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Highly crystalline metal oxide nanoparticles such as CoO, ZnO,

Fe3O4, MnO, Mn3O4, and BaTiO3 were synthesized in just a

few minutes by reacting metal alkoxides, acetates or acetylace-

tonates with benzyl alcohol under microwave heating.

Metal oxide nanoparticles constitute an outstanding class of

functional materials with potential applications in almost all

fields of technology.1 Among the different synthesis ap-

proaches developed in the last few years, nonaqueous or

nonhydrolytic processes were particularly successful with re-

spect to achieving control of crystallite size, shape, and

assembly behavior.2–5 But in spite of all the progress, the

preparation of nanocrystalline metal oxides remains rather

time- and also energy-consuming. One possibility to accelerate

the synthesis process is the use of microwave irradiation,

which allows a more efficient and homogeneous heating of

the reaction mixture. Microwave-assisted preparation routes

for inorganic materials are not yet as popular as for organic

compounds. However, the growing number of publications

dealing with that topic gives a first impression about the great

potential of the method.6–8 The composition of inorganic

nanoparticles obtained via microwave heating ranges from

metals (Au, Pd, Ag, Pt, AuPb)8,9 to oxides (TiO2, BaTiO3,

tungstates, ZnO),10–15 chalcogenides [M2S3 (M = Bi, Sb),

ZnS, ZnSe, CdSe, PbTe, PbSe, CdS],16–19 and phosphates

(LaPO4:Ce,Tb)
20 and the solvents used include water, organic

solvents, or ionic liquids.

Here we present a broadly applicable synthesis strategy that

enables the preparation of highly crystalline metal oxide

nanoparticles in good yields within minutes and even seconds

using a combination of nonaqueous sol–gel chemistry and

microwave heating. Thus, the use of microwave heating offers

an immense reduction of the reaction times in comparison to

traditional heating in an oil bath or in an autoclave. Further-

more, the pronounced dependence of the crystallite size on the

heating time (which was not found in analogous solvothermal

experiments in the autoclave21–23) provides a precious tool to

tailor this parameter. Comparison of the reaction mechanism

of ZnO, prepared either in the microwave or in the autoclave,

proved that both processes involved ester elimination as

condensation step for the Zn–O–Zn bond formation. This

result is of utmost significance, because it gives strong indica-

tion that microwave irradiation can be used as a powerful tool

to accelerate the formation of metal oxide nanoparticles

through directly influencing the organic reaction pathways.

The synthesis of the metal oxide nanoparticles involved the

dispersion of the precursors in benzyl alcohol (Scheme 1),

followed by heating in a microwave of 2.45 GHz frequency,

with the power modulated as a function of temperature (for

details see ESIw). The reaction mixture was continuously

stirred and then thermally quenched by a compressed air jet.

The temperature profile during the reaction can be divided

into three regions (see ESIw) that all play an important role for

nanoparticle formation. In the first stage, the mixture is heated

from room temperature to 60 1C to allow the precursor to

completely dissolve. Thereafter, fast heating to 200 1C leads to

homogeneous nucleation, probably following the same model

as recently reported for the preparation of monodisperse iron

oxide nanocrystals by a heating-up process.24 Crystal growth

occurred then upon further heating at this temperature,

enabling control over the final crystallite size.

Powder X-ray diffraction (XRD) patterns of the obtained

samples (Cu Ka or Co Ka radiation) are shown in Fig. 1. All

patterns correspond to the respective phase-pure metal oxide

with broad reflections that point to nanosized crystallites. The

XRD pattern of the brownish CoO sample can be assigned to

the cubic rocksalt-type phase (ICDD PDF No. 01-089-7099)

with a crystallite size of 6 nm calculated by Scherrer analysis of

the 200 reflection (Fig. 1a). In the case of ZnO (Fig. 1b),

independent of the precursor Zn(ac)2 or Zn(acac)2 the final

white powder consisted of zincite ZnO (ICDD PDF No. 36-

1451). However, according to Scherrer analysis of the 100

reflection the crystallite size amounted to 20 nm for the

acetylacetonate as precursor, whereas for the acetate the sizes

are in general larger (around 25–30 nm). The reaction of

Scheme 1 General reaction scheme displaying the metal oxide
precursors used, the solvent, the experimental conditions, and the
resulting metal oxide nanoparticles.
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Fe(ac)2, Fe(acac)2 or Fe(acac)3 yielded black powders that

showed magnetic behavior under the influence of a permanent

magnet. Although the XRD powder patterns were similar for

all three samples (Fig. 1c) and could clearly be assigned to

magnetite Fe3O4 (ICDD PDF No. 19-629), their crystallite

sizes (extracted from the 311 reflection) differed considerably

in dependence of the precursor used. 11 nm-sized crystals were

obtained with Fe(acac)2, 7 nm with Fe(ac)2 and Fe(acac)3 gave

the smallest crystallites of just 5 nm. In the case of the

manganese oxide nanoparticles, the choice of the precursor

does not only influence the crystallite size, but the final phase

composition (see ESIw). Mn(ac)2 favoured the formation of

10 nm sized MnO (calculated from the 200 reflection) in the

manganosite structure (ICDD PDF No. 7-230), wheras

Mn(acac)2 resulted in 7 nm sized (from the 224 reflection)

Mn3O4 hausmannite (ICDD PDF No. 24-734). The XRD

pattern in Fig. 1d corresponds to BaTiO3 (ICDD PDF No.

31-174). In this case it is worth highlighting again that there is

no indication of BaCO3 as crystalline by-product. The crystal-

lite size extracted from the (110) reflection amounts to about

12 nm. Due to the small crystal size the reflections are too

broad to discriminate between the cubic and the tetragonal

structure.23

Representative transmission electron microscopy (TEM)

images were used to study the particle morphologies and size

distributions (Fig. 2). All the images display well-dispersed

nanoparticles, however with different morphologies and vary-

ing uniformity. The size and shape of the CoO (Fig. 2a) and

ZnO (see ESIw) nanoparticles is not very well defined, but

roughly agrees with the XRD data. On the other hand, MnO is

characterized by a relatively homogeneous cube-like shape

(Fig. 2b). The side lengths of these cubes (30–50 nm) is

considerably larger than the crystallite size measured by

XRD, which points to a polycrystalline nature of these

particles. The magnetite sample in Fig. 2c [prepared from

Fe(ac)2] exhibits a rather uniform spherical particle morphol-

ogy with a small size distribution in the range of 5 to 10 nm,

which agrees well with XRD data. The BaTiO3 nanoparticles

are particularly well dispersed, with sizes in the range of

6–18 nm (Fig. 2d), also matching the XRD data. All these

metal oxides exhibit well-defined lattice fringes in the corre-

sponding HRTEM images (Fig. 2, insets), proving the high

crystallinity of these nanomaterials.

Different organic reaction pathways have been identified to

play a crucial role in the nonaqueous liquid-phase synthesis of

nanocrystalline metal oxides particles.4,5 The investigation of

the organic reaction mechanism involved in the formation of

ZnO starting from Zn(ac)2 provides a unique opportunity to

compare the crystallization process of the nanoparticles either

under microwave heating (for a few minutes) or in the auto-

clave (for several hours). Thus, the final reaction solutions

after removal of the inorganic precipitates were analyzed by

coupled gas-chromatography–mass spectrometry (GC-MS).

In addition to the solvent benzyl alcohol, the only organic

species detected was benzyl acetate. Based on this result, one

can clearly state that autoclave as well as microwave heating

led to ZnO formation via an ester elimination process.25 At

this point, we can only speculate about the underlying effect,

which results in the great acceleration of the microwave

heating process in comparison to the autoclave synthesis. In

general, the acceleration of reactions by microwave exposure is

due to thermal effects (dielectric heating) and specific non-

thermal effects.26 Decrease in the activation energy is the most

important part of the specific nonthermal microwave effect,

which is a consequence of the greater stabilization of the

transition state during the reaction course compared to the

ground state.26 The effect is particularly pronounced, when the

transition state is more polar than the ground state, i.e., when

the dipole moment is enhanced from the ground to the

transition state.26 Considering that the formation of benzyl

acetate by nucleophilic attack on the acetate ligand proceeds

via a highly polar transition state, the acceleration can be

explained on the basis of the specific nonthermal microwave

effect.

Fig. 1 X-ray diffraction patterns of (a) CoO, (b) ZnO, (c) Fe3O4, and

(d) BaTiO3 (a) and (c) Co Ka, (b) and (d) Cu Ka radiation.

Fig. 2 TEM and HRTEM images (insets) of (a) CoO, (b) MnO, (c)

Fe3O4, and (d) BaTiO3.
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In the solvothermal nonaqueous sol–gel synthesis of metal

oxide nanoparticles in benzyl alcohol, especially the choice of

the precursor influences the final crystal size, morphology, and

composition.4,5 Parameters like reaction time and precursor

concentration just play a minor role. However, in the case of

microwave heating these parameters become more important.

Therefore, time dependant studies in the CoO system were

performed using two different precursor concentrations. XRD

analysis (Fig. 3a) of the CoO samples obtained after different

reaction times in the range of 30 s to 20 min revealed that

already after 30 s the main reflections of CoO are present, in

addition to other not yet assignable peaks. After one minute,

the CoO sample is phase-pure and longer heat treatment just

results in crystallite growth from about 5 to 8 nm, which can

easily be monitored by the narrowing of the 200 reflection

(Table 1). Furthermore, at the same temperature the yield

increases with reaction time from about 60% to nearly 80%.

Enhanced crystal growth cannot only be achieved by extend-

ing the heating time, but also by increasing the precursor

concentration from 0.1 to 0.2 M (Fig. 3b). The crystallite sizes

change then from about 3 to 9 nm as the reaction time

increases. A closer look at the two curves in Fig. 3b shows

two distinct kinetic regimes, i.e., during the first minutes the

average crystallite size increases rapidly, followed by a slower

growth after about 3 min.

The results reported here on the one hand offer a fast

synthesis route to a variety of binary and ternary metal oxide

nanoparticles with high crystallinity, and on the other hand

propose a way to control the reaction rate by applying

microwave irradiation to influence (i.e., to accelerate) the

organic reaction pathway occurring in parallel to nanoparticle

formation. In comparison to the corresponding synthesis

procedures performed in the autoclave, the reactions are much

faster and the crystallite size is tunable. The fact that nano-

particle formation is based on the same mechanism in the

autoclave and in the microwave strongly supports the propo-

sition that microwave irradiation has a great potential to

control the growth of inorganic nanoparticles through influen-

cing the organic reaction pathways.
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Fig. 3 (a) X-ray diffraction pattern (using Co Ka radiation) of CoO

obtained after reaction times ranging from 30 s to 20 min (0.1 M

precursor concentration). (b) Evolution of the average crystallite size

(calculated from the 200 reflection) with the reaction time and in

dependence of the precursor concentration.

Table 1 Crystallite sizes of CoO nanoparticles calculated by Scherrer
analysis of the 200 reflection in dependence of the heating time (0.1 M
precursor concentration)

Sample no
Thermal
treatment/s

XRD
particle size/Å

Reaction
yield [%]

1 30 45 60.8
2 60 54 68.8
3 180 58 66.2
4 600 61 70
5 1200 75 77
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