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Abstract

Magnesium-doped ZnO nanoparticles (NPs) (Zn; _,Mg,O-NPs, x = 0.0, 0.01, 0.03, and 0.05) were synthesized by a simple sol-gel method. The
compounds were synthesized at calcination temperatures of 650 °C for 2 h. The synthesized Zn,_,Mg,O-NPs were characterized by X-ray
diffraction analysis (XRD) and high-magnification transmission electron microscopy (TEM). The XRD results revealed that the sample product
was crystalline with a hexagonal wurtzite phase. The TEM showed Zn; _,Mg,O-NPs with nearly spherical and hexagonal shapes. The size—strain
plot (SSP) method was used to study the individual contributions of crystallite sizes and lattice strain on the peak broadening of the Zn,_,Mg,O-
NPs. Physical parameters such as strain, stress, and energy—density values were calculated more precisely for all reflection peaks of XRD
corresponding to the wurtzite hexagonal phase of ZnO in the 20°~100° range from the SSP results. The effect of doping on the optical band-gap was
also investigated. The results showed that Mg2+ is a good dopant to control some of the ZnO properties, with minimum defects to its structure.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nanotechnology has the potential to create many new
devices with a wide range of applications in the field of
medicine [1], electronics [2], and energy production [3]. The
increased surface area-to-volume ratios and quantum size
effects are the properties that make these materials potential
candidates for device applications. These properties can control
optical properties such as absorption, fluorescence, and light
scattering.

Zinc oxide (ZnO) is an n-type metal oxide semiconductor
with a wide band-gap (3.36 eV) and large excitation binding
energy. These characteristics make this material interesting for
many applications, such as solar cells [4], optical coating [5],
and gas sensors [6]. The role of the particle size, doping,
impurities, and morphology is very important to these
applications, which has driven researchers to focus on the
synthesis of doped and pure nanocrystalline ZnO in recent
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years. Therefore, many methods, including sol-gel [7],
combustion [8], precipitation [9], solvothermal [10], micro-
wave [11], spray pyrolysis [12], hydrothermal [13], chemical
vapor deposition (CVD) [14], and others, have been developed
to prepare ZnO nanostructures and ceramics.

The doping of ZnO with selective elements offers an
effective method to enhance and control its electrical and
optical properties in nano and ceramic forms. To date, several
doped ZnO structures have been fabricated using some of the
element cations. For example, Au** [15], Ce** [16], Eu™* [17],
In** [18], and Mg?* [19] have been used to control optical
properties; Mn** [20], C1'~ [21], Co**, Ni**, Fe’*, Cu®*, and
V>* [22] were used to enhance the magnetic properties; and
Li'* [23] and Na'* [24] were used to get a p-type form of ZnO.
Magnesium-doped ZnO nanoparticles have attracted significant
interest in hydrogen production [25], electroluminescence [26],
and field effect transistors [27]. Apart from these, synthesis
methods that yield different shapes show different optical
behaviors. Moreover, since the ionic radii of Mg2+ (0.66 A) and
Zn>* (0.74 A) are quite close, they can alloy by replacing each
other in the matrix.
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In the present work, a simple sol—gel route was created to
prepare Zn,_,Mg,O nanoparticles (NPs) in gelatin media.
Gelatin was used as a polymerization agent, serving as a
terminator for growing the Zn;_,Mg,O-NPs because it expands
during the calcination process and the particles cannot come
together easily. The size, morphology, and crystallinity of the
resulting Zn; _,Mg,O-NPs were investigated.

2. Experiment

To begin synthesis of Mg-doped ZnO nanoparticles,
analytical grade Zinc nitrate hexahydrate (Zn(NOs3),-6H,0),
magnesium nitrate hexahydrate (Mg(NO;),-6H,0), gelatin
[(NHCOCH-R,),,, R; = amino acid], and distilled water were
used as starting materials. In order to prepare 10 g of the final
product, the specific amount of zinc and magnesium nitrate
were dissolved in 50 mL of distilled water. The quantities of the
precursor materials were calculated according to the
Zn; Mg, O formula, where x =0, 0.01, 0.03, and 0.05. On
the other hand, 8 g of gelatin were dissolved in 300 mL of
distilled water, and the solution was stirred at 60 °C. After the
gelatin solution became clear, the 7Zn>* and Mg2+ solution were
added to the gelatin solution. The container was placed in an
oil-bath; meanwhile, the temperature was fixed at 80 °C while
continuing to be stirred to obtain a viscose, clear, and honey-
like gel. For the calcination process, the gel was rubbed on the
inner walls of a crucible, and the crucible was then placed into
the furnace. The temperature of the furnace was fixed at 650 °C
for 2 h, with a heating rate of 2 °C/min.

The prepared precursor gel of Zn;_,Mg,O-NPs was studied
using thermogravimetry analysis (TGA, Q600), and the phase
evolutions and structure of the Zn, ,Mg,O-NPs were studied
by XRD (Philips, X pert, CuKa). The TEM observations were
carried out on a Hitachi H-7100 electron microscope to
examine the shape and particle size of the nanoparticles. The
UV-vis spectra were recorded over the range of 350-700 nm by
a Lambda 25-Perkin—Elmer UV-vis spectrophotometer.

3. Results and discussion
3.1. TGA

The thermogravimetric and derivative analysis (TGA/DTA)
curves of the ZnO-NPs synthesized by the sol-gel method in a
gelatin environment are presented in Fig. 1. The TG curve
descends until it becomes horizontal at around 500 °C. The TG
and DTA traces show three main regions. The first weight loss
between 50 and 135 °C (20%) is an initial loss of water—bend
Ed;. The second weight loss from 135 to 220 °C (22%) is
attributed to the decomposition of chemically bound groups,
which corresponds to bend Ed,. The third step from 220 to
350 °C (18%) is related to both the decomposition of the
organic groups and the formation of the pyrochlore phases—
bend Eds. The last weight-loss step from 350 to 500 °C (19%) is
attributed to the decomposition of the pyrochlore phases, and
the formation of ZnO pure phases—bend Ed,. No weight loss
between 500 and 900 °C was detected on the TG curve, which
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Fig. 1. The TGA curve of the gel from 50 to 900 °C.

indicates the formation of nanocrystalline ZnO as the
decomposition product. The TGA of the doped ZnO-NPs
were the same, so they were not presented.

3.2. XRD analysis

The XRD patterns of the prepared samples in the range of
26 =20°-100° are shown in Fig. 2. All detectable peaks could
be indexed as the ZnO wurtzite structure (Ref. Code: 00-005-
0664). No further peaks were detected related to Mg, MgO, or
other similar compounds. A negligible shift also occurred in
peaks for the samples doped with a different amount of Mg in
the ZnO matrix compared to the pure ZnO-NPs (Fig. 3). This
shift also corresponded to the strain of the compounds and
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Fig. 2. The XRD pattern of (a) ZnO, (b) Zng 9oMg0 010, (¢) Zng 9;Mgp 030, and
(d) Zng 9sMgo 050.
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Fig. 3. The (1 0 2) diffraction peak of the samples. The peak was shifted to the
higher degrees by increasing the Mg concentration.

replacement of some Zn>* with the Mg2+ in each compound due
to their different ionic radius.

Waurtzite lattice parameters such as the values of d, the
distance between adjacent planes in the Miller indices (4 k [)
(calculated from the Bragg equation, X =2dsinf), lattice
constants a, b, and c, inter-planar angle (the angle ¢ between
the planes (h; k ;), of spacing d; and the plane (h; k; I,) of
spacing d,), and unit cell volumes were calculated using the
Lattice Geometry equation [28]. The lattice parameters of the
powders calcined at different temperatures are summarized in
Table 1.

3.3. Crystalline size and mechanical properties

The crystalline size and mechanical properties of the
Zn;_ Mg, O-NPs, x = 0.0, 0.01, 0.03, and 0.05, were calculated
by the size strain plot method. Normally, the crystalline size of
the crystals are determined by the X-ray line broadening
method using the Scherrer equation D = (kA/Bpcosd), where D
is the crystalline size in nanometers, A is the wavelength of the
radiation (1.54056 A for CuKa radiation), k is a constant equal
to 0.94, Bp is the peak width at half-maximum intensity, and 6 is
the peak position. The breadth of the Bragg peak is a
combination of both instrument- and sample-dependent effects.

To decouple these contributions, it is necessary to collect a
diffraction pattern from the line broadening of a standard
material (e.g., silicon) to determine the instrumental broad-
ening. The instrument-corrected broadening Sp corresponding
to the diffraction peak of ZnO was estimated using the relation
[29]:

IBZD = [(le)measured - IBiznstrumemal] = (4)

D= ke :>0039—k/\ ! )]
~ Bpcosh D \Bp

According to previous work, line broadening was essentially
isotropic using the Williamson—Hall method [30,31], indicating
that the diffracting domains were isotropic and that a micro-strain
contribution also occurred. However, in the cases of isotropic line
broadening, a better evaluation of the size—strain parameters can
be obtained by considering an average size—strain plot (SSP),
which gives less weight to data from reflections at high angles,
where the precision is usually lower. In this approximation, it is
assumed that the crystallite size profile is described by a
Lorentzian function and that the strain profile is described by a
Gaussian function [32]. Furthermore, the peak broadening that
occurred due to the strain is estimated from ¢ &~ B /tané [28]. The
total peak broadening is obtained from the following equation:

B = Bs + Bp (6)

Accordingly, we obtain:

A &\?
(dnaBpcost)’ = D (diaPracost) + (5) @

where A is a constant that depends on the shape of the particles;
for spherical particles, it is given as approximately and can be
used for the samples. In Fig. 4a—d, the term (d B cosd)? is
plotted with respect to (dhklzﬂhkl cosf) for all orientation peaks
of ZnO-NPs with the wurtzite hexagonal phase from 26 = 20° to
100°. In this case, the crystalline size is determined from the
slope of the linearly fitted data, where the root of the y-intercept
gives the strain.

According to Hook’s law, a linear proportionality between the
stress and strain is given as o = Yg where o is the stress of the
crystal and Yis the modulus of elasticity, or Young’s modulus, for
a significantly small strain. This equation deviates from this
linear approximation with increasing strain. For a hexagonal
crystal, Young’s modulus is given by the following relation [33]:

Table 1

The structure parameters of pure and doped ZnO-NPs calcined at 650 °C.

Compound 20 +0.01 hkl dyr; (nm) £ 0.0005 Structure Lattice parameter V (nm?) £+ 0.2 Cos ¢ + 0.002

(nm) £+ 0.0005

Zn0O 31.70 (100) 0.2820 Hexagonal a=0.3256 47.90 0
34.36 (002) 0.2608 c¢=0.5216

Zng 9oMgp 010 31.71 (100) 0.2820 Hexagonal a=0.3256 47.88 0
34.37 (002) 0.2607 c¢=0.5215

Zng 9;Mg 030 31.70 (100) 0.2821 Hexagonal a=0.3257 47.90 0
34.38 (002) 0.2607 c=0.5214

Zny 9sMg 050 31.70 (100) 0.2821 Hexagonal a=0.3257 47.90 0
34.38 (002) 0.2606 c¢=0.5212
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Fig. 4. The SSP plot of (a) ZnO, (b) Zngy 9oMg0 010, (¢) Zng.97Mgp 030, and (d) Zng 9sMgp.0sO. The particle size is achieved from the slope of the linearly fitted data

while the root of the y-intercept gives the strain.

e+ 2t (o)’

c

Y =

where 511, 513, 533, and s44 are the elastic compliances of ZnO
with values of 7.858 x 10™'%, —2.206 x 10~ '%,6.940 x 102,
and 23.57 x 107" m*> N, respectively [34]. Young’s modulus
for the Zn; _,Mg,O-NPs was calculated, and the stress was then
calculated according to Eq. (7). For an elastic system that follows
Hooke’s law, the energy density u (energy per unit) can be
calculated from u = (sthk,)/Z. The results obtained from the SSP
models are summarized in Table 2.

Table 2
Geometric parameters of pure and doped ZnO-NPs calcined at 650 °C.
Compound Method

Size—strain plot

D@m) ex107*  Yx10° ox10° ux10®
ZnO 52.82 2.83 146 41.32 5.85
Zng 9oMgp 010 42.13 3.46 146 50.50 8.74
Zng 9;Mg 030 43.35 4.90 146 71.54 17.53
Zng 9sMgp 050 41.21 5.66 146 82.64 23.39

2\ 2 2
S11 (h2 + —<h+32k> ) + 833 (“7.1)4 + (2513 + S44) (h2 + _(h+32k)

(®)

)@

3.4. Morphology study of the ZnO-NPs

Fig. 5a—d shows the TEM morphology of the Zn;_,Mg,O-
NPs (x =0.0, 0.01, 0.03, and 0.05) calcined at temperature of
650 °C for 2. The corresponding size distribution histograms of
the TEM micrographs are presented below. The results of TEM
show that the particle sizes of the ZnO-NPs decreased with
Mg** doping. The changes in particle sizes are negligible;
according to the histograms, they were about 15% compared to
the pure ZnO-NPs. This can possibly be related to the
decreasing of the self-assembly of the crystals due to the
impurities defects. The histograms indicate that the main
particle sizes of the Zn; Mg, O-NPs (x = 0.0, 0.01, 0.03, and
0.05) calcined at temperatures of 650 °C were approximately
52 £ 14, 46 £ 10, 40 £ 9, and 41 % 10 nm, respectively.

3.5. UV—vis diffuse absorbance spectra and band-gap

The UV-vis absorbance spectra of the Zn;_,Mg,O-NPs
(x=0.0, 0.01, 0.03, and 0.05) calcined at a temperature of
650 °C for 2 h are shown in the inset of Fig. 6. The relevant
decrease in the absorbance at wavelengths greater than 350 nm
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Fig. 5. The TEM micrograph of (a) ZnO, (b) Znp.9oMgo.010, (¢) Zng97;Mgp 030, and (d) Zng 9sMgp050O. The size distributions are presented below the TEMs.

can be assigned to the intrinsic band-gap absorbance of ZnO
due to the electron transitions from the valence band to the
conduction band (O, — Zn3zq) [35]. Interestingly, an obvious
red-shift in the absorbance edge was observed for the products
with different percentages of the dopant. This might be due to
changes in their morphologies, particle size, and surface
microstructures. Moreover, the direct band-gap energies
estimated from a plot of (& x hv)® versus the photo energy
(hv) according to the Kubelka—Munk model [36], as shown in
Fig. 5, were 3.29, 3.30, 3.34, and 3.36 eV for the Zn,_,Mg,O-
NPs (x =0.0, 0.01, 0.03, and 0.05) calcined at temperature of
650 °C for 2h, where o (absorption) is calculated using
A=1x C x «a (lis the thickness and C is the concentration of
material). Such an increase in the ZnO band-gap energy is in
good agreement with the corresponding red-shift seen in the
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Fig. 6. The UV-vis spectrum of the Zn; _,Mg,O (X = 0.0, 0.01, 0.03, and 0.05).

previously mentioned absorbance edge. As obtained from the
TEM results, the particle size decreased with the addition of the
dopant to the structure. Decreasing the doped ZnO-NPs particle
sizes caused an increase in the band-gap.

4. Conclusion

The Zn,_ Mg, O-NPs (x =0.0, 0.01, 0.03, and 0.05) were
synthesized by a simple sol-gel method using gelatin as a
stabilizer and polymer agent. The prepared gel was calcined at a
temperature of 650 °C for 2 h to get a fine powder, free of
organic phases. The XRD patterns proved the formation of the
hexagonal structure, and no extra phases were detected. The
crystalline sizes of the nanoparticles were calculated using the
SSP method, considering the strain of the particles using the
XRD results. The crystalline sizes of 52 £ 2, 42 £ 2, 43 + 2,
and 41 + 2 were calculated for Zn; _, Mg, O-NPs, (x = 0.0, 0.01,
0.03, and 0.05), respectively. TEM results showed that the
particle size was decreased with the doping of Magnesium, and
the sizes of Zn,_ Mg, O-NPs (x =0.0, 0.01, 0.03, and 0.05)
were obtained as 52 + 14, 46 + 10, 40 + 9, and 41 £ 10 nm,
respectively. The results of UV-vis spectroscopy showed that
the band-gap of the Zn;_,Mg,O-NPs was increased with
dopant increases. The estimated band-gaps for Zn,_,Mg,O-
NPs (x = 0.0, 0.01, 0.03, and 0.05) were 3.29, 3.30, 3.34, and
3.36 eV. All of these results indicate that the Mg*" is a suitable
dopant to control the properties of ZnO-NPs.
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