
facilities due to its excellent concealment ability, color strength, and chemical stability [3]. Iron
oxide, with distinct enriched phases, is Fe in varying oxidation states depending on the reduction
process of the phases. Iron oxide includes hematite (a- Fe,Os), magnetite (Fe;O4), and wustite
(FeO). The Fe,0; exhibits several polymorphs with a-Fe,O3; (thombohedral), y - Fe,O; (cubic), -
Fe,O3 (cubic), and &-Fe,O; (orthorhombic). Therefore, the- Fe,O;  is the most stable phase
thermodynamical. The iron oxide (Fe,O;) crystalline structures were o, p & vy as well-known
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semiconductor materials with narrow band gap energy between 1.9 and 2.2 eV [4-5]. The
introduction of impurity ions into the Fe,O; host matrix structures are magical and effective
process to develop unique functionalities thereby Fe,O;. For example, dilute doping of lanthanide
series elements are inner-transition metal ions (e.g Ny™, Sm*", Gd™ & Ce*") incorporation into the
magnetic Fe,O3 system can introduce ferri-magnetic functions though its magnetic properties can
be reminisced [6]. Among non-transition metals, Ce*" and Fe’" have been found to be the most
favorable elements; thereby, the optical and magnetic properties of Fe,O3; have been reported [7].
Theoretically, with different lanthanide metals (LM= Sm, Ny, Ce, Gd, Er, Pm & Yb etc). Hematite
structure (B- Fe,0;), which is the most stable form of iron oxide, is an n-type magnetic
photocatalyst in environmental applications because of the good band gap and simple
manufacturing into the magnetic property [8]. Combination materials, such as binary and ternary
nanostructures, can improve photocatalytic activity by transferring photogenerated electrons from
the conduction band (CB) of one semiconductor with a higher band to another with a lower CB
thus improving visible light harvesting. In actuality, the photocatalyst should have an appropriate
band gap, chemical stability, and efficient charge carrier separation [9—10]. Nanostructured metal
oxides, including TiO, [11], Fe,O3[12-13], CeO, [14], ZnO [15], MnO,[16], Fe;04[17], SnO,[ 18]
and Cu,O [19] have been applied to derive chemical reactions with solar energy instead of
tradition energies due to their economic and technical feasibility. It has also been demonstrated
that their photocatalytic activity could be largely enhanced by using synthetic nanomaterials. As
Fe,O; photocatalysts, magnetic characteristics of the materials should be determined using the
following standards: (1) High photocatalytic activity and (2) affordability (3) high yield, as a large
amount of materials is required. Many solution-based sol-gel approaches have been described for
broadly regulating the microstructure, lattice plane, and chemical bonding nature with the goal of
tuning the performance of the Fe,O; magnetic materials, given the substantial dependency on
performance. By tuning the size and morphology, the photocatalytic activity of tailored by
adjusting dopants and doping concentration of the ceria. Inserting the transition metal ions into the
iron oxide crystal lattice triggered the improvement of bandgap, magnetic, electrical, and optical
properties of Fe,Os, which is due to the very fast recombination of photogenerated electron-hole
pairs. It has been suggested that doping certain cations, which can perform as electron-trapping
agents to reduce the electron-hole recombination rate, might increase the photocatalytic
performance of magnetic photocatalysts [20-21]. The diverse features of the Ce-doped Fe,O;
nanoparticles have drawn much interest in investigating potential applications in various
technologies. Ce-doped Fe,O; nanostructures have been researched and proposed for dye
degradation [22]. Consequently, in this work, we constructed Ce doped Fe,O; heterojunction
photocatalyst via the sol-gel method strategy in order to degrade of dye aqueous solution, which
was methylene blue (MB). Furthermore, the physicochemical properties of the resulting Ce-doped
Fe,05 heterojunction were studied through XRD, TEM, SEM with EDAX, and FTIR. Moreover,
the photocatalytic performance mechanism of Ce-doped Fe,O; heterojunction was proposed
reasonably.

2. Materials and experimental procedure

2.1. Materials

Ferric chloride hexahydrate (FeCl;.6H,0) powder (ZAD, Merck, 99%), Oxalic acid
C,H,04.2H,0 (OXL, Merck, 90.0%), Ethanol (AR 99.9%) and Cerium chloride anhydrous
(CeCl37H,0) (MAD, Merck, 99.9%), are used for the prepared the Fe,O; nanoparticles. Other
chemicals used are of reagent grade. Deionized (D.I) water is used throughout the experiment and
the purchased chemicals are used without any additional purification.

2.2. Experimental procedure

The typical synthesis process consists of two steps. Step I: The required amount of Ferric
chloride hexahydrate (FeCl;.6H,0) (2.195g) was dissolved in 20 ml of Ethanol. This mixture was
kept under Vigorous stirring for about 30 minutes till a homogenous solution was obtained. Then
1.2607g of Then, a small amount of Oxalic acid (C,H,04.2H,0) (0.05 g) was added as a capping
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agent in the reaction system and stirred well at 40-50°C using a magnetic hot plate for 24 h. After
completion of the process, the solution was allowed to get settled light brown yields. Both the
solutions were put together into a stainless-steel autoclave with a Teflon liner and sealed. Then it
was kept at 80°C for 5 hours. Then the precipitate is formed, which is washed by de-ionized water
repeatedly and dried for about 60°C for 1 hour using a muffle furnace. The product was ground to
fine powder creation and was allowed to attain room temperature at a cooling rate of 5°C/min to
obtain the brown-colored Fe,O; nanoparticles.

Light brown
Ferric chloride 1 mmol yields
oxalic acid

&

CeCl, 7TH,0- 2,5 Magnetic stirrer Hotter-oven
& 7%

Teflon —Autoclave Annealed at 100°C
at 80°C for 5 hrs for 1 hrs

A 4

=/ |-

Muffle furnace

»

117886

Fig. 1. Experimental process of pure Fe,O; and Ce doped Fe,O; nanoparticles by Sol-Gel method.

Step II: For the synthesis of Ce-doped Fe,Os (Ce: Fe,Os; where 2, 5 and 7%), an estimated
amount of cerium nitrate (x) was mixed with aqueous ferric chloride solution. Furthermore, the
needed amount of oxalic acid was added dropwise into the homogeneous mixture to get a dark
brown color. After achieving a dark brown color, the same approach as in Step I was used to create
the Ce-doped Fe,O5 nanoparticles, and Figure 1 depicts an overview of the synthesis stages.

2.3. Characterization Techniques

The elaborated Fe,O; and Ce: Fe,0s layers were investigated for their microstructural and
morphological properties. X-ray “SHIMADZU” diffractometer was used to study the crystallinity
in the range of 20-80° under the step size 0.02° with CuKo (A = 1.54 A). From XRD patterns, we
can appreciate the crystalline phase and structure. The micro and nano-surface morphologies of the
products were examined by high-resolution transmission electron microscopy (TECHNAI T20).
The surface morphologies were observed through a scanning electron microscopy (JOEL JSM
6390). The elemental composition was investigated using EDAX (energy dispersive X-ray
analysis (TINCA PENTEL FET X3 EDAX instrument from OXFORD). The chemical nature of
the bonds as-prepared sample was confirmed by a Fourier-transform microscopic infrared
spectrometer (BRUKER IFS 66V FTIR).
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2.4. Photocatalytic activity

The model dye chemical was methyl blue (MB), which was of analytical grade. Under UV
light irradiation, MB was degraded in the presence of non-transition metal-doped nanoparticles. In
100 mL of an aqueous solution of MB, a constant starting concentration of 40 mg/L of
nanoparticles serving as a photocatalyst was added. The suspensions were sonicated for 30
minutes in the dark before being exposed to radiation to create a colloidal solution. In each
experiment, 40 mg of the photocatalyst was suspended in 40 mL of 25 mg/L MB aqueous solution
in a beaker. The mixed solution was magnetically stirred for 30 minutes at the
adsorption/desorption equilibrium before illumination. Every hour, a 4mL sample of the solution
was obtained, centrifuged, and the supernatant removed in order to assess the UV-vis absorption.
Using a UV-Vis spectrophotometer with the model number (UC-2450-SHIMADZU), the
absorption spectra were recorded at the maximum characteristic absorption wavelength (A,x) nm.
The intensity of the primary absorption peak (662) nm of the MB dye was referred to as a measure
of the residual dye concentration. The photocatalytic degradation (PD) was determined by the
following relation (1)

Ca — Ct

PDz{ j|><100% (D)

o

where C is the initial concentration of the solution which reached absorbency balance and Ct is
the concentration of the dye solution at the irradiation time (t).

3. Results and discussion

3.1. XRD Analysis

The XRD diffraction patterns of the synthesized Fe,O; with various Ce 2, 5 & 7%)
concentrations are shown in Figures 2 (a-d). In these XRD spectra, the strong and sharp
preferential orientation peak along the (008) plane at 2 =31.55 © which is confirms the hexagonal
structure of Fe,O;. The obtained diffraction peaks at 26 are about, 31.55°, 34.17 °, 36.45 °, 47.34 °,
56.30 °, 62.53 °, 67.39 °, 68.97 ° with the corresponding to the (hkl) planes of (0 0 8), (1 1 3), (01
8),(027),(216),(306),(220)and (21 11) respectively. All the diffraction peaks in (Fig. 2 a)
are coincided well with standard JCPDS card 1no.76-1821 (a=5.560, c=22.550 A), indexing to
hexagonal Fe,O; phase, and no other secondary phases are noticed because of the purity of the
samples is high. Figure 2b illustrates a shift in the position of the main peaks (008) to the higher
side 20 values for doped samples. This shift in the peak can be attributed to the ionic radii of the
dopant (Ce*" =1.01A), which is smaller than that of the ionic radius of Fe ions (Fe’"=0.64 A). The
XRD lines with the shifting of the plane (008) doped Fe,O; suggest that Ce*" content can be
efficiently substituted to the Fe,Oj; host structure on the Ce spot. Apart from the shifting, the peak
position is also found to be broadened in the concentration of Ce*" in Fe,0s. This is attributed to
the reduction of grain size and strain in the Fe,Os; lattice with the incorporation of Ce*" atoms, as
shown in Fig 2 b. The grain size and microstrain of the pure and Ce*" samples are estimated from
the broadening of the diffraction peaks using the Debye —Scherrer formula [23] (2):

Do KA ®
P cosf

where D, K (0.98), A, B, and 0 are denoted the crystallite size, shape factor, wavelength of the
source, FWHM, and diffraction angle. The prepared materials micro-strain is determined by the
following equation (3):

gzﬂcose
4

3
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where ‘B’ is the FWHM and 0 is the diffraction angle. The (008) plane is preferred to evaluate the
crystalline size.
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Fig. 2. (a, b) XRD patterns of (a) Fe,0zand Ce doped Fe,O; (b) a shift position of Ce doped Fe,0;
nanostructure.

The crystalline size decreases, and the micro-strain value increases with the increase in the
concentration of Ce at 2, 5 & 7%. The obtained results are listed in Table 1. The distortion of
Fe,0; and content impurities of (Ce*") are responsible for the decrease in nucleation and
subsequent growth rate of Fe,O; NPs.

Table 1. The microstructural characteristics of pure and Ce-doped Fe,O; nanostructure.

Fe;0; with Grain size | Microstrain Dislocati01114
Ce doped 2(0) degree (hkl) | FWHM (D)nm (€) 10'linm?) density (10
Fe,03 lines/mz)
31.5581 (008) 8.4614 10.19 0.035529 9.6307
0 34.1724 (113) | 0.3064 28.33 0.012781 1.2459
35.9159 (018) | 0.3443 25.34 0.001429 1.5573
) 31.5798 (008) 1.3988 61.64 0.005873 2.6317
33.9831 (113) | 0.4629 18.74 0.001932 2.8466
35.9495 (018) | 0.5632 15.48 0.002338 4.1687
31.5798 (008) 1.9943 43.23 0.008374 5.3495
5 34.2016 (113) 0.6455 13.44 0.002692 5.5289
36.1680 (018) 0.6093 14.32 0.002527 4.8735
31.5126 (008) 0.5488 15.70 0.002305 4.0522
7 34.1344 (113) 0'5708 15.20 0.002381 4.3249
35.8823 (018) 0'6245 13.96 0.002592 5.1273

The increase in the microstrain shows the enhancement in the concentration of the lattice
imperfections which is the quality of the samples. As shown in Fig. 2 d, the dislocation density of
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the crystals structure for preferential (hkl) orientation values are determined using the following
relation (4)

S=— “)

The dislocation density samples changed by an increase in doping content are listed in
Tablel. A small dislocation density is an indication of good crystallization of the NPs. Hence, the
conclusion provides evidence of the effect of Ce-doped Fe,O3; NPs. Three concentrations of cerium
(2, 5, and 7 weight percent) were employed as dopants to study how the cerium content doped into
Fe,O5 impacts the associated characteristics. With increasing cerium concentration, it is observed
that the intensity of the significant diffraction peaks grows and that the peak's position shifts a little
towards a lower angle, indicating that cerium doping increased the lattice parameters and
decreased the crystalline quality and size of Fe,Os;. The crystallinity of Fe,O; nanoparticles
deteriorates as a result of cerium doping. The size of the crystallites in their investigations reduces
as a consequence of the inhibition of the development of the nanoparticles caused by the presence
of some cerium during the doping process, which may be present in or close to the boundary of the
Fe,0; nanoparticles.

3.2 TEM Study

Transmission electron microscopy (TEM) was used to determine the Fe,O; and Ce-doped
Fe,O5; material morphology. Fig. 3(a-d) shows the TEM image of pure Fe,O; composed of small
tightly-packed two-dimensional bundle nanorods. The HRTEM image of Fe,O; nanorods in Fig.
3a shows the well-resolved lattice spacing of 0.216 nm matching to d-spacing and is related to
(018) plane hexagonal Fe,Os. Fig 3 b, ¢, d presents the bright field TEM images of Fe,O; and Ce-
doped Fe,Os. The presence of images is merged nanorods and nanoneedle particles with less
agglomeration by TEM images.

The diameter and the length of 2% Ce doped Fe,O; nanorods. The TEM image of Figure
3c represents the average diameter and length of 5% Ce-doped Fe,O; nanorods measured as 0.75
and 1.7 pm, respectively.

Fig. 3. HRTEM images of (a) Fe,0; (b) Ce at.2% (c) Ce at. 5% & (d) Ce at.7% Ce doped Fe,0;
nanostructure.
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The measured value indicates a slight increment in dimensions, and many nanorods show
a rough surface with a needle shape. The uniform and straight nanorods with a diameter of 406 nm
and length of 845 nm are obtained at 7% Ce doping in Fe,O; [24]. The decrease in the average
length and diameter of Ce-doped Fe,O; nanorods may denote that the overall growth rate decrease
in all dimensions is due to Ce doping and surfactant influence on Ce ions at growing planes and
hindrance among the ferric species in growth. The lattice d-spacing of Ce doped Fe,O; nanorods is
calculated from the HRTEM images, Fig. 3 b, c, d, is 0.288-0.216 nm, in agreement with a lattice
spacing of (018) plane of Fe,0;. The SAED pattern assists the element that the prepared
nanoparticles have a high degree of crystalline nature. The diffraction patterns are associated with
the (018) plane of the hexagonal structure, and it is attributed to the short-range ordering among
the unit cells caused by the doping, indicating the decreased the crystallinity of Ce-doped Fe,O;
samples.

3.3. SEM-EDAX Analysis

SEM investigated the morphology of the typical Fe,O; and Ce-doped Fe,O; nanorods in
Figure 4 a-d, where the samples with high-yield rod-like structures with plate, sheet, wire, and
needle can be observed. Figure 4a presents the microstructures made up of the different types of
structures that are agglomerated particles on the surface of Fe,O;. A change in morphology
confirms the dopant substitution in the Ce®" lattice due to the presence of different particles size
(compact lumps, up to several microns) surrounding a loose atmosphere shown in Figure 4b-d.
The morphology growth induced on pure and Ce-doped Fe,O; samples is shown in Figure 4 b-d.
The images indicate the homogenous, well-shaped nanorods with a diameter of 92 + 4 nm and a
length of 650+ 40 nm.

20kV . X20,000 1pm 11 28 SEI

Fig. 4. (a-d) SEM micrograph Ce doped Fe,O; nanostructure a) Fe,0; b) Ce at.2% c) Ce at. 5% &
d)Ce at.7% nanostructure.
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Figure 4 ¢ reports the formation of nanorods of undoped Fe,O; with various types of
structures that resemble a hexagonal face. These suggest that the surface diffusion phenomenon
plays an essential role in the thermal growth process of nanorods. Herein, the nanorods' dimension
became smaller when the Ce doping concentration increased. These may be attributed to rapid
growth along the (008) direction since the Ce doping can promote the growth of Fe,O; along the ¢
axis. At 2% Ce doping, a more uniform plate, sphere-like with a small needle, is the smallest
diameter found in large areas.

At 5% Ce doping, the considerable distortion influenced the normal development behavior
of rods, spheres, octal, and small flowers, resulting in the formation of ball-like particles in
addition to nanorods. The nanorod configurations are replaced by tightly linked disks, rods, octal,
4-conal, spheres, and plate-like particles at 7% Ce doping. As a result, morphological variation
may be caused by dipolar interaction along the C-axis and the impact of Ce’” ions on the Fe*" site.

Energy dispersive spectroscopy (EDX) was used further to investigate the elemental
composition of the pure and Ce-doped Fe,O; materials. The Fe, Ce, and O elements were
effectively identified on the sample, as recorded EDX spectra are illustrated in Fig 5. (a-d). The
elemental composition percentages are tabled in the inset Fig 5(a-d). Finally, these results confirm
the pure and Ce-doped Fe,O; materials formation.

Spectrum 1 Spectrum 1

Elements Atomic
Yo Elements | Weight
0 K 88.75 %

Fe K 11.24 0 K 34.99
Fe K 49.36

Ce L 15.65

T T T T T TTTT Y

Spectrum 1
Elements Atomic Elements
%
0 K 58.79 0 K
Fe K 32.24 Fe K

Ce L 8.97 Ce L

Fig. 5. EDAX spectrum of (a) Fe;O;, (b) Ce at. 2% (c) Ce at. 5% & (d) Ce at.7% Ce doped Fe,0;
nanostructure.

3.4. FTIR Study

The FTIR technique is used to categorize the molecular geometry with functional groups
and the intra- or intermolecular interactions present in the samples [25]. The position and numbers
of bands depend on the chemical element's composition and crystalline structure. The current work
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investigated the vibrational modes of pure and Ce-doped Fe,O; nanoparticles using the FTIR
technique.

Fig. 6 depicted the recorded FTIR spectra of pure and Ce-doped Fe,O; nanoparticles.
From fig.6, the broadband between 3300 and 3600 cm™ is assigned to O-H stretching vibration
modes [26]. At 3477 cm™, a broad peak is detected, which is ascribed to the stretching mode of a
hydroxyl group (O-H) present on the surface. A peak at 2320 cm™ is regarded as —CH,- and —CHj-
groups. Two peaks detected at 1702 and 1459 cm™ are attributed to the carbonyl groups'
asymmetric (C-O) and symmetric stretching (C-O) frequencies. The appearance at 462-566 cm™ is
assigned to the vibration mode of Fe-O-Fe stretching, while weak peaks observed at 845 cm™ [27].
The position of the absorption band in Ce-doped Fe,O; samples is similar to those in the Fe,O;
sample, which implies that layer structure is expressively altered by intercalation. Fig 6 that the
infrared absorption bands appeared for Cerium doped Fe,O; at 5 &7% crystals are increasing band
vibration at 2351 cm™, 1545 cm™, 1341 cm™, 1045 cm™ and 523-444 cm'™.

—Ceat. 7%
-Ce at. 5%
Ce at. 2%

2363 cm'’
1315 cm'|

1
| |
el

" *
o
3
@

2357 em” |
1338 e’ [

510 o ea—s— 556 crma
463 om - 409 Crri

1341 em’’
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BIATT e
3048 om’
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Fig. 6. FTIR spectra of the functional groups for pure Fe,0;, Ce doped Fe,O; nanostructure.

The stretching vibration bands at 1341 cm™ and 1045 cm™” were absorbed by the Ce
powder, whereas the bending vibration bands of the water were not [28]. The infrared absorption
band of about 2351 cm” was due to CO, absorbed from the atmosphere. The asymmetric
stretching and symmetrical vibration bands of Ce-O, respectively, were ascribed to the infrared
absorption bands at 1545-1045 cm™ and 532 cm™ [29, 30]. A typical infrared absorption band for
metal oxides is 400 cm'[31]. By forming a mixed oxide solution where Fe’" was dispersed in the
lattice of CeQ,, it was determined that the absorption band at 462 and 560 cm’ in the CeO,- Fe,04
mixed oxide had vanished. The Ce-O-Fe stretching band was attributed to the sharp band at around
590 cm-1 [32]. Also, the results confirm the pure and Ce-doped Fe,O; nanoparticles formation.

3.5. Photo catalytic studies
To conduct the MB dye solution experiments under visible light, it was necessary to assess
the photocatalytic activity and calculate the ideal concentration of the used catalysts. The dye
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removal procedure was first carried out for 30 minutes in a dark atmosphere to find the maximal
absorptive. The pre-equilibrium adsorption of an organic pollutant on the catalyst surface is often
directly related to its photodegradation. This can result from Ce doping altering the physical or
chemical characteristics of the catalysts. Plots of the degradation % vs. reaction time for different
catalyst loading contents are shown in Fig. 7(a-d). According to Fig. 7(a-d), the photodegradation
percentage coincided with the catalysts' adsorption attraction for a catalyst loading of 1 g/L. After
180 minutes of visible irradiation, the degradation% for Fe,O; and Ce doped Fe,O; respectively
reached 81, 63, 66, and 67.

" 30
E_D}ﬂ} ——0 min Fe,0 (b} — O min Ce at.2%
—— 20 min —— 20 min
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Fig. 7. Absorption spectra of MB solution under visible light irradiation of (a) Fe,0; (b) 2%
(c) 5% & (d)7% Ce doped Fe,0;,

The lattice parameter shown in Table 1 is mainly related directly to the photoactivity of
the produced catalysts. As can be observed, the strength of the MB-corresponding adsorption peak
at 662 nm diminished with time in line with the fading of the color. With longer exposure times,
the peak maximum of the MB dye's absorbance spectra (at 662 nm) steadily declines, enabling
measurement of the dye's photocatalytic discoloration. In this solution color, dark blue was turned
into the light blue color of the MB dye solution.

The samples were then examined for degradation performance under irradiation with
visible light at 15-minute intervals, as shown in the graph in Fig 7. (a-d). To easily comprehend the
photocatalytic performance of the synthesized pure and Ce doped Fe,O; samples, it was assumed
that MB dye degradation follows first-order kinetics, which can be characterized using the
Langmuir-Hinshelwood model as follows (5)
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In(C, /C, =kt (5)

Where k is the rate constant, and t is the reaction time, CO and Ct are the MB initial concentration
and at different times t, respectively [33].

The curves between In (Cy/C) vs irradiation time were plotted to examine the reaction
kinetics for this distinct shape of Fe,O; for MB dye degradation (Fig. 7 e, f). It was discovered that
Ce-doped Fe,0; samples initially exhibit a rate constant of 0.00925 min™'; however, when the Ce
concentration increases to 2%, 5%, and 7%, the rate constant decreases to 0.00821, 0.00936, and
0.00952 min™', respectively, which is 3.5 times less than that of pure Fe,O; samples.

Since the kinetics of MB dye degradation confirmed the pseudo-first-order as stated in
Table 2, the produced pure Fe,O; and Ce-doped Fe,O; nanoparticles are the promising materials. It
was found that the commercial Fe,O; and Ce doped Fe,O; were exhibited the photodegradation
efficiency 81.81, 63.97, 66.68 & 67.73% of MB solution under visible light illumination.
However, without the use of a catalyst or exposure to light, MB degradation was not seen. The
findings showed that the Ce-doped Fe,O; nanoparticles had photocatalytic activity toward the MB
sample solution. Additionally, it was discovered that among this series of Ce-doped Fe,O;
photocatalysts, the 2%, 5%, and 7% Ce-doped Fe,O; nanoparticles had the moderate activity. This
might be explained by Ce*" doping, which can give them fascinating features derived from
synergetic effects and obviously depending upon the ionic conditions.
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1146

It can be due to the comparatively high Ce*" doping concentration, which may lead to an
adsorption of MB to the recombination interior of photogenerated carriers. More hydroxide ions
are adsorbed on the ferric surface defects when Ce*" ions take the place of Fe** ions. These extra
hydroxide ions operate as hole-trapping agents, delaying the electron-hole recombination cycle
and photocatalytic activity. Another noteworthy characteristic of Ce*" doped Fe,O; is the
suppression of (e/h") recombination and the decrease in visible light absorption. Methylene blue
has evident photocatalytic activity using a Ce-doped Fe,O; catalyst under visible light
illumination. Only 67% of MB was degraded by a Ce-doped Fe,O; catalyst, which had the
maximum photocatalytic action when exposed to visible light.

Table 2. Stakeout the pseudo-first-order rate constants (K), R’ values, and maximum degradation (%)
of the pure and Ce-doped Fe,O3; nanoparticles.

Materials K (rate constant) R’ Maximum degradation efficiency
min ' (%)
Fe,0; 0.03332 0.9798 81.82
Ce at. 2% 0.02083 0.9543 63.97
Ce at.5% 0.03056 0.9413 66.68
Ce at.7% 0.04129 0.9238 67.73
3.5.1. Recycle test

We repeated photocatalytic experiments consecutively under experimental circumstances
to verify the stability and reusability of Ce-doped Fe,O; nanoparticles. Figure 7g-h shows the
photo-stability of the Ce-doped Fe,Os; catalyst; after seven cycles of photodegradation, more than
80% degradation of MB is still accomplished with just a slight fluctuation in photocatalytic
performance. These point to adequate stability of Ce-doped Fe,O; sample photocatalysts during
the photocatalytic process. The loss of some photocatalysts during sample collection by
centrifugation and drying for reuse in the photocatalytic experiment may cause the observed drop
in the photo degradation rate.

3.5.2. Photocatalytic mechanism

From Fig. 8, it can be inferred that both pure and Ce-doped Fe,O; nanoparticles exhibit
photocatalytic activity for the photodegradation of MB. Based on the excitation of an electron
from the valance band (VB) to the conduction band (CB) by the absorption of light of suitable
energy, which results in the generation of an equal number of holes in the valance band, the
results, a potential photocatalysis mechanism that has the better efficacy of Ce-doped Fe,O;
nanoparticles, can be explained. The pigment initially adheres to the surface of the Fe,O;
nanoparticles. An electron (¢’) in the VB can be stimulated to the CB with the simultaneous
creation of a hole (h") in the VB when the energy (hv) of a photon is equal to (or higher) than the
bandgap energy of the Fe,O; semiconductor materials. Under visible light irradiation, the CB
electrons (e” ) and VB holes (h'vb) are generated in the presence of an aqueous Fe,Os
nanocomposite suspension. Surface Fe’" ions operate as an electron acceptor or hole donor,
allowing charge carriers to localize and hence extend separation by trapping at energy levels in the
conduction or valence bands [34-35]. In general, the photocatalysis mediated by pure and Ce-
doped Fe,O; can be explained as follows. When an MB dye solution containing the Fe,O; is
exposed with light energy more significant than its band gap energy, the electron in the VB of
Fe,0; jumps to the CB (ecg’), leaving behind holes (hyg') in the VB. Additionally, O, that has
been dissolved in water or adsorbed on the surface of a nanocomposite can react with the
photogenerated electrons (¢ ¢p) to form superoxide radical anion O,. The photogenerated holes (h”
vb) can interact with OH or H,O and become OH radicals. According to equations (6-9), the
following high oxidant species hydroxyl radical (OH'), peroxide radicals (HO,), and superoxide
radical anion O, are claimed to be responsible for the photodecomposition of MB dye.
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Fé +ho— (e )+ () (6)
Fe” +h* , — Fe™ (holetrapping) @)
W, +H,O—>H+0H (8
K. +OH — OH"

e, +0,—>0;
O, +H" — HO,
H,0+CO, > HO; +O;” +OH*+MB  (9)

The three used catalysts' photodegradation rates increased when the catalyst loading was
raised to 2 g/L. Typically, when catalyst concentration increases, more active sites appear on the
photocatalyst surface, which leads to an increase in the production of OH radicals [37-39].

The better degradation efficiency of the MB dye of Ce-doped Fe,O; composite is
adsorption affinity, reaching the maximum under 2 g/L of catalyst loading. Thus, 63% out of the
67% efficiency attained under visible light irradiation was due to MB dye. Thus, the efficiency is
adsorption shows that sample Ce at 7% is shown at 67%, so cerium increasing also efficiency will
be increased are regularly irradiation due to the increase of the electron trapping capability of Ce*"
ions, Lewis acid [40]. The electrons are transferred to surrounding adsorbed O, by the oxidation
process attentive, so the CeO alerts the e’/h” recombination rate through the subsequent process
condition [41]

Ce* +e > Ce™

Ce’* +0,— "0, +Ce*"

Conduction band

F6203

Valence

OH-

Fig. 8. Schematic representation for the photocatalytic mechanism of pure and Ce doped
Fe,O; catalyst under visible light irradiation.

Fe,O; and Ce-doped Fe,O; samples were used as an example to find and separate the
intermediate produced during the photodegradation of the MB dye to verify the photocatalytic
activity of the developed catalysts. Moreover, beyond Ce-doped Fe,O; loading, the solution turns
turbid and scatters light radiation, which makes it difficult for the reaction to advance. As a result,
the degradation percentage decreases [42].
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4. Conclusion

In summary, pure and Ce-doped Fe,O; NPs were successfully prepared through a sol-gel
technique. The hexagonal phase transition of the Fe,O; and Ce. 2, 5 &7% doped Fe,O; NPs were
determined from XRD analysis. The morphological analysis confirmed that nanorods with
nanosphere-like structures. Additionally, the TEM analysis confirms the nanorod-like structure,
and the SAED pattern along the direction plane [018] with 0.21 nm lattice d-spacing growth
further confirms the formation of the materials. Functional groups are found from products
predicted from the FT-IR analysis. From the photocatalytic activity, the prepared pure and Ce
doped Fe,O; nanostructures have photocatalytic behaviour in the UV light environment.
Incorporating Ce*" ions into the Fe,O; matrix introduces new defect levels, which can act as trap
centers and thereby minimize the recombination rate by effectively separating electron-hole (¢/h")
pairs.
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