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Rare earth metal doping into semiconductor oxides is considered to be an effective approach to enhance
photocatalytic activity due to its ability to retard the electron—hole pair recombination upon excitation.
Herein, we report the synthesis of different rare earth metal (La, Nd, Sm and Dy)-doped ZnO
nanoparticles using a facile sol—gel route followed by evaluation of their photocatalytic activity by
studying the degradation of methylene blue (MB) and Rhodamine B (RhB) under UV-light irradiation.
Different standard analytical techniques were employed to investigate the microscopic structure and
physiochemical properties of the prepared samples. The formation of the hexagonal wurtzite structure
of ZnO was established by XRD and TEM analyses. In addition, the incorporation of rare earth metal into
ZnO is confirmed by the shift of XRD planes towards lower theta values. All metal doped ZnO showed
improved photocatalytic activity toward the degradation of MB, of which, Nd-doped ZnO showed the
best activity with 98% degradation efficiency. In addition, mineralization of the dye was also observed,

indicating 68% TOC removal in 180 min with Nd-doped ZnO nanoparticles. The influence of different
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Accepted 6th May 2018 operational parameters on the photodegradation of MB was also investigated and discussed in detail.
Additionally, a possible photocatalytic mechanism for degradation of MB over Nd-doped ZnO

DOI: 10.1039/c8ra01638k nanoparticles has been proposed and involvement of hydroxyl radicals as reactive species is elucidated
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1. Introduction

Dyes and pigments are considered as the major class of industrial
organic pollutants because they are toxic and carcinogenic in
nature. In addition, the removal of these water-borne pollutants is
difficult due to the non-biodegradable components present in
them.? The conventional wastewater treatment applied for the
degradation of these pollutants led to the transfer of one form of
pollutant to another form, which are more toxic than that of the
parent molecule.*® Taking into account of the above problems,
there is a need to develop a method that could significantly
degrade the pollutants present in wastewater. In this regard, the
use of semiconductor based advanced oxidation processes (AOPs)
has achieved significant acceptance owing to their potential
applicability to mineralize organic pollutants in aqueous suspen-
sions.” Over the years, a variety of semiconducting materials have
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been employed for the abatement of toxic organic pollutants under
UV or visible light irradiation.'"” Among these, ZnO and TiO,
stand out as the most promising materials due to their non-toxic
and stable nature.®>'®'®?* Earlier reports indicate that ZnO has
the ability to sufficiently mineralize the organic pollutants into less
toxic substances and can absorb more quanta of light than that of
the TiO,.>*2% The above merits make ZnO a better candidate for the
degradation of organic compounds under light irradiation.
However, the major obstacle that impedes the efficacy of ZnO is
the quick recombination of charge carrier which makes it an
ineffective photocatalyst during photocatalytic degradation
process.”>" It is well established that the surface charge transfer
and intrinsic charge carrier recombination are correlated with the
structure and optical properties of photocatalysts. Keeping these
issues in mind, semiconductive oxides should be modified in such
a way that the separation efficiency of photogenerated charge
carriers could be increased to ameliorate the photocatalytic
performance.

Tremendous efforts have been devoted to prevent the recom-
bination rate of charge carriers by metal doping and construction
of heterojunction between two semiconductors.*** One of most
appealing issue is the doping of metal ions into ZnO nanoparticles
which are known to enhance the photocatalytic activity by inhib-
iting charge carriers recombination.* In particular, rare earth
metals are gaining increasing interest as an alternative dopant of
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other metals to modify photocatalysts for the degradation of
organic pollutants.***® Previous studies indicate that the interac-
tion of rare earth metals with semiconductors could enhance the
photocatalytic performance as their ability to form complexes with
Lewis bases by the interaction of functional groups with f-orbital of
rare earth metals.?”?*® Thus, it is speculated that the incorporation
of rare earth metals could concentrate the dye substrates onto the
surface of semiconductor thereby enhancing the photocatalytic
activity.* Furthermore, rare earth metals have been a centre of
interest in the domain of photocatalysis as their ability to trap the
photogenerated electrons, which can effectively eliminate the
charge carrier recombination during the photocatalytic reaction.
For instance, Vaiano et al. has modified the ZnO with praseo-
dymium and found the excellent photocatalytic activity under both
UV and visible light irradiation.** Okte reported the synthesis of
different Ln** (La, Eu, Gd, Dy and Ho)-loaded ZnO and tested their
roles on the decolorization of methyl orange under various
conditions.* Complementary to the reported findings, the role of
rare earth metals doping into ZnO would be of interest for the
research community working in the field of photocatalysis
primarily for the elimination of waste water.

To the best of author's knowledge, very few studies have been
carried out on the comparison of photocatalytic activity of
different rare earth metal-doped ZnO photocatalysts for the
elimination of organic pollutants.***® Although there are reports
on the comparative photocatalytic study of rare earth metals
doped ZnO nanoparticles, but the reaction mechanism of
photocatalysis has not yet been well explored using dye as
model pollutant. Inspired by the trailblazing studies reported by
Vaiano et al.** and Okte,* we have made an attempt to develop
a sol-gel route for the synthesis of rare earth metals (RE = La,
Nd, Sm and Dy) doped ZnO nanoparticles. The potential
applicability of RE-doped ZnO nanoparticles was assessed by
studying the decomposition of dye derivative under different
operational conditions and a possible photocatalytic mecha-
nism of MB degradation has been discussed and elucidated by
the reactive species determination results.

2. Experimental details

2.1. Materials

Zinc acetate dihydrate and rare earth metal nitrates were
purchased from Sigma-Aldrich. The water used in all experi-
ments was double distilled. Methylene Blue (MB) and Rhoda-
mine B (RhB) were selected as model organic pollutants. The
different scavengers such as disodium ethylenediaminetetra-
acetate (EDTA-2Na), 1,4-benzoquinone (BQ) and isopropyl
alcohol (IPA) used in this study were purchased from Alfa-Aesar.
Nitric acid and sodium hydroxide were obtained from S.D. fine
chemicals. Commercial ZnO was purchased from Merck-India.
All the chemical used in this study were of analytical grade and
were used without any further purification.

2.2. Preparation of rare earth metal (RE)-doped ZnO

The different RE (La, Nd, Sm and Dy)-doped ZnO nanoparticles
were prepared by a facile sol-gel method using zinc acetate and
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rare earth metal nitrate as the corresponding precursor. A
schematic diagram showing the synthesis of RE-metal doped
ZnO nanoparticles is shown in Fig. 1. For each RE-doped ZnO
nanoparticles, 5 g of zinc acetate dihydrate was dissolved in
20 mL of water containing the metal nitrates (RE** = 1 at%) and
stirred vigorously for 30 min to get a homogenous suspension,
and then heated at 80 °C for 1 h with vigorous stirring. After
complete dissolution of above mixture, a freshly prepared 1 M
aqueous NaOH solution was added dropwise to maintain the
pH 11. The above solution was allowed to hydrolyze at room
temperature to get a gel product. The obtained product was
filtered and washed several times with water followed by
ethanol to remove the impurities. The product was dried over-
night at 100 °C and then calcined at 500 °C for 6 h to obtain
different rare earth metal doped ZnO nanoparticles. Pure ZnO
was prepared under analogous conditions as mentioned above
except the addition of dopants.

2.3. Material characterization

The crystallinity of the prepared samples was characterized by
X-ray diffraction (XRD, Shimadzu 6100) in the range of 20-80
(26) with (Cu Ko radiation (1.54065 A)) operated at a voltage of
30 kV and current of 15 mA. SEM images of pure and Nd-doped
ZnO were recorded on JSM-6510 microscope (JEOL) scanning
electron microscope. Transmission electron microscopy (TEM)
images were obtained on a JEOL-JEM 2100 instrument oper-
ating at 120 keV. The optical properties of the prepared catalysts
were determined by UV-Vis diffuse reflectance spectra (Perkin
Elmer Lambda 35 UV-Vis spectrophotometer) using BaSO, as
a standard reference material. Photoluminescence spectra were

Stirring for 1h @ 80 °C

Addition of NaOH

!

Slightly yellow ppt

lWashed with D.D.W & ethanol

Dried @ 100 °C

l Calcination @ 500 °C for 6 hrs.

RE-doped ZnO NPs

Fig. 1 Schematic diagram of preparation of RE-metal doped ZnO
nanoparticles.
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recorded using Hitachi (F-2500) spectrofluorimeter with an
excitation wavelength 320 nm at room temperature. Thermog-
ravimetric analysis (TGA) analysis was carried out to investigate
the thermal stability of the prepared samples by Shimadzu 60H
over the temp range of 20-700 °C with heating ramp rate
10 °C min . The specific surface areas and pore size structures
of prepared samples were determined by using Quantachrome
Autosorb I Automated Gas Sorption System Instruments.

2.4. Photocatalytic experiments

The synthesized materials were tested for the decomposition of
MB and RhB under UV-light irradiation in an immersion well
photochemical reactor made of Pyrex glass, which is equipped
with a magnetic stirring bar, a water circulating jacket and an
opening to supply air. UV-light was provided by 125 W medium
pressure mercury lamp (Philips), which is vertically placed
inside the photochemical reactor. The light intensity was
measured using a UV light intensity detector (Lutron UV-340)
and was found in the range between 1.49-1.51 mW cm 2. The
reaction pH was adjusted by adding required amount of dilute
aqueous HNO; or NaOH solution before irradiation. In all
photocatalytic experiments, the desired amount of photo-
catalyst was suspended in 180 mL of aqueous solution of dye (10
ppm) and then the suspension was sonicated for 5 min followed
by stirring the solution for 15 min under dark condition to
attain the adsorption-desorption equilibrium before the
suspension was exposed to UV-light source. The samples (5 mL)
were withdrawn at different time intervals, centrifuged and
analyzed spectrophotometrically by monitoring the change in
absorbance at A,.x = 663 nm for MB and A,,,x = 553 nm for
RhB. The degradation efficiency of catalyst was estimated by the
following expression:

Degradation efficiency = (Cy — C,)/Cy x 100% (1)
where C, is the initial concentration of MB or RhB and C; is the
concentration at different time intervals on irradiation by UV-
light. The extent of mineralization of dye was also determined
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by measuring the decrease in TOC content as a function of
irradiation time using Shimadzu TOC-Vgsy analyzer. During
TOC measurements, higher concentration of dye and catalyst
were used keeping all other photochemical conditions similar
as mentioned above.

To assess the role of reactive species involved in the degra-
dation of MB, different scavengers such as IPA, BQ and EDTA-
2Na were added to detect the hydroxyl radical ("OH), super-
oxide radical (0," ) and hole (h"), respectively. For this experi-
ment, 3 mM concentration of scavenger and 2 g L™" loading
content of Nd-doped ZnO nanoparticles were added to MB
solution (180 mL, 10 ppm) and the solution was irradiated
under analogous conditions as mentioned in photocatalytic
test.

In addition, the generation of hydroxyl radical formed
during photocatalytic experiment of terephthalic acid solution
in the presence of Nd-doped ZnO photocatalyst was evaluated
using fluorescence technique with excitation wavelength fixed
at 315 nm. The PL signal obtained at 425 nm is directly related
to the formation of fluorescence adduct i.e. 2-hydroxyter-
ephtahlic acid.

3. Results and discussion

3.1. Structural and morphological analysis

The crystal phase and structure of the prepared samples were
analyzed by X-ray diffraction analysis. The XRD patterns of pure
and RE-metal doped ZnO nanoparticles are shown in Fig. 2a.
The peaks observed in pure as well as in rare earth metal-doped
ZnO nanoparticles are in accordance with the standard sample
of the hexagonal ZnO as reported earlier (JCPDS-36-1451).% No
other peaks corresponding to dopants and impurities are
detected, indicating that the samples are in highly crystalline
and pure form. The XRD patterns of all RE-doped ZnO showed
a shift towards lower theta value compared to the standard ZnO
nanoparticles due to the incorporation of RE-metals into ZnO.
In order to see the effect of doping of RE metals on diffraction

peaks, magnified range of XRD patterns (20 = 30-38) are
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(@) XRD patterns of P-ZnO, La-ZnO, Dy-ZnO, Sm-ZnO and Nd-ZnO nanoparticles and (b) magnified (30-38) XRD patterns.
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presented in Fig. 2b. The shift of diffraction peak towards lower
theta value may be due to the expansion of unit cell because of
mismatch of ionic radii. Furthermore, the shift also gives an
evidence of incorporation of metals into ZnO. Similar results
are reported in the literature where metals cause the analogous
changes in the crystal structure.**>** Moreover, introduction of
RE-metals into ZnO causes broadening and less intense peak,
implying inhibition in crystal growth.*” The diffraction pattern
of Nd-doped ZnO nanoparticles are weaker than that of other
rare earth metal doped samples, implying profound effect of
Nd-doping on the reduction of crystallinity of ZnO nano-
particles. Due to the large ionic radii of the rare earth metals, it
is difficult to substitute Zn from its lattice and therefore, the
most suited place of rare earth metals ions is to stay in the grain
boundary.” The crystalline size of the prepared samples were
calculated by using Scherrer formula as given in eqn (2).

D = KMB cos 0 (2)

where D is the crystallite size of the nanoparticles, K is the shape
factor, A is the wavelength of the radiation used, g is full width
at half maxima (FWHM) in radians and @ is the diffraction
angle. The average crystallite size of the prepared samples were
estimated by the full width at half maxima (FWHM) of the XRD
peak (101) using Debye-Scherer equation and the results are
given in Table 1. The crystallite size of the samples were found
in the range of 17.1-12.3 nm with an error limit of £1 nm.
The morphology of pure and Nd-doped ZnO nanoparticles
was examined by SEM analysis and the results are shown in
Fig. 3. Nearly spherical shape with irregular size of nano-
particles could be seen for pure ZnO as indicated in Fig. 3a and
b. After the incorporation of Nd onto ZnO nanoparticles the
surface becomes rough, manifesting the dispersion of Nd on
ZnO nanoparticles as shown in Fig. 3c. The modification of ZnO
with Nd maintains the uniformity of the nanoparticles. Such
changes on the surfaces of ZnO are considered as the available
adsorption sites for the dye molecule on the surface of ZnO
nanoparticles. Fig. 3c also shows a highly dispersed aggregate,
which could be advantageous for photocatalysis because they
do not only assist to adsorb organic pollutants on the surface of
photocatalysts but also help in the penetration of light during
illumination. To further confirm the incorporation of Nd into
ZnO nanoparticles, EDS analysis for Nd-doped ZnO nano-
particles was carried out, as shown in Fig. 3d. The results clearly
indicate that Nd-doped ZnO nanoparticle contains three

Table 1 The shift in peak (101) position, crystallite sizes and bandgap
energy of pure and different RE-metals doped ZnO nanoparticles

Peak (101) position Crystallite Bandgap
Catalyst at 260 degree size (nm) (ev)
P-ZnO 36.205 1710 £ 1 3.25
La-ZnO 35.936 1545+ 1 3.23
Dy-ZnO 35.870 14.73 £1 3.17
Sm-ZnO 35.691 13.68 £ 1 3.19
Nd-ZnO 35.825 1231+ 1 3.18

This journal is © The Royal Society of Chemistry 2018
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elements such as Nd, Zn and O, suggesting the existence of Nd
into ZnO nanoparticles.

The surface morphology and particle size of undoped and
Nd-doped ZnO nanoparticles were further investigated by TEM
analysis and the images are shown in Fig. 4. From TEM images
(Fig. 4a and b) of pure ZnO nanoparticles, it is clear that the
morphology of pure ZnO nanoparticles is hexagonal as well as
spherical in shape without agglomeration. The particle size of
the pure ZnO nanoparticles was found to vary in the range
between 15-30 nm, which is in agreement with average crys-
tallite size of pure ZnO nanoparticles calculated by the Scherrer
formula. The structure of ZnO nanoparticles remains same after
modification with Nd into ZnO. The only difference is the
coverage of nanoparticles with a layer of neodymium particles
as shown in Fig. 4c. The lattice fringe with inter-planar distance
of 0.26 nm corresponds to the plane of (101) of ZnO nano-
particles as shown in Fig. 4d. The particle size obtained from
the TEM results are almost consistent with crystallite size
obtained from the XRD analysis.

3.2. UV-Vis diffuse reflectance spectra (UV-Vis DRS)

The influence of RE-metal doping on optical properties of ZnO
nanoparticle was examined by UV-Vis DRS analysis. Fig. 5a
shows the UV-Vis absorption spectra of pure ZnO (P-ZnO) and
different RE-metal doped ZnO nanoparticles. It could be seen
from the figure that the absorption edge at 381 nm in pure ZnO
is mainly due to electronic transition from VB to CB, which is in
accordance with previous report.** While all RE-metals doped
ZnO nanoparticles exhibit absorption shift towards higher
wavelength, manifesting the incorporation of metals into ZnO
which may be due to the formation of impurity state between VB
and CB of ZnO. The absorption shift towards the higher wave-
length of the prepared samples are found in the following order;
Dy-ZnO > Nd-ZnO > Sm-ZnO > La-ZnO. The shift in the
absorption edge could be attributed to the charge-transfer
transition between the f electrons of rare earth metal ions and
conduction or valence band of ZnO as reported earlier.”> The
optical bandgap energies of the prepared samples were calcu-
lated from the well-known Tauc equation and the plots are
shown in Fig. 5b.® The calculated bandgap energies of the
samples were found in the range between 3.25-3.17 eV as
mentioned in Table 1. The results given in Table 1 reveal that
the absorption of metal-doped and pure ZnO lie in the UV-
region and therefore all irradiation experiments were carried
out using UV-light source.

3.3. Photoluminescence (PL) study

PL spectroscopic study is widely used to investigate the fate of
photogenerated electron-hole pair recombination on irradiated
semiconducting materials.*® It is well-known that the PL
intensity is directly related to recombination rate of electron-
hole pair. Generally, weaker PL response leads to slow recom-
bination rate thereby increasing the life-time of photogenerated
charge carries and hence better photocatalytic activity.”” Fig. 6
shows the PL spectra at excitation wavelength of 320 nm for
pure and RE-doped ZnO nanoparticles. It could be seen from

RSC Adv., 2018, 8, 17582-17594 | 17585
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Fig. 3 SEM images of (a and b) P-ZnO, (c) SEM image of Nd-ZnO and (d) EDS spectra of Nd-ZnO.

the figure that the PL spectra of all RE-doped ZnO are
comparatively lower than that of the pure ZnO nanoparticles.
The results clearly indicate that the electron-hole pair recom-
bination could be minimized by rare earth metals doping,
leading to better separation of photo-generated charge carriers,
which can ultimately benefit the photocatalytic activity of the
materials. As compared to pure and other RE-doped ZnO
nanoparticles, Nd-doped ZnO nanoparticles showed significant
quenching in the PL emission signal suggesting Nd doping may
lead to better separation efficiency and hence better photo-
catalytic activity.

3.4. TGA analysis

The effect of temperature on Nd-doped ZnO nanoparticles was
evaluated by thermogravimetric analysis. Both pure and Nd-
doped ZnO nanoparticles were gradually heated from 20 to
700 °C and the weight loss as a function of temperature is
shown in Fig. S1.t It could be seen from the figure that slight
weight loss in both materials were observed up to 400 °C, which
may be due to the loss of water molecule adsorbed on the
surface of ZnO nanoparticles.*® The samples show high stability
even after incorporation of Nd into ZnO. No significant weight
loss was observed after 400 °C, indicating exceptionally high

17586 | RSC Adv., 2018, 8, 17582-17594

thermal stability of the prepared samples. In contrast to pure
ZnO, Nd-doped ZnO nanoparticles shows relatively more weight
loss due to more adsorption of water molecule on the surface of
Nd-doped ZnO nanoparticles. The above results confirm that
most of the unwanted materials were decomposed during
calcination at 500 °C to achieve pure crystalline products.

3.5. BET surface area analysis

The surface area is an important factor that may contribute to
enhance the photocatalytic activity because it can provide more
active sites to adsorb pollutants on the surface of catalyst. The
surface area and the pore size of pure and Nd-doped ZnO
nanoparticles were determined by N, adsorption-desorption
isotherms and their results are shown in Fig. 7 and Table 2. The
adsorption/desorption isotherms exhibit a classical type-IV
nitrogen isotherm with a hysteresis loop.** The calculated
surface area of pure and Nd-doped ZnO nanoparticles were
found to be 30.31 and 140.9 m” g™, respectively. The relative
pore volume of pure ZnO is measured to be 0.027 cm® g%,
which is found to be lower than that of Nd-doped
ZnO (0.148 cm® g~ ') nanoparticles. The results demonstrate
that the doping with Nd could increase the surface area of
ZnO nanoparticles. The higher surface area may facilitate

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 TEM images of (a and b) P-ZnO, (c) Nd-ZnO and (d) HRTEM image of Nd-ZnO.

the adsorption of organic pollutants on the surface of catalyst,
which in turn, enhances the photocatalytic activity. Therefore,
Nd-doped ZnO nanoparticles is anticipated to have better
photocatalytic performance than undoped ZnO nanoparticles.
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3.6. Photocatalytic activity

Methylene blue has been considered as a virulent organic
pollutant which poses a major threat to the environment
because of its widespread use in the industrial production.

(b)
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(a) UV-Vis diffuse reflectance spectra of P-ZnO, La-ZnO, Sm-ZnO, Nd-ZnO and Dy-ZnO, magnified absorption spectra (inset) and
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Fig. 6 PL spectra of P-ZnO, La-ZnO, Dy-Zn0O, Sm-ZnO and Nd-ZnO
at excitation wavelength of 320 nm.

Thus, in this study, we have chosen MB as a target organic
pollutant to appraise the photocatalytic efficiency of the
prepared pure and rare earth metal doped ZnO under UV-light
irradiation. The characteristic absorption peak of MB at
663 nm was chosen to monitor the photocatalytic efficiency of
the prepared samples via spectrophotometrically. Fig. 8a shows
the change in absorption intensity at different time intervals on
irradiation of an aqueous solution of MB in the presence of Nd-
doped ZnO nanoparticles, whereas Fig. 8b shows the change in
concentration of MB as a function of time in the presence of
pure and different rare earth metal doped samples. It is perti-
nent to mention here that the decrease in absorption intensity
centered at 663 nm is due to loss of chromophoric groups
responsible for its color as mentioned in earlier studies as
well.**° It is evident from the figure that all rare earth metal
doped ZnO showed enhanced photocatalytic activity toward the
degradation of MB compared to pure ZnO. The activity trend for
different rare earth metal doped ZnO for degradation of MB lies
in the order: Nd-ZnO > Sm-ZnO > Dy-ZnO > La-ZnO, respectively,
showing highest activity for Nd-doped ZnO. Control
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experiments were carried out in the absence of catalyst under
analogous conditions, where no significant loss of MB was
observed. The photocatalytic activity results shown in Fig. 8b
indicate that pure ZnO affords 52.4 £ 4% degradation, while all
modified ZnO photocatalysts with similar doping content (1
at%) showed commendable photocatalytic activity under anal-
ogous conditions. Furthermore, the photocatalytic performance
of the prepared samples was compared with commercial ZnO
under the analogous conditions. The commercial ZnO (C-ZnO)
showed the lower activity than that of the prepared samples and
could only degrade 38% of dye within 25 min of
irradiation time.

We have further compared the photocatalytic activity of
prepared samples more accurately and quantitatively by
studying the degradation kinetics of MB. The degradation curve
showing the change in concentration vs. irradiation time for
photocatalytic degradation of MB shown in Fig. 8b could be
fitted reasonably well by an exponential decay curve suggesting
pseudo-first-order kinetics. Fig. 9 shows the linear regression
curve fit of the natural logarithm for the concentration of MB at
different irradiation time. For each experiment, the degradation
rate constant of MB was determined using eqn (3).

~In(C,/Cy) = kt 3)

where C, and C, are initial and final concentrations at fixed
irradiation time and k is the pseudo-first order rate constant.
The calculated rate constants for different samples for degra-
dation of MB are mentioned in Table S1.7 It is evident from the
table that the rate constant obtained for doped samples were
higher than that of pure ZnO nanoparticles and are in accor-
dance with activity trend as mentioned before with highest
value for Nd-doped ZnO nanoparticles.

To test the effectiveness of the prepared catalysts, we have
performed the photocatalytic test on another cationic dye i.e.
Rhodamine B (RhB) under UV light irradiation. The change in
absorption spectra of RhB centered at 553 nm in the presence of
Nd-doped ZnO nanoparticles is shown in Fig. S2a.t The pho-
tocatalytic performance of the prepared samples was compared
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Fig. 7 N, adsorption—desorption isotherm of pure (a) and Nd-doped ZnO (b).
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Table 2 Textural properties of pure and Nd-doped ZnO nanoparticles

SBET Average pore Pore volume
Sample (m*>g™ diameter (A) (em® g™
P-ZnO 30.31 36.25 0.027
Nd-ZnO 140.9 41.39 0.148

by monitoring the change in concentration of RhB as a function
of irradiation time in the presence of different catalysts. For this
dye as well, Nd-doped ZnO was found to show the excellent
photocatalytic performance than that of the other catalysts and
commercial ZnO as shown in Fig. S2b.f The photocatalytic
activity trend for different doped samples has been found to be
similar to that observed in the case of MB.

The efficiency of Nd-doped ZnO was also established by
measuring the depletion in TOC content of MB as a function of
irradiation time. Fig. S3f shows the mineralization of MB
measured in terms of TOC% removal on irradiation of an
aqueous solution of MB (50, 100 ppm) in the presence of Nd-
doped ZnO (4 g L™ "). The results indicate the 64-68 + 6%
mineralization of MB in 180 min of irradiation. The result further
suggests that Nd-doped ZnO nanoparticles not only decolorizes
MB but also mineralizes it into innocuous substances. All further
operational parameters such as catalyst loading, effect of reaction
pH were conducted with pure and Nd-doped ZnO nanoparticles.

3.6.1. Effect of pH on degradation of MB. The pH of the
reaction mixture in heterogeneous photocatalysis plays
a significant role because it dictates the surface charge prop-
erties of the catalysts and adsorption behavior of the pollutants
on the surface of catalysts.*** The effect of pH on degradation
of MB in the presence of Nd-ZnO was studied in the pH range of
5-11. The pH of the reaction mixture was adjusted at the start of
the irradiation and not maintained throughout the course of
the reaction. Fig. S41 shows MB percent degradation at different
PpH values in the presence of Nd-ZnO. It could be seen from the
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figure that degradation efficiency increases with increasing pH
and highest degradation is observed at pH 10. A further increase
in pH may lead to decrease in the photocatalytic activity. The
better activity under alkaline pH could be explained on the basis
of electrostatic attraction between the negative charged catalyst
and positive charged MB, which facilitate the adsorption of MB
on the surface of catalyst. The point of zero charge of metal
doped ZnO nanoparticles is reported to be 9.0 £ 0.3.*>°* The
reason for the reduction in photocatalytic activity at low pH is
due to slight dissolution of ZnO nanoparticles as ZnO on reac-
tion with acid could produce corresponding salts at low pH
value.>**” Higher degradation rate of different cationic dyes in
basic medium has also been reported by several authors using
modified ZnO nanoparticles.*®* In addition, the effect of pH on
degradation of MB is also tested with pure ZnO nanoparticles
and the results and discussion are given in ESL{

3.6.2. Effect of catalyst dosage on degradation of MB. In
order to evaluate the effect of catalyst dosage on photo-
degradation of MB, we have performed the experiment by varying
the catalyst loading from 1 to 3 g L' while other conditions
remain unchanged as conducted in photocatalytic activity.
Fig. S57 shows MB percent degradation as a function of catalyst
loading where degradation efficiency increases with increasing
catalyst dosage from 1 to 2 g L~ " and then decreases. The increase
in photodegradation efficiency at 2 ¢ L™" could be attributed to
the availability of more active sites and penetration of light,
which could ultimately enhance the photocatalytic activity. The
inhibition in photocatalytic activity at 3 g L™ is an increase in the
turbidity of the solution and aggregation of nanoparticles, which
could cause decrease in penetration of light and reduce the active
sites of the catalyst.®»** Additionally, the effect of catalyst dosage
of pure ZnO nanoparticles on degradation of MB is investigated
and its results are provided in ESL.{

3.6.3. Effect of initial MB concentration. The
pollutant concentration is an important parameter from appli-
cation point of view. The effect of initial (MB) concentration was

initial
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Fig. 8 Decrease in absorption spectra of MB at different time intervals in the presence of Nd-ZnO (a) and change in concentration of MB
calculated by following the decrease in Amay at 663 nm in the presence of different samples under UV-light irradiation (b); catalyst used 2 g L™,
pH = 10. Error bars showing the standard deviation of three experiments repeated under analogous conditions.
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doped ZnO nanoparticles.

studied by varying concentration of MB from 10-30 ppm in the
presence of Nd-doped ZnO nanoparticles with catalyst loading
of 2 g L™ " at pH 10 with UV light irradiation under analogous
conditions. The result of MB degradation at varying substrate
concentrations is shown in Fig. S6.1 The results indicate that
the % degradation of MB decreases with increase in initial
concentration from 10 ppm onwards. The reason for the slow
degradation of MB at higher concentration is due to intense
color of the dye which does not allow the light to fall on the
catalyst to generate charge species.*>*” The amount of forma-
tion of reactive species by the catalyst is the same while
increasing the initial concentration of substrate and therefore,
limited reactive species against high concentration of substrate
leads to decrease in photocatalytic activity.

3.6.4. Effect of oxidants on degradation of MB. The addi-
tion of oxidants such as (NH,),S,0s, KBrOz and H,O, have been
proven to enhance the photodegradation of organic pollutants
as these oxidants could reduce the recombination rate of charge
carriers by accepting electron during photocatalysis.®*** The
effect of oxidants on the degradation of MB was studied at fixed
concentration of (NH,),S,0g, KBrO; (2 mM) and H,0, (10 mM),
respectively. The catalyst dosage and concentration of MB were
same as used in catalytic activity. The effect of all additives on
degradation of MB in the presence of Nd-doped ZnO nano-
particles is shown in Fig. S7.f As expected, all the oxidants
promoted the degradation and dye was found to decolorize
within 15 min of illumination. The increase in photocatalytic
activity in the presence of additives is probably due to the
formation of other oxidizing species that might help to degrade
the MB effectively.®® The most profound effect was observed in
the case of H,0,. This could be explained on the basis of the fact
that addition of H,O, increases the concentration of 'OH,
thereby improving the rate of photocatalytic oxidation. The
enhancement in photocatalytic activity on addition of oxidant is
likely due to the effective separation of charge carriers and
generation of oxidizing species.
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3.6.5. Effect of inorganic anions on degradation of MB. It is
well known that inorganic anions such as sulphate and chloride
are frequently present in water systems® and therefore the
effect of these anions (NaCl and Na,SO,) on the degradation of
MB with Nd-doped ZnO nanoparticles was investigated and the
results are shown in Fig. S8.f In this study, photocatalytic
experiments were carried out using MB (10 ppm), Nd-doped
ZnO (2 g L™Y), anions such as NaCl and Na,SO, (0.2 mM)
under analogous conditions. It could be seen from the figure
that all anions make an adverse effect on the degradation of
pollutant under investigation with significant reduction with
Cl™ ions. The reduction in photocatalytic could be explained on
the basis of the fact that the anions get adsorbed on the surface
of catalysts thereby the adsorption of MB molecules on the
catalysts surface gets restricted. The anions may block the active
sites thereby reducing the availability of attack of "OH radicals
and decreasing the photocatalytic activity. The inhibitory effect
of anions which act as scavengers are summarized in eqn (4)-

7).

SO~ +h* — SO, (4)
SO4*~ + "OH — SO, ~ + "OH (5)
Cl”+h™ > CI (6)

Cl" + 'OH — CI' + "OH (7)

3.6.6. Reusability of the catalyst. The long-term stability of
the catalysts is also an important factor from application point
of view to mitigate the organic pollutants from waste water. In
this experiment, the stability was evaluated by reusing the
photocatalysts (pure and doped ZnO) for five consecutive cycles
for the degradation of an aqueous solution of MB. Before
applying for next cycle, the catalysts were thoroughly washed
with water followed by ethanol to remove the impurities and
then dried at 100 °C for 4 h. No significant loss in the photo-
catalytic efficiency was observed in the case of RE-doped ZnO
nanoparticles after five successive runs, as depicted in Fig. S9.7
The results imply that RE-doped ZnO nanoparticles could be an
excellent photocatalyst for the degradation of MB with good
stability. In comparison to RE-doped ZnO nanoparticles, pure
ZnO nanoparticles shows a significant loss in photocatalytic
activity under the analogous conditions. The reduction in
photocatalytic activity of pure ZnO nanoparticles may be due to
the photocorrosion of ZnO, which arises due to quick recom-
bination of charge carriers. The results confirm that the doping
with suitable metals could improve the stability of the catalysts.
Furthermore, RE metals could act as a good acceptor and
capture the photogenerated electron from ZnO under UV-light
irradiation by preventing ZnO from photocorrosion.®”

3.6.7. Trapping studies and photocatalytic mechanism. A
series of radical trapping experiments have been employed to
ascertain the main reactive species involved in the degradation
of MB using Nd-ZnO nanoparticles. For this experiment,

different scavengers such as isopropyl alcohol (IPA),

This journal is © The Royal Society of Chemistry 2018
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benzoquinone (BQ) and disodium ethylenediaminetetraacetate
(EDTA-2Na) have been used to trap HO", O, and holes formed
during the photo-oxidation process.®®* Fig. 10 shows percent
degradation of MB in the presence of different scavengers using
Nd-ZnO on irradiation of an aqueous solution of MB for 25 min
under analogous conditions. The figure clearly indicates that
scavenger-free photocatalytic system exhibits maximum %
decomposition rate compared to scavenger-assisted system.
The results also indicate that the addition of IPA showed
significant reduction in MB degradation by quenching hydroxyl
radical formed in the reaction mixture indicating this species
being actively involved in the degradation process. Moreover,
the photodegradation of MB is slightly reduced on addition of
BQ and EDTA-2Na, which give further indication of involvement
of hydroxyl radical as the main reactive species as BQ not only
traps photogenerated electron but also minimizes the possi-
bility of double electron reduction, whereas, EDTA-2Na traps
the hole during reaction process.

In addition, the sole contribution of hydroxyl radicals was
further confirmed by terephthalic acid as a probe molecule using
PL analysis technique. It has been reported earlier that tereph-
thalic acid readily reacts with hydroxyl radical (formed during
semiconductor mediated photoinduced process) to give a fluo-
rescent product i.e. 2-hydroxyterephthalic acid (TA-OH), which
could be monitored by PL analysis to assess the involvement of
hydroxyl radical in the reaction medium. Fig. 11 shows the
change in PL intensity of TA-OH under UV-light irradiation of
a basic solution of terephthalic acid for 25 min in the presence of
Nd-doped ZnO nanoparticles. It could be seen from the figure
that the PL intensity (due to the formation of hydroxyl radical)
gradually increases with increasing irradiation time as evidenced
by PL signal observed at 425 nm. The aforementioned results
suggest that hydroxyl radical is the major reactive species
involved in the degradation of MB in the presence of Nd-ZnO
nanoparticle under our reaction condition.

On the basis of abovementioned results and reported
literature, a possible photocatalytic mechanism for the
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Fig. 10 Degradation percent of MB in the presence of different
scavengers over Nd-ZnO:; catalyst used 2 g L%, pH = 10. Error bars
showing % error in the three repeated experiments.
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Fig. 11 Hydroxyl radical trapping PL spectral changes at different time
intervals over Nd-ZnO in a basic solution of terephthalic acid.

degradation of MB over Nd-doped ZnO nanoparticles under
UV-light irradiation is proposed and illustrated in Fig. 12. The
bandgap energy of Nd-doped ZnO nanoparticles lies in the UV
region and therefore UV light source was used for testing of
our newly synthesized photocatalyst for the degradation of
MB. When ZnO absorbs photon equal to or greater than its
bandgap energy, electron could be excited from VB of ZnO to
the CB of ZnO and simultaneously leaving a vacancy or “hole”
in the VB of ZnO. Generally, these electron-hole pairs
recombine quickly, thereby decreasing the photocatalytic
activity of bare semiconducting material.”*””> On modification
of ZnO by doping with Nd, the excited electron in the CB can be
trapped by Nd, which serves as electron traps and effectively
separates the electron hole pair formation. The electrons
trapped by Nd would react with oxygen to produce hydroxyl
radicals through successive reaction as the final reactive
species. Meanwhile, the hole trapped in the VB of Nd-ZnO
system would undergo charge transfer to water molecule or
hydroxyl group adsorbed on the catalyst surface to generate
hydroxyl radicals. The hydroxyl radicals generated during
photocatalysis would react with the dye molecules adsorbed
on the surface and as a results, the pollutants could be effec-
tively degraded.” The above statement is further supported by
the previous finding where authors claim that the major
species generated in Nd-doped ZnO system is hydroxyl radi-
cals, which are responsible for the degradation of organic
pollutants.*® The formation of hydroxyl radicals in the case of
Nd-doped ZnO nanoparticles could be understood by double
electron reduction processes as given in eqn (8)-(14).

ZnO + Nd* —" . 7ZnO (h*) + Nd** (8)
Nd** + 0, » Nd** + 0, 9)

0, + H" - HOO’ (10)

HOO" + Nd** + H" — H,0, + Nd** (11)
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Fig. 12 Schematic illustration of plausible mechanism for the degradation of MB/RhB over Nd-ZnO under UV-light irradiation.

H,0, + Nd** - "OH + ~OH + Nd** (12)
ZnO (h™) + H,0 — "OH + H* (13)
'OH + MB/RhB — CO, + H,O (mineral acids) (14)

4. Conclusions

In summary, different rare earth metal doped ZnO nano-
particles were prepared by a facile sol-gel route and charac-
terized by different analytical techniques such as XRD, UV-
Vis-DRS, SEM-EDS, TEM, BET and TGA analyses. XRD and
TEM analyses clearly reveal the hexagonal structure of ZnO
nanoparticles which remain unchanged after doping. The
slight shift in the diffraction peaks towards lower theta angle
and red shift in the absorption spectra clearly indicate the
incorporation of rare earth metal into ZnO nanoparticles.
The photocatalytic activity of different samples was tested by
studying the degradation of MB and RhB under UV-light
irradiation. Among the different samples, Nd-doped ZnO
nanoparticles was found to be the most active photocatalyst
which showed 98% degradation and 68% mineralization of
MB during the course of the reaction. The effect of opera-
tional parameters such as catalysts loading, reaction pH and
effect of oxidants and inorganic ions on degradation of MB
was carried out. The results reveal that the optimal degra-
dation conditions for MB degradation are: 2 g L' catalyst,
reaction pH = 10 and 10 ppm MB concentration. Trapping
experiments and HO® quantification results imply the
involvement of HO" as the main reactive during the photo-
catalysis process. The mechanism of enhanced photo-
catalytic activity of Nd-doped ZnO nanoparticles involving
charge transfer mechanism through the combined effect of
Nd and ZnO has been proposed.
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