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Manganese-doped cerium oxide nanoparticles were synthesized in different concentrations (3 and 5 mol %), by simple aqueous |
coprecipitation method by adding manganese chloride to cerium(III) nitrate hexahydrate. The synthesized nanoparticles were characterized |
by powdered XRD measurements, EDAX, SEM, TEM and U V-visible spectroscopic techniques. Powder X-ray diffraction results revealed
the phase purity with fluorite structure. EDAX confirmed the doping of manganese in the cerium oxide lattice at different concentrations. |
Spherical shape of the synthesized particles with fair agglomeration was revealed by SEM analysis. The morphology was further confirmed |
by TEM analysis which asserted the average particle size to be 12-15 nm. Remarkable red shift in the band gap of manganese-doped |
cerium oxide nanoparticles was observed by UV-visible spectroscopic analysis. Photocatalytic activity of the pure and Mn-doped CeO,
nanoparticles was evaluated by studying degradation of anthraquinone dye remazol brilliant blue R under visible and UV irradiation. The |
3 mol % Mn-doped CeO, nanoparticles exhibited 61.7 and 62.4% photocatalytic efficiency under visible and UV irradiation, respectively |
and 5 mol % Mn-doped CeO, nanoparticles showed photocatalytic efficiency of 62.4 and 67.7 % under visible and UV irradiation, |
respectively. The present study suggests a facile method to narrow the band gap of cerium oxide nanoparticles and making it more |
efficient photocatalyst by doping it with Mn ions. |
|

have been widely explored for their photocatalytic activity
towards environmental remediation in general and wastewater
treatment in particular.

Literature reveals the use of CeO, nanostructures in the

INTRODUCTION

With the development of science and technology, water
pollution has become a serious concern among the scientific

community. Application of photocatalytic technique to degrade
the organic water pollutants has been one of the main ecofri-
endly ways of water treatment. Semiconductor based photo-
catalysts have been under extensive study and research of water
treatment [1,2]. Among these, cerium oxide nanostructures
have got the prime focus of the researchers as photocatalyst,
though these have been explored for their application in the
various fields as catalyst [3], optical film material [4], auto-
motive exhaust catalyst [5], ultraviolet shielding material [6],
optoelectronics, microelectronics and gas sensors [7]. The band
gap of 3.2 eV makes CeO, an efficient absorbent in UV region
and a potential photocatalyst. In fact, nanostructured CeO, has
emerged as the substitute for the conventional TiO, among the
researchers for photocatalytic study [8]. CeO, nanostructures

photocatalytic degradation of dyes viz. degradation of methy-
lene blue using CeO, nanocrystals [9], Photocatalytic degra-
dation of an aqueous suspension of acridine orange using CeO,
nanoparticles under UV light [10], photocatalytic degradation
of congo red [11], photocatalytic degradation of rhodamine-B
dye using visible light [12]. But the large band gap of 3.2 eV
allows only UV radiation-induced photocatalysis in CeO, and
limits its practical application as hardly 3-5% of solar energy
consists of UV-radiation [13]. This has compelled the researchers
to devise the strategy to expand the photoadsorption of CeO,
to the visible light region and enhance the photocatalytic activities.
Introduction of surface defects is one such method which enh-
ances the photocatalytic activity as it traps the electrons and
prevents recombination of electron and holes. In addition, these
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defects also act as sites for adsorption of the dye molecules
available for degradation [14]. The most common strategy
adopted by the researchers is the dopant-assisted enhancement
of physical properties of CeO,. It includes narrowing the band
gap of CeO, nanoparticles by doping the pristine CeO, with
various metals. A number of metals including transition metal
ions including Fe [15], Au [16], Pd- [17], Mn [18], Fe, Ti and
Co [7] have been doped with CeO, nanoparticles to mani-
pulate their band gap and enhance their photocatalytic activity.
Among the transition elements, doping of Mn- increased the
photocatalytic activity of doped CeO, nanoparticles due to decr-
ease in band gap as a result of lower energy of empty d-orbitals
in Mn than 4f orbitals of Ce [19]. The 4f electronic configu-
ration can enhance transfer of an electron from the adsorbed
dye to oxygen species, thus increases the photocatalytic activity
[20].

Our present work reports the effect of Mn-dopant concen-
tration on the physical, structural, optical and photocatalytic
properties of Mn-doped CeO, nanoparticles synthesized by a
facile aqueous coprecipitation method. The photocatalytic
activity of pristine and Mn-doped CeO, nanoparticles have been
investigated towards the degradation of anthraquinone dye
remazol brilliant blue R under visible and UV irradiation.
Remazol brilliant blue R is a reactive dye that contains alkyl
sulphonate anchor group. Its non-biodegradability and recalci-
trant nature harms aquatic life [21].

EXPERIMENTAL

High purity analytical grade Ce(NO;);-6H,0, MnCl, and
ammonia solution were procured from Ottochemie, India and
analytical grade remazol brilliant blue R was purchased from
SRL India. Ethanol was purchased from Molychem, India.
Double distilled water was used throughout the experiments.

Synthesis of Mn-doped CeO, nanoparticles: Mn-doped
CeO, nanoparticles (3 and 5 mol% ) were synthesized by facile
aqueous coprecipitation method. Mn-doped CeO, nanoparti-
cles (3 mol %) were synthesized by a slow reaction of 0.03
mol of MnCl, in 100 mL water and 0.097 mol Ce(NOs);-6H,O
in 100 mL water. The reactant mixture was heated at 50 °C for
30 min with constant stirring at 500 rpm followed by addition
of 10 mL of (30 %) ammonia solution drop by drop till the
colour of the reaction mixture changed to dirty grey. The mixture
along with the precipitate was heated further at 50 °C for 4 h
with constant stirring. The dirty grey precipitate formed in the
reaction was collected by centrifugation. It was washed several
times with water to remove chloride and nitrate ions which was
checked in the supernatant solution. After final washing with
ethanol, the precipitate was dried at 60 °C for 2 h and then anne-
aled at 200 °C for 2 h in air at 1 atmosphere. The annealed preci-
pitate was ground and stored in airtight vials for further use.
The similar method was followed for the synthesis of 5 mol %
Mn-doped CeO, and pure CeO, nanoparticles taking appro-
priate masses of MnCl, and Ce(NOs);-:6H,0.

Characterization: The phase and crystalline structure of
the synthesised material was studied with powder X-ray diffra-
ction measurements taken on a Bruker D 8 Advanced diffracto-
meter operating at 40 kV and 35 mA and having CuKo: radiation
(1.5406 A). The SEM images of the samples were taken using a

ZEISS (SUPRA). The TEM analysis was carried out on an FEI
Tecnai T20 transmission electron microscope with a 200 keV
electron source. The UV-visible spectrophotometer (JASCO
V670, Japan) was used to record the optical absorption spectrum
of the synthesized samples.

Photocatalytic activity evaluations: Photocatalytic activity
of pure CeO,, Mn-doped CeO: nanoparticles (3 and 5 mol % )
was evaluated by studying the degradation of remazol brilliant
blue R under visible and UV irradiation. Photocatalytic
degradation of remazol brilliant blue R under UV irradiation
was carried out in the quartz jacketed cylindrical photoche-
mical reactor having an 125 W medium pressure mercury vapour
lamp as the source of UV radiation with emission maximum in
the range 200-500 nm. Photocatalytic degradation under solar
radiation was studied on a normal sunny day between 9.30 am
to 3.30 pm. In each experiment, 100 mg of photocatalyst was
dispersed in 100 mL of 10** M remazol brilliant blue R solution
and the reaction mixture was agitated in dark for 60 min to
attain the adsorption-desorption equilibrium. Then the reaction
mixture was exposed to UV or visible radiation with constant
stirring and 5 mL aliquot was collected at 60 min interval
of irradiation. This sample was centrifuged (2000 rpm, 10 min)
and filtered to remove the photocatalyst. The residual
concentration of the dye was determined in the filtered aliquot.
The characteristic absorbance at 593 nm was used to evaluate
the photocatalytic degradation [22]. All the measurements were
carried out at room temperature. The efficiency of the photo-
catalyst was determined in terms of percent degradation of
dye (D %), calculated by using the following expression:

c,-C

D (%) = %100 )]

o
where, C, is the initial concentration of remazol brilliant blue
R solution and C is its final concentration after degradation
[11]. A series of blank experiments were run to measure the
removal of dye by adsorption and degradation of dye without
illumination.

RESULTS AND DISCUSSION

Powdered X-ray diffraction: The crystal structure and
phase purity of pure CeO, and Mn-doped CeO, (3 and 5 mol %)
were characterized by powdered X-ray diffraction measure-
ments. The results have been shown in Fig. 1. In each case,
well defined Braggs' diffraction peaks at 26 value 28.9°, 33.3°,
47.5°, 56.4°, 59.3° 69.3° and 77.1° corresponding to (111),
(200), (220), (311), (222), (400) and (331) planes, respectively
were observed. These results are in good agreement with
standard XRD data for CeO, (JCPDS Card No. 43-1002)
having a fluorite structure [23] and suggest that synthesised
materials, Mn-doped CeO, (3 and 5 mol %) also have the fluo-
rite structure as that of pure CeO,. Absence of any additional
peak strongly rules out the presence of any phase other than
CeQ,. In addition, quite broad and prominent peaks in the
powdered X-ray diffraction analysis indicate that the particle
size of the synthesised material is in nanometric dimension.
The average crystallite size of the Mn-doped CeO, nanopar-
ticles was determined from the XRD pattern using Debye-
Scherrer analysis as under:
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where, D is average crystallite size, A is the wavelength of instru-
ment radiation (1.541 A), [ is the full width at half maximum
(FWHM) of the most prominent X-ray peak. The average crysta-
llite size was found to vary with dopant concentration which
is supported by broadening of the peaks. The average crystallite
size was 10 nm for undoped CeO,, 7 nm for 3 mol % and 3 nm
for 5 mol % Mn-doped CeO, nanoparticles. The lattice strain
calculated for 3 mol % and 3 nm for 5 mol % Mn-doped CeO,
nanoparticles was found to be 0.0219 and 0.0438, respectively.
So, it can be inferred that the decrease in crystallite size with
increase in dopant concentration results into increase in the
compression strain in the crystallite upon doping [24].
EDX, SEM and TEM analysis: The energy dispersive
X-ray spectra of 3 and 5 mol % Mn-doped CeO, nanoparticles
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Fig. 1. XRD pattern of pure, 3 mol % and 5 mol % Mn-doped CeO,
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have been shown in Fig. 2. The spectra has the prominent peaks
of different intensities corresponding to Mn, Ce and O and clearly
showed that the weight % of Mn increased with increase in its
concentration from 3 to 5 mol %. However, the absence of
peak corresponding to any impurity associated with Mn in the
XRD pattern of 3 to 5 mol % Mn-doped CeO, nanoparticles
confirmed that the doped Mn has occupied the lattice positions
in the crystal structure of CeO, nanoparticles.

The SEM images of Mn-doped CeO- nanoparticles (3 and
5 mol %) are shown in Fig. 3. The images revealed the spherical
shape of the synthesized nanoparticles. The SEM images also
showed considerable agglomeration among the nanoparticles,
which may be attributed to high surface energy in the absence
of any capping agent. The TEM images of Mn-doped CeO,
nanoparticles (3 and 5 mol %) are shown in Fig. 4. The TEM
images revealed that the average particle size was 15 nm in 3
mol % and 12 nm in 5 mol % Mn-doped CeO, nanoparticles.
It showed a decrease in average particle size with increase in
dopant concentration. Replacement of Ce(IV) with dopant Mn(II)
ions can be the cause of decrease in particle size with increasing
percentage of dopant [7].

UV-visible spectral studies: The UV-visible absorption
spectroscopic studies of the synthesized Mn-doped CeO, nano-
particles gave a fair idea of their optical properties. Diffuse
reflectance spectra of pure and Mn-doped CeO, nanoparticles
were taken using barium sulphate as a standard. Tauc plots
were drawn using the Kubelka-Munk equation [25]. This equation
uses the following relation:

(ochv)’ = A (hv — E,) 3)

where, o is absorption coefficient, A is a constant and E, is
band gap.

The optical band gap of the synthesized nanoparticles was
obtained from a Tauc plots drawn between (cthv)? and photon
energy (hv) (Fig. 5a-d). The value of band gap energies was
found to be 3.2, 3.0 and 2.8 eV for undoped, 3 mol % and 5 mol
% Mn-doped CeO, nanoparticles, respectively. These results
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Fig. 2. EDX of (a) 3 mol % Mn-CeO, (b) 5 mol % Mn-CeO,
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of UV-visible absorption spectroscopic studies revealed that
Mn doping results into the red shift of absorption edge. Litera-
ture attributes the decrease in band gap on doping to the creation
of oxygen vacancies, which favours conversion of Ce(IV) ions
to Ce(III) ions. Increase in the concentration of Ce(III) ions
creates the localized energy states which are closer to conduction
band which decrease the band gap [7].

Photocatalytic activity: The spectroscopic analysis of
the aliquot collected from the reaction mixture of photocatalyst
and dye solution after attainment of adsorption-desorption
equilibrium revealed that nearly 3 % of remazol brilliant blue
R was decreased by 5 mol % Mn-doped CeO, nanoparticles.
Further, the periodical spectroscopic analysis of aliquot after
the exposure of reaction mixture to solar or UV radiation are
shown in Fig. 6(a-f). The analysis revealed a gradual decrease
in the absorbance intensity with time. A decrease in the concen-
tration of dye in the solution is due to photocatalytic degradation.
The photocatalytic efficiency of pure CeO, nanoparticles was
found to be 39.4 and 43.2 % under visible and UV irradiation
respectively (Fig. 6a-b). Mn-doped CeO, nanoparticles (3 and
5 mol %), on the other hand, exhibited higher efficiency of photo-

200 nim

catalytic degradation under visible as well as UV irradiation.
In case of 3 mol % Mn-doped CeO, nanoparticles, the observed
efficiency was 61.7 and 62.4 % under and UV irradiation, respec-
tively (Fig. 6¢-d). The highest efficiency was observed for 5
mol % Mn-doped CeO, nanoparticles. It was found to be 62.45
and 67.7 % for photocatalytic degradation under visible and
UV irradiation, respectively (Fig. 6e-f). Fig. 7(a-b) shows the
time dependent profiles of (C/C,) of remazol brilliant blue R
degradation under visible and UV irradiation. It revealed the
faster degradation of remazol brilliant blue R in presence of
Mn-doped CeO, nanoparticles under visible as well as UV irrad-
iation.

Possible photocatalysis mechanism: Origin of photo-
catalytic degradation lies in the fact that upon excitation with
photons of sufficient energy, the electron from valence band of
photocatalyst jump to the conduction band, leaving behind a
positive hole in the valence band. These charge carriers migrate
to the surface of the catalyst, interact with the adsorbed species
and initiate redox reactions leading to photocatalysis. The surface
interaction of charge carriers with the adsorbed species can
take place in a number of ways. Positive holes can interact with
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Fig. 6. UV-visible spectra showing RBBR degradation with respect to time in the presence of (a, b) undoped CeO, NPs, (c, d) 3 mol % Mn-
CeO, and (e, f) 5 mol % Mn-CeO, NPs under visible and UV irradiation, respectively
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Fig. 7. Photocatalytic degradation rates of RBBR under (a) visible and (b) UV irradiation for different photocatalyst

water forming strong oxidizing hydroxyl free radicals ("OH),
which in turn can oxidize adsorbed dye molecules. On the
other hand, electrons in the conduction band can combine with
oxygen molecules present at the surface of catalyst reducing
it to superoxide ion (O5"). This species may undergo secondary
reactions to form other reactive species viz. hydroperoxyl
radical ("OOH) and H,O,. These initiate various oxidative paths
for dye degradation [26]. In the present case, doping of Mn
ions to CeO, matrix leads to decrease in band gap. The various
precedents show that this fact, in turn, facilitates photogene-
ration of charge carriers (electron and hole) by exciting the
electron from valence band to conduction band even by visible
radiation in doped nanoparticles [16,27]. These charge carriers
i.e. electron in conduction band and hole in valence band
migrate towards the catalyst surface and participate in surface
reactions to give oxidizing species. The photocatalyst surface
is reported to follow Langmuir theory of unimolecular adsor-
ption, photogenerated oxidizing species are confined to the
surface of photocatalyst and they are unable to move far from
it. As a result of which photocatalytic degradation takes place
at the surface or within a few monolayers around it [28]. A
similar mechanism of photocatalytic degradation of remazol
brilliant blue R are shown in Scheme-1.

-—
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CB e
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E,=3.2eV Undoped CeO,
£ E,=3.0eV 3 mol % Mn-doped CeO,
¢ E,=2.8eV 5 mol % Mn-doped CeO,
. H,O
VB i
Catalyst .
OH
Scheme-I

Conclusion

Mn-doped CeO, nanoparticles (3 and 5 mol %) are success-
fully synthesised by aqueous coprecipitation method. The size
of the synthesized nanoparticles varied in the range 12-15 nm.
The dopant concentration was found to be associated with the
size and band gap of the nanoparticles. Increase in the concen-
tration of Mn led to decrease in the size as well as band gap of
nanoparticles. This narrowing of the band gap is reflected in
the increased photocatalytic efficiency of Mn-doped CeO,
nanoparticles under UV as well as visible radiation. The enhance-
ment in the photocatalytic efficiency of Mn-doped CeO, may
be attributed to the faster transportation of charge carriers from
valence to conduction band due to the decrease in band gap.
The doping of Mn ions into CeO, matrix thus, makes the nano-
particles superior photocatalyst under visible as well as UV
irradiation.
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