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Abstract: Nanometer-sized mixed metal oxide (MMO) particles (Zn1-xMgxO) with very precise stoichiometry
are prepared employing a polymer-based method. The precursor is formed by loading a polyacrylate
with metal ions followed by purification of the polymer metal ion complex via repeated precipitation/
redissolution cycles. Calcination of the polymer precursor at 550 °C gives particles of the metastable solid
solution of the ZnO/MgO system in the composition range (x < 0.2 and x g 0.82). The MMO crystal particles
are typically 20-50 nm in diameter. Doping of the ZnO by Mg2+ causes a shrinkage of lattice parameter
c. Effects of band gap engineering on the optical band gap are reported. The photoluminescence in the
visible is also affected, and its maximum shifts from 2.12 eV (pure ZnO) to 2.32 eV at x ) 0.21. The
crystalline MMO particles start to undergo segregation into hexagonal and cubic phases upon annealing
at 800 °C.

Introduction

The application of mixed metal oxides (MMO) in the
production of semiconductor devices,1 ceramics,2 and micro-
electronics including photoluminescent (PL) devices3,4 has
triggered much research activity. Stoichiometry and homogene-
ity of composition are key to the potential applications of such
materials.5 The size and shape of the MMO particles or
microstructure of MMO thin films are important parameters that
need to be controlled. For example, the literature shows that,
in the synthesis of metal oxide nanoparticles, the formation of
a metastable solid solution5 or introduction of a second phase6

could inhibit the particle growth and enhance the thermal
stability with regard to undesired phase transitions.

Many synthetic methods have been described to produce
MMO of high and reproducible quality. Mechanical mixing of
precursors followed by a firing process to achieve the desired
MMO is the traditional method. It starts by ball-milling a
mixture of different kinds of pure metal oxides or thermally
labile metal salts (e.g., carbonates, acetates, nitrates), and the
resulting blend is then subjected to a temperature-controlled
heating protocol.7 Since it is difficult to control grain growth
and segregation phenomena occurring during calcination or
sintering, and contaminations may be introduced in the course
of blending, it is notoriously troublesome to create high quality

materials. Spray pyrolysis is another method frequently used
to synthesize MMO of homogeneous composition at the atomic
length scale.8 A further method rests on sol-gel chemistry
starting from hydrolysis of metal ion containing precursors to
produce an intermediate oxy-hydroxyl gel which is then
subjected to controlled heating (calcination) to give ceramic
powders of desired composition. Sin and Odier9 have reported
on the synthesis of a series of MMOs of the type La0.85Sr0.15-
MnO3, La2CuNiO6, and BaZrO3 in which the EDTA complexes
of the metal ions were stabilized in a polyacrylamide gel
prepared in situ. The pyrolysis of the dry gel containing the
EDTA metal complex at temperatures above 700°C gave the
desired MMO. This is a variation of the Pechini method,10 which
has been widely used in the past. We note for instance the work
of Kakihana et al.11 on the synthesis of the perovskite PbTiO3

using citric acid as both the complexant and reagent to form a
water-compatible polyester with ethylene glycol in situ. The
gel containing the metal/citric acid complex was then used as
a precursor in the calcination. We would like to note an earlier
publication by Marcilly and co-workers in which this type of
procedure is described in general terms.12 In all of these cases,
the polymer acts as a thermolabile builder to hold the hetero-
geneous mixture of precursors together.

Hydrothermal synthesis is an approach in which nucleation
and growth of the desired MMO particles take place in water
or another liquid medium at relatively low temperature and
under ambient conditions. Solvent at hydrothermal conditions
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provides a mass transport path promoting phase transformation
kinetics. PbZr0.7Ti0.3O3

13 and BaTiO3
14,15 have been obtained

using such a method.
Here, we would like to report on a process that differs in

important details from previous methods used to prepare MMO
powders with controlled composition. The method starts with
the preparation of a defined polymer/metal salt complex that is
water-soluble and can be purified by repeated precipitation/
redissolution cycles and/or dialysis. Such soluble complexes can
be prepared to contain two or more different metal ions. The
metal ion density which refers to the ratio between the ionogenic
sites fixed to the polymer backbone and the number of metal
ions per chain can be changed by dilution with nonmetallic
counterions. The purified complex in dry form is calcined at
relatively low temperature to give nanosized crystals of the
MMO provided that sintering can be avoided. The polymer/
metal salt solution can also be processed by spin coating, drop
casting, or a similar procedure to obtain polymer precursor films.
The composition of the precursor polymer defines the stoichi-
ometry of the MMO in cases in which a phase segregation into
MMOs of different structure and composition does not occur
during calcination.

The method is specifically suited to prepare MMO particles
useful as components of polymer/MMO blends. In the following
section we use the preparation of zinc/magnesium oxide
(Zn1-xMgxO) as an example but would like to point to our earlier
work on the synthesis of submicrometer-sized electrochemically
active LiCoO2 which followed a similar protocol.16

Experimental Details

For a zinc-rich sample (x < 0.5), typically, 1.036 g of poly(acrylic
acid) (prepared from 50% aqueous solution by freeze drying) (Aldrich,
Mn ) 5000) and 0.428 g of Zn(NO3)2‚6H2O were dissolved in 110 mL
of water. Nitrogen was bubbled through the solution to remove carbon
dioxide for 10 min. Ammonium hydroxide (25 wt %) was added
dropwise to adjust the pH to the desired value between 5 and 10. The
reaction mixture was concentrated to about 20 mL by vacuum
distillation. The residual viscous liquid was dropped into 120 mL of
acetone. A colorless precipitate was formed and collected by centrifuga-
tion. It was washed with acetone and dried at 40°C in vacuo. This
material (0.5 g) was redissolved in 50 mL of water. A solution of 0.144
g of Mg(NO3)2‚6H2O in 15 mL of water was added. The pH was
adjusted to 7 with ammonia. The mixed solution was concentrated to
20 mL in vacuo and then poured dropwise into 100 mL of acetone.
The precursor material was collected by centrifugation, washed with
acetone, and dried in vacuo. It was milled into a fine powder and then
calcined in a temperature-controlled oven under air flow at a heating
rate of 5°C min-1 to 550°C. The sample was isothermally annealed
for 1 h at this temperature.

For the Mg-rich samples (x > 0.5), the analogous magnesium
polyacrylate complex was first prepared, and then zinc was incorporated
as described above.

The composition with regard to Zn and Mg in the precursors and
the MMOs was determined by atomic absorption spectroscopy (AAS)
using a Perkin-Elmer 5100 ZL spectrometer. The zinc/magnesium
polyacrylate complex was dissolved in water, while the Zn1-xMgxO
samples were dissolved in concentrated HCl. pH was measured with a
Pt/KCI glass electrode attached to a pH meter (Schott CG 843 set).

The optimal temperature for calcination was worked out by thermo-
gravimetric analysis (TGA), using a Mettler Toledo TGA/SDTA 851e
instrument. Powder X-ray diffraction patterns were recorded on a Seifert
3000 TT Bragg-Brentano diffractometer using Cu KR radiation withλ
) 0.15406 nm, operating at 40 kV and 30 mA with a 0.03° step size
in the range of 5° e 2θ e 80°. TEM images were obtained by Tecnai
F20 microscope operating at 200 kV. An energy-dispersive X-ray
(EDX) spectrometer was coupled to the TEM for composition deter-
mination. PL measurements were obtained at room temperature from
a Spex Fluorolog spectrometer.

Results and Discussion

The polymer-based process of synthesis of MMO is outlined
in Scheme 1. It starts by codissolving relatively low molecular
weight poly(acrylic acid) (Mn ) 5000 g mol-1) and a zinc salt
(e.g., Zn(NO3)2) in water followed by adjusting the pH to values
larger than 5. A 4-fold molar excess of carboxylic groups vic.
zinc is chosen. The clear solution is poured into acetone,
whereupon the zinc polyacrylate complex precipitates out. It is
redissolved in water; the desired amount of magnesium nitrate
is added, and the zinc/magnesium polyacrylate complex is
obtained by precipitation from acetone. The precipitation serves
to purify the precursor by removing the ionic impurities and
other species in the reaction mixture. After drying in vacuo,
the solid polymer metal ion complex appears as a colorless,
completely amorphous powder as indicated by X-ray diffraction
as well as TEM results. It is worthwhile mentioning that the
polyacrylate zinc magnesium complex prepared this way is
completely soluble in water with a viscosity behavior that
conforms to ordinary polyelectrolytes.17,18

The dry precursor powder is converted into Zn1-xMgxO by
heating it in oven under air flow at a heating rate of 5°C/min
to 550°C and then keeping it at that temperature for 1 h. The
resulting colorless powder is composed of nanosized crystals,
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Scheme 1. Synthesis of MMO Powders by Pyrolysis of Mixed
Metal Polyacrylates
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and it has a composition (i.e.,x ) [Mg]/([Mg] + [Zn]))
predefined by the magnesium content to the overall metal
content ratio in the polymer precursor as shown in Figure 1.
The magnesium content in the polymer precursor reflects this
ratio in the feed. Here a slight depletion of magnesium in the
range ofx ) 0.2-0.6 takes place in the mixed metal oxides
samples.

Figure 2a shows the X-ray diffraction patterns of the oxide
products covering the whole composition range. The patterns
of the pure ZnO are indexed according to the known hexagonal
phase (zincite), and that of MgO is indexed according to its
cubic phase (periclase). Clear indications for segregation into a
hexagonal and a cubic phase are found for samples having
magnesium content between 0.26e x e 0.73. Samples ofx )
0.21 and 0.26 showed a very weak (200) reflection of the MgO
phase, indicating that the majority of the material was in the
form of zincite. At composition of Zn0.88Mg0.12O, the hexagonal
phase was the only one seen. The appearance of reflections in
the powder patterns belonging to two different phases indicates
that particles that differ in phase structure and elemental
composition have been formed in a particular range of overall
composition at the temperature and time interval of the
calcination. Figure 2b shows the dependence of the lattice
parameter of the hexagonal phase depending on the overall Mg
content. While the unit cell clearly shrinks along thec-axis from
the value of the pure hexagonal ZnO phase with increasing
magnesium content, this is not true for thea-axis parameter.
These results are roughly in agreement with the data obtained
from epitaxially grown films on sapphire by a laser deposition
method,21 although in detail there are significant differences.
In particular, the onset of MgO segregation from the zincite
phase occurs already at smaller values in our samples and the
dependence of thec-parameter on composition is stronger.
These differences may be a consequence of the different
preparation methods and the adhesion to the substrate in the
laser deposited films. We also would like to mention the work
of Shan et al.,22 who reported a linear decrease of the lattice
constants with increasing magnesium content between 0e x e

0.05 with the same trend seen by us. These authors used
laser deposition as well but on glass as the substrate. Their value
quoted atx ) 0.05 is within the error margin of our findings.
However, we do not see a similar change in thea-axis parameter.
To this point our result is in agreement with that of Ohtomo
et al.21

The data reported in Figure 3 give evidence that our samples
consist of nanometer-sized crystals of homogeneous composi-
tion. Figure 3a shows a TEM image of a large number of crystals
having the overall composition Zn0.88Mg0.12O. The inset
shows the electron diffraction pattern of this particle collection
which is consistent with the pattern of ZnO. Figure 3b presents
a high-resolution (HRTEM) image of a single particle of this
sample showing (100) and (012) lattice fringes and crystalline
order on the length scale of the size of the crystals. Actually,
crystal defects such as dislocations and stacking faults are also
found in some other TEM images. Figure 3c gives results of
an EDX spectroscopy line scan analyzing a particle for its
composition. The similarity of the profile of Mg and Zn
composition proves that both elements are homogeneously
distributed over the whole particle. In other words, magnesium
ions are able to occupy places of zinc ions in the zincite
lattice forming a solid solution. We note that the phase diagram
of the system ZnO/MgO predicts the formation of a solid

(21) Ohtomo, A.; Kawasaki, M.; Koida, T.; Masubuchi, K.; Koinuma, H.;
Sakurai, Y.; Yoshida, Y.; Yasuda, T.; Segawa, Y.Appl. Phys. Lett.1998,
72, 2466.

(22) Shan, F. K.; Kim, B. I.; Liu, G. X.; Liu, Z. F.; Sohn, J. Y.; Lee, W. J.;
Shin, B. C.; Yu, Y. S.J. Appl. Phys.2004, 95, 4772.

Figure 1. Ratio of Mg content to whole metal content in feed versus that
determined in the polymer precursor (×) and mixed metal oxide (O) by
means of AAS.

Figure 2. (a) X-ray diffraction patterns of Zn1-xMgxO (0 e x e1). Note
that atx ) 0.21 the (200) peak of cubic phase begins to appear. (b) Cell
parameterc (filled star) anda (open star) as a function of the Mg content
x. The data were refined by CELREF.19 Filled and open circles indicate
the standard values of ZnO cell parameters.20 The two dashed lines mark
the phase boundary.
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solution of both components near the ZnO boundary.23 However,
the amount of MgO in solid solution in the zincite structure is
only about 2 wt % (corresponding to a molar fraction of 0.04)
at equilibrium conditions (1600°C). In our case, the phase
formation occurs far from equilibrium and from an amorphous
precursor at 550°C. Hence, our nanometer-sized crystals are
metastable insofar as their composition is not the equilibrium
composition. In fact, short annealing of the solid solution-type
crystals in the zincite phase at a temperature of 800°C for 2 h
shows the beginning of periclase phase segregation from the
zincite phase. The intensity of the X-ray diffraction peak for
MgO (200) is about 0.6% of that of ZnO (002). The weakly

agglomerated particles depicted in Figure 3 can be separated
by a short treatment with ethanolic solution of tetrabutylam-
monium phosphate and applying ultrasonication. Mostly indi-
vidual crystals are obtained as detected by scanning electron
microscopy.

The presence of magnesium on lattice sites of zinc has
consequences for the electronic properties. ZnO is a wide band
gap semiconductor (Eg ) 3.34 eV), while MgO has a band gap
as large as 7.5 eV.24 Incorporating Mg atoms on Zn lattice sites
will increase the band gap of ZnO. This is called band gap
engineering, and it will change the electrical and optical

(23) Segnit, E. R.; Holland, A. E.J. Am. Ceram. Soc.1965, 48, 409. (24) Chen, J.; Shen, W. Z.Appl. Phys. Lett.2003, 83, 2154.

Figure 3. (a) TEM image showing the morphology of Zn0.88Mg0.12O nanoparticles. The inset is the electron diffraction pattern. The spotty nature of the
pattern indicates that the nanocrystallites are three-dimensionally randomly oriented. (b) HRTEM image of one particle of the same sample. The inset is the
corresponding fast Fourier transform of the image. (c) EDX results of Zn and Mg with a line scan as denoted by the line.
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properties of the material.25 In fact, many publications deal with
the optical properties of doped ZnO; however, they are mostly
for samples obtained in the form of thin film on solid substrate
such as quartz, sapphire, and so on.21,22,26The spectral data and
particularly data on PL reported in the literature differ consider-
ably. They demonstrate that the preparation method of the films
or powders has a strong impact on the optics of the material.
ZnO exhibits relatively intense photoluminescence. Generally,
two peaks are seen in the PL emission spectrum of pure ZnO.
One of these is relatively weak and centered around 3.24 eV. It
is associated with the near band edge (NBE) emission. The other
one occurs in the visible region of the spectrum. It is frequently
recorded with the maximum centered around 2.12 eV, intensity
and precise position depending on preparation conditions, purity
and thermal history of the sample. The origin of this emission
is not totally clear, but it is generally assumed that it originates
from oxygen defect levels27 either in the bulk or at the surface
of the crystals. In our case, doping of magnesium into the ZnO
phase has a strong quenching effect on the high-energy NBE
emission while emission in the visible is enhanced. Figure 4a
shows the PL excitation spectra of the emission in the visible
for our powder samples of Zn1-xMgxO for various values ofx.
Figure 4b shows the corresponding PL emission spectra. The
PL excitation spectra were recorded measuring the intensity of
the PL emission at the respective maximum for each composi-
tion. The excitation spectrum monitors the density of states near
the band edge and allows retrieval of the band gap energy from
the adsorption edge. The strong dependence of the absorption
edge on Mg concentration is evident. This effect had been seen
previously and has been discussed in detail for epitaxially grown
thin films.21,22 Our materials behave similarly, although they
are nanosized powders and not monodomain epitaxially grown
films.

Another point worth noting is the significant decrease of slope
with increasing Mg concentration in the PL excitation spectra
near the band edge. This effect is known as alloy broadening,
but the excitonic character of the absorption peak remains. The
emission in the visible shifts from pure ZnO with maximum at
2.12 eV to 2.32 eV atx ) 0.21 (when the segregation into MgO
and ZnO phase occurs); it then jumps to about 2.8 eV in the
MgO phase alloy. The band gap and associated excitation
spectral characteristics change nearly linearly with increasing
content of Mg in the zinc-rich part of the phase composition as
indicated in Figure 4c. Contrary to this, the energy of the PL
emission and its shape seem to saturate near a composition of
x ) 0.2. We would like to interpret this phenomenon by the
assumption that the PL emission comes from localized defect
centers which are relatively weakly affected by the change in
the band structure of the material, which in turn responds
strongly to the substitutional replacement of zinc by magnesium.
A thus far inexplicable phenomenon just for one sample of

composition Zn0.96Mg0.04O is observed. This sample showed the
maximum of PL emission at 2.4 eV, which is much blue-shifted
from what could be expected from the data of the other
compositions. At present, we must leave it to further experi-
mentation to clarify the origin of this behavior. We would also
like to note the observation that the NBE emission is quenched
on alloying while the emission in the visible is enhanced, which
indicates that the number of the defect sites associated with the
emission is strongly enhanced.

Conclusion

In summary, we have demonstrated that the calcination of a
polymer/metal salt complex which can be purified and processed
following established methods of polymer chemistry is useful
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Soc.2003, 125, 7100. (c) Kim, S.; Fisher, B.; Eisler, H.-J.; Bawendi, M.
J. Am. Chem. Soc.2003, 125, 11466.

(26) (a) Ohtomo, A.; Shiroki, R.; Ohkubo, I.; Koinoma, H.; Kawasaki, M.Appl.
Phys. Lett.1999, 75, 4088. (b) Sharma, A. K.; Narayan, J.; Muth, J. F.;
Teng, C. W.; Jin, C.; Kvit, A.; Kolbas, R. M.; Holland, O. W.Appl. Phys.
Lett.1999, 75, 3327. (c) Jin, Y.; Zhang, B.; Yang, S.; Wang, Y.; Chen, J.;
Zhang, H.; Huang, C.; Cao, C.; Cao, H.; Chang, R. P. H.Solid State
Commun.2001, 119, 409. (d) Dev, A.; Chakrabarti, S.; Kar, S.; Chaudhuri,
S. J. Nanopart. Res.2005, 7, 195.

(27) Vanheusden, K.; Seager, C. H.; Warren, W. L.; Tallant, D. R.; Voigt, J. A.
Appl. Phys. Lett.1996, 68, 403.

Figure 4. (a) PL excitation spectra of samples of Zn1-xMgxO with different
x. (b) PL emission spectra of Zn1-xMgxO samples excited at 325 nm. (c)
Maxima of PL emission (2) and excitation (O) Emax depending onx; the
broken line through the data points of PL emission is a guide to the eye.
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to prepare nanosized crystals of a typical MMO. The preparation
of Zn1-xMgxO by controlled pyrolysis of a zinc/magnesium
polyacrylate complex is used as an example. The particles of
typically 20-50 nm in diameter are single crystals and are
metastable alloys of the ZnO/MgO systems in a particular range
of composition. Effects of band gap engineering on the optical
band gap are seen and are in general agreement with expectation.
The photoluminescence in the visible is enhanced while the
high-energy emission in the UV region is suppressed by
incorporation of magnesium ions on zinc ion lattice sites. This
points toward the usefulness of our approach to create photo
emissive materials with enhanced sensitivity. However, signifi-
cant differences in the emission profiles are seen in our materials

compared to the reported data from literature indicating the
impact of processing conditions on the electronic properties.

We believe that this method has a wide scope of application
for the preparation of powders of mixed metal oxide alloys of
metastable type from a polymer metal ion complex as the
precursor which is converted to the MMO at relatively low
temperature where sintering is not yet prevailing.
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