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Abstract

Sol-gel processing of methanol solutions of Cu(II) acetylacetonates was used for obtaining controlled polymerization of the complex molecules.
The resulting sols were evaporated and the resulting precipitate was heated until a self-sustaining combustion reaction took place. The simultaneous
presence of nitrate ions and the acetylacetonato ligands resulted in a sharp combustion process, characterized by low activation temperature and
intense exothermic feature. The same processing was applied to other metals and other ligands, showing that the sol-gel processing of transition
metal complexes can be a simple, convenient, flexible generalization of the citrate—nitrate method for preparing precursors for the combustion
synthesis of oxide powders. Moreover, the controlled sol-gel processing of the metal complex can be used as a tool for controlling the precursor

structure and, hence, the morphology of the final product.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Combustion synthesis' is becoming one of the most popular
methods for the preparation of a wide variety of materials, rang-
ing from non-oxides, such as borides, nitrides, carbides, etc.,
to simple and complex oxides. The diffusion of the technique,
which, depending on the experimental conditions, is described
as solution combustion synthesis (SCS), gel-combustion synthe-
sis, sol—gel combustion, etc., is due to the simplicity, the broad
applicability range, the self-purifying feature due to the high
temperatures involved, the possibility of obtaining products in
the desired size and shape. The SCS method is rapidly emerging
as one of the most-convenient methods for the preparation of
oxide materials. An aqueous solution of a redox system consti-
tuted by the nitrate ions of the metal precursor, acting as oxidizer,
and a fuel like urea, glycine, citric acid (citrate or Pechini
method?) or many others'®3 is heated up to moderate temper-
atures and, upon dehydration, the strongly exothermic redox
reaction develops, which is generally self-sustaining and pro-
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vides the energy for the formation of the oxide. Oxide materials
produced with this method include several ferrites* and spinels,’
tin oxide® and antimony tin oxide (ATO),7 ceria,8 ferroelectric
materials,” iron oxide, 9 zinc oxide,!! protonic conductors!? and
various solid solutions.!3 Many alternative procedures have been
recently proposed, based on the exploitation of different fuels
with well defined advantages and properties,!¢ on the use of
metal precursors already containing the organic fuel in their
molecule,!¢ and on solventless procedures using the dry mix-
ing of the metal nitrates and the fuels.'* A sol—gel variation of
the citrate method has been proposed, based on the study of
the influence on the combustion characteristics of pH adjust-
ments in the starting solution.*®!13&15 Actually, in the citrate
method? a viscous gel is already obtained during the heating
of the starting solution. The addition of ammonia for adjust-
ing the pH may result in further networking of the precursor
molecules, by forced hydrolysis, so justifying the classification
as sol—gel combustion method. In a previous work,'® we have
used the sol-gel processing of indium complexes for depositing
high quality InyO3 thin films, and we have observed a strong
exothermic phenomenon during the heating of the corresponding
dried precursor. This result suggested a possible generalization
of the citrate method by using different ligands to complex the
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metal ion. Actually, complexation by other ligands has been
commonly reported, when using such fuels as urea, amines or
citric acid. But with these fuels molecular precursors anyway are
formed in solution, while we were interested in a generalization
of the polymeric gel formed upon heating of the solutions con-
taining citrates. This result can be achieved by polymerization
of the complex molecules through their sol-gel processing. As
stated before, ammonia addition to citrate—nitrate solutions has
been reported for pH adjustment, resulting in a sort of sol-gel
processing. In this work, we show that the citrate method can be
seen as a particular case of a general procedure based on metal
complexation by a ligand, followed by sol-gel processing by
ammonia. The role of ammonia, and in general of bases, will
be shown as explicitly directed to the controlled inorganic poly-
merization of the metal complexes. In this way a general method
is introduced for obtaining non-molecular precursors through of
a hybrid process where the precursors are prepared in solution
and then extracted by evaporation before the combustion step.
An immediate advantage of these precursors is that the combus-
tion process requires low activation temperatures and proceeds
through highly exothermic processes, showing the possibility of
obtaining pure powders without any post heat-treatment. More-
over, the tuning of the precursor molecular structure through its
processing introduces the possibility of controlling the morphol-
ogy and the structure of the final product. As a case study, we
choose the synthesis of CuO powders, for the possibility of hav-
ing simple and deeply studied Cu?* complexes that are readily
identified by optical absorption spectroscopy. The occurrence of
similar combustion processes in analogous precursors of other
oxides will be shown for completeness.

2. Experimental

The starting solutions were prepared by dissolving 2 g of
Cu(NO3)2-2.5H70 in 10 ml of methanol, followed by the addi-
tion of acetylacetone (acacH), and the initially blue solutions
became deep-green colored. An ammonia solution (30 wt%
solution in water) was then added, eventually followed by the
addition of concentrated nitric acid (65 wt% solution in water)
for dissolving any eventual precipitate. The various acacH:Cu,
NHj3:Cu and H*:Cu molar ratios employed will be denoted with
Ry, Rp and Ry, respectively. After stirring for 24 h, the solutions
were concentrated into a rotary evaporator (bath temperature
35 °C, final pressure 7500 Pa), until a green precipitate remained.
The precipitate was collected and inserted into a high beaker
heated onto a hot plate. During heating up to 150-170°C, a
flame spontaneously developed from the precipitate and propa-
gated to the regions of the precipitate that had not been ignited
yet. After a few seconds, a black powder remained, which in
the following will be denoted as post-precursor. It was collected
and heat-treated at 500 °C in a tubular oven The choice of CuO
as a case study resulted in some additional problematic, due to
the simultaneous presence of various Cu oxides and even of Cu,
after the combustion stage. For this reason the heat-treatments of
the post-precursor were carried out in oxygen atmosphere, but it
must be remarked that this is required by the peculiar behavior
of the Cu precursor. For other oxides, a heat-treatment in air

can be sufficient for purifying the various post-precursors. For
comparison, other precursors were prepared by substituting Cu
with Zn, Fe or In or substituting acacH with diethylenetriamine
(dien), trioctylphosphine (TOP) or hexanethiol (HA).

UV-vis optical absorption spectra on the starting solutions
were obtained on a Perkin Elmer (model Lambda 19) spectrom-
eter. FTIR measurements on the starting solutions or on the dried
or heat-treated products were carried out by a Nicolet spectrom-
eter. The solution samples were prepared by placing a drop of
the solution on a KBr pellet and then evaporating the solvent at
room temperature. X-ray diffraction (XRD) patterns on the pow-
ders were recorded in the 10—80° range with a Philips, PW 1880
diffractometer, using the Ko radiation emitted by a Cu target.
Simultaneous differential thermal analysis/thermogravimetric
(DTA-TG) measurements on the dried precursors were carried
out with a Netzsch-STA 429 Simultaneous Thermal Analyzer at
a scan rate of 10°Cmin~!. The measurements were conducted
in a dynamic atmosphere of air using a flow rate of approxi-
mately 100 ml min~! in a temperature range from 25 to 500 °C
by placing about 10 mg of sample into platinum crucibles. The
powder morphology was observed with a Jeol JSM6500F Field
Emission Scanning Electron Microscope (FE-SEM).

3. Results and discussion

When a suitable ligand is introduced into a metal ion solution,
the following addition of a base results in different phenomena
with respect to a solution where no ligand is present. When no
ligand is present, the base addition usually results in precipitation
of the hydrated, amorphous oxide. This occurs since the solvent
molecules are usually weaker ligands than the OH ions gener-
ated by the base addition, and fast and extensive hydrolysis of
the metal ion takes place, together with inorganic polymerization
resulting in the formation of large, insoluble oxide species. The
different result of base addition when a stronger ligand is present
is due to the harder displacement of the ligand from the metal
coordination sphere, so preventing or delaying the hydrolysis of
the metal ion. Of course, this result depends on the strength of
the ligand-ion bond. Thus, it can be expected that a whole range
of structures will be generated by tuning the base and ligand con-
centrations. In particular, the addition of the base will result in
a different extent and pathway of the inorganic polymerization,
depending on the ligand structure and concentration, and the
final result could resemble a range of complex, non-molecular
species. Finally, the water concentration will obviously influ-
ence the extent of the sol-gel reaction of the precursor, but the
water:metal molar ratio is implicitly fixed by the initial hydra-
tion of the metal salt and by the base and acid concentrations.
Further water can be added in order to modify the extent of the
sol—gel reaction, but we did not consider this aspect in detail.

We have observed that upon solvent extraction, a precipitate
is obtained that can be readily redispersed when the solvent
is again added, so showing that hydrolysis and cross-linking
reactions do not extend throughout the precursor to form an
actual gel, and that the sol-to-gel transition is at most localized
in the smaller regions constituted by the particles in the sol. In
some cases, a precipitate was obtained upon base addition, even
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in the presence of the ligand, provided sufficient base excess
was used. The precipitate was then re-dissolved by addition of
nitric acid. Thus, the amount of acid may constitute a further
variable determining the final structure of the particles in the
sol. We initially concentrated on simple acetylacetonato ligands,
since they bond to the metal ions through their oxygen atoms
and cannot pollute the final product as it could happen when
using thio or phosphine complexes, for instance. Amines were
not considered since they may act as strong bases so interfering
with the following base addition. These last ligands were tested
in a subsequent part of the work.

The actual determination of the structure and of the compo-
sition of the sol species would be an extremely complex task,
but general indications about the actual influence of the various
additives on the sol structure could be obtained by optical mea-
surements on the as-obtained sols. In Fig. 1 the results are shown
concerning solutions with different synthetic parameters. While
the general structure in this wavelength range is constituted by
two peaks centered at about 250 and 280 nm, which are typical of
Cu diketonato complexes,17 it is remarkable that the peak width,
the position and the relative intensities depend on the processing
parameters. In particular, a continuous blue-shift of the peak is
evident in panels A and B of the figure with increasing the Ry
and Rp and the Ry and Ry, values, respectively. These results are
indicative of a change of the metal ion symmetry and of the lig-
and strength and, hence, of the presence of different structures
in the sols. Further indications come from the analysis of the
FTIR spectra, shown in Fig. 2, measured on both dried samples
and starting solutions.

First of all, we will note that the sols are highly reactive
to atmospheric exposure, so the analysis on the solutions is
not completely indicative of the bonds actually presents in the
sols and the typical bands of acetylacetonato complexes are not
clearly seen in the spectra C—E. What is clearly observed and of
interest for the present discussion is the presence of two peaks at
about 1390 and 825 cm™~!. The band at 1390 cm™!, in particular,
strongly depends on the sol processing parameters, as concerns
the shape and the peak position. The band at 825cm™! is due
to the nitrate ion out-of-plane deformation'8 and is unchanged
by the processing conditions, while a strong and sharp band
for the asymmetric stretching of the nitrate ion is expected at
1385 cm~ .18 Moreover, the N H3 symmetric deformation band
for metal ammine complexes is reported in the 1370-1000 cm ™!
range.19 So, we conclude that the band at about 1390 cm ™! is
due to the overlapping of the nitrate and of the metal-ammine
complex bands. Thus, its shape and position changes according
to the processing conditions directly reflect a varying local sym-
metry at the metal ion sites in the precursors, again showing that
different base, ligand and acid ratios result in different structures
in the sol. In particular, in curve A the sharp peak typical of the
nitrate only is observed at 1385 cm™!, as expected from a precur-
sor prepared without ligand and acid, and in which most of the
solvent has evaporated during the drying process. The presence
of the metal-ammine complex is further demonstrated by the
asymmetric NH3 stretching band at about 3200 cm™!, whose
intensity is closely related with the base concentration in the
corresponding sol (see Electronic Annex 1 in the online version
of this article). A final, fundamental detail concerns the low fre-
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Fig. 1. UV-vis absorption spectra measured on (A) solutions with Ry, =2 and the indicated Rg and Ry values, (B) solutions with Rg =2 and the indicated Ry, and Ry
values, and (C) on solutions with fixed R, and Rp and the indicated R values. The curves have been vertically displaced for clarity.
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Fig. 2. FTIR spectra measured on dried precursors (A and B) and starting solu-
tions (C—F) prepared with Ry, =2 and the indicated R and Ry values.

quency region of the IR curves. While the curves generally show
an increasing absorbance below 800cm™!, in curve B a broad
band is observed in that region, which is magnified in the inset in
Fig. 2, where the comparison with curve A is shown. An absorp-
tion band in that region is characteristic of metal oxides,!8 while
the broadening is indicative of amorphous species. Since curves
A and B refer to the same precursor in different conditions, we
conclude that upon the drying process condensation of the sol
species takes place, giving rise to polynuclear Cu-containing
species. It is clear at this point the explicit role of ammonia
in determining a sol-gel processing of the metal nitrate and in
obtaining non-molecular species, whose structure can be tuned
by varying the processing parameters. We only note that, as pre-
viously mentioned, the precipitate can be easily redissolved in
methanol or water, indicating that the polycondensation process
is limited and can produce only small aggregates.

The chemical difference between the various precursors
determined a marked difference in the thermal behavior, as
clearly evidenced by the thermal analyses carried out on the
dried samples, whose results are summarized in Fig. 3. We first
note that a careful calculation of the energy involved in the vari-
ous processes was made unreliable by the possibility of different
degrees of drying of the precursors, implying possible compo-
sitional differences. In panel 1 the DTA and TG curves related

to the copper nitrate dissolved in methanol and recrystallized
are shown. This procedure was used in order to reproduce as
much as possible the same experimental conditions for all the
analyzed precursors. Only intense and broad endothermic phe-
nomena are observed in the DTA trace until a temperature of
300 °C is reached, where the mass loss stops and no other peaks
are observed. Since the curves are very similar to those for the
pure nitrate (see Electronic Annex 1 in the online version of this
article), the dissolution in methanol and the following drying
only add some methanol ligands that are desorbed during heating
together with the hydration water, followed by the decomposi-
tion of the nitrate ion at higher temperatures. In panel 2 the
DTA and TG traces are shown for the dried precursor obtained
with basic precipitation of the nitrate solution, and that should
hence contain copper hydroxide species. An intense exothermic
peak is observed at about 270 °C, simultaneously with a large
mass loss. This result is expected and is due to the combustion
of ammonia triggered by the nitrate ions. For confirming this
interpretation, we prepared an analogous precursor by substi-
tuting the Cu nitrate with the chloride, and the corresponding
DTA trace is shown in curve A of the inset in panel 1. The
difference with panel 2 clearly shows the importance of nitrate
ions in triggering the combustion reaction. The next step was
the analysis of a precursor prepared with acetylacetone without
any base addition, with the results shown in panel 3. A sharp
exothermic peak is observed at about 147 °C, followed by other
less intense peaks at slightly higher temperatures and by another
intense peak at about 450 °C. This result could be interpreted by
combustion of the copper acetylacetonato complex, analogously
to the combustion observed in panel 2. The peak at about 450 °C
would then be the oxidation of the various carbonaceous resid-
uals. Since it was in doubt whether the first exothermic peak at
147 °C was triggered by the nitrate ions, an analogous precursor
was prepared by substituting the copper nitrate with the chlo-
ride. The corresponding DTA trace is shown in the inset in panel
1 (curve B), and an exothermic peak is observed, even though it
occurs at about 350 °C and is very broad. So the complex itself
is subjected to an exothermic decomposition, but the presence of
the nitrate ions makes the process much more fast and efficient,
with a much lower activation temperature. Finally, a precursor
was prepared by the whole sol-gel processing, and the DTA/TG
traces are shown in panel 4. This time an extremely intense peak
is observed at a lower temperature than in panel 3, with a much
narrower development of the combustion. Moreover, the pro-
cess is extremely efficient in eliminating any organic residual,
and only very weak exothermic peaks are present below 400 °C.
From the comparison with the previous results, it appears that
the combustion of the acetylacetonato complex triggered by the
nitrate ions in turns activates the combustion of ammonia lig-
ands which, as shown in panel 2, is itself very exothermic and,
as a whole, the intense combustion shown in panel 4 is gener-
ated. About the mechanisms involved in the combustion process,
some preliminary observations can be presented. First of all,
when drying a sol at higher bath temperatures (70 °C), sudden
formation of vapors occurred in the rotating flask when the pre-
cursor was in advanced state of drying. The product was almost
completely constituted by metallic copper.
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Fig. 3. DTA/TG traces measured on dried precursors prepared by nitrate dissolution/recrystallization (panel 1), or by solution processing with Ry, =0, Rg =2 and
Ry =1.4 for panel 2, Ry, =2, Rg =0 and Ry =0 for panel 3 and R, =2, Rg =0.25 and Ry =4.1 for panel 4.

This indicates that during the combustion step, the forma-
tion of the oxide is due to the reaction of metal ions with
atmospheric oxygen, favored by the high temperature gener-
ated by the combustion, and not by a decomposition of the
acetylacetonato ligand leaving its oxygen atoms bound to the
metal center. This result is expected, since a direct extraction of
oxygen from the acetyacetonato or other ligands occurs only in
particular organic reactions?® very different from the combus-
tion synthesis. The second observation concerns the meaning
of the term “combustion” in the present systems. Curve B in
the inset in Fig. 3 shows that the decomposition of the acety-
lacetonato complex in the absence of the nitrate has a very
high activation temperature. Keeping also into account the pre-
vious observation, we can conclude that the presence of the
nitrate ion can promote the breaking of the metal-acetylacetone
bond, which provides energy for the breaking of similar bonds
and of the metal-ammine bond, followed by the combustion of
the re-generated free ligands. The latter could then be viewed
as intermediate for forming the precursor during the sol pro-
cessing and drying, then becoming the fuel for the combustion
process. In principle, the process could work without any addi-
tional fuel, by simply relying on the energy generated by the
complex decomposition, provided the latter is sufficient for a
self-sustaining process. Of course the whole process will be
a complex overlapping of the various steps, not excluding the
possibility of direct combustion of the ligands still bound to the
metal centers. The reason for having such low activation temper-
atures in the presence of the nitrate is not clear, and could involve
initial oxidation of free organics in the dried precursor, providing
the initial energy, but, as evidenced by further experiments dis-

cussed below, direct oxidation of the metal-acetylacetone bond
seems more likely. We remark again the low activation tempera-
ture of the whole process, and the possibility of obtaining a pure
product without any post heat-treatment, by eventually tuning
the composition of the combustion atmosphere. In panel 4 of
Fig. 3, indeed, after the first exothermic peak there are almost
no other obvious phenomena. This indication was reinforced by
the results obtained for other metals, in a series of experiments
carried out for showing the generality of the process. The results
are shown in Fig. 4.

The structure of the DTA traces is very similar for the various
precursors, with a very intense exothermic peak at low tempera-
tures. This result shows the possibility of easily generalizing the
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Fig. 4. DTA traces measured on the indicated dried oxide precursor. The pro-
cessing parameters were R, =2, Rg =0.25 and Ry =4.1.
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process to other oxides, but also evidences that the combustion
mechanism most probably involves the initial breaking of the
metal-acetylacetonato complex more than the oxidation of free
organics. The exothermic peak position indeed spans a range of
about 100 °C depending on the metal (the processing conditions
are identical for the various sols, apart for the presence of dif-
ferent metal nitrates), which makes less likely the presence of a
single initial reaction. It is important to observe that in the case
of iron a very well dried precursor was analyzed, and in this
case multiple exothermic peaks are observed with the last one
at about 350 °C. A possible different structure of the precursor
could be invoked, but this result can also be an indication that
using not perfectly dried precursor is useful in increasing the
efficiency of the process, with the residual solvent molecules
that act as an additional fuel.

The possibility of generalizing the ligand was further tested,
as concerns the presence of similar exothermic phenomena dur-
ing the heating of the precursor. The precursors were prepared,
as described in Section 2, similarly to those containing acety-
lacetone. We only remark that ammonia was introduced even in
the preparation of these new precursors for having similar con-
ditions. Nevertheless, in the case of dien it could be unnecessary,
while in the case of TOP or hexanethiol it could result in unde-
sired reactions with the ligands, and its use should be carefully
evaluated. The results of the DTA analyses of the new precursor
are shown in Fig. 5, and the presence of exothermic peaks is
clear, proving that acetylacetone is not strictly needed for devel-
oping the precursor combustion. The different position of the
exothermic peaks reflects the specific bonding energy of the lig-
ands with the copper ions. In the case of dien a large amount
of organic residuals are present after the first exothermic peak,
since a broad and intense peak is observed at high temperatures.
Whether a particular ligand should be selected will depend on
specific considerations about the investigated system, but it is
clear that the possibility of using different ligands remarkably
extends the applicability of the process.

The phase composition and evolution of the combustion prod-
uct was monitored by XRD as a function of the heat-treatment
temperature. While the FTIR spectra do not show any trace
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Fig. 5. DTA traces measured on precursors prepared with Ry =2, Rg =0.25
and Ry =0, but substituting acetylacetone with (A) diethylenetriamine, (B) tri-
octylphosphine and (C) hexanethiol.
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Fig. 6. XRD patterns measured on post-precursors and heat-treated powders,
prepared as described in the text.

of organic residuals after the combustion step (see Electronic
Annex 1 in the online version of this article), the macroscopic
appearance of the sample indicated the presence of carbonaceous
residuals, for whose elimination heat-treatments of the powders
was required. In this step we had to face a supplementary prob-
lem, due to the formation of various Cu-containing compounds.
Fig. 6 summarizes the results of the XRD studies. Pattern A con-
cerns a powder obtained by heat-treating up to 500 °C the same
precursor of panel 1 in Fig. 3. As expected, since such precursor
is solvated copper nitrate, the product is pure CuO.

The result was remarkably different when the other precur-
sors were heat-treated. Pattern B is related to a sample prepared
with Ry, =2, Rg =0 and Ry = 0 (same sample of panel 3 in Fig. 3)
soon after the combustion step. Metallic Cu is predominant
together with Cu;0 and, to a much lower extent, CuO. This
result indicates that indeed the formation of the oxide can be
mainly attributed to reaction with atmospheric oxygen, and most
probably in our specific experiment the environment was oxygen
depleted due to the occurring combustion reactions. A practical
indication is the use of a flow of oxygen during the combustion
process in order to prevent substoichiometric oxygen concen-
trations. After heat-treating the combustion product at 500 °C,
pure CuO was obtained, with only a small trace of Cup O (pattern
C). The combustion of the sol—gel processed precursor (Rp =2,
Rp =0.25 and Ry =4.1, like panel 4 of Fig. 3) again resulted in
a phase mixture but with a much larger prevalence of Cu and
the almost total absence of CuO (pattern D). After heat-treating
at 500 °C in oxygen flow (pattern E) the Cu phase was partially
converted to CuO and Cu,O, with a further enhanced conver-
sion of Cu and CuO to CuO after heat-treatment at 650 °C
(pattern F). Instead of heat-treating at even higher temperatures,
we observed that in the case of the acetylacetonato precursor
(pattern B), a single phase was obtained after heating at 500 °C
and that after the combustion a certain fraction of CuO was
present. By comparison with patterns D-F, we concluded that
CuO could act as a seed for the conversion of the other phases to
CuO at lower temperatures. So the post-precursor of pattern D
was heat-treated up to only 500 °C in flowing oxygen after mix-
ing with 3 mg of the pure CuO powder of pattern A, and indeed
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a complete conversion to CuO was obtained, as shown in pat-
tern G. Apart for these peculiarities of the CuO system, the most
interesting feature is the difference of the phase composition of
the two post-precursors (patterns B and D) indicating the pres-
ence of more enhanced reducing conditions in the combustion
of the sol—gel processed precursor. The reason is not clear, but
could be related to the extended organics oxidation activated by
the highly exothermic phenomena developed in the combustion
(see Fig. 3), requiring more complete oxygen depletion from the
surrounding atmosphere.

Generalizing the sol—gel citrate process may result in several
practical advantages, since a field is open in principle for reach-
ing low combustion activation temperatures, complete organ-
ics elimination without post heat-treatments and, eventually,
unusual or metastable phases resulting from the composition
of the starting precursor. Another interesting perspective is the
control of the product morphology through the variation of
the precursor processing. As evidenced in the previous para-
graphs, different activation temperatures, organics elimination
pathways and reaction enthalpies are associated with the various
precursors, which could act on the nucleation, dissolution and
re-precipitation rates of the oxide grains. Direct observations of
selected samples gave further support to this assumption. The
results are shown in Fig. 7. FE-SEM observations were pre-
ferred to TEM observations of the aggregated powders, that did
not allow a clear observations of the morphological features.

In general, in all the images a lamellar morphology can be
discerned, but while in sample A, corresponding to pattern A
in Fig. 6, the lamellae are very clearly visible, the morphol-
ogy of sample B (pattern G in Fig. 6) is characterized by
regions constituted by smaller, less regular lamellae. Finally,
the acetylacetonato-derived powders in sample C (pattern C in
Fig. 6) are characterized by structures that can resemble over-
lapped lamellae, but have a finely granular appearance. Apart
for the specific consequences of the seeding technique used for
preparing pure CuO in the case of the sol-gel processed pre-
cursor, it finally appears that the specific precursor processing
has a remarkable influence on the final powder morphology. The
details of such dependence are not clear, and it is not immediate
to state a direct influence of the different exothermic phenom-
ena involved. In general, however, the obtained powders seem
to share a common feature of the materials prepared by the
combustion techniques, consisting in a morphology that is any-
way dictated by the sharp and intense exothermic phenomena
involved. From this point of view, it is important to remark an
experimental observation carried out during the sol preparation
stage. If the solvent is slowly evaporated, crystals of the precur-
sor appear on the bottom of the container. The crystal growth
is directly dictated by the structure of the precursor species in
the solution, so the differences in the sol processing will be
enhanced and kept until the combustion step, differently from
the evaporation procedure, yielding a compressed precipitate.
While the principle seems promising, the first attempts show
that the occurrence of the exothermic combustion is anyway
predominant in determining the product morphology, indicat-
ing that the exploitation of precursor crystals for controlling the
product morphology still requires remarkable efforts.

100nm WD 10.6mm

15.0kV  X30,000

TOPO 150kV X30000 100nm WD 9.2mm

15.0kY

Fig. 7. FE-SEM images of the same powders of (A) pattern A, (B) pattern G
and (C) pattern C in Fig. 6.

The use of methanol as the solvent could introduce toxicity
concerns. It was used in our process since it allows the dissolu-
tion of a larger number of metal salts if compared to ethanol, so
allowing an immediate application of the process to many dif-
ferent systems, without any need for finding different solvents,
which could influence the initial sol preparation. Of course, tox-
icity concerns related to methanol could be overcome by using
ethanol after verifying that the latter is a suitable solvent and does
not modify substantially the sol preparation. Finally, the precur-
sor crystal growth by freeze-drying techniques could allow an
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easier recycling of the solvent, improving the economic features
of the process. While this is a technological concern, another
fundamental topic is the extension of the process to multicom-
ponent oxides, which would even more directly related with
the early findings by Pechini. From a phenomenological point
of view, no differences are expected if different metal sol are
mixed and dried, provided at least one of them is introduced by
a nitrate, but of course the main concern is the obtainment of
a single component oxide, without phase separations. This aim
is of particular importance in relationship with the preparation
of technologically important materials like complex spinels, fer-
rites and ferroelectric materials. In establishing the fundamentals
of the process, this problem has not been faced since the use of
different metals in the same process would remarkably compli-
cate the study of the involved phenomena, but it is an important
step to be defined in further refinements of the process.

4. Conclusions

In this work we have introduced the sol-gel processing of
metal complexes as a general route for preparing precursors for
the combustion synthesis of metal oxides. The whole process,
starting from the sol preparation, is simple and easily gener-
alized, involves low combustion activation temperatures and
highly exothermic reactions capable of extensive elimination
of organic residuals. The morphology control of the final pow-
der still requires an optimization of the process, and could take
benefit from the possibility of growing precursor crystals, which
is also useful in improving the materials utilization in the whole
process. A detailed determination of the structure of the precur-
sor species in solution and of their influence on the process, and
the extension to multicomponent oxides, are open for further
developments.
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