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A B S T R A C T

Pure ZnO nanoparticles (NPs) and mixed Eu2O3 and ZnO NPs with different Eu2O3 ratios (5%, 10%, and 15%)
were synthesized by a precipitation method under optimum conditions. The synthesized samples were charac-
terized by means of X-ray diffraction, scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy,
transmission electron microscopy (TEM), Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy,
and UV–vis diffuse reflectance spectroscopy. The as-synthesized ZnO NPs exhibit high phase purity and a highly
crystalline wurtzite ZnO structure. The mixed Eu2O3 and ZnO NPs exhibit a Eu2O3 zinc blend phase in addition to
the wurtzite phase of pure ZnO, confirming the high purity and good crystallinity of the as-synthesized samples.
The high-purity formation of ZnO and Eu2O3 phases was confirmed by FTIR and Raman spectra. Microstructural
analysis by SEM and TEM confirmed the sphere-like morphology with different particle sizes (29–40 nm) of the
as-synthesized samples. The photocatalytic activities of pure ZnO NPs and mixed Eu2O3 and ZnO NPs for the
degradation of methylene blue were evaluated under ultraviolet (UV) irradiation. The results show that Eu2O3

plays an important role in the enhancement of the photocatalytic properties of ZnO NPs. We found that mixed 5%
Eu2O3 and ZnO NPs exhibit the highest photocatalytic activity (degradation efficiency of 96.5% after 180min of
UV irradiation) as compared with pure ZnO NPs (degradation efficiency of 80.3% after 180min of UV irradia-
tion). The increased photocatalytic activity of the optimum mixed Eu2O3 and ZnO NPs is due to the high crys-
tallinity, high surface area with small particle size, and narrow energy gap.
1. Introduction

The study of semiconductor nanostructure materials is at the forefront
of scientists' attention because of their potential applications [1–4].
Mainly II-VI semiconductor compounds (e.g., ZnO-based materials) have
exceptional properties, such as a wide band gap (~3.37 eV at 300 K),
large exciton binding energy (60meV), high structural and chemical
stability, nontoxic nature, high surface area, and high catalytic activity
[5]. For instance, ZnO nanoparticles (NPs) are always at the center of
attention because of their current technological implementations (e.g.,
spintronics, magneto-optical devices, optical coatings, gas sensing, solar
cells, biosensors, piezoelectric devices, and photocatalytic degradation of
organic contaminants) [6–14].

Large-scale materials experience different physical and chemical
changes when they are of nanometer dimensions. Fabrication processes
may be tailored to produce materials optimized for specific uses. This
.S. Mohamed), ahmed_benzoic@yaho

ruary 2018; Accepted 2 February 20
justifies the attention to the synthesis of size-controlled ZnO nano-
crystallites featuring narrow size distributions and various morphologies.
Nanocrystallite synthesis methods involve the use of different physical
and chemical methods, such as physical vapor deposition [15], vapor
phase transport [16], pulsed laser deposition [17], molecular beam
epitaxy [18], chemical vapor deposition [19], and sol-gel [20], precipi-
tation [21], hydrothermal [22], and sonochemical [23] methods. The
precipitation method is favorable because of its minimal preparation
energy, inexpensiveness, and cost-effective approach, which make it
suitable for large-scale production [24].

Semiconductor photocatalysts (e.g., TiO2, WO3, Bi2O3, SnO2, CdS,
ZnS, and ZnO) have been widely used for degradation of organic dyes
[25,26]. ZnO has been used because of its high surface reactivity, suitable
band gap, low cost, and environmentally friendly nature [25,27]. On
excitation of ZnO by ultraviolet (UV) light, the resultant highly reactive
electron-hole pairs, in turn, create highly reactive species, such as �OH
o.com (A.M. Abu-Dief).
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and radicals. The highly reactive species promote photocatalytic
chemical reactions to oxidize organic and inorganic pollutants [28,29].
Since the photocatalytic properties of ZnO NPs strongly depend on their
morphology and on the physical properties of the nanocrystals, attempts
have beenmade to modify the shape, size, orientation, and other physical
properties of ZnO nanocrystals. The modifications are typically achieved
by doping or mixing with metallic or semiconductor materials for the
purpose of achieving higher photocatalytic efficiency [30].

Eu2O3 is one of the remarkable materials for advancements in elec-
tronic visual displays. It has a characteristic emission wavelength at
611 nm, which corresponds to one of the primary colors (red). Moreover,
its optical, electronic, and structural properties enabled many novel ap-
plications, such as high-performance luminescence devices, biomedical
sensors, catalysts, and optoelectronic devices [31]. However, the effect of
Eu2O3 on the photocatalytic activity of ZnO has not been fully studied
yet.

In this study, we synthesized, characterized, and investigated the
photocatalytic properties of mixed Eu2O3 and ZnO NPs with different
Eu2O3 mixing ratios (0%, 5%, 10%, and 15%). We used the precipitation
method with zinc(II) nitrate and europium(III) nitrate as starting mate-
rials. All samples were characterized in detail by X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy-dispersive X-ray spectros-
copy (EDXS), transmission electronmicroscopy (TEM), Fourier transform
infrared (FTIR) spectroscopy, Raman spectroscopy, and UV–vis diffuse
reflectance spectroscopy (DRS). We report that the photocatalytic ac-
tivity of mixed Eu2O3and ZnO NPs depends on the crystallinity, particle
size, and energy gap. In addition, we report on the optimum Eu2O3
experimental mixing conditions for the highest photocatalytic activity.

2. Experimental methods

2.1. Materials

All reagents and chemicals were of analytical grade and were used as
received without any further purification. Eu(NO3)3⋅6H2O and
Zn(NO3)2⋅6H2O (Sigma-Aldrich) were the europium and zinc precursors,
while NH4HCO3 (98%; Alfa Aesar) was the precipitating agent, and
triple-distilled water was used for washing the precipitate formed.
Methylene blue (MB; Sisco Research Laboratories) was used as the model
Fig. 1. Synthetic route for the investigated
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pollutant for the degradation study.

2.2. Synthesis of co-crystals (Eu2O3-ZnO)

Mixed Eu2O3and ZnO NPs (Eu2O3 ratios of 0%, 5%, 10%, and 15%)
were prepared by use of stoichiometric molar amounts of
Eu(NO3)3⋅6H2O (for mixed Eu2O3 and ZnO NPs) and Zn(NO3)2⋅6H2O
dissolved in 30ml water and stirred magnetically until the reactants
dissolved completely. Later, a solution of NH4HCO3 was added to the
dissolved mixture dropwise with stirring until the pH was 7. The product
obtained was stirred for an additional 1 h, then centrifuged and washed
several times with triple distilled water, and then dried at 120 �C for 3 h.
The powders obtained were ground to pass through 5-μm meshes, then
put in a crucible for calcination at 800 �C for 2 h with a heating rate of
10 �C min�1. Finally, the powders obtained were used for characteriza-
tion. Fig. 1 shows a summary of the procedures used for preparation of
the investigated mixed oxides.

2.3. Instruments

XRD analysis of pure ZnO NPs and mixed Eu2O3 and ZnO NPs was
conducted with a Philips X'pert MRD diffractometer with Cu Kα radiation
(1.5418 Å) in the 2θ range from approximately 10�–80� with an
enumeration time of 2.5 s per step and an interval of 0.05�. The EDXS
analysis was performed with a scanning electron microscope (JEOL-
6610VL) connected to an X-Max silicon drift detector. TEM investigations
was performed with a JEOL-JEM-2100F microscope operating at 200 kV.
The FTIR spectra of the samples were collected at room temperature with
use of the KBr pellet technique in the wavelength range from 400 to
4000 cm�1 by our averaging 15 scans at a maximum resolution of
4 cm�1. Raman spectra were recorded with a Raman spectrometer
(iHR550, Jobin Yvon–HORIBA) at room temperature. A double-beam
UV–vis–near-infrared (NIR) spectrophotometer (V-570, JASCO) with an
integrating sphere attachment (ISN-470, JASCO) for diffuse reflectance
measurements was used to calculate the optical energy gap [32].

2.4. Photocatalytic activity measurements

The photocatalytic performance of pure ZnO NPs and mixed Eu2O3
mixed Eu2O3 and ZnO nanoparticles.



Table 1
The crystallographic parameters, dislocation density, microstrain, and energy gap of pure
ZnO nanoparticles and mixed Eu2O3 and ZnO nanoparticles calculated from X-ray
diffraction and optical analysis.

Sample FWHM
(radians)

DV

(nm)
δD (1015

lines m�2)
εm
(10�3)

Eg
(eV)

Pure ZnO 0.23 38 0.69 0.95 3.23
5% Eu2O3 0.33 26.5 1.42 1.37 3.19
10%
Eu2O3

0.29 30.1 1.10 1.20 3.24

15%
Eu2O3

0.28 31.2 1.03 1.16 3.26

FWHM, full width at half maximum.
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and ZnO NPs was investigated by the photodegradation of MB as a
pollutant model under UV irradiation with use of a 40-W UV-C germi-
cidal lamp with main emission wavelength of 254 nm as a UV-light
source in accordance with the literature procedure [32]. Briefly, the
degradation efficiency depends on the illumination time and was eval-
uated by use of a double-beam UV–vis–near-infrared (NIR) spectropho-
tometer. For the photocatalytic studies, typically, 50mg of the
photocatalyst was dispersed in 100mlMB aqueous solution at a con-
centration of 10mg l�1 to produce a suspension for the degradation re-
action. Before illumination, the solution obtained was magnetically
stirred in the dark for 60min to obtain adsorption-desorption equilib-
rium. All experiments were performed under the same experimental
conditions (room temperature, constant magnetic stirring, and natural
pH). The suspensions were centrifuged, and the photocatalysts were
removed from the suspension. After the separation of the catalyst, the
change in MB concentration was determined through the change in
absorbance with a UV–vis–near-infrared (NIR) spectrophotometer.

3. Results and discussion

3.1. XRD analysis

The crystal structures of the synthesized samples were analyzed by
the XRD technique. The XRD patterns of pure ZnO NPs and mixed Eu2O3
and ZnONPs with different Eu2O3 mixing ratios of 5%, 10%, and 15% are
shown in Fig. 2. All the samples have strong and sharp diffraction peaks,
indicating a high degree of crystallization of ZnO and Eu2O3 crystals. For
the pure ZnO sample, all observed peaks in the XRD spectra can be well
indexed to the hexagonal (wurtzite) phase of crystalline ZnO, space
group P63mc with lattice constants a¼ 3.253 Å and c¼ 5.213 Å (Joint
Committee on Powder Diffraction Standards [JCPDS] file no. 76-0704).
No other secondary crystalline phases related to impurities were detected
by XRD, indicating the high wurtzite phase purity of the as-synthesized
ZnO nanostructure sample. Moreover, for mixed Eu2O3 and ZnO NPs
samples, the XRD patterns indicated the presence of extra patterns
related to the Eu2O3 cubic (zinc blende) phase in addition to the wurtzite
phase of pure ZnO with preferred orientation along the (101) plane
(JCPDS file nos. 34-0392 and 76-0704). This shows that Eu2O3 NPs are
on the ZnO surface and were not incorporated into the lattice of ZnO. The
peaks associatedwith the ZnO phase in themixed 5% Eu2O3 and ZnONPs
sample had higher intensity and a sharper peak profile compared with
the peaks of the other samples. This is clear evidence that preferential
orientation of ZnO was strongly promoted by Eu2O3 mixing. In addition,
the ZnO phase patterns appeared at the same diffraction angle without
any significant change, indicating the highly crystalline nature of ZnO
crystals without a change in the crystal structure. All samples exhibited a
maximum peak intensity at 2θ¼ 36.225� associated with (101) Miller
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indices related to the wurtzite ZnO phase, which was used to estimate the
crystallographic parameters of our samples. Debye-Scherer analysis
[32–36] was used to estimate the average grain size of crystallites (Dv),
the dislocation density (δD), and the microstrain (εm) of the nanopowder
samples according to the following equations:

Dv ¼ 0:94 λ

ðFWHMÞ cos θ ; (1)

δD ¼ 1
D2

v

; (2)

εm ¼ ðFWHMÞ cosθ
4

; (3)

where λ is the wavelength of the X-radiation source (i.e., λ¼ 1.5418 Å),
FWHM is the full width at half maximum in radians along the (120)
plane, and θ is the diffracted Bragg angle. The sample crystallite sizes
calculated by XRD analysis were consistent with the particle sizes esti-
mated by TEM analysis as reported in Tables 1 and 3. The increase of
strain caused an increase of the lattice constants, reduction in the particle
size, and broadening of the XRD peaks, and a decrease caused the
opposite effects, as seen from Table 1.
3.2. Microstructural studies by EDXS, SEM, and TEM analysis

The chemical compositions of pure ZnO NPs and mixed Eu2O3 and
ZnO NPs samples were analyzed by EDXS; the spectra are displayed in
Fig. 3. It is seen that the prepared powder samples are composed of
impurity-free constituents (i.e., Zn, O, and Eu only). This indicates the
high purity of the synthesized compounds. Moreover, the quantitative
EDXS analysis data confirmed the percentages of the elements Zn, O, and
Eu, and their observed weights (at %) are comparable with their nominal
Fig. 2. Typical X-ray diffraction patterns of pure ZnO
nanoparticles and mixed Eu2O3 and ZnO nano-
particles. The numbers above the peaks correspond to
the Miller indices (hkl) of the hexagonal ZnO struc-
ture and the cubic Eu2O3 structure.



Table 2
Energy-dispersive X-ray spectroscopy quantitative analysis of the compositional elements
of pure ZnO nanoparticles and mixed Eu2O3 and ZnO nanoparticles.

Sample Weight percentage (at %)

Zn O Eu

Pure ZnO 42.06 57.94 0
5% Eu2O3 31.76 66.72 1.52
10% Eu2O3 29.78 67.33 2.89
15% Eu2O3 31.72 63.52 4.76
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stoichiometry within experimental error. The Au peaks in the spectra
originated from the Au coating catalyst on which the Eu2O3-ZnO mixed
oxide samples were supported. The EDXS data show agreement with the
respective Eu2O3 atomic ratios (5%, 10%, and 15%) used for synthesis of
the Eu2O3-ZnO mixed oxide composites as reported in Table 2.

SEM and TEM analysis verified the pure ZnO NPs sample had sphere-
like morphology in addition to good separation of particles. The SEM and
TEM micrographs of the mixed Eu2O3 and ZnO NPs samples shown in
Figs. 4 and 5 illustrate high particle aggregation. We observed a change
in particle size and morphology on mixing Eu2O3 with ZnO, which
confirms there was a chemical interaction between the spherical ZnO
particles and Eu2O3 particles. In addition, Fig. 5 shows the diameter
distribution histogram of pure ZnO NPs and mixed Eu2O3 and ZnO NPs
Table 3
Mean particle size and specific surface area of pure ZnO nanoparticles and mixed Eu2O3 and Zn

Sample XRD analysis TEM analysis

Mean particle size
(nm)

Specific surface area
(m2 g�1)

Mean particle size
(nm)

Pure ZnO 38 28.1 39.9
5% Eu2O3 26.5 40.4 29.9
10%
Eu2O3

30.1 35.5 30.4

15%
Eu2O3

31.2 34.3 31.5

SEM, scanning electron microscopy; TEM, transmission electron microscopy; XRD, X-ray diffrac
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samples estimated by ImageJ (National Institutes of Health, USA)
[37–39]. From TEM analysis, the calculated mean particle sizes for the
pure ZnO NPs and the mixed Eu2O3 and ZnO NPs ranged from 29 to
40 nm, which is in good agreement with the values obtained from the
XRD analysis shown in Table 3. On comparing particle diameters ob-
tained with the SEM microstructure analysis software with the values
obtained by XRD and TEM analysis, we notice that the size obtained from
the SEM analysis is overestimated. The SEM algorithms might have been
confused by domain sizes of nanocrystallite aggregations [40]. It is worth
noting that different microstructural studies of particle size as a function
of mixing ratios show that the mixed 5% Eu2O3 and ZnO NPs sample has
the smallest particle size.

The specific surface area (SSA), defined as the total surface area per
unit mass, for adsorption and reactions on the material surface can be
computed with the following expression [41]:

SSA ¼ Ksf

DM � ρ
; (4)

where Ksf is the shape factor of powder NPs, DM is the mean particle size,
and ρ is the density of ZnO (5.61 g cm�3). By our assuming that all par-
ticles are spherical (Ksf¼ 6), we give the calculated SSA for pure NPs and
mixed Eu2O3 and ZnO NPs samples in Table 3, where particle sizes were
estimated with different techniques. We observed the increase of the SSA
O nanoparticles calculated by different analytical techniques.

SEM analysis

Specific surface area
(m2 g�1)

Mean particle size
(nm)

Specific surface area
(m2 g�1)

26.8 100 10.7
35.8 75 14.3
35.2 82 13

34 84 12.7

tion.

Fig. 3. Energy-dispersive X-ray spectros-
copy spectra of pure ZnO nanoparticles and
mixed Eu2O3 and ZnO nanoparticles. The Au
peaks in the spectra originated from the Au
catalyst coating on which the powder sam-
ples were supported.



Fig. 4. Scanning electron micrographs of
pure ZnO nanoparticles and mixed Eu2O3

and ZnO nanoparticles.
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of the ZnO nanostructure sample with increasing mixing ratio of Eu2O3 to
ZnO up to 5%, where the SSA started to decrease. Other researchers have
reported that a greater SSA of photocatalysts can enhance the number of
surface active sites and make charge carrier transport easier. Moreover, if
the particle size of the mixed Eu2O3 and ZnO NPs is decreased, the
conduction band may shift to more negative potentials and the valence
band may shift to more positive potentials as a result of the quantum
confinement effect, which could improve the photocatalytic reaction of
ZnO NPs [42]. Thus Eu2O3 mixing may play a role in enhancing the
photocatalytic activity of ZnO NPs, as we report later.

3.3. Infrared analysis

Fig. 6 shows the FTIR transmittance spectra of pure ZnO, pure Eu2O3,
and mixed Eu2O3 and ZnO NPs in the range from 400 to 4000 cm�1. In
the far-infrared region, for all samples the characteristic Zn–O stretching
mode for wurtzite ZnO was found at wave numbers between 490 and
500 cm�1; stretching modes below 500 cm�1 are indicative of the suc-
cessful formation of ZnO NPs [43]. The band centered at 877–880 cm�1

was assigned to the O–C–O bending mode of carbonate, which is
generally observed when FTIR samples are measured without a vacuum
[44]. In the mid-infrared region, the observed absorption peaks at
1400–1410 cm�1 and 1480–1500 cm�1 are attributed to the symmetric
and asymmetric stretching vibrations of the carboxylate ion (COO�),
respectively [45,46]. The significant absorption peaks at
3400–3420 cm�1 and 1620–1630 cm�1 are assigned to the O–H
stretching and O–H–O bending vibration modes of surface-adsorbed
water molecules, respectively [47]. It is worth noting that a new sharp
peak appeared at 3600 cm�1, indicating the formation of the Eu2O3 phase
[48], which is in good agreement with the XRD results. The difference in
peak positions indicated by the FTIR spectra may be due to the difference
in particle sizes, which was confirmed by XRD, TEM, and SEM analysis.
FTIR peak assignments for various functional groups are reported in
Table 4.
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3.4. Raman analysis

Among the optical spectroscopic techniques, Raman spectroscopy is
one of the most common techniques for the structural quality assessment
of semiconductor bulk crystals. Thus it plays an important role beside
infrared spectroscopy in providing a fingerprint by which molecules can
be identified, which is of great benefit in photocatalysis, optoelectronics,
and spintronics applications [30,49]. To assign the observed Raman
peaks, we started from the factor-group analysis, which predicts for the
P63mc unit cell of wurtzite-type ZnO the following vibrational repre-
sentation at the Γ point of the Brillouin zone [43,50]:

Γ ¼ 2A1 þ 2B1 þ 2E1 þ 2E2: (5)

The polar modes A1 and E1 are infrared active as well as Raman active
and hence exhibit two frequencies for transverse optical and longitudinal
optical phonon modes. The B1 modes are neither Raman active nor
infrared active; they are called silent modes. Furthermore, the nonpolar E2
mode has two frequencies: E2(high), associated with the motion of oxygen
atoms, and E1(low), associated with the motion of the Zn sublattice.

According to factor-group theory, 22 Raman-active modes (4Ag, 4Eg,
and 14Fg) have been predicted for the cubic-type Eu2O3 [51,52]. How-
ever, the detailed Raman mode assignment of Eu2O3 had not been fully
studied until now. Fig. 7 shows the Raman spectra for pure ZnO and
mixed Eu2O3 and ZnO nanostructures from 200 to 1000 cm�1. The sharp
peak at about 439 cm�1 is a typical Raman-active mode of the wurtzite
phase of pure nanocrystalline ZnO and corresponds to the nonpolar op-
tical phonon E2(high) mode [43,52]. The peak at 382 cm�1 is attributed to
the A1 (transverse optical) polar phonon mode of nanocrystalline ZnO
[43, 52]. The strongest peak, at 338 cm�1, is assigned to the Fg mode of
Eu2O3 [51]. The phonon mode at 285.5 cm�1 is attributed to the
stretching vibration modes of the Eu–O bonds [51,53]. Thus the Raman
analysis is in good agreement with both infrared analysis and XRD
analysis and confirms the purity of the samples.



Fig. 5. Transmission electron micrographs
with the diameter distribution histogram of
(a) pure ZnO nanoparticles (NPs), (b) mixed
5% Eu2O3 and ZnO NPs, (c) mixed 10%
Eu2O3 and ZnO NPs and (d) mixed 15%
Eu2O3 and ZnO NPs.
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3.5. DRS analysis

Measurement of diffuse reflectance spectra of bulk samples by DRS
plays an important role in estimating the optical energy gap of semi-
conductor materials [54]. In this context, Kubelka-Munk theory provides
the theoretical description of the diffuse reflectance process for powder
samples. The Kubelka-Munk method was applied to convert the diffuse
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reflectance spectra into an equivalent transformed (Kubelka-Munk)
function as given by the following relation [55]:

FðRÞ ¼ ð1� RÞ2
2R

; (6)

where F(R) is the Kubelka-Munk function and R is the reflectance of the



Fig. 6. Fourier transform infrared spectra of pure
Eu2O3, pure ZnO, and mixed Eu2O3 and ZnO
nanoparticles.

Table 4
Fourier transform infrared peak assignments for the pure ZnO nanoparticles and mixed
Eu2O3 and ZnO nanoparticles.

Functional group assignments Wavenumber (cm�1)

Pure
ZnO

5%
Eu2O3

10%
Eu2O3

15%
Eu2O3

Stretching vibration of Zn–O 496 495 498 492
O–C–O bending mode of
carbonate

877 880 877 879

Symmetric stretching of the
carboxylate ion (COO�)

– 1409 1401 1400

Asymmetric stretching of the
carboxylate ion (COO�)

– 1484 1498 1495

H–O–H bending vibration of
water

1624 1629 1630 1623

O–H stretching vibration of water 3420 3405 3409 3408
Eu2O3 band – 3600 3600 3600
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powder sample. A modified Kubelka-Munk function can be estimated by
multiplication of the F(R) function by the photon energy (hν), with use of
the corresponding coefficient (n), which depends on the electronic
transition probability as follows:

½FðRÞ � hν�n; (7)

where n¼ 2 for a direct allowed transition. The direct optical energy gap
values for our powder samples were obtained by extrapolation of the
linear portion of the plots of ½FðRÞ � hν�2 versus the photon energy (hν) in
electron volts to the energy axis at F(R)¼ 0. Fig. 8(a) shows the corre-
sponding diffuse reflectance spectra of pure ZnO NPs and mixed Eu2O3
381
and ZnO NPs in the wavelength range between 200 and 800 nm. Fig. 8(a)
indicates that all the reflectance curves show characteristic absorption
below 420 nm, corresponding to the intrinsic absorption edge of ZnO NPs
[56]. Moreover, the reflectance spectra show that the reflectance of all
the samples was increased with increasing Eu2O3 mixing ratio, except for
the mixed 5% Eu2O3 and ZnO NPs sample, which has lower reflectance
than the other samples. The inset in Fig. 8(a) shows the reflectance
changes clearly. In all samples of interest, we found the energy gap (Eg)
values to be independent of particle size for the range from 3.19 to
3.26 eV as reported in Tables 1 and 3 Fig. 8(b) shows that Eg decreases
from 3.23 to 3.19 eV (i.e., red shifted) for the mixed 5% Eu2O3 and ZnO
NP sample. When the mixing ratio increases to 10% and 15%, Eg starts to
blue shift to 3.24 and 3.26 eV, respectively. Such redshifts and blue shifts
in the Eg values may be related to the quantum confinement effect of
nanostructures, which could modify the ability of the ZnO NPs to absorb
more light [57]. The results in Table 1 emphasize the effectiveness of
optimizing the Eu2O3/ZnO ratios to shift the optical energy gap of ZnO
NPs.

3.6. Photocatalytic studies

To examine the photocatalytic activities of the as-synthesized prod-
ucts, photodegradation experiments were conducted with MB under UV
irradiation by our monitoring the MB degradation using optical absorp-
tion spectroscopy. As seen in Fig. 9, for all samples the two main ab-
sorption peaks of MB at λmax¼ 290 nm and λmax¼ 662 nm gradually
decreased with illumination time without any significant changes in the
position of the peaks. This indicates that pure ZnO NPs and mixed Eu2O3
and ZnO NPs show photocatalytic activity in the degradation of MB. The
characteristic absorption peak of MB at λmax¼ 662 nm was chosen to
Fig. 7. Room temperature Raman spectra of pure
ZnO nanoparticles and mixed Eu2O3 and ZnO
nanoparticles.



Fig. 8. (a) UV–vis diffuse reflectance spectra of pure ZnO nanoparticles and
mixed Eu2O3 and ZnO nanoparticles. (b) The calculation of the optical energy
gap (Eg) using the transformed Kubelka-Munk function versus energy (hν)
plot. In the inset, the reflectance spectra around the intrinsic absorption edge
(350–450 nm) are enlarged. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.) Fig. 9. UV–vis absorption spectra of methylene blue on irradiation with UV

light obtained with (a) pure ZnO nanoparticles (NPs), (b) mixed 5% Eu2O3

and ZnO NPs, (c) mixed 10% Eu2O3 and ZnO NPs, and (d) mixed 15% Eu2O3

and ZnO NPs as photocatalysts. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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represent the MB photocatalytic degradation on continued exposure to
UV radiation. The degradation efficiency of MB was calculated with use
of the Beer-Lambert law, which gives the relation between the concen-
tration (C) and the absorbance (A) of MB at time t as

degradation  efficiency ð%Þ ¼ C0 � C
C0

� 100% ¼ A0 � A
A0

� 100%;  (8)

where C0 and A0 are the initial concentration and initial absorbance of
MB at initial time t0. The degradation efficiency of pure ZnO NPs and
mixed Eu2O3 and ZnO NPs was evaluated under UV irradiation with use
of Eq. (8), as shown in Fig. 10 and Table 5. The photocatalysis of all
samples indicated that the photocatalytic activities did not increase
indefinitely with an increase of the Eu2O3 mixing ratio. Rather, the
photocatalytic activity began to decrease when the Eu2O3 content was
about 10% and 15%. We found that the photocatalytic performance of
the mixed 5% Eu2O3 and ZnO NPs was better than the performance of the
other photocatalysts. The photodegradation of MB by ZnO NPs follows
pseudo-first-order kinetics in accordance with the modified Langmuir-
Hinshelwood model as reported in Refs. [58,59]:

ln
�
C0

C

�
¼ kt; (9)

where t is the irradiation duration, C ¼ C0 at t¼ 0 and low initial MB
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concentration, and k is the first-order reaction rate constant. From our
experiment, the behavior of the initial and the later concentration ratios
of MB—that is, ln(C0/C)—as a function of irradiation time (t) shows a
linear dependence. This result reproduces the first-order reaction kinetics
behavior of Eq. (9). Fig. 11 shows the linear relationship of ln(C0/C)
versus t for all samples investigated. The reaction rate constants (i.e., k)
may be calculated from the slopes of the plots in Fig. 11 for each specific
sample. Table 5 gives the main photocatalytic parameters for pure ZnO
NP and mixed Eu2O3 and ZnO NP photocatalysts. The results show that
the mixed 5% Eu2O3 and ZnO NP sample has the highest photocatalytic
degradation efficiency (i.e., 96.5% after an exposure time of 180min).
The mixed 10% Eu2O3 and ZnONP sample and themixed 15% Eu2O3 and
ZnO NP sample had photocatalytic degradation efficiency of 89.9% and
76.8%, respectively, under the same conditions.

Under proper energy-gap illumination, mixed semiconductor nano-
materials support transfer of charge carriers (electron-hole pairs) to the
photoreaction surface [60]. The mixed Eu2O3 and ZnO NP photocatalyst
exhibits significant photocatalytic performance compared with individ-
ual ZnO NPs and Eu2O3 NPs because of the effective separation of charge
carriers between the ZnO and Eu2O3 interface. Moreover, the mixed 5%
Eu2O3 and ZnO NP sample had the highest photodegradation rate



Fig. 10. Degradation efficiency of methylene blue on irradiation with UV
light obtained with pure ZnO nanoparticle and mixed Eu2O3 and ZnO nano-
particle photocatalysts.

Table 5
Photocatalytic parameters for the pure nanoparticle and mixed Eu2O3 and ZnO nano-
particle photocatalysts.

Sample Irradiation
time, t (min)

Photodegradation
efficiency (%)

Photodegradation rate
constant, k (10�3 min�1)

Pure
ZnO

180 80.3 9

5%
Eu2O3

180 96.5 15

10%
Eu2O3

180 89.9 12

15%
Eu2O3

180 76.8 8

Fig. 11. Kinetic fit of the rate of degradation of methylene blue catalyzed by
pure ZnO nanoparticles and mixed Eu2O3 and ZnO nanoparticles.
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constant (15� 10�3 min�1). The enhanced photocatalytic activity of
mixed 5% Eu2O3 and ZnO NPs as compared with pure ZnO NPs and the
other mixed Eu2O3 and ZnO NP samples can be attributed to the
improved crystallinity and increased SSA with small particle size and
narrow energy gap as seen in Tables 1 and 3 Several properties, such as
particle size, crystallinity, and narrow energy gap, can directly influence
the photocatalytic performance of the as-synthesized product. Smaller
particle size may increase the SSA and, therefore, the number of active
surface sites, which promotes the separation efficiency of the charge
carriers (electron-hole pairs) in the photocatalytic reactions [60]. Nar-
rowing the band gap extends the range of absorbed wavelengths of light,
383
which improves the photocatalytic performance of ZnO NPs. It is worth
noting that excessive mixing of ZnO NPs with Eu2O3 would negatively
affect the photocatalytic performance of ZnO NPs by reducing the
number of surface sites available for the photocatalytic reaction process.

By comparing the photocatalytic activity of our optimally prepared
samples with that in previously published work, we see that mixed 5%
Eu2O3 and ZnO NPs show improved photocatalysis. For instance, Sit-
thichai et al. [61] reported that for the photocatalytic degradation of MB
under UV irradiation using pure ZnO NPs and Mg-doped ZnO NPs with
different Mg ratios (1, 3, and 5 wt %) as photocatalysts, the reaction rate
constants were 4.28� 10�3, 6.67� 10�3, 7.52� 10�3, and 8.83� 10�3

min�1, respectively. Sitthichai et al. also reported that ZnO NPs degraded
only 76% of MB under UV irradiation for 300min. Di Mauro et al. [62]
showed that the calculated photodegradation rate constants of MB irra-
diated by a UV lamp with use of pure ZnO nanofibers and Pt NPs mixed
with ZnO nanofibers as photocatalysts were 9.2� 10�4 and 1.3� 10�3

min�1, respectively. Lastly, Seema et al. [63] showed that the photo-
degradation rate constant of MB under UV irradiation for SnO2 NPs as a
photocatalyst was only 2� 10�3 min�1. In short, we report that the
photocatalytic degradation efficiency of our samples is very high
comparedwith that in recent studies on the photocatalytic degradation of
MB by various pure, doped, and mixed ZnO nanostructures.

3.6.1. Recycling stability test
The recycling stability test of a photocatalyst for the degradation of

organic dyes predicts its long-term performance and economics. Fig. 12
shows the repetitive photocatalytic degradation efficiency for MB as a
function of UV exposure time. At each cycle, a centrifugal process is
performed on the MB solution to isolate the raw catalyst powder.
Thereafter, the powder is dried at 80 �C for further use. Fig. 12 shows that
after four cycles the mixed Eu2O3 and ZnO NP photocatalyst experiences
a minor decrease in degradation efficiency. This shows the photostability
and reusability of the mixed Eu2O3 and ZnO NP photocatalyst.

3.6.2. Photocatalytic mechanism
Eu2O3 and ZnO NPs can exchange energy; such a process could be

used to enhance photocatalytic reactions [64–66]. Fig. 13 shows a
possible photocatalytic mechanism of ZnO photocatalyst in presence of
Eu2O3 when both are irradiated by UV light. The process may be
described as follows. The inhomogeneous distribution of Eu2O3 on ZnO
NPs and thus the Eu2O3-ZnO contact points facilitates the energy transfer
from Eu2O3 to ZnO [66]. The latter process makes the Eu2O3 NPs serve as
an “energy reservoir,” first absorbing then transferring energy to ZnO.
The ground and excited energy states of Eu3þ ions in Eu2O3 are very
close, which promotes electron excitations between the lanthanide
electronic structure of 4fx5dy under UV irradiation. Red emissions have
been commonly observed under UV excitation of Eu2O3 NPs because of
the Euþ3 characteristic spectral lines of the transitions between the
ground state manifold and the first excited state; that is, 5D0 →

7FJ (j¼ 0,
1,2,3) [48,67]. On UV illumination, a large number of carriers are
transferred to excited states of Eu2O3 NPs. Thereafter, excited carriers in
Eu3þ relax radiatively, giving a photon energy (red emission photon) that
may be reabsorbed by ZnO. In addition, ZnO may be directly excited by
UV radiation. In this process, two carriers are excited together, which
greatly suppresses the recombination of photogenerated electron-hole
pairs (e�CB þ eþVBÞ and increases the number of active species for dye
degradation [68]. The preceding explanation is true for optimal mixing
conditions. However, excessive Eu2O3 loading can mask the surface of
the catalyst, resulting in a reduced photoexcitation capacity of ZnO NPs.
As a result, the photogenerated eþVB in the valence band reacts with H2O
to produce hydroxyl radicals, �OH. Moreover, e�CB in the conduction band
reacts with adsorbed O2 on the ZnO surface to generate superoxide
radical anions, . The superoxide radical anions act as a strong
reducing agent and may form an organic peroxide or hydrogen peroxide.
The hydroxyl radicals act as a strong oxidizing agent and may degrade



3

Fig. 12. Cycling runs of mixed 5% Eu2O3 and ZnO nanoparticle photocatalyst for photodegradation of methylene blue under UV irradiation.

Fig. 13. Photocatalytic degradation mechanism of
methylene blue with mixed Eu2O3 and ZnO nano-
particles under UV irradiation.
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dyes to H2O and CO2. This photocatalytic mechanism of the mixed Eu2O3
and ZnO NPs explains the enhancement of dye photodegradation since
more carriers would intuitively result in more electron-hole pairs. The
charge separation and photocatalytic reaction mechanisms can be sum-
marized as follows:

Optical excitation

Eu2O3 þ UV light ���������!optical excitation
 Eu2O3

�
e�CB þ eþVB

� �������! fast relaxation

recombination
 Eu2O

þ red  emission  photon

(10)

Electron-hole pair generation ðe�CB ;  eþVBÞ

ZnOþ  red emission  photon→ ZnO
�
e�CB þ eþVB

�
      (11)

ZnOþ UV light→ZnO
�
e�CB þ eþVB

�
  (12)

Formation of hydroxide radicals

(13)

Formation of superoxide anion radicals

(14)
384
Oxidation of MB

(15)

4. Conclusions

In summary, pure ZnO NPs and mixed Eu2O3 and ZnO NPs with
different Eu2O3 ratios were successfully synthesized by a precipitation
method under optimum conditions. The samples obtained were system-
atically characterized in detail by various techniques in terms of their
structure, morphology, composition, and optical and photocatalytic
properties. All characterization techniques confirm that the synthesized
products were highly pure and well-constructed. The pure ZnO NPs and
mixed Eu2O3 and ZnO NPs samples showed enhanced photocatalytic
efficiency toward the degradation of MB under UV irradiation. Our re-
sults show that the optimum Eu2O3 mixing condition is a critical factor in
enhancing the photocatalytic activity of ZnO NPs. We found that Eu2O3
NPs served as an “energy reservoir” by transferring absorbed energy to
ZnO NPs. The mixed 5% Eu2O3 and ZnO NPs showed the highest pho-
tocatalytic activity under UV radiation and achieved the maximum
degradation efficiency of 96.5% after irradiation for 180min (photo-
degradation rate constant of 15� 10�3 min�1). Because of the high
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photocatalytic performance and simple synthesis procedures, it is ex-
pected that the mixed Eu2O3 and ZnO NPs could be used in many
applications.
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