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INTRODUCTION

Dyeing agents are coloured compounds which are dissolved
in a liquid to give off a certain colour via scattering of light or
selective absorption [1]. The development of textile industry
increases the environment contamination due to dye pollutants.
These hazardous chemicals released from industries through
wastewater have high toxicity with slow biodegradation charac-
teristics [2,3]. The removal of organic and inorganic compounds
from industrial effluents is expensive. The chemical treatment
like photocatalysis is a low cost and high effective process
compared to other purification methods [4,5]. In photocatalytic
degradation process, variety of toxic organic pollutants would
be oxidized to carbon dioxide, water and harmless compounds
[6]. The photocatalysis involves the mechanism to produce an
electron/hole pair using light source. It was reported that the
nanomaterials based photocatalysts have high surface energy
along-with high surface-to-volume ratio, which help them to
exhibit high degradation efficiency in removing the dyes under
UV or visible light irradiation from water [7].
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Copper doped CeO, (Ce;..Cu,Os5; x = 0.10, 0.20, 0.30, 0.40 and 0.50) nanoparticles were synthesized by wet chemical precipitation |
process. These materials were characterized by XRD, FTIR, EDAX, SEM, UV and photoluminescence spectroscopic techniques. These |
samples exhibited FCC crystalline structure. The FTIR showed the presence of Ce-O vibration in the prepared samples, whereas SEM
exhibited smaller and bigger grains in the materials. The band gap energy (E,) was measured in the range of 1.5-3 eV. The photoluminiscence |
spectra for all the suspensions were obtained in the range of 390 to 550 nm. The photocatalytic elimination of Rhodamine B in the |
presence of Ce;.,Cu,O,.; nano-photocatalysts under UV light was studied. The highest photodegradation efficiency (68.05%) was found at |
pH = 11 after 60 min irradiation in UV light at room temperature for Ceo9Cuq.100x-5. |
|
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Nano CeO, has a remarkable feature of chemical stability
with a wide band gap and low toxicity. Hence, it is used in
various fields, such as biomedical, electrolyte in solid oxide
fuel cell, oxidation of the volatile organic compounds and photo-
catalysts in wastewater treatment technology [8,9]. Yttrium
doped CeO, photocatalyst exhibited a best performance in
eliminating Rhodamine B dye under visible radiation [10].
Sol-gel prepared Ca doped CeO, quantum dots showed high
photodegradation efficiency (84 %) to degrade methylene blue
dye using sunlight [11]. Rhodamine 6G dye was degraded by
N-doped CeO, microspheres with high photocatalytic degra-
dation using visible light (A > 420 nm) irradiation [12]. Sm-
doped CeO, (SC) showed high photooxidation activity than
undoped CeO, in removing the organic pollutants, viz. bisphenol
A (BPA) acetaldehyde, respectively [13]. The azo dye acid
orange 7 (AO7) was degraded by Co-doped cerium and showed
good photocatalytic activity in aqueous solution under UV
irradiation [14]. Malachite green was degraded by V doped CeO,
with alkali-activated steel slag-based nanocomposite and exhib-
ited high photodegradation under UV light illumination [15].
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Rhodamine B (RhB) is a dye with molecular weight 479.01,
which could exhibit good absorption peak in visible region of
electromagnetic spectrum (554 nm) with more stability at various
pH values. NaBiO; was efficient in degrading the RhB dye under
visible light within 30 min under a given set of conditions [16].
The RhB causes damage to the human cells and tissues in less
time [17]. Hence, it is important to find suitable ways to remove
this dye from water. The present work is dealt with the synthesis
and characterization of Cu doped CeO, (Ce;.,Cu,O,5; x = 0,
0.1,0.2,0.3, 0.4, 0.5) nanoparticles by simple chemical preci-
pitation method and characterized by different analytical tools.
The photocatalytic performance characteristics of Cu doped CeO,
nanoparticles in removing the RhB dye from water under UV
light illumination is also investigated.

EXPERIMENTAL

Cerium nitrate hexahydrate (98%, SRL, India), cupric nitrate
trihydrate (95%, Loba Chemie, India), sodium hydroxide (97%,
Merck, India) and ethanol (99.9%, CS, China) were used for
the preparation of nanoparticles using double distilled water.

Synthesis of Cu doped CeO, nanoparticles by simple
chemical precipitation: Metal nitrate salts (M™ = Ce** and
Cu?*) with appropriate stoichiometric ratio (Table-1) were disso-
Ived in 10 mL of double distilled water. From burette, NaOH
solution of appropriate concentration was added dropwise to
the beaker containing metal nitrate solution and mixed well to
complete the precipitation reaction. With the addition of NaOH
flakes, the solution pH was maintained above 9. This mixture
was stirred using magnetic stirrer at 800 rpm for 2 h at room
temperature. The precipitate mixture [Ce(OH); + Cu(OH),]
was filtered off using Biichner funnel and washed thoroughly
with 9:1 ratio of water-ethanol mixture. This purified material
was stored in an oven to 60 °C for 2 h and dried followed by
heat treatment at different temperatures viz. 150, 300, 450 and
600 °C for 2 h each resulting in the formation of fine pure Cu
doped CeO, (Ce;.,Cu,0,.5, where x = 0, 0.1, 0.2, 0.3, 0.4 and
0.5) nanoparticles. The synthetic methodology can be indicated
via a chemical equation as shown in eqn. 1:

(1-x)Ce(NO3); + x Cu(NOs), + 3 NaOH —
Ce;..Cu,O,5+ 3 NaNOs + y H,O (1)

where x =0, 0.1, 0.2, 0.3, 0.4 and 0.5.

TABLE-1
AMOUNT OF PRECURSOR SALTS USED FOR THE
SYNTHESIS OF CeO, AND Cu DOPED CeO, NANOPARTICLES
[VOLUME OF EACH SOLUTION IS 10 mL]

Sample Weight of Weight of Weight of

Ce(NOy); (g)  Cu(NO;), (g) NaOH (g)
CeO, 4.342 - 1.6
Cey90Cug,19055 3.907 0.120 1.6
Cep.50Cup 20055 3.473 0.483 1.6
Cey710Cug300,5 3.039 0.724 1.6
Cep60Cu40025 2.605 0.966 1.6
Ceo.50Cuo500,.5 2.171 1.208 1.6

Characterization: The crystalline properties of parent
CeO; and Cu doped CeO, nanoparticles were determined by

XRD technique (Shimadzu XRD 6000) with CuKo radiation
(K = 0.154059 nm). The DOS computer programming was
used to measure the unit cell parameter and with the help of
Debye-Scherrer’s formula, the average crystallite size for the
samples was determined. FTIR spectra were recorded by FTIR
spectrometer (IR Prestige 21) to determine the functional
groups present in the samples. The surface phenomena and
compositional analysis were studied by SEM (JEOL JSM-
6610) instrument attached with EDAX facility at 20 kV. The
UV-Vis spectral studies were carried-out by UV-
spectrophotometer (Shimadzu 1800).

Photocatalytic experiment: Rhodamine B dye was used
in this experiment to study the photocatalytic performance of
Cu doped CeO, nanoparticles. For each experiment, 50 mL of
RhB dye (0.005 g of RhB dye dissolved in 1 L of double distilled
water) was mixed with certain amount of catalyst (0.02 g of Cu
doped CeO; nanoparticles) for 30 min in dark to attain absor-
ption equilibrium. Then, the sample was irradiated to the UV
light and stirred for 1 h. The sampling was performed at 15 min
intervals (0, 15, 30, 45 and 60 min). The photoreacted solutions
(3mL) of the centrifuged samples was taken out for UV-visible
spectroscopy analysis at a wavelength of 554 nm. The degrad-
ation percentage of dye was determined using eqn. 2:

Degradation of dye (%) = G, -C

x100 )
where, C, is the initial absorbance of RhB dye solution and C,
is the absorbance of RhB dye solution after photodegradation
for certain time ‘t’.

RESULTS AND DISCUSSION

XRD studies: The XRD patterns of CeO, and Cu doped
CeO; nanoparticles are shown in Fig. 1. The XRD patterns are
in line with the standard CeO, data (JCPDS card no. 65-5923).
The samples were assigned to FCC crystalline structure. The
20 values observed at 28.46°,32.99°,47.41°,56.29° and 69.35°
were relevant to the hkl values viz. (111), (200), (220), (311)
and (400), respectively for CeO, as reported in literature [18-
20]. The crystallite size (Dy) was measured by using Debye-
Scherrer's equation as shown in eqn. 3:

K

* BcosH @)
where, [ is the full width at half max (FWHM) of a diffraction
peak, k is the shape factor approximately 0.91, A is the wave-
length of the X-ray source (1.54 A) and 0 is the Bragg’s angle.
The calculated crystallite size values varied between ranges
from 15.76 to 20.69 nm are shown in Table-2, which are in
line with the reported data [14]. The theoretical density (D,)
was calculated by using eqn. 4:

ZxM

4)
NxV
where, ‘Z’ is number of chemical species in the unit cell, ‘M’
is the molecular mass of the sample (g/mol), ‘N’ is Avagadro’s
number (6.023 x 10%), ‘V’is the unit cell volume (cm®) equals

-3
D (g cm™)=
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TABLE-2
CRYSTALLOGRAPHIC PARAMETERS OBTAINED ON CeO, AND Cu DOPED CeO, NANOPARTICLES
Unit cell . 3 o Theoretical
Sample Crystal structure e — &) Unit cell volume (A )  Crystallite size (nm) ey p—
CeO, Cubic (F.C) 5.39 156.59 20.69 7.30
Ce.00Cuy 10055 Cubic (F.C) 5.41 158.42 20.94 6.86
Cey.50Cu200,.5 Cubic (F.C) 5.40 157.46 21.34 6.59
Ce70Cug30045 Cubic (F.C) 541 158.42 21.81 6.23
Cey 60CU 4055 Cubic (F.C) 5.40 157.46 17.44 5.94
Cey.50Cuy500,.5 Cubic (F.C) 5.43 160.10 15.76 5.53
111
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20 40 60 80 Fig. 2. FTIR spectra of CeO, based nanoparticles (a) Pure CeO,; (b)
20 () Ce.00Cu0.1002-5; (¢) Ceos0Cu0.20025; (d) Ceo70Cu0.300255 (e)
Ce.60Cu4002.5; () Ceps0Cug 50025
Fig. 1. XRD spectra of CeO, based nanoparticles (a) Pure CeO>; (b) Cas0Ch04023: (£) CensiCosiO2

Ceg 91>C110.100275; (C) Ceo.50Cuo 21)0275; (d) Ceo.70Cuq 31)02—6; (e)
Ce().ﬁl)Cu(lAOOZ—?}; (f) Ce.50Cu05002-5

to ‘a® (where ‘a’ is the lattice constant in cm). The theoretical
density of the materials is in between 5.53 to 7.30 g/cc.

FTIR studies: The FTIR spectra of CeO, and Cu doped
CeO; nanoparticles are shown in Fig. 2. The peaks appeared
at 3440 to 3460 cm™ attributed to OH stretching vibration
because of the presence of adsorbed water on the surface CeO,
nanoparticles [21,22]. The peak at 1632 cm™ attributed to the
H-O-H bending vibration and the absorption band at 416 to
450 cm' relevant to the Cu-O stretching mode of the vibration
whereas the peak found at 1020 cm™ relevant to the Ce-O
stretching mode of the vibration as reported [23].

Elemental analysis: The elemental analysis of CeO, and
Cu doped CeO,; nanoparticles was carried out by EDAX
spectral analysis. The presence of appropriate atomic weight
percentage of Ce, Cu and O was confirmed in the samples by
EDAX results (Fig. 3). The elemental data of all the samples
is shown in Table-3.

SEM studies: From the SEM images (Fig. 4), it was observed
that the grain size of the samples is varied between 200 nm to
~500 nm. The occurence of bigger grains in the sample is due
to agglomeration effect of high temperature heat treatment. It
was reported that the nanoparticles having varied grain size
and random distribution pattern can result in excellent photo-
catalytic behavior [24]. During the calcination process, suitable

TABLE-3
ELEMENTAL COMPOSITION DATA OBTAINED ON CeO, AND Cu DOPED CeO, NANOPARTICLES BY EDAX ANALYSIS
Sl Cerium Copper Oxygen
Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%)

CeO, 26.23 75.7 - 73.77 24.30
Ce00Cug 10025 22.73 71.06 1.82 75.98 27.12
Ce50Cuy 20005 16.73 60.05 7.76 78.5 32.18
Ce10Cu 30,5 15.94 55.98 13.8 75.39 30.23
Ce60Cu 4025 19.09 60.1 10.13 14.46 70.78 25.44
Cey50Cuy 50025 15.15 51.32 13.78 21.18 71.07 27.50
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Fig. 3. EDAX spectra of CeO,based nanoparticles (a) Pure CeOy; (b) Ceo.90Cuo.10025; (€) Ceos0Cuio.2002:5; (d) Ceo70Cuo.3002:6: (€) Ceo.s0Cuo.4002:5; (f) Ceo 50Cuo 50025

20kV  X55,000 0.2pm

13 29 SEI 20KV X55,000 0.2um
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heating rate should be adopted which can control the grain
structure in the materials as reported [25].

UV studies: From the UV-visible spectra (Fig. 5), it is
found that pure and Cu doped CeO, nanoparticles showed a
strong absorption peak at 342 nm. It was reported that Ce(III)
can exhibit absorption in UV and visible region while Ce(IV)
can show absorption in the visible region only [26]. The

20kV  X55,000 '0.2pm

e

(20K X30,000 0.5pm. .«

Fig. 4. SEM images of CeO,based nanoparticles (a) Pure CeOx; (b) Ceo.90Cu0.1002:5; (¢) Ceo50Culo.2002.5; (d) Cen70Cu0.3002.5; (€) Cens0Cuoa0O2.55
(f) Ceos0Cuo.5002.5

13 29 SEl

absorption energy band gap (E,) was calculated using Tauc
equation (eqn. 5).

(chv)* = A(hv — Ey) (5)

where ‘ot is the absorption coefficient, ‘hv’ is the energy of induced
photons, ‘A’ is proportionality constant, ‘h’ is the Planck’s
constant, ‘v’ is the frequency of vibration, and exponent ‘n’ is
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Fig. 5. UV-visible spectra obtained on CeO, based nanoparticles (a) Pure
CeO»; (b) Ceo.90Cuo.1002-5; (c) Ce.50Cu020025; (d) Ce70Cu03002:5; (e)
Ce.60Cu04002-5; (f) Ce.50Cu0.5002-5

either 2 for direct band transitions or %2 for indirect band
transitions. The absorption coefficient (o) has been calculated
using the relation o = 2.303 (A/t), where ‘t’ is thickness and
‘A’ is optical absorbance [27]. An extrapolation of the linear
portion of a plot of (acthv)* with hv gives the value of the optical
band gap (E,) as shown in Fig. 6. The band gap was found to
be 3.0 eV using Tauc equation for pure CeO, and the band gap
was in the range of 1.5 to 2.7 eV for the CeO, samples doped
with Cu. Similar kind of behaviour was reported for Co-doped
nanocrystals of CeO, with band gap of 1.61 eV [28].
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Fig. 6. Band gap curves obtained on CeO, based nanoparticles (a) Pure
CeOy; (b) Cep.90Cu.10025; (€) CensoCuo2002:5; (d) Ceo70Cuo3002.5; (€)
Cep50Cuoa002:5; () Ceos0Cuo.50025

Photoluminescence studies: The photoluminescence
(PL) spectra obtained on undoped and Cu doped CeO, nano-
particles are shown in Fig. 7. It was reported that the PL emission

Intensity (a.u.)

400 440 480 520

Wavelength (nm)

Fig. 7. Photoluminescence spectra obtained on CeO, based nanoparticles
(a) Pure CeOy; (b) CepooCuo.10025; (¢) Ceos0Cup20025; (d)
Ce.70Cu0.3002.5; (€) CeooCuo 400255 (F) Ceo50Cuo5002:5

depends on the presence of Cu in the synthesized samples
which may lead to changes in the material disorders and defects
[29]. The peaks found in Fig. 7 revealed the crystalline behavior
of CeO, based nanoparticles [30]. The samples exhibited two
peaks, the first peak at 420 nm (blue emission) and the second
peak at 442 nm (blue emission). These phenomena of samples
may be due to the structural characteristics of the materials.
Based on the above PL results, for further photodegradation
experiments, UV light source has been utilized.

Photocatalytic studies: The photocatalytic elimination
activity of RhB dye was carried out using parent CeO, and Cu
doped CeO, nanophotocatalysts. Fig. 8 shows the photocatalytic
degradation curves obtained in this experiment. The results
revealed that the optimum photocatalytic efficiency (36.7%)
was shown by Ce0Cug.100,.5 after 60 min of UV irradiation
compared to the other compositions. This is mainly because
of the presence of more amount of Cu which might diminish
the photocatalyst efficiency [31,32]. Thus, 10% Cu doped CeO,
based nanophotocatalyst (CegCuo.100..5) was used further as
an optimized material for studying the photocatalysis with
respect to effect of pH and dye concentration.

A plot drawn between In C/C, vs. time is shown in Fig. 9.
The slope of the straight line resulted as a first order rate
constant (k). From Langmuir and Hinshelwood kinetic model
(eqn. 6), the photocatalytic reaction obeyed the mechanism of
pseudo first order [33].

lng =-—kt (6)

0
where ‘Cy’ is the initial concentration, ‘C,’ is the concentration
after time ‘t’ and ‘k’ is the first order rate constant. The rate
constant values were found to be 0.08 min" (CeO,), 0.0046
min" (Ceo,g()ClJollooz.s), 0.005 min'l (Ceo,gQCUQ,ZQOQ.E), 0.007
min'l (Ceo,70CUQ,3002.5), 0.006 min'l (Ceo,gocuo,mOz.a) and 0.001
min"' (Cegs0Cuos5002.5). During the degradation of contaminants
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Fig. 8. Photodegradation curves obtained in presence of CeO, based

nanophotocatalysts with Rhodamine B dye and Rhodamine B dye

alone without nanophotocatalysts (a) Rhodamine B alone in dark,

(b) Rhodamine B alone in light, (¢) Pure CeO»; (d) Ceo.o0Cuo.1002-5;

(e) Cen.s0Cu0200:-5; (f) Ceo.70Cu0.30025; () Ceo.60Clo.40025; (h)
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Fig. 9. First order kinetic plot of Rhodamine B dye using (a) Rhodamine
B alone in the absence of photocatalyst; (b) Pure CeO,; (c)
Ce0.90Cu0.1002.5; (d) Ceps0Cuo20025; (e) Ceo70Cu03002.5; (f)
Ceo.60Cu0.40025; (8) Cens50Cuos0025

using photocatalysts, the photoexcitation of CeO, in aqueous
solution results in the formation of various radicals and charged
species (eqns. 7-10) [34]:

Semiconductor + hv — (semiconductor) ecs+ hyvs  (7)

h*vg + dye — dye. (oxidation of dye) (8)
(or) s+ OH — OH’ )
OH’ + dye — Degradation of dye (10)

where hv denotes the energy of induced photons, VB is the valence
band in CeO,, CB represents the conduction band in CeO», hole
is represented by h" and an electron is represented by €.

Effect of pH: To enhance the photocatalytic performance
of the material, the parameter of changing of pH can be used
[35]. By varying the pH of the dye solution with photocatalysts,
the photodegradation efficiency was measured after irradiation
in UV light source after 1 h. Dilute HCI and dilute NaOH were
added to the dye solution for the acidic and basic pH environ-
ment. For this study, pH values, viz. 2.5, 4.3,6.5,9.0 and 11.0
were fixed. The photocatalytic efficiency of Cep.o0Cuo.1002-5
towards RhB dye due to the effect of pH is shown in Fig. 10.
The optimum photodegradation efficiency (68.05%) was
observed at pH = 11 in comparison with other pH values. It
was observed that the maximum degradation is favourable at
alkaline medium compared to low pH range. Depending on
the variation of pH, the CeO, nanoparticles can behave as either
positively or negatively charge [36]. The optimum RhB degrad-
ation at pH 11 can be due to the more attributed rate of photo-
catalysis of nanophotocatalyst [37].

70
60

50

40 \

NN

20

(C,~C)/C,

0 2 4 6 8 10 12
Initial pH value

Fig. 10. Eeffct of pH value on the degradation efficiency of Rhodamine B
using Ce00Cuy100,-5 photocatalyst material

Effect of initial concentration of dye: The photocatalytic
efficiency of the best performing material (Ceo0Cuo.100,-5) was
studied further at a standardized pH =11 along-with RhB dye
having different concentrations, viz. 0.0025, 0.005, 0.0075 and
0.01 g/L after 60 min of UV irradiation. The effect of initial
concentration of RhB dye on the photocatalytic efficiency of
Ce.90Cu0.1002.5 (best sample) is shown in Fig. 11. Among the

70
/.
-
s
¢ 654 2
©)
60 r : ' r
0 0.0025 0.0050 0.0075 0.0100

Concentration of dye (g/L)
Fig. 11. Effect of Rhodamine B dye concentration on the photocatalytic
efﬁciency of Ce()_gl)CuU,]()Oz,e;
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various concentration studied, the optimum photocatalytic
efficiency was reported to be 68% with the dye concentration
of 0.005 g/L at pH 11. It was reported that the initial concen-
tration of dye plays a potential role in the photocatalytic elimi-
nation. When the concentration of RhB enhanced, it resulted
in lower photocatalytic efficiency. However, at an optimum
concentration of 0.005 g/L of RhB, the light penetration might
be more, which exhibited high photocatalytic efficiency as
reported. The path length of photons present in the solution
might be increased at this concentration of dye solution [38].

Conclusion

Pure CeO, and Cu doped CeO,(Ce,..Cu,Ox.5; where x =0,
0.10, 0.20, 0.30, 0.40 and 0.50) nanoparticles were prepared
by facile chemical synthesis. The XRD data revealed the FCC
crystalline structure for all the samples. Further, the functional,
elemental, morphological and optical properties of CeO, and
Cu doped CeO, nanoparticles were analyzed by performing
FTIR, EDAX, SEM, UV-visible and photoluminescence
characterizations. The UV-visible spectra showed a strong
absorption peak around 342 nm (Am.) in all the composition
of CeO, samples. The band gap energy (E,) of Ce,..Cu,O
was found to be in the range of 1.5-3 eV. The photoluminescence
spectra of samples showed 2 peaks, viz. at 420 nm (blue emission)
and the other at 442 nm (blue emission). Among the different
compositions of Cu doped CeO,studied, CepoCuyg,1002-5 resulted
in the excellent performance towards degradation of Rhodamine
B dye with 68.05% of efficiency using ultraviolet illumination.
The degradation efficiency was found to be maximum at pH
11 at an optimum concentration of 0.005 g/L of Rhodamine B
dye.
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