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Abstract

The synthetic method used for preparing ZnO nanoparticles strongly influenced the products obtained. The ZnO powders
incorporated more La when prepared by the mechanical milling method whereas the La,O3/ZnO composite nanoparticles were formed
better using the precipitation method. The phase formations were detected by the X-ray diffraction technique and the morphology of the
samples was followed by scanning electron microscopy. The La contents affected the crystallite size. This was explained by the
formation of La—O—Zn on the surface of the samples and by the Zener pinning effect. The band gap energy of the samples was
influenced by repulsion between the valence and conduction bands and the presence of a secondary phase. The photocatalytic
degradation of a methylene blue solution by the samples depended upon the number of oxygen vacancies.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) is an important semiconductor mate-
rial both in the form of a ceramic or a powder. Intrinsi-
cally, ZnO is an n-type semiconducting compound with a
wide band gap energy of about 3.2 ¢V and a large exciton
binding energy of 60 meV at room temperature [1]. Due to
its unique properties, ZnO can be used for many applica-
tions including the production of paint [2], ceramics [3],
photocatalysis [4] and electronics [5]. For a decade now,
photocatalytic studies have mainly focused on TiO, [6-8]
because it is a stable and harmless material. However, TiO,
particles have to be excited by high photon energy to
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initiate any photocatalytic process. This catalyst has a low
quantum yield rate due to its low rate of electron transfer
to oxygen and so allows for a high rate of recombination
of excited electrons and holes [9]. Recently, many research
groups have concentrated on the potential of ZnO particles
for their photocatalytic activities instead of TiO, particles.
Although the band gap energy and photodegradation
mechanism are similar, many documents have reported
that the ZnO photocatalyst had a higher photocatalytic
efficiency [10]. Moreover, ZnO, in contrast to TiO,, can be
synthesized from common inorganic zinc salts. It is well
known that ZnO nanoparticles can be fabricated through
two major routes, namely (1) the top-down route that
includes conventional [11], mechanochemical [12] and
mechanical milling [13] and (2) the bottom-up route that
includes solvothermal [14], sol-gel [15] and precipitation
methods [16]. Both these major routes have different
advantages and disadvantages; but each can be used to
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produce high quality ZnO nanoparticles. In this study, the
precipitation and mechanical milling methods were chosen
as representatives for bottom-up and top-down techniques,
respectively. For precipitation method, this is a common
method that can be used for large scale production, the
unsophisticated equipments are required and the morphol-
ogy can be modified by addition of appropriate surfactants
and doping metals [17]. For the mechanical milling
technique, this method can easily reduce the particle size
down to nanoscale level, the solubility limit of doping
metal can be extended at low temperature and amorphous
phase can be easily produced [18]. Recently, a number of
studies have focused on improving the ZnO properties by
doping with metals. Amornpitoksuk et al. [19] investigated
the effects of Ag-doped ZnO nanoparticles, prepared by a
precipitation method, on their structural, photocatalytic
and antibacterial properties. They reported that the parti-
cle sizes decreased, and the photocatalytic efficiency for
degradation of methylene blue increased as a function of
the Ag concentration. The Ag-doped ZnO nanoparticles
inhibited Staphylococcus aureus, but had no effect on
Escherichia coli. Benhebal et al. [20] showed that the band
gap energy was reduced when ZnO was doped with 10%
lithium, sodium or potassium due to an increase in its
crystallinity. The Na- and Li-doped ZnO particles also had
an improved efficiency to degrade phenol and benzoic acid,
but the K-doped ZnO particles had reduced degradation
efficiency. He et al. [21] prepared Co-doped ZnO nano-
particles by a co-precipitation method and concluded that
the photocatalytic degradation of Rhodamine B was
decreased by Co-doping. Xu et al. [22] revealed the effects
of changing Co concentrations on the properties of ZnO
nanoparticles that had been synthesized by the hydrother-
mal method. They found that the crystallite size decreased
and band gap energy increased as a function of the Co
concentration. They also reported that the 3 mol% Co-
doped ZnO nanoparticles degraded 78% of methyl orange
after reacting for 240 min. Zhong et al. [23] prepared Bi-
doped ZnO nanoparticles by a parallel flaw precipitation
method. The 5 mol% Bi-doped ZnO nanoparticles showed
a better photocatalytic degradation of methyl orange. Patil
et al. [24] studied the effect of S-doped ZnO nanoparticles
prepared by a mechanochemical synthesis on their struc-
tural, optical and photocatalytic properties. They con-
cluded that the incorporation of sulfur expanded the
lattice constant of the ZnO and the S-doped ZnO nano-
particles had more oxygen vacancies than pure ZnO. This
produced an increase in photocatalytic efficiency. Anandan
et al. [25] prepared La-doped ZnO nanoparticles by a co-
precipitation method and they showed that the rate of
degradation of monocrotophos in aqueous solution for La-
doped ZnO nanoparticles increased with an increase of the
La content up to 0.8 wt% and then decreased. In addition,
the properties of other metal dopants such as Al, Ta, Sn,
Cu, Cd, Pd, Cr and Mn on the ZnO properties were also
investigated [26—33]. However, there have been few reports
on the effects of La-doped ZnO nanoparticles on the

photocatalytic activity, and none that has reported on
the photocatalytic properties of the La-doped ZnO nano-
particles prepared by mechanical milling. Therefore, we
have studied and compared the structural, optical and
photocatalytic properties of La-doped ZnO nanoparticles
prepared by both precipitation and mechanical milling
methods.

2. Experimental

The starting materials used in this experiment were
analytical grade and used without further purification.
Zinc acetate dihydrate (Zn(CH;COO),-2H,0) and
sodium hydroxide (NaOH) were from Sigma-Aldrich,
Germany. Lanthanum chloride hydrate (LaCls-H,0)
was from Fluka, Austria. Poly (ethylene glycol)-block-poly
(propylene glycol)-block-poly (ethylene glycol) (PEO;,gP-
POs4PEO >3, M.W. 14,400) was from Fluka, France. Zinc
oxide (ZnO) was from Fluka, Switzerland, lanthanum
oxide (La;03) was from Fluka, China and methylene blue
(C16H13N5CIS - 2H,0) was from UNILAB, Australia.

2.1. The mechanical milling method

Powders were weighed to obtain mixtures of ZnO with 1, 3,
5, 7 and 10 mol% La,Oj3 or equivalent to a stoichiochemistry
of Zn;_,La, O where x=0, 0.01, 0.03, 0.05, 0.07 and 0.10,
respectively. The milling was done by a Pulverisette 7
FRITSCH planetary ball mill. Both the vessel and the balls
were made from silicon nitride. The ball-to-powder weight
ratio was 10:1. The milling speed and milling time were
400 rmp and 15 h, respectively. The mixtures were milled for
10 min, alternating with a stop for 5min to prevent over-
heating and to reduce engine wear. After collecting the
products, they were annealed in air at 600 °C for 1 h.

2.2. The precipitation method

The 0.01 mol Zn(CH3COO), -2H,0O was dissolved in
100 mL distilled water at room temperature by vigorous
and continuous stirring. Then, the 1, 3, 5, 7 or 10 mol%
LaCl;-H,O was added into each of the zinc precursor
solutions. After that, 0.7 mmol PEO;,sPPOs,PEO;,5 was
added into the above solutions and stirred until the
solutions were clear. Finally, 0.1 mol NaOH dissolved in
100 mL distilled water was added slowly into the PEO;,3P-
POs4PEO,s-modified precursor solutions. The white pre-
cipitates that formed were continuously stirred at 60 °C for
1 h before filtering, rinsing with distilled water several
times and ethanol, drying at room temperature then finally
calcined at 600 °C in air for 1 h.

2.3. Characterizations
The structural and phase formations were identified by an

X-ray diffractometer (XRD, X’Pert MPD, PHILIPS). The
morphological investigation was carried out by a scanning
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electron microscopy (SEM, QUANTA 400, FEI). The diffuse
reflectance spectra of the La-doped ZnO nanoparticles were
recorded by a UV-vis spectrophotometer (UV-vis 2450,
Shimadzu) and the room temperature photoluminescence
(PL) spectra of the La-doped ZnO nanoparticles were deter-
mined by a luminescence spectrometer (LS/55, Perkin—Elmer).

2.4. The photocatalytic degradation test

The photocatalytic activity of the La-doped ZnO nano-
particles, was evaluated by using methylene blue (MB) as
the model at room temperature and pH 6.5, after irradia-
tion with UV light. In a typical procedure, a mixture of
150 mL of 1.5x 107> M MB solution and 150 mg of the
La-doped ZnO nanoparticles was stirred for 30 min, to
reach adsorption equilibrium in the dark. The mixture was
then photoirradiated using three parallel blacklight fluor-
escent tubes (15W). 3mL of the MB solution was
collected after irradiation times of 0.5, 1.0, 1.5, 2.0, 2.5
and 3.0 h and centrifuged to separate the powders. The
concentrations of the remaining MB solutions were ana-
lyzed using a UV-vis spectrophotometer (lambda25,
Perkin—Elmer) at 665 nm.

3. Results and discussion
3.1. XRD analysis

In order to investigate the crystal structure, lattice
parameters and crystallite sizes of the La-doped ZnO
nanoparticles, XRD analysis was used. Fig. 1 shows the
XRD patterns of pure ZnO and La-doped ZnO nanopar-
ticles prepared by the precipitation and mechanical milling
methods.

For the La-doped ZnO nanoparticles prepared by the
precipitation method, the XRD analysis showed that a
secondary phase occurred in the XRD pattern when the La
content was >3 mol% (Fig. la). The major phase
observed in the XRD pattern was the ZnO hexagonal
wurtzite structure according to the JCPDS standard card
number 36-1451 and the secondary phase observed in the
XRD pattern was for La;O3. The XRD patterns of the La-
doped ZnO nanoparticles prepared by the mechanical
milling (Fig. 1 b) were similar to the ZnO powder and
were indexed to the pure ZnO hexagonal wurtzite structure
according to the JCPDS standard card number 36-1451
when the La content was in a range of 0-7 mol%. An
exception was that, a peak of the secondary phase
appeared as the La content was doped at 10 mol%. It
was evident that different amounts of La can be incorpo-
rated into the ZnO lattice produced by different methods
even though the La content was first introduced at the
same equivalence to the stoichiometry of the Zn,_,La, O
(where x=0, 0.01, 0.03, 0.05, 0.07 and 0.10). From the
XRD results, it was determined that the La can be more
easily incorporated into the ZnO lattice when it was
prepared by mechanical milling. This is because the impact

a
s = * La,0;
Sa 2
—_ = —_ S o &~
3 5 § £ 2&§
s Ny L LA ST
= 10 mol% La
E’ ' A J\._JL..J\«___ 7 mol% La
= A 5 mol% La
- 3 mol% La
b 1 mol% La
UL 0 mol% La

100 20 30 40 50 60 70 8 90
20 ()

: LaZOR

10 mol% La

7 mol% La

intensity (a.u.)

5 mol% La
3 mol% La
1 mol% La

0 mol% La

T

30 40 S50 60 70 80 90
20 ()

Fig. 1. XRD patterns of La-doped ZnO nanoparticles prepared by
different methods (a) precipitation and (b) mechanical milling.

10 20

force from the collision process can drive the incorporation
of La. A higher intensity of the XRD peaks was observed
from the samples prepared by the precipitation method.
This indicated a better crystallinity. In this study, the
lattice parameters for ¢ and ¢ for the hexagonal wurtzite
structure were evaluated from the (100) and (002) planes,
respectively through the following relationship [34]:

1 4 [h2+hk+k2} IS

= - += (1)

2 .
diy a c

where dj,, is the lattice spacing of the (ikl) plane and a and
¢ are the lattice parameters. It was observed that the lattice
parameters @ and ¢ of the La-doped ZnO nanoparticles
showed little change but were decreased when compared
with the undoped ZnO nanoparticles. Because the ionic
radius of the La®>" ion (116 pm) is larger than the ionic
radius of the Zn>* ion (74 pm), it is more difficult for the
La’** to substitute for the Zn?" ion as also occurred in the
case of Ce-doped ZnO nanoparticles [35]. This is in good
agreement with the Hume-Rothery rules, a substitutional
solid solution cannot form, if the atomic radii of the La
differ from the Zn by more than 15%. For this reason, the
La’* ions prefer to become interstitial in the ZnO lattice
where they form a complex with the surface oxygen of the
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Data from the XRD analysis for the La-doped ZnO nanoparticles prepared by different methods.

Method La (mol%) D (nm) [ (nm) Lattice parameter (nm) E, (eV)
a c
Precipitation 0 38.89 0.3737 0.3252 0.5210 3.217
1 38.61 0.3735 0.3250 0.5207 3.221
3 37.82 0.3735 0.3249 0.5207 3.220
5 35.71 0.3735 0.3251 0.5207 3.203
7 33.61 0.3733 0.3249 0.5205 3.200
10 27.56 0.3731 0.3247 0.5203 3.196
Mechanical milling 0 37.53 0.3734 0.3249 0.5206 3.156
1 33.36 0.3731 0.3247 0.5202 3.159
3 31.28 0.3730 0.3247 0.5200 3.163
5 29.80 0.3730 0.3247 0.5200 0.169
7 25.80 0.3728 0.3247 0.5199 3.171
10 33.35 0.3734 0.3248 0.5206 3.154

ZnO nanoparticles as reported elsewhere [25,35,36], and
caused a decrease of the lattice parameter for the La-doped
ZnO nanoparticles prepared by the mechanical milling
method (Table 1). In a similar way, the lattice parameters
of the La-doped ZnO nanoparticles prepared by the
precipitation method slightly decreased as a function of
the La content. This decrease in the lattice parameters was
influenced by the La,Oj secondary phase as demonstrated
in our previous study [34].

Normally, the width of the diffraction peaks is related to
the crystallite size, microstrain and defects such as their
stacking faults and dislocations [37]. The crystallite size
can be calculated using the Scherrer equation [34]:

ki
"~ Pcos 0

2

where k is the constant, 6 is the Bragg angle of (hkl)
reflections, 4 is the wavelength of X-rays used and d is the
crystallite size.

For the nanoparticles obtained, it was observed that the
crystallite size of the La-doped ZnO nanoparticles
decreased with an increasing content of La doping except
for the ZnO doping with 10 mol% La prepared by the
mechanical milling method. In this study, the reduction of
the crystallite size can be explained by two possible
mechanisms. First, the decrease in the crystallite size of
the La-doped ZnO nanoparticles is mainly attributed to
the formation of La—O-Zn on the surface of the La-doped
ZnO nanoparticles. This can inhibit the crystal growth [25].
The bond length of the La-doped ZnO nanoparticles was
calculated to observe the influence of the La doping
content via the following equation [37] and the result is
tabulated in Table 1.

2 3 2\ 2
I= ["?Jr(r;?) cZ] 3)

where / is the bond length and ¢ and ¢ are the lattice
parameters. The bond length slightly contracts as a func-
tion of the La doping content except for the 10 mol% La-
doped ZnO nanoparticles prepared by mechanical milling
and this result is in good agreement with the crystallite size
obtained. Secondly, the decrease in crystallite size as a
function of the La content can be explained by the Zener
pinning and solute drag effect as reported in Ref. [13].

3.2. Morphological study

The La-doped ZnO nanoparticles obtained by both the
precipitation and mechanical milling methods show clus-
ters of agglomerated nanoparticles (Fig. 2). For the La-
doped ZnO nanoparticles fabricated by the precipitation
method, the particles had agglomerated as shown in
Fig. 2(a). In a similar way, the La-doped ZnO nanopar-
ticles milled at 400 rpm for 15h and then annealed at
600 °C for 1 h produced homogeneous spherical nanopar-
ticles that became agglomerated into the clusters (Fig. 2b).
As we know that the nanomaterials are thermodynamically
metastable, thus the nanoparticles prefer to associate with
one another to form large stable structures in order to
reduce the overall surface energy. Obviously, the particle
size of the La-doped ZnO nanoparticles prepared by the
precipitation method at the same equivalent La doping
content is bigger than the particles obtained from mechan-
ical milling. The larger particles can be explained by the
Ostwald ripening effect, in which a relatively large particle
grows at the expense of the smaller ones. Normally, the
Ostwald ripening occurs over a wide range of temperatures
and the Ostwald ripening occurs more easily when the
particles are dispersed in a solvent. This ripening was
encouraged when the aging process occurred at 60 °C for
1 h, when the precipitation method was utilized. In this
study, there was a difference between the crystallite and the
particle sizes. The reason is well known, as the particle size
obtained from the SEM was obtained from the difference
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Fig. 2. SEM images of La-doped ZnO nanoparticles prepared by different methods (a) precipitation and (b) mechanical milling.

between the grain boundaries, whereas the crystallite size
was obtained from the XRD analysis that was extended
to the crystalline region and coherently diffracted the
X-ray [15].

3.3. Optical properties

The optical properties are very important parameter to
select the materials for use in a particular application. In
this study, the band gap energy (E,) of the La-doped ZnO
nanoparticles was evaluated from the plot of (xE)* versus
E when using the data from the transmittance spectra. The
absorption coefficient (¢) can be calculated from the
following relationship [15]:

o= %ln (%) 4)

where 7 is the thickness of the samples (0.4 cm) and 7 is the
transmittance. The photon energy (F) was estimated by the
relationship [1]:
1240
E="" (5)
A

where / is the wavelength in nanometers. The values of the
direct band gap energy were obtained from the linear
portion of the plots after extrapolating to zero as shown in
Fig. 3 and the results are given in Table 1.

The E, value shifted to the shorter or longer wavelengths
depending upon a number of factors. The shift to the
shorter wavelength (blue shift) generally occurred when the
particle size decreased [38]. When the particle size was
smaller than the Bohr’s radius, the blue shift can be
explained by the size effect or the effect of quantum
confinement [38]. However, the size of all the products in
this experiment is beyond the Bohr’s radius, thus the
change in E, values might be influenced by other para-
meters. Based on the result in Table 1, the largest £, values
were obtained from the ZngozLago;O and Zngg9Llag ;O
nanoparticles prepared by the mechanical milling and
precipitation methods, respectively. The La content was
further increased for each method when the secondary
phase formed and the E, values then decreased. Therefore,
the increase in the E, value of the samples can be
attributed to an increase in the repulsion between the
lowest conduction band edge of the ZnO that originated
from the 4s state of the Zn atom and the highest valence
band edge from the 2p state of the O atom [4]. In contrast,
the formation of the La,O; secondary phase caused a
reduction of the E, value. Therefore, to summarize the E,
value of the La-doped ZnO nanoparticles depended upon a
variety of parameters such as the size and presence of the
La dopant in different forms. These unique characteristics
were influenced by the quality and physical properties of
the La-doped ZnO nanoparticles and these were strongly
related to the preparation method.
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Fig. 3. Plots of (aE)? versus E for evaluating the E, value of the La-doped
ZnO nanoparticles prepared by different methods (a) precipitation and (b)
mechanical milling.

3.4. Photocatalytic activity

Fig. 4 shows the photocatalytic degradation of an MB
solution as a function of the irradiation time on the La-
doped ZnO nanoparticles prepared by the precipitation
method (Fig. 4(a)) and mechanical milling method
(Fig. 4(b)). The photocatalytic efficiency depended on the
irradiation time because the MB molecules can become
more oxidized with a longer irradiation time. When the
samples adsorbed the photons with energy equal to or
higher than its band gap energy, the electrons were excited
into the conduction band and holes were generated in the
valence band. The photogenerated electrons reacted with
O, or oxygen species to produce superoxide anion radicals
(705 ) whereas the photogenerated holes react with water
molecules to generate the hydroxyl radical ("OH). Both
these radicals can decompose the MB molecules [19].

For the La-doped ZnO nanoparticles prepared via the
precipitation method, 1 mol% La-doped ZnO powders
exhibited the highest potential for degradation of MB
molecules after irradiating for 2 h, and the degradation
efficiency was then constant at about 93% (Fig. 4 a) when
the irradiation time was further increased for the ZnO and
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Fig. 4. Photocatalytic degradation of a MB solution for La-doped ZnO
nanoparticles prepared by different methods (a) precipitation and (b)
mechanical milling.

the ZnO doped with 1 and 3 mol% La. The concentration
sequence for the degradation efficiency was 1, 0, 3, 5, 7 and
10 mol% for the La-doped ZnO nanoparticles. This is due
to the presence of different amounts of oxygen vacancies
[39]. The oxygen vacancies resulted in an increase of the
active centers. This improved the photocatalytic activity.
In this study, 1 mol% La-doped ZnO nanoparticles had
the most oxygen vacancies (Fig. 5a). The photoluminescent
spectrometer was used to detect the emission of the
samples in the range of 450-800 nm. The emission peak
in the visible region occurred from defects in the samples.
From this point of view, the 1mol% La-doped ZnO
nanoparticles exhibited the highest intensity, so this sample
had the highest degradation efficiency. For the La-doped
ZnO nanoparticles prepared through the mechanical
milling method, the concentration sequence for the degra-
dation efficiency was 0, 10, 1, 3, 7, and 5 mol% for the La-
doped ZnO powders. This can be explained by the amount
of oxygen vacancies (Fig. 5 b).

When considering the La-doped ZnO nanoparticles
prepared by different methods, the La-doped ZnO nano-
particles prepared by the precipitation method showed better
photocatalytic activity than that of the La-doped ZnO
nanoparticles prepared by the mechanical milling method.
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Fig. 5. Room temperature photoluminescence spectra of the La-doped
ZnO nanoparticles prepared by different methods (a) precipitation and (b)
mechanical milling.

This is because the La-doped ZnO nanoparticles prepared by
the precipitation method occupied more oxygen vacancies
that can be observed from Fig. 5. The La-doped ZnO
nanoparticles prepared by the precipitation method showed
a higher intensity in the visible region. As we know, the
photocatalytic activity depended upon the specific surface
area of catalyst, however, many research workers [40,41]
reported that other parameters such as morphology, crystal-
line structure, defect and impurity contents might affect in a
greater way than the specific surface area.

In this study, the Langmuir—Hinshelwood (L-H) model
was used to describe the heterogeneous photocatalytic
reaction between the La-doped ZnO nanoparticles and
the MB solution. The L-H kinetic equation is [42]:

kK[C]

"= IKIC ©

where r is the degradation rate for MB, K is the adsorption
coefficient for MB on the surface of the La-doped ZnO
nanoparticles, k is the surface pseudo-first-order rate
constant and C is the concentration of the MB solution.
If the adsorption coefficient on the surface of the La-doped
ZnO nanoparticles is too small, so that 1> K[C], and the

L—H kinetic equation reduces to the following simple first-
order kinetic law:

r=k*C] (7

where k* is the first-order rate constant and is equal to kK.

The plot of In(Cp/C) versus the irradiation times is
presented in Fig. 6 in order to evaluate the first-order rate
constant shown in Table 2.

The fastest degradation rate for the decomposition of
the MB solution was obtained from the 1 mol% La-doped
ZnO nanoparticles when the ZnO nanoparticles were
prepared by precipitation and mechanical milling methods,
respectively. This can be explained by the more active
centers of the powders.

4. Conclusions

Zn,_,La O (where x=0-0.07) and Zn;_,La, O (where
x=0-0.01) nanoparticles can be produced by the mechan-
ical milling and precipitation methods, respectively. More
La can be incorporated into the ZnO structure when it was
prepared by mechanical milling compared to the

a
o 0 mol%la
o | mol%La >
43 molsla B st o
x 5 mol%La Y o "'--' ’
G x 7 mol%oLa o . '_'. ‘,'--' : @
< | o 10molslLa e o ¥
O a _LtEe .
1 4" ot
A At g °
R, %~ i
e ezt
[
9% 120 150 180 210

irradiation time (min)

b
o 0 mol%La
o | mol%La
a 3 mol%La
x 5 mol%La _;
6\ x 7 mol%La ___1"' .
= | o 10mol%La LoF ‘_
s R
- " R
-._:" R
. X
el
0 30 60 90 120 150 180 210

irradiation time (min)

Fig. 6. Kinetics of the MB degradation catalyzed by the La-doped ZnO
nanoparticles prepared by different methods (a) precipitation and (b)
mechanical milling.
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Table 2
Effect of the La-doped ZnO nanoparticles prepared by different methods on the rate constants for degradation of MB.
Method La (mol%) k¥ (min~") Photodegradation rate R
at 2h M min~")
Precipitation 0 0.0184 1.11 x 1078 0.8084
1 0.0208 8.86 x 10~° 0.8473
3 0.0196 1.40x 1078 0.9472
5 0.0122 239x 1078 0.9600
7 0.0133 2.39%x 1078 0.9694
10 0.0083 261 x 1078 0.9352
Mechanical milling 0 0.0078 270 x 1078 0.9942
1 0.0058 2.71x107° 0.9947
3 0.0053 2.53x 1078 0.9889
5 0.0037 235%x 1078 0.9988
7 0.0066 3.67x 1078 0.9178
10 0.0076 2.73x 1078 0.9984

precipitation method because of the extra driving force
provided by the milling collision process. La,O3/ZnO
composite nanoparticles were formed when a higher La
amount was used in each method. The crystallite size and
particle size of the samples prepared by the precipitation
method were larger than the samples obtained by the
mechanical milling method because of the growth of the
particle via the Ostwald ripening mechanism. The widest
E, value of about 3.171eV was obtained for the
Zng93Lay 07O nanoparticles prepared by the mechanical
milling method whilst the widest E, value of about
3.221 eV was obtained for the Zng g9lLag ;O nanoparticles
prepared by the precipitation method. The presence of a
La,O3 secondary phase produced a decrease in the E,
value for samples prepared by both techniques. For
mechanical milling method, ZnO nanoparticles produced
the highest photocatalytic degradation of methylene blue,
while the Zngg9lay ;O powder prepared by the precipita-
tion method showed the highest efficiency. This was
attributed to the oxygen vacancies.
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