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Single Source Precursor Approach for the Sot-Gel Synthesis of
Nanocrystalline ZnFeO,4 and Zinc—Iron Oxide Composites
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Nanostructured Znk8, and zinc oxide-iron oxide composites were obtained by-sgkl processing
of a hetero-bimetallic alkoxide. For this purpose the novel molecular precursafs(BR)y (R =
tBu, 'Pr), fully characterized by spectroscopic and single-crystal diffraction techniques, have been
synthesized and their applications in the-sgél procedure were investigated. The obtained xerogels
were annealed at very low temperatures (down to Z0Pyielding crystalline phases with very small
crystallite grain sizes. The phase compositions of the material strongly depend on the polarity of the
solvents used in the hydrolysis reaction. When the hydrolysis was performed in the polar propan-2-ol,
the spinel ZnFgO, (franklinite) formed at annealing temperature of 2@with a mean crystallite grain
size D, Of 2.24 nm. However, when using the less polar toluene as solvent in thgelgbrocess, iron
oxide and zinc oxide are formed together with the franklinite phase. This mixture of phases transforms
to the spinel as unique crystalline phase with increasing sintering temperature.

Introduction the spinel is formed only at high sintering temperatures or

. o . ) after long milling. Because of the multiple sources, these

Zinc ferrite is well-known within the spinel class to possess  aterigls may contain small amounts of starting material as

a wide range of possible applications and properties such asngesired phases or impurities from the milling process. An

magnetic behavior, electrical characteristics, and catalytic 4arnative approach is the improvement of properties by

activity.! Spinels have attracted attention for their interesting controlling the arrangement of atoms in the material via
electrical conductivitied? and the magnetism of ferrites may positional controB1° In the sol-gel process aingle mo-

be used for magnetic inks, for ferrofluidsand for clinical  |ecyjar precursomay be an alternative to several precursors
application The choice of the synthetic procedure has a 54 several ions, as the molecular building block determines
direct influence on the formation and the properties of yhe correct stoichiometry of the final product. The kinetics
ZnFe0,, and especially nanostructured materials exhibiting ¢ e hydrolysis should be simpler as there are less different
particular properti€sdue to the extremely low crystallite  ghqies in solution and the control of the crystallite grain
sizes are sill difficult to obtain. New and simple routes  j;¢ could be easier to achieve. The objective of this study
toward this material are therefore of great interest. is to show our sekgel process approach using a single source
Attempts to replace standard ceramic methods to monophaprecursor alkoxide for the synthesis of nanocrystalline
sic spinel (which need very high calcination temperatures znFe0,. Furthermore, the influence of the polarity of the

and therefore produce crystals of large sizes) by alternativesplvent on the setgel process has been investigated.
syntheses are abundant. Frequently, hydrothermal methods

with coprecipitatiof or mechano-synthesis by ball millihg Experimental Section
are used. These approaches need a mixture of reactants and
Preparation of the Single Source Precursors Zn[Fe(OR]..

*To whom correspondence should be addressed. E-mail: veith@ 1he alkoxides [ZiFe(OR})}.] (R = tBu (2), IPr (2)) were prepared
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under nitrogen, rigorously excluding atmospheric moisture and
oxygen. Isopropyl 'Pr) andtert-butyl (tBu) alcohols were dried
by distillation over sodium metal prior to use. N&B NaQBu,
Fe(OPr), and Fe(@Bu); were synthesized according to procedures
described in the literaturg.

Zn[Fe(OR)]2 (R = tBu(l), iPr(2)). To a stirred suspension of
either (a) 4.768 g (49.62 mmol) of NaBu and 13.626 g (24.74
mmol) of [Fe(QBu)s], in 500 mL of toluene (refluxed for 12h) or
(b) a suspension of 15.639 g (49.62 mmol) of NaFe( (obtained
from the reaction of 16.291 g (198.48 mmol) of N&@Dwith 8.048
g (49.62 mmol) of FeGlin 500 mL of toluene, stirred under reflux
for 24 h) 3.382 g (24.82 mmol) of zinc dichloride were slowly
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space grougP2,/n with cell dimensionsa = 10.163(2) A,b =
16.856(3) A,c = 26.189(5) A8 = 93.44(3}, V = 4478(1) A&,

and Z = 4, the crystal structure was solved and refined (268
parameters) to a final R value of,R= 0.08212 The bad R value is
due to disorder of théert-butyl groups. The infrared spectra were
recorded using Fourier transform techniques (FTIR model 165, Bio-
Rad Laboratories, Krefeld, Germany): the molecular precursors
were suspended in Nujol, whereas the gel and the calcinated
powders were pressed into KBr pellets. For recording—Ns
spectra a Lambda 35 spectrometer from Perkin-Elmer was used.
The C and H contents of the molecular precursors and of the
powders were determined with an elemental analyzer (model CHN

added at room temperature. The whole suspension was refluxed900, Leco Co., St. Joseph, MI) and the metal contents were

for another 12 h, and, after cooling, the solid residue (mostly NaCl)
was filtered off. Purification ofl was achieved by sublimation at
150°C/10-2 mbar, whereas the isopropoxy analogueas distilled
at 141°C/102 mbar. The overall yields were 16.08 g (85%) for
and 11.34 g (60%) foe.

Zn[Fe(QBu)4]2 (1). Calcd. for GH7.Fe,0sZn (720.0 g/mol):
C, 50.44; H, 9.52; Fe, 14.66; Zn, 8.58. Found: C, 51.10; H, 10.05;
Fe, 14.53; Zn, 8.49%. F.p. 19T. IR (1300-600 cnt?): 1378st,

1366st, 1356st, 1304w, 1246m, 1223m, 1208m, 1185st, 1021m,

996m, 926st, 781m, 764m. UWis: Broad band (charge transfer)
with maximum at 31 250 cri (e = 1425 L-mol~1-cm™1). Magnetic
moment in toluene: 11.2Bg.

Zn[Fe(OPr)]. (2). Calcd. for G4HseFex0sZn (649.79 g/mol):

C, 44.46; H, 8.69; Fe, 17.19; Zn, 10.06. Found: C, 44.40; H, 8.38;
Fe, 17.35; Zn, 9.97%. The liquid turns into a solid on standing.

Instead of using NatBu in the reaction with [Fe(@u)],, also
LiOtBu and KGBu were reacted to form the intermediate Li-
[Fe(OBu)y] or K[Fe(OtBu),]. With 18.81 mmol of [Fe(EBu)s].»
and an equimolar amount of LiBu or KOtBu as starting material
either 0.69 g (5%) or 10.17 g (75%) of the final proddctvere
obtained.

Alternative route td. A 12.83g (16.8 mmol) portion of Zn[Fe-
(OtBu)4)» (1) was dissolved in 500 mL of propan-2-ol. The solution
was refluxed fo 2 h and stirred for 12 h at room temperature. After
removal of the alcohol a brown liquid was obtained, which was
distilled at 141°C/102 mbar to yield 7.66 g (70%) o2. Calcd.
for Cy4HseFe,0sZn (649.79 g/mol): C, 44.46; H, 8.69. Found: C,
44.95; H, 8.98%.

Synthesis of the CeramicsThe isopropoxide derivative is
easier to use in the sebel process, as it is more readily hydrolyzed
compared to théert-butyl compoundL; nevertheless, both precur-
sors may be used, with theert-butyl derivative presumably
changing into the isopropyl one during its contact with propan-2-
ol (see above). A solution of Zn[Fe{®)]. (2) (Zn[Fe(QBu),]2
(2)) in either pure propan-2-ol or pure toluene was partially
hydrolyzed by slowly adding a saturated solution of water in propan-
2-ol over a period of 8 h. The molar ratio of water with respect to
the alkoxidesl and 2 was maintained as 2 to 1. The resulting
viscous solution was stirred in air during 10 h and the solvent was

evaporated. A brown powder was obtained as residue which was
heated in a laboratory furnace at different temperatures to obtain

the ceramic material.

Structure Determination and Instrumentation. Needlelike,
brown single crystals df were obtained from concentrated solutions
of the alkoxide in toluene. A suitable crystal was flame-sealed in
a Lindemann capillary and exposed to X-ray diffraction using a
STOE-Image-Plate (IPDS, Darmstadt) for recording the intensities
of 27 537 (6679 independent) reflections. Using the monoclinic

(11) Bradley, D. C.; Mehrotra, R. C.; Gaur, D. Rletal Alkoxides
Academic Press: London, 1978.

determined by complexation methods. Powder XRD measurements
were performed at room temperature on a diffractometer (model
D 5000, Siemens AG, Karlsruhe, Germany) using Gorkdiation.

The average grain sizes and the microstructure were calculated with
the help of the FormFit program using essentially a modified
Scherrer equation for line broadenitigThe morphology and the
elemental distribution of the powders were studied by scanning
electron microscopy (SEM) combined with energy-dispersive X-ray
(EDX) analysis (model CAM SCAN S4, Cambridge Instruments,
Cambridge, U.K.). Atomic force microscopy was performed on a
Nanoscope IV Bioscope (Veeco Instruments, Santa Barbara, CA)
in the tapping mode. The microscope was vibration-damped.
Ultrashap I-typsilicon cantilevers (NSC16/AIB&masch, Talinn,
Estonia), a resonance frequency of about 170 kHz, and a nominal
force constant of 40 N/m were used (tip curvature radibsnm).

The scan speed was proportional to the scan size and the scan
frequency was in the range of 6:3.5 Hz. The particles were
suspended in ethanol (ultrasonic treatment) and the obtained
suspension was transferred to a silicon chip by dipping. For the
measurement of the magnetic susceptibility in solution of compound
1 an AC-200F Bruker spectrometéi( (200.13 MHz)) was used
with an external diamagnetic reference. The TG-MS measurements
of the xerogel were performed on a STA 409 analyzer (Netzsch/
Germany). The powders were put into quartz crucibles and heated
in air at a rate of 5 K/min in the temperature range-2000°C

with an empty quartz crucible as reference.

Results and Discussion

Synthesis and Characterization of Heterometal Precur-
sors 1 and 2.The synthetic procedure to Znf®R) (R =
tBu (1), 'Pr (2)) is summarized in eqs-13. In a first step
the sodium alkoxide is reacted either with Fe(@B) with
iron trichloride to form the alkoxo sodium ferrate which in
a subsequent reaction is treated with zinc dichloride to
introduce the zinc ion into the molecule. The salt elimination
of NaCl seems to be the driving force of the reaction. An
alternative procedure to Znf@'Pr) (2) is the displacement
of tert-butyl by isopropyl in compound using an excess of
propan-2-ol (eq 3). Theert-butoxy derivativel is purified
by sublimation and the isopropoxy analog?és purified
by distillation.

(12) (a) Sheldrick, G. M.SHELXS-86, Program for Crystal Structure
Determination University of Gdtingen: Gitingen, Germany, 1986.
(b) Sheldrick, G. M.SHELXS-97, Program for Crystal Structure
Determination University of Gdtingen: Gitingen, Germany, 1997.
Further details of the structure determination may be obtained from
the CDCC Cambridge Data file, Cambridge, U.K., on quoting the
reference number 257588.

(13) Haberkorn, RFormFit-Program for Particle Size Distribution from
XRD ScansUniversity of Saarland: Saarhrieen, Germany, 2001.
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NaOR+ Fe(OR), — NaFe(OR) (1a)

4 NaOR+ FeCl,— NaFe(OR) + 3 NaCl (1b)

ZnCl, + 2 NaFe(OR)— Zn[Fe(OR})], + 2 NaCl
R=tBu (1), R="Pr ) (2)

Zn[Fe(QBuU),], + 4 'PrOH— Zn[Fe(OPr),], + 4tBuO(I-:|3

Whereas no single crystals could be obtained fiyrfine
yellow/brown needles df formed which were used for X-ray
diffraction.

Instead of Na@Bu, the corresponding lithium and potas-

sium derivatives also have been used in reaction 1 with yields

of 5 and 75% for moleculd compared to a yield of 90%
with the sodium derivative. Apparently the alkali metal has
an influence on the reaction product.

The elemental analyses of the moleculeand 2 match
perfectly with their compositions. The molecul&ésand 2
have been in part characterized by their IR- and UV-spectra,
by their magnetic moments, and by an X-ray diffraction study
(only for 1). The FT-IR-spectrum of the precursbishows
typical absorptions between 1000 and 1250 tify C—O
vibration) and bands at 780 and 764 ¢nwhich may be
assigned to MO stretching. The spectrum in the 86000
cm! region is similar to that of [Fe(tBu)s], with the
exception that most bands are split fofThis is mainly due
to the two different M-O bond types, as well as to the
existence of two different metal ions in the molecule.

In the UV—Vis spectrum no é&d transition bands are
found, as Zn(ll) has a filled d-shell {§ and Fe(lll) has no
allowed d-d transition (8, half-filled d-orbitals). Neverthe-
less, the compound is colored, which comes from a broad
absorption band in the near UV with a tail in the visible

part of the spectrum (charge transfer occurring between the

3d orbitals of the transition metal and thg gystem of the
oxygen-containing ligand$.

The magnetic moment dfin an organic solution has been
determined by NMR using the Evans metHods uer =
11.25ug. This value is very close to the computed theoretical
value for 10 unpaired electrons (two noninteracting trivalent
iron ions) in the spin-only approachiso = [n(n + 1)]*2 =
10.49ug. This result indicates that the iron ions separated
by [Zn(OtBu)*>~ are not, or are only weakly, interacting
antiferromagnetically at room temperature and in solution.

In Figure 1 a graphic representation of the molecule Zn-
[Fe(OBu)42 (1) is shown as result of a single-crystal
diffraction study. Some pertinent bond lengths and angles
are collected in the caption of the figure. The molecule has
an almost linear Fe-Zn---Fe alignment (FeZn—Fe =
174.2) and all metal atoms are in the centers of distorted
oxygen tetrahedra. Four of the eightt-butoxy ligands are
bridging zinc and iron atoms while four others are in terminal

(14) Huheey, J. E.; Keiter, E. A.; Keiter, R. Anorganische Chemie;
de Gruyter: Berlin/New York, 1995; p 501.

(15) (a) Evans, D. FJ. Chem. Socl959 2003. (b) Live, D. H.; Chan, S.
I. Anal. Chem197Q 42, 791. (c) Quickenden, T. I.; Marschall, R. C.
J. Chem. Educl972 49, 114. (d) Hoppee, J. 1. Chem. Educl972
49,505. (e) Ostfeld, D.; Cohen, I. Al. Chem. Educl1972 49, 829.
(f) Schubert, E. M.J. Chem. Educ1992 69, 62.
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Figure 1. Molecular structure of the precursor Znf@tBu)s. Selected bond
length [A] and bond angles [deg]: Zn@P(1), 1.966(4); Zn(1}0(2),
1.975(5); Zn(1)-O(3), 1.989(4); Zn(1yO(4), 1.960(4); Fe(yO(1),
1.963(5); Fe(1)y0O(2), 1.948(5); Fe(tyO(5), 1.793(7); Fe(1yO(6), 1.781;
Fe(2)y-0(3), 1.936(4); Fe(2yO(4), 1.956(4); Fe(2yO(7), 1.798(8); Fe(ty
0O(1), 1.761(6); O(XyZn(1)—0O(4), 125.8(2); O(1}Zn(1)—0O(3), 125.10(18);
O(4)-Zn(1)—0(3), 82,15(17); O(tyFe(1)y-0(6), 113.2(3); O(LyFe(1)
0O(5), 110.1(3); O(LyFe(1}-0(2), 83.51(19); O(6yFe(1)-0O(5), 119.8(4);
Zn(1)-0O(1)—Fe(1), 96.53(19); Fe(H)Zzn(1)—Fe(2), 174.28(4).
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Figure 2. FT-IR spectra of the xerogel and Znfk powders at various
annealing temperatures (see text).
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Figure 3. Thermogravimetric profile of Znk@, precursor obtained using
the sot-gel route of the single source precursor Zn[F&(Q],.

positions at the iron atoms. The molecule has approximately
D, symmetry. The zinc ion has slightly longer bond lengths

to oxygen atoms (mean 1.973(8) A) than the iron atoms to
the oxygen atoms of the bridging alkoxo-groups (mean

1.951(8) A) reflecting presumably the charge difference

between the two metal ions. As expected the-Balistances

to the terminal alkoxo-groups are considerably shorter, which
is in accord with the lower coordination numbers at the

oxygen atoms (mean 1.783(9) A), the high thermal elipsoids
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Figure 4. Mass spectra of the gases formed during the thermal treatment
of ZnFeO, xerogel (compare Figure 3).
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Figure 5. X-ray diffraction pattern of nano-ZnE@, at various annealing

temperatures. On the bottom the bars correspond to bulk 2aFe
(franklinite) 18 The indexing also corresponds to Franklinite.

of the oxygen and carbon atoms, and consequently large Fe
O—C angles (mean 161(3%) The inter-planar angle of the
two almost planar four-membered Zgk2 rings (dihedral
angles 1.9 and 5%} is 8C°.

Characterization of the Xerogel Intermediate in Pro-
pan-2-ol as Solvent and of the Calcinated PowderS.he
elemental analysis of the xerogel obtained by hydrolysis of
a propan-2-ol solution oR (or 1) with water saturated
propan-2-ol shows most of the isopropoxy groups in the
material being replaced by hydroxyl groups or by oxygen

Veith et al.
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Figure 6. X-ray diffraction pattern of nano-Zng@, obtained from the
calcination of the xerogel at 208C for 24 h. The bars on the bottom
correspond to franklinite phase of bulk ZnPg.18
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Figure 7. Plot of lattice parameter of ZnE®, (cubic a-axis) versus
sintering temperature.

2-propanol (see Experimental Section for exact water
content) revealed similar results in the composition.

The FT-IR spectrum (Figure 2) of the xerogel reveals
characteristic vibrations of metal-attached hydroxyl (3472
cm™1) and isopropoxyl groups (3000 to 2800 th1550 to
1350 cml). The absorption band observed at 1635 tin
assigned to the deformation vibration of water molecules
[6(H20)]. The intensities of oy bands (as well as the bands
of the alcoholate ligands) decrease on firing the raw material,
and at 700°C no hydroxyl vibration could be detected any
more. On the other side, the bands observed in the range
from 800 to 500 cm! (metal oxygen vibrations) increase
with rising temperature and become sharper, suggesting an
increasing order of the ionic framework. All observations
are corroborated by the elemental analysis of the samples
and by comparing to values given in the literattfre.

In Figure 3 a thermo-gravimetric curve (mass loss against

(Zn, 20.77; Fe, 34.44; C, 3.52; H, 3.05%). On heating to temperature) and in Figure 4 the mass isobars of the
400°C the carbon and hydrogen content is reduced to lessg€enerated gases for selected mass numbers of the xerogel

than 1% (C, 0.45; H, 0,36%) and it almost vanishes at 800 obtained from hydrolysis in water-saturated propan-2-ol are

°C (C, 0.052; H, 0.016%). depicted. From the thermogravimetric analysis of Figure 3
Using the values above, an approximate formal composi- t_he weight Ioss.s.eems roughly to proceed in three steps. The

tion of the crude xerogel may be calculated: ZngO)o os first decomposition step takes place up to a temperature of

(OH), s{OPr)21. The EDX measurements for Zn, Fe, and 200°C and involves a weight loss of around 12%, the second

step occurs between 200 and 40D and causes a weight
oxygen were randomly performed on several spots across
Yo yp b loss of a further 7%, and the last (rather flat) step occurs

the samples. By this method statistical tests may be per-
formed which prove the Zn/Fe ratio within the material to
be almost accurately 1. The xerogels obtained from
hydrolysis of 2 in toluene using again water-saturated

(16) Lavieville, M. Statistiques et probabilise Dunod: Paris, 1996.
(17) Shirai, H.; Morioka, Y.; Nakagawa, 0. Phys. Soc. Jpril982 51,
592.
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Figure 10. X-ray diffraction pattern of the ZrO—Fe system (hydrolysis
medium: pure toluene- drops of 2-propanol/water) at various annealing
temperatures.

above 400C with a weight loss of ca. 2%. The overall mass
loss of 21% is in the range of the expected weight loss (25%),
which can be calculated from the transformation of crude
xerogel ZnFggd0)o.0l OH)75{O'Pr).3; (MM 321.7 g/mol,
see above) to Zn;®, (MM 241.1 g/mol). Two different
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Figure 12. SEM image of ZnFgD, powder annealed at 8CC.
M/z = 18) and CQ or propane (for M/z= 44).

By comparison of Figures 3 and 4 it is evident that some
of the weight losses can be explained by water elimination
or by burning steps (C&ormation). Especially in the second
thermogravimetric step this becomes very evident as the
maximum of the HO evolution appears at 261 and for
CQO, at 350°C. Also the diminution of water elimination
with raising temperature is in accord with the expectation.
Interestingly, during these decomposition steps, very low
amounts of propan-2-ol could be detected.

The X-ray diffraction patterns obtained from the ZpBg
xerogel (hydrolysis in propan-2-ol) and from the annealed
material are shown in Figure 5. Already at a sintering
temperature of as low as 20@ (Figure 6) some broad
reflections of the final ZnF©, phasé? can be detected.

This is by far the lowest reported temperature for the
crystallization of single-phase Zng&, by so-gel method.

Of course at this temperature large amounts of amorphous
material are still present, resulting in a high background and
low diffraction intensities. With raising calcination temper-
ature the diffraction peaks become sharper, indicating grain
growth.

mass/charge ratios were detected in fairly high amounts, as

may be deduced from Figure 4, with mass isobars of ¥/z
18 and M/z= 44. These values can be assigned 10 Kfor

(18) Database PDF 2, Entry 22-1012. International Centre for Diffraction
Data: Newtown Square, PA.
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Figure 13. Three-dimensional AFM representation of monophasic Z0kealcinated at 500C, scan size 0.3% 0.35 x 0.10um.

The diffraction patterns of the powders were analyzed by
FormFit softwaré® to get detailed information about the
microstructure. The cubic lattice parameter versus firing ]
temperature is plotted in Figure 7. From this plot it becomes - _— —
clear that the lattice constant increases with increasing
sintering temperature to an almost stable value of about 844.3
pm, which is close to that reported for bulk ZnBg (844.11
pm)8 This can be attributed to increasing crystallinity as

well as to the ionic ordering within the framework: at low ]
temperatures, the vacancies (e.g., Schottky defects) lead to ]
|$=|<}= fr= |:

Occurence

a smaller lattice constant than that in the bulk material. At i
the same time, the microstraéina parameter which reflects
the defects in the ionic assembly, decreases with increasing
sintering temperature.

The mean crystallite sizes of the samples as a function of Figure 14. Crystallite size distribution observed by AFM on the sample

S P annealed at 500C. On they-axis (occurrence) the numbers of observed

the c_aIC|nat|on t_emperature are shown in F|gur.e 8. The.phasegrainS with the same diameter are given.
obtained at a sintering temperature of 2@ (Figure 6) is

already well crystalline with a number-weighted grain size toluene are shown for the relevant calcination temperatures

of just 0.61 nm and a volume-weighted grain size of just of 300, 500, 600, and 80TC in air. At 300°C calcination

2.84 nm. temperature, three phases appear, which can be assigned
The decreasing crystallite grain size of the samples to znFeO, (franklinite), FeO, (magnetite? and ZnO

between 300 and 40T can be explained by large amounts  (zincite)23 With raising temperature the magnetite phase

of amorphous material at lower temperatures which disappeardisappears in favor of F®; (hematite2* whereas both other

at higher temperatures to produce smaller particle sizes tharphases are still persistent. At 86Q the diffraction peaks

those at 300C. become sharper and the spinel phase Z@kFeéecomes
The grain size distribution of haronFeO, calcinated at predominant.

500 °C is shown in Figure 9 under assumption of a log-  The phase compositions in the sgel and calcination

normal size distribution empirically verified for most materi- process using nonpolar toluene/water were derived from the

als?%2! This distribution is also corroborated by the grain powder diffraction diagrams by a Rietveld analysis with the
sizes of this material determined by AFM (see below). help of TOPAS softwai®@ (Figure 11).

Treatment of ZnFey(OR)g in Nonpolar Solvents. In
Figure 10 the diffraction patterns of the powders hydrolyzed (22) Database PDF 2, Entry 19-0629. International Centre for Diffraction
(using drops of water-saturated 2-propanol) in the nonpolar __ Data: Newtown Square, PA. : I

(23) Database PDF 2, Entry 36-1451. International Centre for Diffraction
Data: Newtown Square: PA.
(19) Haberkorn, RFormFit—A Program for Calculating Microstructure (24) Database PDF 2, Entry 33-0664. International Centre for Diffraction
from X-ray PatternsDudweiler: Germany, 2003. Data: Newtown Square, PA.
(20) Ngo, A. T.; Bonville, P.; Pileni, M. PJ. Appl. Phys2001, 89, 3370. (25) TOPAS V2.0: General profile and structure analysis software for
(21) Hochepied, J. F.; Pileni, M. B. Appl. Phys200Q 87, 2472. powder diffraction data; Bruker AXS: Karlsruhe, Germany, 2000.

22

10 11 12 3 14 15 16 17

Crystallite size (nm)




SokGel Synthesis of Zirelron Oxide Composites Chem. Mater., Vol. 17, No. 1, 20061

Microscopic Methods.A SEM picture of the monophasic  was obtained at annealing temperatures around®200ith
ZnFe0, powder is shown in Figure 12 displaying small a mean crystallite grain size,§ of 2.24 nm. When using
particles agglomerated to larger ones. At lower calcination pure nonpolar toluene to dissolve the Zn[F&K)]. precur-
temperatures the particles are even smaller, which can besor prior to the same hydrolysis, however, several phases
more easily seen in AFM pictures (for the method see (zinc iron oxide spinel, iron oxide, and zinc oxide) were
Experimental Section). One of several three-dimensional formed. Iron oxide and zinc oxide phases disappear on
AFM representations of the sample surface of monophasicheating in favor of the spinel phase.

ZnFe0, are shown in Figure 13. As in the SEM pictures  Thus, the polarity of the hydrolysis medium plays an
agglomerates composed of many small crystallites can beimportant role during the selgel process. It can be
recognized clearly. concluded that in nonpolar solvents the single source

By a closer look, mean particle sizes of the smallest precursor nature of the alkoxide is not maintained and smaller
crystalline grains can be determined leading to a grain size entities are formed. On the other hand, the polar propan-2-
distribution which is displayed in Figure 14 and which ol seems to stabilize not only the molecular precursor but
follows an almost ideal log-normal distribution (180 repeated also the formed intermediates, hence engendering an ideal
measurements of particle diameters at different scan areasnixing of the ions on an atomic level when hydrolysis takes
using a line scan method merged to 47 unique observables)place. The result is the generation of monophasic spinels at
Using statistical methods a mean diameter of the grdM$  low calcination temperatures. By careful control of the
= 14.94 0.9 nm can be calculated from these observations, hydrolysis conditions a minute control of the properties of
which is fairly close to the value of 13.3 nm evaluated by the products is possible.

X-ray diffraction.
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