
DOI: 10.1002/chem.200800106

Uniform Metal (Hydr)Oxide Particles from Water/Ionic Liquid Precursor
(ILP) Mixtures

Zhonghao Li,[a, e] Pierre Rabu,[b] Peter Strauch,[a] Alexandre Mantion,[c, f] and
Andreas Taubert*[a, d]

Introduction

Metal (hydr)oxide particles, especially transition metal and
doped metal (hydr)oxides with sizes in the low micrometer
to nanometer range, are important materials for many appli-

cations. Catalysis, magnetic storage, labels and contrast
agents for biomedicine, and battery technology are but a
few examples of nanoscale metal (hydr)oxide applications.[1]

Some compounds like (doped) ZnO have been made suc-
cessfully and with controllable properties using conventional
wet-chemistry or gas-phase approaches.[2–5] Other metal (hy-
dr)oxides have been less straightforward to fabricate and
tune with respect to a certain property.

We have earlier demonstrated that CaF2 tubes,[6] CuCl
platelets,[7–9] and Au platelets[10] can be fabricated in a con-
trolled fashion from ionic liquids (ILs) and ionic liquid crys-
tals (ILCs) if the IL or ILC acts as an “all-in-one” solvent–
reactant–template for the final product. Unlike regular ILs
or ILCs, these special compounds act as the precursor for
the inorganic material, the solvent for the reaction, and the
template for the final inorganic particle morphology at the
same time.[11,12] As a result, such systems have been called
ionic liquid precursors (ILPs) or ionic liquid crystal precur-
sors (ILCPs) and the concept has been carried further by
several research groups.[13–15] Recently, Zhu et al.[16] and our
laboratory[17,18] have shown that the ILP and ILCP concepts
are also applicable to the synthesis of technologically impor-
tant compounds like ZnO.

Furthermore, there have been a few reports showing that
inorganic synthesis in ILs occasionally leads to materials
that are difficult or impossible to obtain by using other syn-
thesis protocols. For example, Nakashima and Kimizuka
have shown that ILs provide easy access to hollow TiO2 mi-
crospheres.[19] Morris and co-workers have demonstrated
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that ionothermal synthesis leads to interesting metal phos-
phates.[20–25] Smarsly and colleagues have shown that ILs
also allow for the low-temperature synthesis of both anatase
and rutile by appropriately choosing the reaction condi-
tions.[26] The same authors have also shown that ceria with
bimodal pore size distributions and silica with well-defined
pores can be grown from ILs.[27–29] Finally, Farag and Endres
have shown that ILs also enable the synthesis of different
phases of alumina by IL variation.[30]

The current paper shows that ZnO is just one example
out of the large group of metal (hydr)oxides that can be
made using the ILP or ILCP route. Here we demonstrate
that simply by replacing the zinc acetate precursor used in
our previous work[17,18] with other metal acetates, it is possi-
ble to synthesize a wide variety of metal (hydr)oxides with
uniform size, morphology, and chemical composition. It is
also possible to dope metal oxides or to produce mixed
metal oxide particles. The approach presented here is com-
plementary to an approach reported by Polarz and co-work-
ers, who described the synthesis
of well-defined ZnMnO3 and
ZnMn2O4 nanoparticles from a
single-source molecular precur-
sor.[31] The advantage of our ap-
proach, however, is that there is
no need for the synthesis of
complex metal organic precur-
sors prior to the metal (hy-
dr)oxides synthesis. Rather,
simple salts like metal acetates
can be used as precursors for
well-defined materials like
cobalt ferrite nanoparticles with
uniform diameters of a few
nanometers.

Results and Discussion

In a typical synthesis, 10 g of
tetrabutylammonium hydroxide
(TBAH) were heated to 100 8C. Subsequently, 2 mL of an
aqueous metal acetate solution were rapidly injected into
the hot reaction mixture by using a syringe. The reaction
mixture was held at reflux for 10 h and the samples were re-
covered by centrifugation and drying.

Under these conditions, TBAH shows no measurable de-
composition. However, hydro/ionothermal synthesis in an
autoclave has shown that at around 130 8C decomposition of
TBAH begins. Under these conditions, an oily second phase
develops on the surface of the reaction solution. NMR spec-
troscopic analyses revealed that the oil is tributylamine. As
the tetrabutylammonium cation eliminates 1-butene at high
temperatures,[32] the formation of tributylamine is not sur-
prising, but it is not an issue for the conditions used in the
current system.

Figure 1 and Table 1 show that in almost all cases single-
phase metal oxide or hydroxide particles are obtained.
Powder X-ray diffraction (XRD) results suggest that most

samples consist of small particles because the reflections in
the XRD pattern are broad. Where possible, Rietveld re-
finement (see the Supporting Information) was performed
to determine the average grain size and the apparent strain.
Table 1 compares the average crystallite sizes from Rietveld
refinement and electron microscopy (see below). The aver-
age crystallite sizes are in most cases smaller than what is
observed in electron microscopy. Rietveld refinement thus
suggests that most particles do not consist of only one single
crystalline domain, but consist of several primary subunits.

Figure 2 shows scanning (SEM) and transmission (TEM)
electron microscopy data of some samples. SEM and TEM
confirm the XRD data, as small particles are often found,
although most samples contain particles that are somewhat
larger than expected from XRD. Overall, TEM and XRD
show that the synthesis from ionic liquid precursor (ILP)/

Figure 1. Representative XRD patterns of some precipitates.

Table 1. Crystal structure, morphology, and sizes, and crystallite sizes of precipitates obtained at a concentra-
tion of 0.0456 mmol of metal acetate per gram TBAH. Dimensions determined from SEM, TEM, and Rietveld
refinement (crystallite sizes and anisotropy) are in nanometers. The values for other precursor concentrations
are similar.[a]

Precipitate[b] Morphology Length or
diameter

Width Average
crystallite size
(anisotropy)[b]

hydrohausmannite and Mn3O4 disks ACHTUNGTRENNUNG(78�19) not possible
g-Fe2O3 (87%) and Fe3O4 (23%) cubes and

spheres
ACHTUNGTRENNUNG(8�1) – Fe2O3: 7.58 (0.22)

Fe3O4: 7.56 (0.22)
b-Co(OH)2 disks ACHTUNGTRENNUNG(215�41) – 24.50 (19.21)
b-Ni(OH)2 hexagonal plates ACHTUNGTRENNUNG(15�3) – 3.60 (2.99)
CuO plates ACHTUNGTRENNUNG(201�48) ACHTUNGTRENNUNG(37�7) 10.76 (1.54)
ZnO rods ACHTUNGTRENNUNG(327�85)[c]

ACHTUNGTRENNUNG(29�4)[c] 24.48 (8.65)
La(OH)3 spheres ACHTUNGTRENNUNG(18�3) – 5.42 (1.47)
Ce(OH)3 spheres ACHTUNGTRENNUNG(22�3) – 5.25 (1.35)
Eu(OH)3 rods ACHTUNGTRENNUNG(241�56) ACHTUNGTRENNUNG(46�6) 9.18 (6.733)
Gd(OH)3 spheres[d]

ACHTUNGTRENNUNG(19�3) – 14.40 (25.27)

[a] Co(OH)2 is an exception, as here a clear trend can be found: at 0.0456 mmolg�1 TBAH the diameter is
(215�41) nm. The diameter decreases linearly to (145�28) nm as the cobalt acetate precursor concentration
is increased to 0.0910 mmolg�1 TBAH. [b] Data from Rietveld refinement. [c] No precipitation at
0.0456 mmolg�1 TBAH. Values for 0.0683 mmolg�1 TBAH are given instead. [d] Contains some rods.
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water mixtures provides a flexible and rapid approach for
the fabrication of well-defined metal (hydr)oxide nanoparti-
cles with uniform shapes and relatively uniform sizes.

Mn, Fe, Co, Ni, and Cu acetate in particular lead to parti-
cles with well-defined morphologies. The iron oxide particles
obtained here have a well-faceted, almost cubic shape, al-
though some spherical particles are observed as well. Most
other authors report the formation of spherical particles.[33]

As there are only a few reports on the fabrication of g-
Fe2O3 particles with diameters comparable to those present-
ed here,[34–37] our approach is a simple and therefore techno-
logically interesting alternative for the fabrication of well-
defined g-Fe2O3 nanoparticles, provided that magnetite for-
mation can be suppressed better than is possible at the
moment.

All other samples made from 3d-metal acetates have a
platelike morphology. The CuO plates are up to 200 nm
long and 30 to 40 nm wide. The Ni(OH)2 plates have a di-
ameter of only about 15 nm and are a few nanometers thick.
There is no trend in the particle shape and size, if the con-
centration of the metal source (the metal acetate) is varied
except for the Co(OH)2 particles. Their diameter decreases
with increasing acetate concentration from 215 to 145 nm.
This suggests that here the acetate preferentially interacts
with the side faces of the platelets and prevents further
growth. This hypothesis is currently being investigated in
more detail.

Electron diffraction was performed to further assess the
crystallinity of the samples. It was not possible to obtain dif-
fraction patterns from individual particles as they are either
too small to generate sufficient diffraction contrast or they

could not be separated from one another. Typical electron
diffraction patterns display rings, which are usually assigned
to polycrystalline materials. However, in the current case,
the rings are not continuous, but rather consist of closely
packed discrete spots. Such spotted lines are characteristic
of the diffraction of an assembly of single crystalline parti-
cles with discrete orientations, where the spots of each
single-crystal pattern superimpose. Further (indirect) evi-
dence for the single crystalline nature of the particles can
also be found in the fact that the particles shown in Figure 2
have a well-defined habit. Table 1 summarizes the XRD and
electron microscopy data.

Examples of platelike nanocrystals, especially from
CuO,[38,39] Ni(OH)2 and NiO,[40–42] and Co(OH)2 and
Co3O4,

[43–45] have already been reported. However, these pla-
telets were synthesized by using different methods and none
of the approaches appears to be flexible enough to construct
platelike particles of all these materials using the same pro-
cedure. As a result, our ILP-based approach provides a ge-
neric approach for the controlled fabrication of a wide vari-
ety of metal (hydr)oxide nanoparticles with defined proper-
ties. Moreover, the b-Ni(OH)2 plates reported here are
much smaller than the smallest b-Ni(OH)2 plates reported
in the literature (15 vs. 50 nm).[41] Micrometer-sized Mn3O4

plates have also been reported,[46] but the Mn3O4 plates ob-
tained in the present work are less than 100 nm.

The platelike particles obtained using our ILP approach
might bring about new applications or improved perfor-
mance in electrochemistry, magnetism, and catalysis. For ex-
ample, our b-Ni(OH)2 plates are candidates for magnetic
materials or electrodes in high-density batteries.[40] The
CuO, Co(OH)2, Mn3O4, and Co3O4 plates could find applica-
tions in magnetic materials, heterogeneous catalysis, gas sen-
sors, electrode materials, or in field emitters.[39,41, 43–45,47]

In contrast to the 3d-element (hydr)oxides described so
far, ZnO does not precipitate at the lowest acetate concen-
tration (0.0456 mmolg�1 TBAH) used in this study. The in-
hibition of precipitation at low zinc acetate concentration is
well known and is due to the formation of the tetrahydroxo
zincate anion,[48] which appears to be stable and soluble
under the conditions used for the mineralization in the cur-
rent study. However, ZnO precipitates at higher concentra-
tions and forms uniform crystals with well-defined hexago-
nal prismatic habits.

The ZnO particles obtained here are different from an
earlier example by Zhu et al., in which ZnO was grown for
the first time from an ILP.[16] These authors have made ZnO
particles from an ILP based on various zinc–tetra(alkyla-
mine) complexes, which were reacted with tetramethylam-
monium hydroxide (the methyl analogue of TBAH). The re-
sulting particles consisted of thicker and shorter rods that
often formed more complex structures like flowerlike aggre-
gates or branched morphologies. Similar to earlier work by
Endres and colleagues,[49–51] the current publication clearly
shows that an exchange of the cation leads to drastically al-
tered morphologies and dimensions of inorganics grown
from ILs. However, as the zinc sources used by Zhu et al.[16]

Figure 2. SEM and TEM images of a) g-Fe2O3/Fe3O4 cubes and spheres,
b) Co(OH)2 plates, c) b-Ni(OH)2 plates, and d) CuO plates. Inset in b) is
a TEM image of the plates. Inset in c) is a magnified view of the nano-
plates showing plates in top view and side view. Inset in d) is a selected-
area electron diffraction pattern of the crystals shown in the image.
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and by us are different, it is not possible to draw quantita-
tive conclusions on the effects of the tetraalkylammonium
cation or the zinc sources.

The ZnO crystals grown under the conditions presented
here are also different from other ZnO samples grown in
TBAH.[17,18] In the current case, TBAH was first heated to
the desired temperature and the metal acetate was dissolved
in water and then injected into the hot TBAH. However, if
the metal acetate is directly dissolved in TBAH and this so-
lution is heated, the metal acetate concentrations appear to
play a much larger role. In this case, at low concentrations
hollow tubes form.[18] The tubes are not single crystalline,
but rather aggregates of nanoparticles with a single crystal-
like texture, so-called mesocrystals.[52–54] At higher concen-
trations the walls of the tubes become smoother, and at
even higher concentrations multipod and flowerlike particles
similar to the samples reported by Zhu et al.[16] form.

The presence of starch in the TBAH reaction solution
completely inhibits the formation of well-defined rod or
multipod particles, and instead porous, spongelike large ag-
gregates composed of ZnO nanoparticles form.[17] These
products are similar to ZnO grown from an aqueous solu-
tion in the presence of starch,[55] in the sense that in both
cases ZnO nanoparticles aggregate into well-defined struc-
tures. However, TBAH as a solvent/reactant leads to ex-
tended porous architectures[17] , and precipitation from an
aqueous solution leads to uniform, roughly spherical parti-
cles of around 1 mm in diameter.[55]

In summary, ZnO is a useful material in the study of the
effects of different precipitation conditions, because there
are quite a lot of available data, even on ZnO precipitation
from ionic liquids. It is also evident from the above discus-
sion that the chemistry of the IL and the precursor (tetra-
methyl versus tetrabutylammonium or zinc tetra(alkyl-
amine) versus zinc acetate precursors), the zinc precursor
concentration, the reaction temperature, and the presence
or absence of further growth modifiers like starch will affect
particle growth. This shows that further studies into this
topic are necessary to develop a quantitative understanding
of how ILs control the growth of inorganic materials.

Besides d-elements, f-element (hydr)oxides and lantha-
nide-doped nanoparticles have also drawn considerable at-
tention because of their unique optical, catalytic, and mag-
netic properties. These compounds have been widely used in
various applications, including bioassays[56] and highly effi-
cient phosphors.[57] Among other shapes, f-element hydrox-
ide and oxide wires, sheets, and tubes have been devel-
oped.[58] Our approach yields short Eu(OH)3 rods. By com-
parison, Gd(OH)3 precipitates as a mixture of spherical par-
ticles and rods, and lanthanum and cerium hydroxide form
spherical particles. These morphologies of the f-element (hy-
dr)oxides are common. Thus, we will focus from here on the
d-element oxide plates, which are less common.

Figure 3 and Table 2 show that, when 3d-element oxides
are not obtained directly from the ILP, the hydroxides can
be quantitatively transformed into their respective oxides by
calcination at 500 8C. The line width of the XRD patterns

does not change measurably upon calcination of the hydrox-
ide samples. This suggests that the particles do not signifi-
cantly change their appearance or size, which is confirmed
by Rietveld refinement of some samples. This is supported
by TEM experiments (Figure 4), which show that the

Co(OH)2 platelets shrink and collapse only marginally. Simi-
larly, the hydrohausmannite plates keep their size and mor-
phology upon calcination to Mn3O4. As other samples show
the same behavior, we conclude that calcination does not
significantly affect the particle morphology and size, which
is an important factor, for example, in ceramic processing.

We also investigated the synthesis of mixed-metal com-
pounds by examining the coprecipitation from correspond-

Figure 3. XRD pattern of NiO obtained from Ni(OH)2 platelets after cal-
cination at 500 8C.

Table 2. Crystal structures of precipitates after calcination at 500 8C.

Metal acetate Product after calcination

Mn Mn3O4

Co Co3O4

Ni NiO
La La2O3

Ce CeO2

Eu Eu2O3

Gd Gd2O3

Figure 4. TEM image of a) Co3O4 platelets after calcination of the
Co(OH)2 particles at 500 8C. Compare with Figure 2b for a sample before
calcination. b) Mn3O4 after calcination of hydrohausmannite/Mn3O4 at
500 8C.
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ing metal acetate mixtures. Figure 5 and Figure 6 show rep-
resentative XRD and electron microscopy data from these
samples. They demonstrate that coprecipitation of suitable

amounts of metal acetates in TBAH can be used to fabricate
compounds like cobalt or nickel ferrite particles and doped
ZnO particles. The latter can be made up to a concentration
of approximately 3 mol% Cu or Co. Above this concentra-
tion, XRD reveals that a mixture of ZnO with CuO or
Co(OH)2, respectively, forms. This finding is, although un-
fortunate, in line with earlier observations.[59]

Cobalt and nickel ferrite nanoparticles are single-phase
Co- and NiFe2O4, respectively, and the line broadening of
the XRD patterns suggests that the particles are in both

cases rather small. Indeed, Rietveld refinement of the
CoFe2O4 yields an average crystallite size of 12.6 nm. The
NiFe2O4 could not be refined and an average crystallite size
can hence not be given.

Electron microscopy further shows that the doped ZnO
particles have a well-developed needlelike crystal habit, al-
though there is some variation in the particle dimensions.
The ferrite nanoparticles are, as anticipated from XRD,
small, but have a uniform shape and a rather narrow size
distribution. The diameter of the CoFe2O4 particles is (11�
4) nm and the diameter of the NiFe2O4 particles is (8�
2) nm, and the sizes only marginally vary with the initial re-
actant concentrations. Here, XRD (12.6 nm) and TEM
(11 nm) analysis of the cobalt ferrite clearly suggest that
each particle consists of a single crystallite.

Figure 7 shows electron paramagnetic resonance (EPR)
spectra of cobalt ferrite nanoparticles at various tempera-
tures. The spectra have been recorded with the same micro-

wave power and unchanged receiver gain. Due to the high
degree of magnetic interaction, the spectra are very broad
and no more details are resolved. The thermal evolution of
the EPR spectra clearly shows that the paramagnetic char-
acter of the nanoparticles decreases with decreasing temper-
ature and collapses just above 100 K. At temperatures
below approxmiately 120 K, no magnetization could be de-
tected anymore and the signal in the EPR spectra disap-
pears.

Figure 8 and Figure 9 show complementary data from
magnetic measurements on the cobalt and nickel ferrite par-
ticles. Figure 8 shows that the cobalt ferrite particles are fer-
romagnetic in the whole temperature range up to around
400 K. Therefore, to limit the motion of the crystallites with
the field, measurements were also done on powders embed-
ded in poly(ethylene glycol) (PEG) and scaled to the abso-
lute values obtained with the neat powder. The rather large
difference observed between the field cooling (FC) and
zero-field cooling (ZFC) data indicates a strong anisotropy.
The ZFC curve of the sample in PEG is almost zero and
quasi-constant between 1.8 and 100 K, which indicates that

Figure 5. a) XRD patterns of Cu- and Co-doped ZnO (2 mol% Cu or
Co). b) XRD pattern of CoFe2O4.

Figure 6. a) SEM image of Cu0.02Zn0.98O rods and b) TEM image of
CoFe2O4 spheres.

Figure 7. EPR spectra of CoFe2O4 nanoparticles measured at various
temperatures. The spectra were constructed from shorter field sweeps.
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the cobalt ferrite particles are blocked with random direc-
tion. Above 100 K, there is a superparamagnetic regime in
which the fluctuations of the magnetic moment in the small
applied field result in the increase of the susceptibility join-
ing the FC curve above room temperature. This is consistent
with the EPR data, which show that the superparamagnetic
signal collapses just above 100 K.

The fact that the ZFC curve increases progressively is
merely due to dipolar interactions between particles that are
not well isolated in the PEG matrix and to a small spreading
of the blocking temperature related to the particle size dis-
tribution. The maximum of the ZFC curve corresponds to a
mean blocking temperature TB�375 K, at which the FC and
ZFC curves tend to join. This value is consistent with those
observed previously for a series of slightly smaller cobalt
ferrite nanoparticles.[60]

The magnetization versus field hysteresis was measured at
1.8 K (Figure 8b). Whereas the measurement of the neat
powder sample shows strong motion or magnetization at the
inversion of the field, the dispersion in PEG is very efficient
to overcome this problem. A quite strong coercive field of
around 1 T is observed (HC =0.94 T), denoting a high aniso-
tropy as expected for cobalt ferrite nanoparticles, which are
hard magnetic materials. The magnetization is almost satu-
rated at M=2.7 mB (64.3 emug�1) under 5 T, which is of the

correct order of magnitude but at the lower end of what is
observed in the literature.

Figure 9 shows the same data for the nickel ferrite parti-
cles, which show a superparamagnetic behavior with a
blocking temperature (TB) of 23 K corresponding to the
maximum of the ZFC curve. The Curie temperature, deter-
mined by the point at which the FC and ZFC curves split, is
TC =125 K. These two values are significantly higher than
those reported in the literature for particles with similar
sizes.[61,62] The sharpness of the ZFC peak is consistent with
the narrow size distribution observed by TEM for the nickel
ferrite particles. The magnetization versus field cycle at
1.8 K (Figure 9b) exhibits a coercive field of 0.12 T. It does
not totally saturate at 5 T, and extrapolation of the high
field measures leads to a magnetic saturation moment Ms =

0.8 mB (19.1 emug�1), which is far below the saturation mag-
netization of bulk nickel ferrite.[62] Similar observations on
nickel ferrite particles were explained by the existence of a
spin-glass-like layer at the surface and canting of the Fe3+

spin moment, possibly due to surface coating.[61–64]

We have also investigated the variation of the peaks of
the ac susceptibility components as a function of the fre-
quency to evaluate the relaxation time of this magnetic
system. The measurements were performed on powder in
PEG. As expected, the position of the maximum of ac sus-
ceptibilities, and thus the blocking temperature, increases
with the alternative field frequency.

According to the NGel model for isolated single domain
particles, the simplest way to determine the relaxation time
as a function of temperature of superparamagnets is to
define the blocking temperature (TB

n) for each frequency
(n) as the peak maximum of the out-of-phase susceptibility.
Given the TB

n values from this procedure, it is possible to
determine the dynamics of the particles by fitting the data
to the Arrhenius law t=1/2pn=t0exp ACHTUNGTRENNUNG(KV/kBT), in which t0

is the microscopic time, K the anisotropy, and V the volume
of the particles. The best fit to the Arrhenius law is shown
in Figure 9d. From these data we find that t0 =3.1N10�23 s
and KV/kB =944 K. Considering the mean particle size value
(8 nm), the anisotropy constant was estimated at about
6 kJm�3, which is slightly higher than that for bulk nickel
ferrite (5.4 kJm�3).[64] The value of t0 is much smaller than is
typical for non-interacting assemblies of superparamagnetic
nanoparticles (10�11–10�8 s). This suggests the occurrence of
strong interactions between the nanoparticles that are not
well isolated in the PEG, thus mitigating the application of
the NGel model in the present case.

The differences in the magnetic behavior of the cobalt
and nickel ferrite particles can possibly be explained by the
different sizes. Whereas the nickel ferrite particles (8 nm
from TEM) are below the approximately 10 nm particle size
required for superparamagnetism, the cobalt ferrite nano-
particles (11 nm from TEM, 12.6 nm from Rietveld) may be
slightly too large to exhibit superparamagnetism.

Figure 10 shows the corresponding EPR spectrum of the
nickel ferrite NiFe2O4 sample. The spectrum exhibits a
broad, slightly distorted isotropic signal at approximately

Figure 8. Magnetic data of the cobalt ferrite nanoparticles: a) c versus T
plot; FC and ZFC correspond to field cooling and zero-field cooling
curves, respectively, and the arrows indicate the temperature variation;
b) M versus H cycle at 1.8 K. Measurements were carried out on neat
powder (*) and immobilized in poly(ethylene glycol) (&).
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330 mT. The signal is broad because of magnetic interactions
in the sample. The weak signal at approximately half-field
ACHTUNGTRENNUNG(�165 mT) is attributed to forbidden transitions with DMs =

�2. No hyperfine structure splittings are resolved, but the
spectrum can be used as a fingerprint. In contrast to the

cobalt ferrite spectrum shown in Figure 7, the spectrum is
not temperature-sensitive and does not change significantly
between room temperature and 100 K.

Conclusion

This paper is a continuation of our previous work on reac-
tive ionic liquids as precursors for inorganic
matter.[6–10,12,17, 18] Here we have used water as a cosolvent to
improve the solubility of the metal acetate precursors. If
needed, the use of water can be avoided by choosing other
metal sources like acetylacetonates, which should be soluble
in the pure IL or by using tailor-made metal complexes, sim-
ilar to the approach by Zhu et al.[16] The current paper
shows that even a simple and seemingly imperfect ionic
liquid precursor (ILP) is well suited for the efficient, rapid
fabrication of single-phase inorganic powders, which in
some cases have useful morphologies (mostly plates) and in-
teresting properties. As a result, ionic liquid (crystal) precur-
sors are a viable strategy not only for the fabrication of
CuCl[7–9] or metallic[10,13] nanostructures but also for techno-
logically important materials like metal (hydr)oxides.

Figure 9. Magnetic data of the nickel ferrite nanoparticles: a) c versus T plot; FC and ZFC correspond to field cooling and zero-field cooling, respective-
ly; b) M versus H cycle at 1.8 K. Measurements were carried out on neat powder (*) and immobilized in poly(ethylene glycol) (&); c) ac susceptibility
versus temperature variation and its frequency dependence in the inset; d) the corresponding ln(t) versus 1/TB

n plot, with t=1/2pn.

Figure 10. EPR spectrum of NiFe2O4 nanoparticles measured at 295 K.
The small signal at half-field is marked with an arrow.
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Experimental Section

Powder synthesis : Tetrabutylammonium hydroxide (TBAH: N-
ACHTUNGTRENNUNG(C4H9)4OH·30H2O, m.p. 26–28 8C), Mn ACHTUNGTRENNUNG(OAc)2·4H2O, Fe ACHTUNGTRENNUNG(OAc)2, Co-
ACHTUNGTRENNUNG(OAc)2·4H2O, Ni ACHTUNGTRENNUNG(OAc)2·4H2O, CuACHTUNGTRENNUNG(OAc)2·H2O, ZnACHTUNGTRENNUNG(OAc)2·2H2O, La-
ACHTUNGTRENNUNG(OAc)3·H2O, Ce ACHTUNGTRENNUNG(OAc)3·H2O, Eu ACHTUNGTRENNUNG(OAc)3·H2O, and GdACHTUNGTRENNUNG(OAc)3·H2O were
purchased from Aldrich and used without further purification. In a typi-
cal synthesis, tetrabutylammonium hydroxide (10 g) was heated to boil-
ing. The respective metal acetate (0.456 mmol) was dissolved in water
(2 mL) to form a clear solution. This solution was injected rapidly into
the hot TBAH and the resulting mixture was held at reflux for 10 h. The
mixtures became turbid after a few minutes and remained so throughout
the entire reaction. The products were recovered by repeated centrifuga-
tion and washing with water and ethanol, respectively, and dried at 60 8C
for 5 h. Samples were calcined at 400 to 700 8C for 1 to 10 h in air.

X-ray diffraction : XRD was done using a Nonius PDS 120 with CuKa ra-
diation and a position-sensitive detector, and using a Nonius D8 with
CuKa radiation. Rietveld refinement was performed using Fullprof ver-
sion 4.00 (May 2008).[65] The peaks were fitted with a Thompson–Cox–
Hastings pseudo-Voigt profile, convoluted with an axial divergence asym-
metry function.[66] Instrumental resolution function was determined ac-
cording to the method of LouPr.[67] Strain broadening was used as imple-
mented,[68] but the anisotropic size broadening was modeled using the
Scherrer formula written as a linear combination of spherical harmon-
ics.[69] The peak asymmetry and a simple preferential orientation correc-
tion as implemented in Fullprof were used. In some cases, a simplified
and approximated refinement was performed when the quality of the
XRD data was not sufficient. Atomic positions were found on the Crys-
tallography Open Database[70] or in the literature.[71–73]

Electron microscopy : SEM was done using a Philips XL-30 ESEM scan-
ning electron microscope operated at 10 kV, and using a LEO 1550
Gemini scanning electron microscope operated at 20 kV. Samples were
sputtered with Au or Pt (Philips) or Au/Pt (LEO) prior to imaging. TEM
was done using a Zeiss 912 Omega transmission electron microscope op-
erated at 120 kV.

EPR spectroscopy : EPR spectra were recorded using a Bruker CW-EPR
spectrometer E500 in X-band (�9.5 GHz) between 100 and 295 K.

Magnetic measurements : Magnetic measurements were carried out using
an MPMS-XL Quantum Design SQUID magnetometer in the ranges
1.8–400 K and �5 T. The ac susceptibilty measurements were performed
using a 3.5 Oe alternating field between 1 and 1000 Hz. All samples were
measured as neat powders and in poly(ethylene glycol) (PEG) for block-
ing the motion of the powder with the magnetic field. In the latter case,
the experimental values were rescaled to the absolute values of the neat
powder. The highest temperature was 350 K, that is, below the melting
temperature of the PEG used. Magnetic susceptibilities were measured
in a 50 Oe static field using both field cooling and zero-field cooling pro-
cedures.
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