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Abstract

Multifunctional Zn;_,La,O and Zn;_,Mg,O nanostructures were successfully synthesized through a sol-gel method. The crystal
structure, morphology, specific surface area and thermal behavior were investigated by X-ray diffractometer (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET) and a thermogravimetric and differential
thermal analyzer (TG-DTA), respectively. The optical properties were determined with a UV-vis spectrophotometer and a
photoluminescent spectrometer. The crystallite size decreased when the La and Mg concentrations increased to x=0.05. The
ZnyoMgy 0 nanostructure showed the widest E, value of 3.30 eV. The Znj9sMgy ¢sO nanostructure exhibited the highest efficiency
for the photocatalytic degradation of methylene blue (MB) with a rate constant (k) of 0.0440 min~!. Both La- and Mg-doped ZnO
nanostructures inhibited Staphylococcus aureus (S. aureus) and to a less extent Escherichia coli (E. coli).

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) is a natural n-type II-VI semiconduc-
tor because it has deviations from stoichiometry due to the
presence of intrinsic defects such as oxygen vacancies and
zinc interstitials [1]. ZnO is a superior multifunctional
material with broad applications in electronics [2], optoe-
lectronics [3], dielectrics [3], sensing materials [3], as a
photocatalyst [4] and as an antimicrobial agent [5].
Recently, many research groups have been interested in
the synthesis of ZnO nanostructures using wet chemical
methods such as precipitation [6], hydrothermal [7] and
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sol-gel [8]. Among the wet chemical methods, sol-gel is
perhaps the major method used to prepare ZnO nanos-
tructures because this method has many advantages [9]
such as (1) it requires a low temperature, (2) doping with
other metals is straightforward, (3) nanocrystalline pro-
ducts can be prepared and (4) the structure of the product
can be pre-determined by varying the experimental condi-
tions such as by the use of a capping agent, or a change in
pH and temperature. As a photocatalyst and antimicrobial
agent, ZnO and metal-doped ZnO nanostructures have
attracted interest because of their ability to be used for the
remediation of certain environmental pollutants. Research
has focused on its photocatalytic activities, for which the
electrons in the valence band gain photon energy that is
higher than its bandgap energy, so electrons are excited to
conduction bands and holes are generated in the valence
band. After being photo-excited, electrons and holes move
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to the surface of the catalyst where if there is water and
oxygen, the super-oxide anion radicals (*O; ) and hydroxyl
(*OH) radicals are produced, and these degrade organic
compounds [10]. In order to enhance the photocatalytic
activity, the influence of various doping metals such as Ag,
Co, Mn, Mg and Cu on the photocatalytic degradation of
dyes has been investigated [10-13]. The doping metals
incorporated into the ZnO lattice can either increase or
decrease the efficiency of the photocatalytic degradation
that is dependent on many key parameters such as the
specific surface area, defects and the retardation of recom-
bination of the photo-excited electrons and holes [10-13].
Recently, the influence of metal-doped ZnO nanostruc-
tures on its antimicrobial activity has been a major area of
investigation because microbial contamination is a serious
problem in healthcare. The antimicrobial activity has been
tested by various methods. Nirmal and Anukaliani [14]
reported that Co-doped ZnO powders had enhanced
antibacterial activity and Co-doped ZnO powders exhib-
ited excellent antibacterial activity towards Staphylococcus
aureus (S. aureus). Ghosh et al. [15] investigated the
influence of Ag in a ZnO/Ag nanohybrid and they found
that Ag improved the antibacterial activity against
S. aureus and Escherichia coli (E. coli). Moreover, Karuna-
karan et al. [16] also reported that Ag-doped ZnO particles
had enhanced antibacterial activity whereas Amornpitoksuk
et al. [17] showed that Ag-doped ZnO powders were more
effective against S. aureus than E. coli and the best anti-
bacterial activity toward S. aureus was 0.5-0.8 mol% Ag, but
the Ag concentration did not affect the inhibition of E. coli.
Rekha et al. [18] reported that Mn-doped ZnO powders had
better antibacterial activity than pure ZnO powders.
Recently, the mechanism of antibacterial activity has mostly
focused on the physical attack of nanoparticles on bacteria.
However there have been no publications on the influence of
La- and Mg-doped ZnO nanostructures prepared from
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide)-modified Zn(CH;COO),-2H,0 solution by the sol-
gel method. In this study, the effects of doping with La and
Mg on the ZnO and the optical, photocatalytic and anti-
bacterial properties were investigated.

2. Experimental
2.1. Materials

Zinc acetate dihydrate (Zn(CH3;COO),-2H,0) (Analy-
tical grade, Fluka, Germany), lanthanum chloride hydrate
(LaCls - H,O) (Analytical grade, Fluka, Germany), magne-
sium chloride hexahydrate (MgCl,-6H-,O) (Analytical
grade, Merck, Germany) were used as the zinc, lanthanum
and magnesium sources, respectively. Poly(ethylene oxide)-
b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO;5—
PPOs,—PEO >3, MW 14,400) (Analytical grade, Fluka,
USA) was used as a capping agent. Anhydrous sodium
carbonate (Na,COs) (Analytical grade, Riedel-de Haén,
Germany) was used as a precipitating agent. Methylene

blue (C;cHgsN3CIS-2H,0) (Analytical grade, NILAB,
Australia) was used as a representative dye. All chemicals
were used without further purification.

2.2. Preparation of Zn;_La,O and Zn; _ . Mg,.O
nanostructures

In order to investigate the effect of La and Mg
concentrations on the properties of the ZnO nanostruc-
ture, the stoichiometric amounts of LaCly;-H,O and
MgCl, - 6H,O were added separately into 100 mL of a
PEO]zg—PPO54-PE0128-aSSiSt€d Zl’l(CHgCOO)z . 2H20
solution to obtain Zn;_,La,O or Zn,;_ Mg, O (x=0.01,
0.03, 0.05, 0.07 and 0.10). The Na,COj5 solution (10.60 g
Na,CO; in 100 mL of distilled H>O) was then added
slowly into the above solutions with vigorous stirring. A
gel was formed during the addition of the Na,COj solution
and the obtained gel was continuously stirred at 60 °C for
1 h. After being cooled to room temperature, the solvent
was removed by filtration and the gel was then dried at
room temperature until a xerogel was obtained. The
xerogel was ground into a fine powder using an agate
mortar, in addition, the powder was then calcined at
600 °C in air for 1h to remove the organic compounds.
The products were slowly cooled to room temperature in
the furnace and the nanostructures of the La- and Mg-
doped ZnO were determined. The procedure for the
preparation of nanostructures is represented in Fig. 1.

2.3. Characterization

The thermal characteristics of the xerogel were studied
using the thermogravimetric analyzer (TGA7, Perkin
Elmer) and differential thermal analyzer (DTA7, Perkin
Elmer) in the temperature range of 50-900 °C at a heating
rate of 10°C/min under a nitrogen flux. The crystal

(1-x)Zn(CH;C00),-2H,0 xLaCl;"H,0 or xMgCl, 6H,0 H:0
(x=0,0.01,0.03,0.05,0.07,0.10) | | (100 mL)

- stirred at RT for 15 min

| homogeneous solution |

PEO,33-PPOsy-PEOy 25

(10.08 g) —>| - stirred at RT for 30 min

| homogeneous solution |

Na,COj; solution - stirred at 60 °C for 1 h

(10.60 g in 100 mL H,0)

gel
- dried at RT

- calcined at 600 °C for 1 h

Zny4xLa,0 or Zn,; Mg, 0

Fig. 1. Representation of the preparation of the products by a sol-gel
technique.
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structure of the samples was characterized by X-ray
diffractometer (X’Pert MPD, Philips) with CuK,, radiation
in the 20 range of 20-80°. The morphology of the samples
was characterized by scanning electron microscopy (SEM,
QUANTA 400, FEI) and transmission electron micro-
scopy (TEM, JEM-2010, JEOL). The diffuse reflectance
spectra of the samples were recorded by a UV—vis spectro-
photometer (UV-vis 2450, Shimadzu). The room tempera-
ture photoluminescence (PL) spectra were measured using
a luminescence spectrometer (LS/55, Perkin Elmer). The
total surface area of the samples was determined by the
Brunauer—Emmett—Teller (BET) method using the surface
area analyzer (Autosorb 1 MP, Quantachrome).

2.4. Measurement of photocatalytic activity

The photocatalytic activities of Zn;_,La,O or
Zn;_ Mg, O (x=0, 0.05 and 0.10) nanostructures were
evaluated by the degradation of an aqueous MB solution.
The photocatalytic reaction system consisted of three
Blacklight Blue lamps (18 W, Sylvania) located 15cm
away from the top of the reaction solution. 150 mg of
each catalyst was put into 150 mL of the aqueous MB
solution at a concentration of 1 x 107> M in a 250 mL
beaker and the suspension was stirred for 30 min in the
dark to attain an equilibrium of the adsorption—desorption
process. After each given irradiation time (30 min), 3 mL
of suspension was kept and separated by centrifuging for
2 min at a speed of 3000 rpm to remove the catalyst. The
degradation process was followed by measuring the absor-
bance of the supernatant or the aqueous MB solution left,
with a UV-vis spectrometer (Lamda 25, Perkin Elmer).

2.5. Determination of antibacterial activity

The minimum inhibitory concentration (MIC) of repre-
sentative samples was determined by a broth microdilution
method [19]. S. aureus ATCC 25923 and E. coli ATCC 25922
were used as representative microorganisms for Gram-
positive and Gram-negative bacteria, respectively. In order
to examine the antibacterial activity of the representative
samples, Zn;_,La,O or Zn;_ Mg O (x=0, 0.05 and 0.10)
nanostructures were suspended in sterile distilled water and
sonicated for 20 min to yield a stock solution of 50 mg/mL
and the representative samples were diluted using the two-
fold serial dilution method starting with 50 and diluting to
0.78 mg/mL. The bacterial suspensions were prepared in
normal saline solution (NSS) with an optical density equiva-
lent to the 0.5 McFarland standard, and diluted to 1:20 in
NSS to obtain a final concentration of about 5 x 10° CFU/
mL. Then triplicate 50 pL. samples of each dilution were
applied into a sterile 96-well microtiter plate. To each well
was added 10 pL of 0.675% (w/v) resazurin solution as an
indicator and 30 uL of 3.3 strength Mueller Hinton Broth
(3.3 x MHB). Finally, 10 puL of bacterial suspension (5 x 10°
CFU/mL) was applied to achieve a concentration of 5 x 10°
CFU/mL. The microtiter plates were prepared in triplicate.

After incubation at 30 °C for 20 h, the lowest concentration
at which no color change occurred was taken as the
MIC value.

3. Results and discussion
3.1. Thermal study

The TGA and DTA curves of the ZnO xerogel are
shown in Fig. 2. Three weight loss steps were observed in
the TGA curve at about 50-180, 180-280 and 280-530 °C
and two large endothermic as well as small endothermic
peaks were observed in the DTA curve at about 100, 212
and 326 °C. The first endothermic peak was attributed to
an evaporation of the adsorbed water from the xerogel and
was accompanied by a weight loss of about 25%. The
second and third endothermic peaks were caused by the
dehydration of the crystallized water and the decomposi-
tion of the PEO;,s—PPOs;—PEO;,5 and other organic
molecules [20] accompanied by a weight loss of about
19%. It was evident that no other weight losses in the TGA
curve were observed at temperatures higher than 550 °C.
Therefore, the xerogel had to be calcined at 600 °C in order
to burn out any organic or other undesirable residues.

3.2. Structural study

The typical XRD patterns of Zn; _,La,O and Zn; _ Mg, O
(x=0-0.10) nanostructures calcined at 600 °C for 1h are
presented in Fig. 3. Obviously, the diffraction peaks of
Zn;_,LaO and Zn;_ Mg,O nanostructures can be indexed
to the hexagonal wurtzite structure in agreement with the
diffraction pattern of the ZnO standard (JCPDS card number
of 36-1451).

To investigate the effect of La and Mg concentrations on
the crystallinity, the crystallite size of the samples was
evaluated by measuring the broadening of the XRD peaks
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Fig. 2. TG-DTA curves of the ZnO xerogel at a specified heating rate of
10 °C/min.
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Fig. 3. XRD patterns of the calcined nanostructures (a) Zn;_,La,O and
(b) Zn,_ Mg,0.

using the Scherrer formula [21]:

()
T cos 04/ f*—s2

where D is the crystallite size, / is the wavelength of the
CuK,, radiation (0.15406 nm), K is a constant (0.9), s is the
instrumental broadening, f is the full-width at half-
maximum and 6 is the Bragg angle. The calculated crystallite
size is given in Table 1. In this study, the lattice parameters a
and c of the calcined samples were calculated via the relation
below [22] and the results are presented in Table 1.

2? [4 (h2+hk+k2) N 12}

.2
sin“f = — —
3 a2 c?

4 (2)

where 0 is the Bragg angle, A is the wavelength of the CuK,,
radiation (0.15406 nm) and h, k, [ are Miller indices.
Furthermore, the lattice volume was also evaluated by the
formula below [23]:

V =0.8664°c (3)

where V'is the lattice volume, a and ¢ are the lattice constant.
The calculated results are presented in Table 1.

The effects of the La and Mg concentrations on the
lattice parameters are presented in Table 1. Theoretically,

the substitutional solid solution can form ecasily if the
solute and solvent atoms obey these conditions: (1) the
difference in the ionic radius was not more than 15%, (2)
the crystal structure of the solute and solvent atoms were
the same, (3) the electronegativity of the solute atom was
close to the solvent atom and (4) the valency was the same
[24]. The ionic radius of La** (116 pm) was much larger
than the ionic radius of Zn>* (74 pm) with a valency
difference of 1. Thus, it is very difficult for the La®* ions
to substitute for the Zn>*. This is in good agreement with
the lattice parameters of the La-doped ZnO nanostructures
obtained in Table 1. It is well known that the lattice
parameters of ZnO have to expand if the La** ions, that
have a larger ionic radius, were to substitute at the Zn>™"
sites in the ZnO lattice, but the lattice parameters of the
La-doped ZnO nanostructures were contracted when
compared with the pure ZnO nanostructures. Therefore,
it can be concluded that the La** ions might be interstitial
in the ZnO lattice and these La*™ ions formed a La—O-Zn
structure on the surface of the ZnO nanostructures as
reported previously [25]. This caused a decrease in the
lattice parameters of the La-doped ZnO nanostructures
when the La concentration was varied over the range of
x=0-0.05. With a further increase of the La concentration
to x=0.10, the lattice parameter and the lattice volume
increased. This is possibly due to the growth of a crystal
[26]. For the Mg-doped ZnO nanostructure, the ionic
radius of the Mg>™ (72 pm) was close to the ionic radius
of the Zn>* (74 pm). Moreover, the electronegativity of
the Mg (1.31) was also closer to that of the Zn (1.65) than
it was for the La (1.10) and in addition the valency was
also equivalent. Therefore, the substitution of Mg®* ion at
the Zn>" site can occur more easily than a substitution by
a La’ " jon. With regard to Table 1, the lattice parameter a
is almost constant except at x=0.10, when the lattice
parameter a expanded again. This might be due to the
presence of larger defects in the ZnO structure [27] and to
crystal growth. This effect has also been observed in Al-
doped ZnO powders [28]. The decrease in the lattice
parameter ¢ of the Mg-doped ZnO nanostructures indi-
cated that the Mg>™ ion could substitute at the Zn*>" site
and form a substitutional solid solution.

When the influence of the La and Mg concentrations on
the crystallite size were determined (Table 1), the dependence
of the crystallite size on the La and Mg concentrations can
be explained by the Zener pinning effect. The crystallite size
of La- and Mg-doped ZnO nanostructure was slightly
diminished when the La and Mg concentrations were
increased to x=0.05. This is due to the dopant obstructing
the movement of boundaries, and giving rise to an inhibition
of the overall growth. On the other hand, the crystallite size
of ZnO increased when being doping with x > 0.05, and this
was caused by the coarsening of the dopant with a higher
critical size, resulting in the reduction of the pinning
efficiency. Therefore, the crystallite size could grow again [6].

To study the effect of La and Mg concentrations on a
change of morphology, the samples were characterized by
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Table 1

The structural and optical properties of Zn; _,La, O and Zn,_,Mg,O nanostructures.

Dopant Content (x) D (nm) Lattice parameters V (nm)* E, (eV)

a (nm) ¢ (nm) cla

La 0 3291 0.3247(1) 0.5202(9) 1.6023 0.0475(1) 3.20
0.01 30.38 0.3247(0) 0.5201(0) 1.6018 0.047409) 3.18
0.03 29.78 0.3245(3) 0.5200(0) 1.6023 0.0474(3) 3.18
0.05 25.10 0.3243(1) 0.5200(0) 1.6037 0.0473(6) 3.18
0.07 28.47 0.3246(7) 0.5201(9) 1.6022 0.0474(9) 3.18
0.10 29.78 0.3249(1) 0.5199(6) 1.6003 0.0475(4) 3.18

Mg 0 3291 0.3247(1) 0.5202(9) 1.6023 0.0475(1) 3.20
0.01 31.89 0.3246(8) 0.5200(0) 1.6016 0.0474(7) 3.21
0.03 30.82 0.3246(7) 0.5198(1) 1.6010 0.0474(5) 3.23
0.05 29.27 0.3247(3) 0.5197(4) 1.6005 0.0474(6) 3.27
0.07 31.64 0.3246(5) 0.5192(9) 1.5995 0.0474(0) 3.25
0.10 32.19 0.3249(3) 0.5193(8) 1.5984 0.0474(9) 3.30

SEM and the images are presented in Fig. 4. The La
concentration did not affect the particle shape of ZnO
because the La’" cannot substitute at the Zn>" sites as
mentioned previously. However, the La concentration still
affected the particle size. This evidence was in good
agreement with the result of the crystallite size obtained
from the XRD analysis. In this study, the agglomerated
spherical particles formed over the whole range of the La
concentrations used and the particle size of the pure ZnO
nanostructure decreased from 65 nm to 25 nm when being
doped with x=0.05 as clearly observed in Fig. 4(g and h).
As mentioned previously, the La produced a La—O—Zn on the
surface of the ZnO nanostructures. This can be attributed to a
provocation of isotropic growth, caused by the formation of a
spherically shaped La-doped ZnO nanostructure. When Mg
was used as a dopant, the particle shape altered from spherical
to a rod structure with a diameter of about 100 nm when ZnO
was doped with x=0.10. It was of interest that, the Mg
concentrations influenced the growth mechanism of the ZnO
nanostructure. The particle shape changed from a spherical to
a nanorod structure when the Mg concentrations were
increased (Fig. 5). This change was also observed in the Ni-
doped ZnO nanostructure [29]. In this investigation, when the
Zn>* ions were substituted by Mg> " ions this predominantly
affected the lattice parameter ¢ compared with the lattice
parameter «. This might provide the driving force for
anisotropic growth, as the ZnO nanorod formed when being
doped with Mg. Moreover, the formation of Mg-doped ZnO
nanorods can be explained by the Pechini process due to the
addition of the PEO;,5-PPOs,—PEO; 5. This perhaps could
lead to an esterification reaction or form a chelation with zinc
acetate by the formed ester. After the calcination process, the
ZnO nanorods were formed [30,31].

3.3. Optical study

The optical bandgap energy (E,) of the ZnO nanostruc-
tures is an important parameter that has to be considered

for use in special applications. It was evident that the E,
value may be dependent on the particle size, particle shape
or defects [28] and these parameters strongly depended
upon the synthetic method of the ZnO nanostructures. In
this study, the absorbance of samples was recorded and the
E, value of the samples was determined by the following
relation [29]:

(2E) = B(E-E,)" 4)

where B is an energy-independent constant, E, is the direct
bandgap energy, o is the absorption coefficient, E is the
photon energy and m is an index that characterizes the
optical absorption process and it is theoretically equal to 2
and 1/2 for an indirect and direct transition, respectively.

In this study, the absorption coefficient (x) can be
estimated by the following relationship [6]:

A
d/
where A4 is the measured absorbance and &’ is the cell
thickness or sample thickness (0.4 cm) and the photon energy
can be approximated by the following relationship [6]:
1240

E=— (6)
where 4 is the wavelength in nanometers.

The («E)? versus E for all samples was plotted as shown
in Fig. 6 and the E, values are given in Table 1. For the
La-doped ZnO nanostructures, the E, values were almost
the same even though the La concentrations increased.
However, the E, values of the La-doped ZnO nanostruc-
ture were smaller than the E, value of the pure ZnO
nanostructure. The decrease in the E, value may be due to
the increase in defects such as the oxygen vacancies and
this was confirmed by the resultant PL spectra in Fig. 7.
The oxygen vacancies can induce the formation of new
recombination centers with a lower conduction band, that
gives rise to a narrower E, value [32]. For the Mg-doped
ZnO nanostructures, in contrast, the E, value increased

o=

)
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50 nm

50 nm

Fig. 4. SEM images of the calcined Zn;_,La,O nanostructures at various La concentrations where (a) x=0, (b) x=0.01, (¢) x=0.03, (d) x=0.05,
(e) x=0.07 and (f) x=0.10 as well as the TEM images where (g) x=0 and (h) x=0.05.

systematically when the Mg concentrations were increased
from x=0 to 0.05, and this might be due to the decrease in
the crystallite size. When the Mg concentration was further
increased to x=0.07, the E, value decreased because of an

increase in the crystallite size. However, the E, value of
Zngy ooMgg 10O increased again as there was then a com-
plete change of the morphology [33]. This might be due to
the formation of an amorphous MgO on the surface of the
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Fig. 5. SEM images of the calcined Zn; _,Mg,O nanostructures at various Mg concentrations where (a) x=0, (b) x=0.01, (¢c) x=0.03, (d) x=0.05,

(e) x=0.07 and (f) x=0.10.

catalyst and this MgO phase had a larger E, value (5.4 eV)
[12].

3.4. Photocatalytic activities

In this work, Zn;_,La,O and Zn;_, Mg, O (x=0, 0.05
and 0.10) were selected to be representative catalysts and
an aqueous MB solution was used as the model pollutant
with an initial concentration of 1x 107> M. The evalua-
tion of the photocatalytic activity was performed at
ambient temperature and a pH of 6.5 under UV irradiation
for different times.

Fig. 8 shows a temporal change of the absorption
spectra of the aqueous MB solution in the presence of
the ZnO catalyst. A decrease in the MB absorption at a
wavelength of 664 nm was observed. This was due to the

breaking of the conjugated chromophore structure of
the MB [34]. Fig. 9(a) and (b) shows the efficiency of the
photocatalytic degradation of the aqueous MB solution by
the La and Mg-doped ZnO nanostructures. It was evident
that the efficiency of photocatalytic degradation of the
aqueous MB solution without any catalyst was almost
constant over the whole range of irradiation times used.
This indicated that the MB molecules were not degraded in
the absence of catalyst. Therefore, it can be concluded that
the photocatalytic property was activated by the catalysts
in combination with the UV irradiation. In this study, it
was observed that both La and Mg doping metals had
enhanced photocatalytic activity. For the La-doped ZnO
nanostructures, the efficiency of the photocatalytic degrada-
tion after UV irradiation for 1h reached 83%, 93% and
90% for ZnO, Zny9sLag 05O and Znggolag 190, respectively.
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Fig. 6. Plots of (¢E)* versus E of (a) the Zn,_La,O nanostructures and
(b) the Zn; _ Mg, O nanostructures.

The efficiency of the photocatalytic degradation for ZnO,
Zng9sLag 05O and Znggglag 100 nanostructures increased
to 96% whereas the efficiency of the photocatalytic
degradation of ZnO nanostructures reached 87% after
UV irradiation for 2 h. When the Mg-doped ZnO nanos-
tructure was used as a catalyst, the efficiency of photo-
catalytic degradation after UV irradiation for 1h was
about 83%, 92% and 88% for ZnO, Zngy¢sMgy¢sO and
Zng 9oMgg 100, respectively. The MB degraded almost
completely after UV irradiation for 2 h with an efficiency
of photocatalytic degradation of about 99% and 98% for
Zn0.95Mg0.05O and Zl’lo_goMgo_l()O, reSpeCtiVely. It is well
known that the photocatalytic activity is influenced by
crystallinity, particle shape, defect concentrations and
specific surface area [10-13]. In this study, the specific
surface area of the representative catalysts was determined
and the results are presented in Table 2. In the case of the
La-doped ZnO nanostructures, the ZnggslagosO nanos-
tructures had the highest specific surface area (29.89 m?/g).
This gave rise to the highest efficiency of photocatalytic
degradation of the MB solution because the catalyst had
the most active sites in the photocatalytic process. In
addition the Znggslag ¢sO nanostructures had the biggest
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Fig. 7. Room temperature PL spectra of (a) the Zn; _,La,O nanostruc-
tures and (b) the Zn; _,Mg,O nanostructures.
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Fig. 8. The temporal change in the absorbance of the MB aqueous
solution in the presence of the ZnO catalyst.

concentration of defects or oxygen vacancies and this also
brought about an improvement of photocatalytic activity
due to the catalyst having the most active centers [35]. For
the Mg-doped ZnO nanostructures, the efficiency of the
photocatalytic degradation of ZngosMgyosO and Znggg
Mgy 100 was similar; this is because the catalyst had the
same amount of surface area and defect concentrations. In
this study, Mg-doped ZnO nanostructures showed a larger
efficiency for photocatalytic degradation compared to the
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La-doped ZnO nanostructures although the Mg-doped
ZnO nanostructures had a less specific surface area than
the La-doped ZnO nanostructures. This again might result
from the differences in particle shape [36,37].

The photocatalytic degradation of MB catalyzed by the
La- and Mg-doped ZnO nanostructures fitted a pseudo
first-order reaction as shown in Fig. 10 according to the
relationship as follows [13].

dcC Co
_E_Kt or ln<E>_Kt (7)

where C is the initial concentration of MB, C is the actual
concentration of MB, ¢ is the irradiation time and K is the
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Fig. 9. A comparison of the photocatalytic degradation by the (a)
Zn; _La,O nanostructure and (b) the Zn,_ Mg, O nanostructure.

Table 2

apparent rate constant of the photocatalytic degradation.
The apparent rate constants are presented in Table 2. It was
evident that the Zng9sMgj¢sO nanostructures exhibited the
largest apparent rate constant and this corresponds to
previous results. It was noticeable, that although the
Zng 9oMgp 100 nanostructures had a larger specific surface
area than the Zng9sMg 05O nanostructures, the efficiency of
photocatalytic degradation of the ZnggoMgj 100 nanostruc-
tures is smaller. This might be due to the formation of an
amorphous MgO on the surface of catalyst and this MgO
phase had a larger E, value (5.4 eV), so it is difficult to excite
electrons and caused the reduction of the photocatalytic
degradation of MB.

Considering the correlation of rate constant and E,
value, it was evident that the La-doped ZnO nanostruc-
tures had lower E, value than the ZnO nanostructures
because of the larger amount of oxygen vacancies. During
the photocatalytic process, the electron—hole pairs were
generated and the charge carriers were trapped before the
recombination of the electrons and holes. This resulted in
an increase of the rate constant or enhancement of
photocatalytic activity as observing in the Cu-doped ZnO
nanoparticles [38]. On the other hand, the rate constant of
the Mg-doped ZnO nanostructures was higher than for the
ZnO nanostructures. This might be due to the larger E,
value of Mg-doped ZnO nanostructures, thus the electron—
hole recombination is reduced (the amount of defect is
similar in the case of Mg-doped ZnO nanorods). There-
fore, the potocatalytic efficiency enhanced as reported in
the case of ZnO nanowires grown by the vapor transport
technique [39]. Nevertheless, when the MgO formed and
covered the surface of the ZnO nanostructures, the E,
value increased. In addition, the electrons in the valence
band cannot be excited and transferred to the conduction
band when the E, value is too high because the tube
efficiency emits UV at 315-400 nm only. Therefore, in this
study the photocatalytic degradation for ZnggoMgg 10O
decreased.

The photocatalytic mechanism for ZnO can be expressed
by the following reactions [40].

ZnO+hv—>ZnO(h™ y+e” )
htp+H,O—> "OH+HT™

The photocatalytic and antibacterial activities of Zn;_,La,O and Zn;_ ,Mg,O nanostructures.

Dopant Content (x) Surface area (m*/g) k (min~—") R? MIC (mg/mL)
S. aureus E. coli

La 0 11.62 0.0064 0.9713 12.5 -

0.05 29.89 0.0161 0.9842 3.125 25

0.10 27.52 0.0147 0.9733 6.25 25
Mg 0 11.62 0.0064 0.9713 12.5 -

0.05 19.02 0.0440 0.9666 6.25 25

0.10 19.66 0.0285 0.9993 0.78 25
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Fig. 10. Kinetic studies of the photocatalytic degradation of the MB
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e pt+0r—> <Oy
‘0; +H,O0-H,0,—-2"0H

‘OH +MB — MB,, — intermediates - CO, + H,O

3.5. Antibacterial activities

The MIC values of the representative samples against S.
aureus and E. coli are presented in Table 2. Each sample
exhibited better antibacterial activity against S. aureus
than E. coli. Pure ZnO nanostructures were only active
against S. aureus and both La- and Mg-doped ZnO
nanostructures were also active against S. aureus at lower
concentrations. This is because of the differences in cell
wall structure, cell physiology, metabolism or degree of
contact [41]. Up to the present time, it is difficult to
identify which of the antibacterial mechanism operate in
the dark. Hirota et al. [42] proposed that the antibacterial
mechanism in the dark comes from the super-oxide anion
radical (¢Oj3) that is produced from the surface of the
samples. It is well known that the super-oxide anion
radicals are highly reactive oxygen species that can create
oxidative stress in the cellular system. When the generated

super-oxide anion radicals overwhelmed the levels of the
cellular antioxidant defense system, it brought about a
state of oxidative stress, thereby leading to cell damage
[43]. As we know, protein in the cell wall of S. aureus and
E. coli contains many peptide linkages. So, when the super-
oxide anion radical attacks the carbonyl carbon atom in
the peptide linkages, eventually, the bacteria are destroyed.
In this study, the destructive efficiency on the bacteria
depended upon the surface area and the presence of
oxygen vacancies. The samples that had a higher surface
area and oxygen vacancies produced more super-oxide
anion radicals, that resulted in a better destruction of
bacteria [44]. This result corresponded to those for the
efficiency of photocatalytic degradation. An exception, to
the case of ZngoyMgg 100 nanostructures, was that S.
aureus were the most sensitive organism, this might be
due to the formation of a small MgO phase, but this
cannot be detected by the XRD used [12] and this MgO
nanoparticle supported the antibacterial mechanism. How-
ever, some research workers [45,46] reported that ZnO
itself can inhibit E. coli, but in this work ZnO did not
inhibit the E. coli. This might be due to the differences in
the amount of reactive oxygen species on the ZnO surface
and the differences in the particle size.

As we know, many articles [45,47] have reported that the
ZnO nanostructures can be used not only as antibacterial
agent, but also as potential anti-cancer agents. Therefore,
the influence of the metal-doped ZnO nanostructures
toward anti-cancer agent should be studied in detail in
the near future because this might be another good
candidate for an anti-cancer agent.

4. Conclusions

Zn,_,La, O and Zn;_,Mg,O (x=0-0.10) nanostruc-
tures were successfully synthesized by a sol-gel method.
The nanostructured powders were structurally and ther-
mally characterized by XRD, SEM, TEM and TG-DTA,
respectively. The La-doped ZnO nanostructures had a
spherical shape while the shape of Mg-doped ZnO nanos-
tructures altered from spherical to nanorod as the Mg
concentration increased. The crystallite size of the ZnO
nanostructures decreased as the doping concentration was
increased to x=0.05 and the crystallite size increased with
a further increase of the doping concentration. These
results can be explained by the Zener pinning effect. Under
certain conditions, only Mg®* can easily substitute into
the Zn>" site and form a substitutional solid solution
when the Mg concentration was varied between x=0 and
0.07, this was confirmed by the reduction of lattice
parameters and the lattice volume. The E, value of the
La-doped ZnO nanostructure depended on the defects in
the structure while the E, value of Mg-doped ZnO
nanostructure changed because of the crystallite size and
particle shape. La and Mg doping metals can improve the
photocatalytic activity of MB and a pseudo-first order
reaction fitted well with the range of the reaction time.
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Moreover, the La and Mg doping metals did enhance the
antibacterial activity especially against S. aureus.
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