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Abstract

In this paper, photoluminescence (PL) behavior of Mg,Zn; ,O/MCM-41 nanocomposite (where x = 0.05, 0.15, 0.25 and 0.30) is reported.
Samples were characterized with small angle X-ray diffraction (SAXRD), wide angle XRD, BET (Brunauer—Emmet—Teller) surface area and pore
size analyzer, field emission scanning electron microscope (FE-SEM), high resolution transmission electron microscope (HR-TEM) and PL
spectrometer. The structure of MCM-41 was confirmed from both SAXRD and BET results. A broad PL band positioned at around 393 nm has
been exhibited by ZnO/MCM-41 nanocomposite. With Mg doping, intensity of this PL band decreased for x = 0.05 and 0.15 and above this there
was gradual enhancement in intensity. It was found that the intensity of the PL band, strongly depends on the particle size of ZnO. The increase in
particle size along with MgO phase separation for x = 0.30 was proved by HR-TEM analysis. Interestingly, the differences in particle sizes at
different concentrations of Mg did not account for shift in the PL band. A twofold enhancement in the intensity of PL band when x = 0.30 compared
to bare ZnO/MCM-41 nanocomposite was observed. It is attributed for the increase in particle size which preserves the energy saved by passivation
of ZnO nanoparticles and the other one is formation of heterojunction structures between ZnO and MgO. It was also evident from these results that

there is increase in oxygen vacancies of ZnO crystallites with increase in particle size.
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1. Introduction

Zinc oxide (ZnO) is one of the II-VI group binary
semiconductors having a wide and direct band gap of 3.37 eV
atroom temperature and large exciton binding energy of 60 meV.
It is one of the important semiconductors that show strong
quantum confinement effects in experimentally accessible
conditions [1], i.e. variation in optical properties with size.
These properties attract a growing attention on ZnO due to its
potential applications in short wavelength optoelectronic devices
such as UV light emitting diodes (LEDs), laser diodes (LDs)
[2-4], and also in solar cells and gas sensors [5]. Most recently,
Zeng et al. reported the stable blue luminescence of the ZnO
nanoparticles [6]. It may be useful, in visible light emission and
also in biological fluorescence labeling applications. Moreover,
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ZnO is considered as an extremely important material in the field
of integrated optics. The fabrication of hybrid organic—inorganic
waveguides based on ZnO-(3-glycidoxypropil) trimethoxisilane
(GPTS) has also been recently reported by Chiappini et al. [7]. In
general, ZnO gives weak and narrow UV emission at around
380 nm and stronger and broader emission band with a maximum
between 500 and 530 nm [8]. The suppression of band edge
luminescence is due to the fact that smaller nanoparticles possess
high surface to volume ratio and therefore larger non radiative
paths. To decrease the non-radiative transitions, proper passiva-
tion of the surface of the semiconductor nanocrystals is required.
The enhancement, in the band edge photoluminescence along
with quenching of the green emission of ZnO was obtained when
ZnO nanoparticles were incorporated in porous SiO, matrix [9].
ZnO/mesoporous silica nanocomposites are important materials
that find applications in information storage and optoelectronic
devices. The encapsulation of ZnO in mesoporous silica
improves the quality of the ZnO nanoparticles surface [9] and
reduces the reflection losses in the front surface of optoelectronic
devices [10]. Mesoporous silica materials were first discovered
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by the Mobils research group in the year 1992 and designated
these nanoporous molecular sieves as M41S family [11]. MCM-
41 (Mobil Catalytic Material number 41) is one member of this
family having large surface area (1000 m2/g) and high pore
volume (~1 cm®/g). These properties make MCM-41 a good
host material especially for semiconductor nanoparticles [12].
The control over the pore size (2-50nm) and structure
(hexagonal, cubic or lamellar phase) of these mesoporous silica
materials can be achieved by using different template molecules
and concentrations [13].

As mentioned above, ZnO has a potential for various short
wavelength optoelectronic device applications. To realize such
optoelectronic devices, optical properties of the materials must
be engineered controllably. The optical properties of ZnO, can
be tuned by doping with suitable transition metals. Among the
transition metals, doping of Mg in ZnO is preferred because it
may modulate the value of the band gap and increase the UV
luminescence intensity. Magnesium oxide (MgO) with a band
gap of 7.7 eV has a high transmission in the ultraviolet region
[14]. Moreover, Mg2+ has ionic radius of 0.57 A which is very
close to ionic radius of Zn2+, ie. 0.60A. Therefore,
replacement of Zn by Mg does not give rise to significant
changes in lattice constants. Recent studies demonstrate the
enhancement in the band edge luminescence in ZnO doped with
MgO [15-17] and a very high intense near band edge
luminescence was also reported in ZnO-core/SnO,-shell
nanorods [18]. It is obvious from these results that MgO
doping has great influence on visible emission as well as on UV
emission of ZnO. Besides this mesoporous MgO-ZnO
materials have also been prepared and studied their structural
and optical properties [19]. The enhancement in exciton
emission and suppression of visible luminescence was observed
in Mg 05Zng950/Si0, nanocomposite [20]. It has recently
been shown that at an appropriate Mg doping of ZnO/SiO,
nanocomposite, the PL. can be tuned by varying excitation
wavelength from 475 nm to 635 nm [21]. Moreover, Mg being
the lightest material, its addition is expected to reduce the
weight of the devices [22]. Therefore, the study of effect of Mg
doping on PL of ZnO/MCM-41 is of great significance.

In this work, the synthesis and characterization of
Mg.Zn;_,O/MCM-41 is reported. HR-TEM analysis reveals
the variation in particle size with Mg doping. The intensity
variations of the PL band with change of Mg content from
x =0.05 to 0.30 are in accordance with the particle size of ZnO.
The position of the PL band, did not change with Mg doping. It
was found that the intensity of UV emission increased with
increase in particle size. The possible mechanisms for the
enhancement of PL emission with Mg doping were discussed.

2. Experimental

MCM-41 was prepared by the method reported by Grun et al.
[23]. To incorporate ZnO nanoparticles in MCM-41, the method
reported by Yang et al. was used [24] with some modifications.
Here triethanolamine (TEA) has been used as catalyst and
stabilizing agent. The preparation of ZnO/MCM-41 nanocom-
posite is as follows; one gram of Zn (NO3),-6H,0 was dissolved

in 50 ml of ethanol and stirred until it becomes clear solution. To
this solution, 4 ml of TEA is added and stirred for 1 h and then
0.9 g of MCM-41 was added and stirred for another 0.5 h.
Finally, water and ethanol mixture was added. The solution is
stirred for 4 h and aged for 24 h. The resultant product was
filtered, washed with ethanol several times. After this, sample
was calcined at 550 °C in air at a rate of 2 °C/min to obtain ZnO/
MCM-41 nanocomposite. To prepare Mg doped ZnO/MCM-41
nanocomposite, Mg and Zn ionic alcoholic solutions were added
before MCM-41 mesoporous material was added. The Mg
content was varied with x = 0.05, 0.15, 0.25 and 0.30.

Small angle X-ray powder diffraction (SAXRD) data were
recorded on a Rigaku Ultima-IV diffractometer using Cu Ka
(A = 1.5405 A) radiation. Wide angle XRD experiments were
carried out on Inel-XRG 3000 equipped with Co Ko
(A =1.7889 A) radiation. Nitrogen adsorption/desorption iso-
therms were measured at —196 °C in a Quantachrome NOVA
1200e surface area and pore size analyzer. Morphology of the
nanocomposites was studied by using FE-SEM having energy
dispersive spectroscopy (EDS) attachment. To get the accurate
particle size of ZnO nanoparticles embedded inside the pores of
MCM-41, JEOL 3010 high resolution transmission electron
microscope (HR-TEM) operating at an accelerating voltage of
200 kV was used. The PL. measurements were performed on
Jobin Yuon spectrofluorometer, Model: FLUOROLOG - FL3-
11 with wavelength resolution of 0.2 nm at room temperature.
Xenon arc lamp of 450 W was used as the excitation light
source to record the emission spectra of samples.

3. Results and discussion

3.1. Characterization

3.1.1. X-ray diffraction and N,-sorption studies
The structure of the MCM-41 was studied by BET surface
area and pore size analyzer and small angle X-ray diffraction
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Fig. 1. Ny-adsorption and desorption isotherms of MCM-41 (a) and ZnO/
MCM-41 nanocomposite (b) measured at 77 K. Inset: the small angle X-ray
diffraction (SAXRD) pattern of MCM-41.



K. Sowri Babu et al./Ceramics International 38 (2012) 5949-5956 5951

Table 1
BET surface area and pore size analysis results of MCM-41 and ZnO/MCM-41
nanocomposites doped with Mg.

Sample name Specific surface Total pore volume

area (m2/ 2) (cclg)
MCM-41 952 0.64
ZnO/MCM-41 477 0.29
Mgy 05Zng.9sO/MCM-41 484 031
Mg, 15Zng 3sO/MCM-41 550 0.42
Mg 25Zng 750/MCM-41 455 0.35
Mg 30Zng 700/MCM-41 402 032

(SAXRD) techniques. N,— adsorption and desorption iso-
therms of MCM-41 and ZnO/MCM-41 nanocomposite can be
seen in Fig. 1. Both samples display type IV-like isotherms
according to IUPAC classification. Since the isotherms are
same type, it can be concluded that there is no structural
collapse of MCM-41 with the incorporation of ZnO nano-
particles in it. The decrease in surface area and pore volume of
ZnO/MCM-41 nanocomposite compared to MCM-41 indicates
the pore filling process [26]. Table 1 summarizes the surface
area and pore volume results obtained from BET. The pore
diameter of MCM-41 calculated from the specific surface area
and pore volume data comes out to be 2.67 nm which is smaller
than pore diameter estimated from SAXRD in the following
discussion. The surface area and pore volume of ZnO/MCM-41
nanocomposites was increased up to x =0.15 and decreased
thereafter even though composition x was increased further.
These changes, observed in the samples, with and without Mg,
may be due to the variation of ZnO particle size with Mg
doping. Geng et al. reported that there was MgO contribution to
the porosity when its concentration was greater than 50% [19].
They reported a surface area of 119.53 m%/g for mesoporous
(Mg0)g.75—(Zn0) 25 system. Further, according to the Ohtomo
et al. formation of MgO phase is ruled out when the
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Fig. 2. Wide angle X-ray diffraction (XRD) patterns of ZnO/MCM-41 (a),
Mgo.15Zn9 gsO/MCM-41 (b), Mgy 30Zno700/MCM-41 (c) nanocomposites. The
inset figure shows the wide angle X-ray diffraction (XRD) pattern of ZnO
nanoparticles.

concentration of Mg is less than 0.15 [14]. So it can be
expected that the increase in surface area and pore volume of
Mg doped samples up to x < 0.15, compared to bare ZnO/
MCM-41 nanocomposite could be due to the decrease in
particle size. The small angle X-ray diffraction (SAXRD)
pattern of MCM-41 was shown in the inset of Fig. 1. which
confirmed the structure of MCM-41 and a 3.36 nm-wide
effective mean pore diameter can be estimated according to
Ref. [23]. Fig. 2 shows the wide angle X-ray diffraction (XRD)
patterns of ZnO/MCM-41 nanocomposite and Mg doped ZnO/
MCM-41 nanocomposites for Mg contents of x=0.15 and
x =0.30. For comparison, XRD pattern of ZnO nanoparticles
was also shown in the inset of Fig. 2 which shows the
characteristic diffraction peaks of hexagonal ZnO phase (1 0 0),
002), (101), (102), (110), (103) and (200). These
characteristic peaks were not detected in nanocomposites but
only diffuse peaks of the non-crystalline silica are evident. This
implies that ZnO nanoparticles are well incorporated in the
pores of MCM-41. So the existence of ZnO in the composite or
the MgO phase formation has not been revealed from XRD
analysis.

3.1.2. FE-SEM and HR-TEM analysis

The surface morphology and elemental composition was
studied by FE-SEM. Fig. 3 shows SEM images of undoped and
Mg doped ZnO/MCM-41 nanocomposite. All the nanocompo-
sites exhibited spherical morphology with different particle
sizes. It can be seen from these pictures that the particle size
decreased with increase of Mg content from x =0 to 0.15 but
increased for other compositions. For x = 0.30, there is a start of
agglomeration of particles which in turn caused changes in the
shape of the spherical particles as well (can be seen in
Fig. 3(e)). The BET surface area and pore size analyzer results
are well supported by these results. For instance, EDS spectrum
of Mg 15ZnggsO/MCM-41 is shown in Fig. 3(f). Further
evidence for the existence of ZnO in MCM-41 and variation of
particle size with Mg doping was provided by HR-TEM
analysis of the nanocomposites. HR-TEM pictures and SAED
pattern of Mg0.15Zn0.35O/MCM-41 and Mgo_3OZn047OO/MCM-
41 are presented in Fig. 4. It can be seen from Fig. 4(a) that Mg
doped ZnO nanoparticles are appeared as black dots. The
average particle size of the Mg doped ZnO nanoparticles for
x=0.15 was calculated to be 2.5 nm and it reached to 15 nm
with the increase of Mg content up to 0.30. From the SAED
pattern of Mgg 15ZnggsO/MCM-41 nanocomposite, it can be
concluded that the ZnO nanoparticles are in amorphous phase.
But above x =0.15 there is an increase in particle size and
because of the low solid solubility of Mg (4 mol%) in ZnO,
there is possibility of formation of MgO phase [14]. The inset of
Fig. 4(b) infers that there is a large distribution of particle size.
Fig. 4(b) shows clear fringes with spacing of 0.528 nm which is
slightly larger than the spacing between the (0 0 0 2) planes in
the undoped ZnO crystals. This result exhibits successful
doping of Mg ions in ZnO nanoparticles. The (2 0 0) planes of
rock salt MgO and intimate contact between ZnO and MgO
particles is also evident from this picture. The electron
diffraction pattern in Fig. 4(b) demonstrates the polycrystalline
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Flg 3. FE-SEM pictures of ZnO/MCM-41 (a), MgOAOSZHOAgso/MCM-“l (b), Mg0A152n0‘35O/MCM—41 (C), Mg0‘25Zn0A75O/MCM—4l (d), Mg0A30Zn0,7OO/MCM—41 (e)

nanocomposites and EDS spectrum of Mgy 15Znj gsO/MCM-41 (f) nanocomposite.

nature of ZnO nanoparticles. It can also be seen from these
pictures that not all the particles were grown to larger sizes.
Electron diffraction (ED) pattern of Mg 30Zng7;00/MCM-41
was used to analyze the crystalline structure. For that, the R-
values, the distance between the center spot and the peripheral
of different rings in ED patterns, were measured which enables
us to calculate the spacing values using the following formula:

L) =Rd

where LA is a fixed value for TEM (in this work, 200 kV).
Among the six planes indexed in the ED pattern, five (1 0 0),

(101),(102),(110), (10 3)belongs to the wurtzite structure
of ZnO and the remaining one (2 0 0) corresponds to the rock
salt structure of MgO.

3.1.3. Photoluminescence study

The PL spectra of ZnO/MCM-41 nanocomposite and Mg
doped nanocomposites recorded with an excitation wavelength
of 320 nm are shown in Fig. 5. A broad PL band positioned at
393 nm was obtained in the present case is in good agreement
with the previous reports [10,12,25,26]. A sharp peak at 568 nm
was detected in all these samples. To know the origin of this
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Fig. 4. HR-TEM images and SAED patterns of Mg ;5ZnygsO/MCM-41 (a) and Mgg 30Zng700/MCM-41 nanocomposites (b).

peak, the PL spectra of MCM-41 and ZnO were also recorded.
In both the samples, this peak was observed and no impurities
were detected in the SEM-EDS measurement of samples so it
could be due to some measurement error in the instrument
which we have used. A small kink, at 363 nm, was observed in
almost all samples, which is ascribed to the excitonic emission
of ZnO nanocrystals embedded in MCM-41. It has been blue
shifted strongly compared to the bulk ZnO whose excitonic
emission is at around 380 nm. It confirmed the strong quantum
confinement effects of ZnO nanoparticles in the nanocompo-
site. The position of the excitonic emission was not changed
with Mg doping. In fact, the near band edge (NBE) emission
shows inverse dependence on the diameter of the particle, such
dependence was not observed in this study even though there is
variation in particle size with Mg doping. Similar results have
also been observed by Karthikeyan et al. recently in Mg doped
ZnO nanostructures [27]. It indicates Mg2+ addition did not
yield any additional energy levels below the conduction band.
The generally observed green emission has been quenched
completely due to the surface passivation of the ZnO
nanocrystals by mesoporous silica host [10,28]. These PL
spectra of nanocomposites, doped with different amounts of
Mg, exhibited systematic variation in their intensities and
particle sizes. The intensity, gradually decreased as the Mg
content was changed from x = 0 to 0.15 and began to increase
for concentrations greater than 0.15. Geng et al. reported the

similar kind of variation in NBE emission in mesoporous
Mg0),—~(Zn0), _, system for different x values (x = 0.05, 0.25,
0.50 and 0.75). They observed that the NBE emission was
decreased for Mg contents 0.05 and 0.25 and enhanced steadily
for x =0.50 and 0.70. The decrease in emission intensity for
x =0.15, can be explained as follows. As the nanoparticles size
decreased, surface/volume ratio was increased and gave rise to
larger non-radiative relaxation paths. With large non-radiative
relaxation path, the passivation of ZnO nanocrystals does not
necessarily lead to the enhancement of the NBE, because the
excess energy saved by the passivation is consumed by the non-
radiative relaxation path [8,17]. Another reason for the
reduction in intensity is that the addition of Mg may inhibit
the interactions between ZnO and SiO, due to its smaller
electro negativity than Zn.

Itis evident from BET, FE-SEM and HR-TEM results that the
particle size was increased for x = 0.25 and 0.30. With increase in
particle size, intensity of the PL band enhanced steadily. There is
nearly twofold increase in intensity of PL for concentration of
Mg doping with x =0.30 compared to the intensity of ZnO/
MCM-41 nanocomposite without doping. The deep investigation
of PL spectra was done by fitting the curves by three Gaussian
functions based on Mahamuni et al. [28] (Table 2). Gaussian
fitting results of PL spectra of ZnO/MCM-41 and Mg, 30Zng 700/
MCM-41 nanocomposites are shown in Fig. 5(c) and (d). The PL
band of ZnO/MCM-41 nanocomposite showed three emission
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Fig. 5. PL spectra of ZnO/MCM-41 nanocomposite doped with different Mg contents (a), Mg 15Zng gsO/MCM-41 (b), Gaussian fitted PL spectra of ZnO/MCM-41

(c) and Mg 30Zng700/MCM-41 nanocomposites (d).

peaks situated at 371 nm, 403 nm and 457 nm. These three peaks
are attributed to the excitonic emission, oxygen vacancies at the
interface between ZnO and SiO, and oxygen vacancies in inner
ZnO nanocrystals respectively [26,28-30]. From HR-TEM and
fitting results of PL, it can be concluded that the FWHM of third
peak was increased with increase in particle size which indicates
increased oxygen vacancies in inner ZnO crystallites. Here we
define intensity ratio between peak 1 and peak 2 as 11/l and
between peak 2 and peak 3 as I,/I5. The ratio I,/I3 is about six
times greater than that observed for ZnO/MCM-41 nanocompo-

Table 2
Gaussian fitting results of PL spectra of ZnO/MCM-41 and Mg 30Zng 700/
MCM-41 nanocomposites.

Sample Name Peak position  Full width half [/, L/l
maximum (eV)

ZnO/MCM-41 371 32.63 - -
403 21.01 041 -
457 14.41 - 0.10

Mg0_30Zn0>7QO/MCM-41 372 31.00 - -
408 19.37 044 -
465 12.15 - 0.67

site. It indicates the strong dependence of oxygen vacancies in
inner ZnO crystallites on particle size. The formation of MgO
when x =0.30 has been confirmed from HR-TEM results. In
addition, HR-TEM results also implied that ZnO and MgO
particles are in contact intimately. So one of the reasons for
increase in intensity of PL band for x = 0.30is increase in particle
size. It has also been observed previously in colloidal ZnO
nanoparticles [8] and in MgO passivated ZnO nanoparticles [17].
Moreover, with increase of ZnO content in organic—inorganic
waveguides, more intense UV emission has been observed [7]. As
the particle size increased, the specific surface area decreased as
well as the number of charge carriers tunneling from interior to
the surface also decreased: as a result, the surface defects were
reduced. Consequently, less number of photo-generated carriers
will be captured by surface defects and hence there was increase
in intensity. However, there may be another phenomenon which
can be partly contributed to the enhancement of PL emission
which was due to the formation of ZnO/MgO heterojunction
structure [16]. The formation of heterojunction structures
between ZnO and MgO was confirmed from the HR-TEM
analysis. When ZnO/MgO heterojunction structures were
formed, charge transfer across the ZnO-MgO boundary took
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place which created electron depletion region with width W in
the ZnO nanoparticle [31]. Due to this phenomenon, ZnO
nanoparticles are electron depleted. So the transition process for
non-radiative recombination might be greatly suppressed in the
depletion region where the Fermi level dropped below the energy
levels due to non radiative transition related defects [31,32]. So
the enhancement in PL intensity at high Mg contents can be
attributed to the increase in particle size and formation of ZnO/
MgO heterojunction structures.

4. Conclusion

In conclusion, the successful incorporation of Mg doping in
ZnO nanoparticles, in MCM-41, an inorganic host matrix was
achieved. The structure of the composites was analyzed by
various techniques such as XRD, BET, FE-SEM, HR-TEM and
PL spectrometer. BET, SEM and TEM analysis of samples
showed non-linear variation in ZnO nanoparticle size with the
addition of Mg. These results demonstrated that the intensity of
PL band strongly depended upon particle size. Oxygen
vacancies, in inner ZnO crystallites, were enhanced as the
particles were grown to larger size. The intensity of PL band
was double multiplied for Mg content with x = 0.30 compared
to the undoped ZnO/MCM-41 nanocomposite. This increase in
intensity was attributed to the increase in particle size and also
due to the formation of ZnO-MgO heterojunction structures.
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