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An alternative route to acrylamide gel polymerisation is pre-
sented for the preparation of oxide nanopowders. Within this
method, cations first dissolved in an aqueous solution are
subsequently trapped inside a 3D chelating gel before
fast-drying, which leads to a stable precursor. In this study,
we have prepared compositions corresponding to a wide
range of state-of-the-art fuel cells materials such as:
Zr0.85Y0.1501.875. Ce€0.0Gd0.101.05, Ndj95NiOy,y, GdBaCo,-
Os.x Bag5Sr0.5C00.8Fe0203 and Lag 755r0.25Cr9.5Mng 503.
Thermogravimetry and differential thermal analysis studies
have been performed to determine the best calcination con-
ditions. After calcination, the resulting powders have been
characterised by X-ray diffraction, FEG-scanning electron

microscopy and TEM. The synthesised powders are of nano-
metric crystallite size and have flake-like aggregates; pure
phases are obtained at low temperature. We made this
method more attractive by using a nontoxic polymer and a
nonexplosive initiator. This route allows the easy preparation
of more than tens of grams of nanometric powders in one
batch. Finally, since this process is largely independent of the
formula of the compound, it can easily be extended to other
kinds of oxides such as ferroelectric, CMR (colossal magne-
toresistance) or gas sensor compounds.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The harsh working conditions of solid state devices in the
field of fuel cells have stirred the research on new ceramic
materials with controlled characteristics.l'! Although con-
ventional solid state synthesis methods have the advantage
of high simplicity, they require high temperatures and very
long annealing times that entail excessive crystal growth.
Many efforts have thus been devoted to the development
of low-cost reproducible synthesis routes that can easily be
transferred to the industrial scale. Wet chemistry routes
such as the sol-gel and Pechini methods have given interest-
ing results, as the ion mixing occurs at a molecular scale.
Sol-gel chemistry is a remarkably versatile approach for the
fabrication of ceramic powders at low temperatures.l”! Nev-
ertheless, in most of cases, the application of a sol-gel route
involves a high complexity due to the necessity of a fine
adjustment of parameters.l®l The Pechini method is more
versatile, because the technique has a strong robustness and
requires less or null adaptation from one material to the
other. Several works have also presented the application of
the glycine nitrate combustion route for the preparation of
complex electrolyte oxides.[*® This last process leads to
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interesting results, presenting a lower complexity relative to
the sol-gel or Pechini methods. Nevertheless, it seems to be
difficult to obtain the desired phase, and strong aggregates
appear as a result of the coarsening of the powders during
the burning step.[®l Moreover, a minimum annealing tem-
perature of 800 °C is needed to remove all residual organic
components,* which entail a limitation for the synthesis
of many materials. Additionally, the ratio of the departing
organic products needs to be tuned for the synthesis of dif-
ferent materials, involving a hindrance for a straightforward
extensive application. Finally, another well-known tech-
nique that leads to good results is the so-called freeze-dry-
ing process.[’”l This route has proven to be efficient and in-
dustrially scalable. Nevertheless, the procedure is time-con-
suming and needs a sophisticated setup.

An alternative method, the so-called acrylamide route,
was proposed for the synthesis of functional oxides.®! This
method has recently been applied to a broad range of elec-
troceramic oxides for fuel cells.”'!l It consists of the trap-
ping of dissolved cations in an acrylamide polymer net-
work. In this manner, an intimate mixing is performed at
the molecular level, and the chelating properties of the poly-
mer allow maintaining cations separated during the drying
of the gel. One of the main drawbacks of acrylamide gel
combustion lays in the toxicity of the acrylamide monomer
and the hazardous properties of the azoisobutyronitrile ini-
tiator. In a previous article, we showed that the substitution
of acrylamide by methacrylamide, which has limited toxic-
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ity, was possible without modification of the process.””? Nev-
ertheless, the use of methacrylamide leads to much weaker
gels, and the oxide nanopowders look more agglomerated.
Since the main interest for acrylamide in the process resides
in its facility to polymerise in a wide range of pH values
and in its chelating properties, this led us to naturally con-
sider the possibility of using a much more common mono-
mer, acrylic acid, also known for its chelating properties.

In order to overcome the problem of acrylamide toxicity,
the use of acrylic acid as an alternative was thus studied
here. We also demonstrate that the use of azoisobutyroni-
trile (AIBN) as initiator is not necessary and AIBN can
easily be substituted by the cheaper and less dangerous hy-
drogen peroxide, H,O,. We present here, as an illustration
of the wide possibilities of such a method, the synthesis of
several oxide materials constituting the state-of-the-art in
the SOFC (solid oxide fuel cell) domain. The structural and
microstructural properties of these materials have been
characterised and related to the elements constituting the
process.

Results and Discussion

Calcination Step

Under the preparation conditions described below and
regardless of composition, the gel obtained after polymeri-
sation looks like the one presented in Figure 1. After drying
this gel in a microwave oven, the decomposition process of

Figure 1. Typical appearance of the polymerised gels.
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the precursor, a brown crisp resin, was recorded by means
of TG-DTA. As shown in Figure 2a and 2b, the TGA and
DTA curves for the calcination of the precursor are almost
similar regardless of composition. The TG curves show that
decomposition, which is associated with an important
weight loss (Am = 80%), occurs in two or three steps be-
tween room temp. and 450 °C. Nevertheless, the most im-
portant weight loss, which was observed between 300 °C
and 400 °C, occurred during the second step of the decom-
position process. DTA (see Figure 2b) reveals this effect by
the presence of two or three exothermic peaks in this tem-
perature range. From 300 °C, it is clear that the exotherm-
icity is strongly correlated to the nitrate content in the dried
precursor. Indeed, while synthesis conditions are identical,
the amount of nitrate introduced into one solution is not
the same from one sample to the other. Besides, the top-
ology and hardness of the gel are controlled by the mono-
mer/reticulant ratio. Indeed, a more reticulating gel could
be obtained decreasing the amount of monomer. Thus, if
acrylic acid is also implied in cation complexation, the top-
ology of the gel might be slightly different and its ignition
temperature will also be different. The first decomposition
at ca. 200 °C, involving around 15% of the total weight loss
and revealed by a very weak exothermic peak on DTA
curves, was probably the result of the evacuation of residual
water. The two more intense peaks at temperatures ranging
between 300 °C and 450 °C, leading to the remaining 85%
of the lost weight, involve a two-stage decomposition
mechanism. The first stage corresponds to the decomposi-
tion of the carboxylate or acrylate groups/uncomplexed li-
gands as already observed by using thermogravimetry cou-
pled to mass spectrometry. The second stage of the decom-
position, representing most of the weight loss, may corre-
spond to combustion of the polymer.['?l Except for zirconia,
for which a small weight loss is observed over 600 °C, all
the dried precursors seem to burn the major part of the
organic components below 500 °C. However, a better un-
derstanding of the gel decomposition processes would in-
volve a GC-MS study. Above 450 °C, it can be assumed
that all organic species were decomposed. While TG curves
showed a plateau which extends up to 1000 °C, no DTA
signals were recorded. This may also indicate that crystalli-
sation of products already occurs during one of the exother-
mic steps mentioned above. Actually, all the products show
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Figure 2. TG and DTA curves of Samples (1) Zro_85Y0_1501_875, (2) Ceo_ngo_101_95, (3) Ndl_gsNiOAH.x, (4) GdBaC0205+X, (5) Ba0_5Sr0_5-
Cog gFe 04 4 (6) Lag 7581 ,5Cry sMng sO3: microwave drying as a function of temperature.
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Figure 3. X-ray diffraction patterns of (a) ZrygsY¢.1501.875 and (b) CeyoGdy ;0,95 electrolyte materials annealed for 4 h at (1) 700 °C,

(2) 800 °C, (3) 900 °C and (4) 1000 °C.

crystalline phases after calcination (even after heat-treat-
ment at 500 °C, not presented here). Nevertheless, the speed
of heating used for the calcination of the powders was sig-
nificantly slower (5 °Cmin"), which may explain the poor
crystallisation level after the heat-treatment (see below).

Electrolyte Materials: Zr0_85Y0.1501_s75 and Ceo.gcdo_lol.gs

The XRD diagrams corresponding to the electrolyte ma-
terials Zrgg5Y 01501875 and CeoGdj ;0,95 are shown in
Figure 3. In both cases, the pure phase is obtained at a very
low temperature, showing very broad peaks. This is an indi-
cation of the very small size of the crystallites composing
the powder. The average values of the grain sizes of the
synthesised powders, obtained by using the well known
Scherrer formula, are 9(1) nm for zirconia and 28(1) nm for
ceria in the case of samples heat-treated at 700 °C for 4 h.
This difference was also demonstrated in our previous work
based on the acrylamide polymerisation synthesis routel”]
and has been previously reported by other authors.['3] The
reason for this behaviour may be the better sinterability of
cerium-based fluorite oxides as compared to the zirconium-
based ones. Actually, Li et al.l'¥l reported that 99% density
cerium oxide ceramics can be obtained at a temperature as
low as 1160 °C, while zirconia-based ceramics are usually
fully densified at temperatures of at least 1300-1400 °C.[!3]

The observation by scanning electron microscopy (SEM)
reveals that the powders present sheet-like aggregates of
several microns with nanometric grain sizes as foreseen by
XRD (Figure 4). Nevertheless, the native grain sizes can
hardly be seen with this technique. The observation by
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Figure 4. FEG-SEM images of (a) ZrpgsYo.1501575 and (b)
Ce( 9Gdy 10, 95 annealed at 700 °C for 4 h.
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TEM shown in Figure 5 confirms the nanometric nature of
the grains and also the great differences in terms of grain
sizes between the two powders. The calculation of grain
sizes as determined by TEM pictures leads to a mean grain
size of 6.5(2.0) nm for zirconia and 22(2) nm for ceria, val-
ues that are close to the ones obtained from XRD.

Figure 5. TEM

images
Ce( oGdg 10, 95 annealed at 700 °C for 4 h.

of (a) ZrossYo1501875 and (b)

Cathode Materials: Nd; 9sNiOy44,, GdBaC0,0s. .,
Bay sSrg sCoy.gFeg,03

The diffractograms in Figure 6 give the evolution of crys-
tal structures with temperature for the samples correspond-
ing to electrode materials. All the desired phases are formed
below 1000 °C. For the Nd; 9sNiOy+,, the XRD diagrams
obtained on samples heat-treated at low temperature,
700 °C and 800 °C, reveal the presence of the perovskite
phase NdNiO; [Joint Committee for Powder Diffraction
Society (JCPDS), pattern no. 41-0344] and of the simple
oxide Nd,O; (JCPDS pattern no. 43-1023). The desired
phase is readily formed at 900 °C, and no parasitic phase
is observed. Similarly, for the GdBaCo,0s., sample heat-
treated at 700 °C and 800 °C, the X-ray diffraction dia-
grams are composed of very wide peaks that can be attrib-
uted to BaCoO,q9; (JCPDS pattern no. 26-0144) and
GdCoO; (JCPDS pattern no. 25-1057), both being perovsk-
ite-like phases. Here also, a calcination temperature of
900 °C is necessary to obtain the pure phase. In the case of
Ba sSry sCog sFey»,03 ., a pure phase is also observed from
900 °C onwards. Grain sizes have been determined from the
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Figure 6. X-ray diffraction patterns of (a) Nd; 9sNiOy., (b) GdBaCo0,0s..,, (c) Bag sSrg sCoq sFey,05_,, annealed for 4 h at (1) 700 °C,

(2) 800 °C, (3) 900 °C and (4) 1000 °C.

Scherrer laws applied on single peaks in pure-phase com-
pounds. From this law, we calculated that the grain sizes of
the cathode materials heat-treated at 900 °C are 60(1) nm
for Nd; 95sNiOy, (Figure 6a), 58(1) nm for GdBaCo0,0s.
(Figure 6b) and 35(1) nm for Ba Sty sCoq sFey-,05_, (Fig-
ure 6¢).

In Figure 7, representative SEM-FEG images show the
microstructure of these cathode materials obtained at
900 °C. The powders consist of very porous aggregates of
nanometric weakly connected crystallites. The Bag 5Srg 5-
CoygFeq-,05 , particles are the more strongly bonded ones
(Figure 6¢). They seem to be connected to form grains of
about 500 nm, which in turn constitute micrometric porous
planar flake-like microstructures. This can be due to the
fact that this material already presents the perovskite phase
at low temperatures. The excessive temperature necessary to
eliminate barium carbonate may be responsible for the par-
tial sintering of the small particles. From these SEM images,
it seems that native grains have bigger sizes than the ones
given by XRD. Nevertheless, TEM observations in Figure 8
confirm that the differences in the grain sizes between the
different compositions follow the order @(Nd; 9sNiOg4,) >
d(GdBaCo,0s5,,) > @(BagsSrysCopgFey,03 ) as de-

(2)

(b)

@

Figure 7. SEM-FEG images of (a) Nd; 9sNiOy4.,, (b) GdBaCo,-
05, and (c) Bag sSrg 5Cog sFey,05_, annealed at 900 °C.

duced from XRD. Besides, it seems in this picture that
Nd; 95NiOy4+, presents a nonhomogeneous distribution of
grain sizes (Figure 8a).

©

Figure 8. TEM images of (a) Nd; 9sNiOy.,, (b) GdBaCo0,0s,, and (c) Bay 5Sry sCoq sFey,05_, annealed at 900 °C.
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Anode Material: L30'7ssr0‘25Cl‘0'5Mn0’503

The phase evolution of the Lag 7551 »5Crg sMng sO3 pre-
cursor with the calcination temperature is shown in Fig-
ure 9 by means of XRD measurements at 700 °C, 800 °C,
900 °C and 1000 °C. The desired phase is already formed at
700 °C. Nevertheless, very small diffraction peaks corre-
sponding to the SrCrO, phase are still observed (JCPDS
pattern no. 35-0743). These small peaks progressively disap-
pear with increasing temperature. All the peaks observed at
1000 °C can be attributed to the desired perovskite phase.
Nevertheless, the diffractogram shows some splitting of the
main perovskite peaks, revealing a certain degree of distor-
tion of the cubic structure (that is the expected structure).
In particular, the main peak at 32° seems to be composed
of at least three contributions. The mean crystallite size as
obtained from the single peak (at 22°), is 30 nm. Electron
microscopy images illustrate the morphology of the synthe-
sised powder (Figure 10). The powder consists of nano-
metric connected crystallites forming very porous sponge-
like structures. The grain size as deduced from TEM pic-
tures is 21(4) nm, which is also rather close to the value
determined form XRD.
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Figure 9. X-ray diffraction patterns of Lag ;7551 ,5Cro sMng sO5 an-
nealed for 4 h at (1) 700 °C, (2) 800 °C, (3) 900 °C and (4) 1000 °C.
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Figure 10. (a) SEM and (b) TEM images of the
Lag 7551 55Cr sMng sO5 sample heat-treated at 900 °C for 4 h.

Discussion

The necessity to replace acrylamide for safety reasons in
the acrylamide gel combustion route led us to find another
monomer presenting similar properties. Acrylic acid has
been chosen for different reasons. Its low toxicity is the first
parameter that we took into account, since this is one of
the main drawbacks of acrylamide. As a result of its non-
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toxicity, the acrylic acid monomer is widely employed in
dental and orthopaedic products. Secondly, acrylic acid
based polymers are well-known for their excellent water-
absorbing properties. This is of great importance here in
avoiding solution—polymer phase separation when the poly-
merisation occurs.'® Moreover, polyacrylic acid polymers
present interesting complexation properties. Actually, sev-
eral studies show that this complexation behaviour is effec-
tively seen in a wide diversity of elements such as transition-
metal cations, alkaline-earth elements or rare-earth ele-
ments.!>17-191 Besides, the complexation power of acrylic
acid depends strongly on pH,['?l the optimum pH being
around 5-6, which is very close to the pH value used in the
present study. These studies also showed that the decompo-
sition of acrylic acid complex is complete between 400—
550 °C and depends on the cations present because some of
them have catalytic power (Cu?* for instance). In our case,
we observe a similar range of temperatures for the decom-
position of our precursor, and the highest decomposition
rate always occurs at almost the same temperature
(= 400 °C) regardless of composition. This means that the
grain size distribution and agglomeration of the resulting
powder will essentially depend on the sinterability of the
material.

Of course, because of the addition of citric acid during
the process, one may think that the method is similar to the
citrate gel route. Actually, the main similarity is that, in
both routes, the chelating properties of the species used (cit-
ric acid or acrylic acid) prevent the precipitation of cation
salts. Nevertheless, we think that the presented method has
some significant advantages over the citrate gel route. One
of them is that the polymerisation occurs very fast (in less
than 5 min), while according to literature, the citrate gel
route implies a slow polymerisation accompanied by evapo-
ration of solvent (water). This slow evaporation is time-con-
suming. Actually, some treatments that take as long as 10 h
have been reported for obtaining a viscous gel,?'?? but
more typically the gelling time is around 2-3 h.[>*l Another
consequence of this slow evaporation is that species are put
closer; so the next step involving the combustion process
may lead to more aggregated particles. In our case, the com-
bustion process occurs partly during the microwave drying,
which leads to a precursor with a brownish colour. Then,
the microstructure of our oxide nanopowders after calci-
nation is typical of processes for which a great quantity of
organic species is burnt very fast. In these cases, it is often
argued that the great amount of gaseous species that are
produced during heat-treatment leads to more aeration, re-
sulting in powders with soft aggregates and sheet-like mor-
phology. This microstructure may have some important ad-
vantages for the SOFC applications. First, the nanometric
nature of oxide powders favour the control of sintering pro-
cess and may lead to higher density at low temperature. The
obtained nanopowders may also be interesting for electrode
applications, since both gas diffusion and electrical percola-
tion should be favoured by this peculiar morphology. Let
us note finally that, in the case of electrode materials, the
synthesis temperature of 900 °C is lower than or compar-
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able to those mentioned in previous articles. For instance,
Lalanne et al. mention that a temperature of 1000 °C is
necessary to obtain pure Nd, ¢sNiOy4. . by either the citrate
gel or the acrylamide polymerisation methods.*#
Bay 5sSry sCog sFey .03 has been the subject of much re-
search because of its potential use in semipermeable mem-
brane applications. This compound can be obtained at a
rather low temperature between 8§50 °C and 1000 °C, tem-
peratures comparable to the one (900 °C) needed in this
study to obtain the pure phase.*> 27 There are not many
studies on GdBaCo,0s. ,, because the use of this material
for fuel cell applications is quite recent. Nevertheless, syn-
thesis temperatures of 1125 °CB3 and 1000 °CI3¢ have been
mentioned, which are significantly higher than 900 °C. Fi-
nally, for LSCM, heat-treatment temperatures of
1300 °C,281 1200 °C,>T 1100 °CP% or 800 °CP! are re-
ported for the preparation of a pure phase; most of them
are still higher than 900 °C.

Conclusions

In the present article, we have shown that a good alterna-
tive to the use of highly toxic acrylamide in the complexing
gel combustion route can be the use of acrylic acid. The
method is very fast, since less than one hour is necessary to
obtain an easy-to-handle precursor. It is also efficient, since
single-phase compounds are obtained at low temperature.
We have also shown that the method is very versatile, as no
modification is necessary when changing the composition.
The resulting powders are nanometric and present a flake-
like microstructure. In all compositions presented here, sin-
gle-phase compounds are obtained at temperatures as low
as 900 °C. The method is then promising for applications
in SOFCs but can also be extended to all functional oxides.

Experimental Section

For the present study, the different materials studied have the fol-
lowing compositions: Zrggs5Y0.1501.925, Ce.9Gdy 1O} 95 correspond-
ing to anion conducting electrolyte materials, BasSrqsCog sFeq -
03 ., GdBaCo0,0s,,, Nd; 9sNiOy,,, used as cathodes in SOFCs
and Lag ;5Sr),5CrysMny 503 as an example of an anode mate-
rial.2381 The cation salts used for the synthesis were the following:
Y(NO3);6H,O  (Sigma-Aldrich, 99.9%), ZrO(NOj3),-xH,O
(Sigma—Aldrich, = 27% weight in Zr), Ce(NO3);:6H,0 (Sigma-Al-
drich, 99%), Gd(NO3);»xH,O (Alfa-Aesar, 99.9%), Ba(NOs),
(Alfa-Aesar, 99%), Sr(NOs), (Sigma—-Aldrich, 99%), La(NO3);*
6H,O (Sigma-Aldrich, 99.0%), Fe(NO3);*9H,O (Merck, 99%),
Co(NO;);*6H,O (Merck, 99%), Ni(NO3),6H,O (Sigma-Aldrich,
98.5%), Mn(NOs),-6H,O (Sigma—-Aldrich, 98%) and Cr(NO3);
9H,0 (Aldrich, 98%). The water content of precursors, in particu-
lar those of ZrO(NO;),'xH,O and Gd(NO3);-xH-O, was deter-
mined by weighing the resulting mass of oxide obtained from the
calcination of a known amount of precursor at 900 °C for 8 h. The
organic species used were citric acid (Aldrich, 99%), acrylic acid
(Aldrich, anhydrous, 99%), N,N'-methylene bis(acrylamide) (Ald-
rich, 99%) and hydrogen peroxide (Aldrich, 30% w/w in water).
The synthesis process is as follows: Cation precursors are dissolved
separately in deionised water (80-100 mL) in the proportion corre-
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sponding to the final product. The quantity of precursor is chosen
in such a way that, after mixing the different cation solutions, the
total cation concentration is 0.1 molL~!. For instance, in the case
of yttria-stabilised zirconia, the molar quantity of precursors for
500 mL of solution is 0.0425 mol and 0.0075 mol for zirconium and
yttrium, respectively. Then, citric acid is added to each cation solu-
tion in the proportion corresponding to one citric acid molecule per
cation valence in solution and the pH is increased to 6 by adding
ammonium hydroxide solution. The solutions are then mixed to-
gether. After heating up to 90-100 °C, acrylic acid (AA) and N,N'-
methylene bis(acrylamide) (N,N'-MBA) are added, as monomer
and reticulating agent, respectively. For each 500-mL solution,
acrylic acid (50 mL) and MBA (2.8 mg) are used, which corre-
sponds to an AA/MBA molar ratio equal to 40. Then, a few drop-
lets of H>O», which acts as an initiator and produces instantaneous
gelification, are added to the boiling solution. The gel obtained is
solid and transparent (see Figure 1). This gel is then dried in a
conventional microwave oven for 30 min to obtain an easy-to-han-
dle and stable precursor. After this drying step in the microwave
oven, the precursor has a brownish colour, which shows that some
combustion has already occurred during this step. It is also impor-
tant to note here that this precursor has become inflated during
microwave drying and occupies a volume that is even larger than
the initial gel. Finally, an annealing process is performed in order
to eliminate the remaining organic species and to obtain the desired
phase. Different annealing temperatures were tested between
700 °C and 1000 °C.

The resulting powders were analysed with a Siemens D5000 dif-
fractometer operating in a Bragg-Brentano geometry with a Cu-
K,1» wavelength. Thermogravimetry and differential thermal
analysis were used to follow the elimination process of organics
from the green dried product and the formation of the crystalline
ceramic phases. TG and TDA have been carried out with a SETA-
RAM TG/DSC instrument (the alumina crucible was used as refer-
ence) Model 92-1750. These analyses were undertaken in a flowing
synthetic air atmosphere, from room temp. to 1000 °C, with a heat-
ing rate of 10 °Cmin~'. SEM was performed with a Philips XL 30
apparatus equipped with a Field-Emission Gun, in order to observe
the morphology of the heat-treated powders and to get information
on grain sizes. TEM has also been used to get further inside the
microstructure at a nanometric scale and was thus complementary
to SEM characterisation for some samples with smaller grain sizes.
The TEM images were obtained with a Philips CM 30 instrument
at 300 kV, except for those at higher resolution obtained with a
Jeol J2010F FEG instrument at 200 kV.
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