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Several precursor powders, obtained after precipitation from metal nitrate solution containing
polyethylene glycol (PEG) (inside a Pyrex glass reactor or by spray-drying), and their thermal
evolution to GABCO were analyzed by thermogravimetry (TG), differential thermal analysis
(DTA), Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD). The
amount of PEG had a crucial role in the BaCOs3 content of the “Kjeldahl precursors” but a
minor effect on the degree of transformation to GdBCO at 900°C, which did not reach
completion after 1 h. In contrast, a low-PEG spray-dried powder led to almost 100% GdBCO
in only 5 min. The high degree of cation dispersion reached by spray-drying and the coexistence
with a liquid phase can explain this short reaction time. The spray-dried powder compares
favorably with the mechanical mix of metal oxides and Ba carbonate that is commonly used as

precursor powder for the synthesis following a solid-state reaction.



1. Introduction

YBa;Cu3O¢+ (YBCO) has attracted much attention since the discovery of high-temperature
superconductivity in 1986 and, among other REBCO compounds (RE = rare-earth) it is the
first candidate for large scale applications [1] such as coated conductors, magnetic shields,
superconducting motors, etc. Substitution of Y by Gd leads to a significant improvement of the
superconducting properties [2]: higher transition temperature, larger critical current density at
high magnetic fields and higher ability for trapping the magnetic field.

These compounds can be synthesized as powders that find application as “raw
materials” for the fabrication of bulk compacts by sintering them in the solid state [3], for melt
processing of highly textured ingots [4,5,6], as raw material to obtain fluorinated precursors
for the synthesis of thin films through the trifluoroacetate (TFA) route [7], and to build targets
for pulsed laser deposition (PLD) of REBCO thin films [8].

The most direct way to obtain powders is by reaction of the elementary oxides (CuO,
RE»03) and BaCOjs in the solid state. This procedure requires grinding, calcining and sintering
steps lasting tens of hours to ensure complete decomposition of BaCOs3 and reaction leading to
the superconductor phase without any secondary phase.

To reduce the processing time, alternative methods have been developed that aim at
reaching high dispersion of the different cations thus improving their reactivity. These methods
begin with a solution containing the cations, and face the problem of the reduced solubility of
Ba compounds and the difficulty to avoid segregation during precipitation.

Cation dispersion can be achieved by the sol-gel route (Pechini method [9]) by adding
complexing or jellifying agents that upon reaction incorporate the cations in a gel. The high
organic content leads to CO; release during gel pyrolysis and formation of a large fraction of
BaCOs that needs to be decomposed at high temperature [10,11]. Another possibility is the
addition of a polymer in the solution (polymer assisted deposition or PAD [12]). After solvent
evaporation, the cations are trapped in the highly-viscous polymer. Among other polymers,
polyvinyl alcohol (PVA) has been used for this purpose [4,13]. Despite the dispersant role of
PVA, partial segregation of Ba could not be avoided [4].

The present paper reports on the use of polyethylene glycol (PEG) in a solution of Ba,
Cu and Gd nitrates with the aim of preparing GdBCO powder. The role of PEG is twofold. On
the one hand, it acts as a complexing agent, thus increasing Ba solubility [14]. On the other
hand, it acts as surfactant reducing the solution’s viscosity what allows the formation of a finer
liquid aerosol during atomization by spray drying. After drying, the precursor powder is

expected to contain a more intimate mix of cations. In addition, the oxygen atoms in the PEG



backbone chain reduce the chances to get a carbonaceous residue during pyrolysis and reduce
the decomposition temperature [15]. The structure and thermal evolution of the precursor
powder obtained by spray-drying are compared with those obtained by precipitation in a Pyrex

glass reactor and with the mix of metal oxide and Ba carbonate powders.

2. Experimental section

2.a Powder precursors preparation

The preparation of all precursor powders begun with CuO (Diopma, 99.9%), BaCOs (Alfa
Aesar 99%) and Gd203 (99.9%) commercial powders. Polyethylene glycol (PEG) of molecular
mass 8000 amu (Sigma Aldrich) was added at different concentrations to enhance their
solubility in a solution of nitric acid (65% Merck).

Ceramic Powder A was obtained mixing stoichiometric amounts of CuO, BaCO3 and
Gd>03 and grinding them with a mortar and pestle.

Powder B was prepared by dissolution of these oxides in a 1 M solution of HNO3 in
water with an amount of PEG equivalent to a four -CH2CH>O— units of PEG, for 1 mol of
metals (“4/1 molar ratio”). The procedure was as follows. First, the Cu and Gd oxides were
dissolved in a solution with a slight excess of nitric acid, which was stirred and heated at 80°C
until it became clear and deep blue. Then, in another baker, Ba carbonate was dissolved at room
temperature in a similar solution of nitric acid until bubbling diminished. Then, the solution
was heated at 80°C until it became clear. These two solutions were then mixed with a solution
of PEG at 80°C. The resulting clear pale blue solution containing 0.4 M metal cations remained
stable at room temperature. It was introduced in a Pyrex glass reactor and heated to 370°C until
complete evaporation of the solvent.

Powder C was similar to Powder B but with a lower PEG content (0.3/1 molar ratio).

Finally, Powder D was obtained from the same solution as that used for Powder C. In
this case, the solution was introduced in a spray dryer. It was sprayed at an air pressure of 4 bar
with a needle frequency of 0.25 Hz and the aerosol was dried at 240°C. The powder was
collected thanks to a small cyclone of 12 cm in diameter.

The as-prepared A, B and C powders were loose and black whereas Powder D was pale

green and somewhat sticky as if it retained water and PEG within its particles.

2.b Heat treatments
The powders were heat-treated in atmospheric air with an electric furnace. An amount of about

100 mg was put inside an alumina crucible and, then, introduced in the furnace which was



previously thermalized at the programmed temperature. After the time required for the heat
treatment (5 minutes or 1 hour), the crucible was taken out and put in contact with a metallic
block to ensure rapid quenching. At the highest temperature (900°C) the powder retracted to
the center of the crucible, and the cylinder that resulted could be easily extracted from it and
ground with a mortar and pestle without much effort. No signs of extensive melting were

observed.

2.c Thermal and structural analyses
The mass evolution of the precursor powders when heated at 10 K/min in synthetic air was
recorded by thermogravimetry (TG) with the Setsys Evolution apparatus of Setaram. The
measured curve was subtracted from one curve measured at the same conditions but with an
empty alumina crucible (blank curve). The same apparatus measured the heat exchanged
(Differential Thermal Analysis, DTA).

XRD analyses were performed with the powder diffractometer XRD-Advance of
Bruker, working with a Cu source in the Bragg-Brentano configuration.

FTIR spectra were acquired with a Mattson Satellite spectrophotometer by Attenuated
Total Reflectance technique (diamond ATR crystal) at 4 cm™ resolution.

Finally, SEM micrographs have been obtained with the ZEISS DSM 960A microscope

to observe the morphology of the powders, which were deposited on a conductive tape.

3. Results

3.a Ceramic Powder A

The aspect of this powder as seen by SEM is shown in Fig.2a. When the ceramic Powder A
was heated inside the TG apparatus, the recorded mass remained constant up to around 750°C.
Above this temperature, a continuous mass-loss process can be observed in the corresponding
TG curve (Fig.3a). This process is due to the decarbonation of BaCOs.

After heating the powder at 850°C for 1 h, the CuO and Gd»0s phases of the as-mixed
powder (Fig.1) have completely disappeared and a residual fraction of BaCOs is still detected
(Fig.4). The XRD curve is dominated by the GABCO phase. At 900°C, one can observe a
further reduction of the BaCO3 main peak, which becomes almost undetectable above the noise

level.



3.b Powder B: high PEG to metal ratio (4/1)

XRD of the precursor Powder B reveals a rich phase structure containing Gd>O3, CuO, Cu,
BaCO3, Ba(NOs3)2 and BaO; (Fig.1). At room temperature, all metals are expected to precipitate
during solvent evaporation as nitrates. However, at the nominal temperature of the glass reactor
(370°C), decomposition of Gd and Cu nitrates is expected to occur, what is confirmed by
detection of their oxides. In contrast, more stable Ba nitrate should remain. Detection of BaCO3
indicates that Ba nitrate has partially decomposed. Since the reactor temperature is not high
enough to decompose it, we consider that overheating has occurred due to combustion between
nitrates and PEG.

Upon further heating of this precursor powder, successive decomposition of Ba nitrate
and Ba carbonate are expected. So, the two mass-loss steps observed in the TG curve (Fig.3)
have this origin; the one beginning at about 500°C corresponds to nitrate decomposition and
the other one, beginning at 750°C, to carbonate decomposition.

If we take the final mass, mg, of the TG curve (Fig.3) as reference, and consider that the
phases at this point are almost 100% oxides at their maximum oxidation state, then we can
estimate the fraction of the Ba atoms residing in the carbonate before its decomposition (say at

T =700°C). From the molar mass of the oxides and Ba carbonate, we can state that:

BainBaCOzatT _ m(T)-mox

= 50%, (1)

Ba total " mca—mox
where mox is the mass of all-oxides (726.6 amu) and mca, that of GdO;5+2BaCO3+3CuO
(814.6 amu).

According to the XRD measurements of this powder (Fig.5), after 1 h at 800°C the main
changes of the precursor powder have been the disappearance of Ba nitrate and the formation
of GdBCO by subsequent reaction with CuO and Gd203. A residual amount of Gd2BaCuOs
has been also formed. From the approximate relative amount of the Ba-containing phases
determined from the XRD curve (BaCO3; 27%, GABCO 35%, Gd,BaCuOs 2%, BaO> 4%) we
can again estimate the fraction of Ba atoms in carbonate (55%). The result is in fair agreement
with the estimation from the TG curve.

When compared with the ceramic Powder A, we observe that at 900°C a significant
amount of secondary phases (Gd2BaCuOs and CuO) still coexists with GdBCO. Since
GdxBaCuO:s has less Cu that GABCO, CuO is also detected.



3.c Powder C: low PEG/metal ratio (0.3/1)

In contrast with Powder B, Ba nitrate has not decomposed. Presumably the PEG content in
Powder C was not high enough to trigger combustion inside the glass reactor and,
consequently, no overheating is expected above the nominal reaction temperature of 370°C.
Furthermore, the absence of combustion can also explain why Cu atoms have remained in the
Cu(II) oxidation state and have not been partially reduced to metallic copper as it occurred in
Powder B [16].

No Gd-containing phase has been detected by XRD Powder C (Fig.1). The natural
question is where these atoms reside. Since the XRD curve of Powder C is very simple (it only
contains Ba nitrate and CuO peaks), we can infer the state of Gd atoms from the TG curve
(Fig.3). If all phases at 950°C are oxides, then we can predict the normalized mass of Gd»Os3,
CuO and Ba(NOs3); phases from the normalized mass at the end of the TG curve (0.775). The
result (0.99) almost coincides with the normalized mass of the TG curve at 350°C. In other
words, we can conclude that Gd atoms are in the form of Gd,O3 and that they are not detected
by XRD because of their nanocrystalline nature. Furthermore, the good agreement between
prediction and experiment tells us that, at 370°C, PEG has completely decomposed.
Independent TG measurements on PEG alone have shown that its decomposition in air finishes
at 280°C.

The TG curve of Powder C has the same two-step shape than that of Powder B. Given
the same interpretation, we can apply here Eq.(1) to estimate the ratio of Ba atoms in carbonate.
This quantity (33%) is significantly lower than that of Powder B.

The XRD curve at 800°C (Fig.6) confirms that BaCO3 is much less abundant in Powder
C than in Powder B and this rapport continues at 850°C. At 900°C, the curves of both powders
are very similar; they reveal the existence of Gd2BaCuOs.

Up to this point, we have arrived at the unexpected conclusion that the precursor
powders obtained from nitrates with the addition of PEG find difficulties to react to form
GdBCO, after precipitation in the glass reactor. A fraction of these powders is transformed to
the Gd2BaCuOs non-equilibrium intermediate phase that still survives after annealing at 900°C
for 1 h. In contrast, the ceramic powder leads to complete transformation to GdBCO after the
same heat treatment.

Concerning BaCO3, as the temperature is increased, in Powder C this phase decomposes
similarly than in the ceramic powder, whereas it is delayed to higher temperature in Powder B.
For this reason, we choose the PEG to metal ratio 0.3/1 of Powder C to improve the reactivity

of the phases with the spray-drying precipitation method.



3.d Powder D: spray-dried

The aspect of the spray-dried power is shown in Fig.2c. The bright particles of around 1 pm in
diameter are presumably the product of individual sprayed droplets. XRD of this powder
delivers very short information about its phases (Fig.1), Ba nitrate being the only one
unambiguously detected. The nature of the Gd- and Cu-containing phases is unknown except
that they are presumably amorphous. Fortunately, relevant information can be obtained by
FTIR and thermogravimetry.

The IR spectrum of Fig.7 delivers crucial information to identify the state of copper as
Cu hydroxynitrate [Cu2(OH)3;NO3]. The most significant vibrational mode is that giving a
narrow peak at 3544 cm™! that is associated with OH- groups inside the layers of this compound
[17]. This peak appears superimposed onto a broad band of unbound OH- groups that are
located in the inter-lamellar space. The identification of this copper salt is further confirmed
by detection of the N-O stretching mode of a monodentate O-NO, group at 1045 cm™ [17].
Finally, the color of the precursor (pale-green) coincides with the description given in ref.[17].
In addition to the vibrations of the copper salt, several bands reveal that PEG has not
decomposed (C-H and C-O stretching modes at 2920 cm™ and 1080 cm™!, respectively).

The TG curve measured on this powder has been plotted in Fig.3b, together with the
DTA curve. In addition to the steps of Ba nitrate and Ba carbonate decomposition already found
in powders B and C, a progressive mass-loss process beginning around 100°C (corresponding
to bonded water molecules) and an abrupt process at 270°C are also detected. The DTA curve
reveals that this last process is highly exothermic (e.g. ref.[ 18] and the DTA signal of Ba nitrate
decomposition in Fig.3b). In fact, it is the only exothermic process detected on this powder.
Since nitrate decomposition is endothermic, this process must involve reaction with PEG, the
sharp DTA peak and abrupt mass-loss step indicating that combustion between nitrates and
PEG has occurred. We can thus conclude that above 270°C no PEG remains.

The horizontal dotted lines drawn in Fig.3 are the sample mass for several chemical
compositions, calculated with the assumption that all phases are oxides at 950°C. The mass
predicted for all-nitrates is higher than the experimental value after water-loss. However, if we
consider that Cu is in the hydroxynitrate form deduced from FTIR, the predicted mass agrees
with the experiment. We thus conclude that precursor powder D (spray-dried at a temperature
lower than the combustion process shown in the TG curve), contains PEG, Ba nitrate, Gd
nitrate and Cu hydroxynitrate.

After combustion, in the hypothesis that Ba nitrate is the only phase containing Ba the

expected mass is higher than that measured, meaning that the local high temperature due to



combustion has partially decomposed it to carbonate. This transformation is similar to what
occurred inside the glass reactor during precipitation of Powder B.

Finally, the discrepancy between the expected mass for Ba carbonate plus Cu and Gd
oxides and the experimental mass at 700-800°C means that, after Ba nitrate decomposition, a
significant fraction of the sample has already reacted to form GdBCO, as already observed in
B and C powders.

After the heat treatment at 900°C for 1 h, the spray-dried powder does not contain any
significant secondary phase (Fig.8) what represents a clear improvement with respect to the
other nitrate precursor powders. However, the most relevant result, that indicates the high
reactivity of Powder D, is that 5 min at 900°C is enough to obtain nearly 100% GdBCO (Fig.8).
With the same short heat treatment, reaction of ceramic Powder A is far from completion
(Fig.4). The aspect of the two products is also very different as revealed by SEM (Figs.2b and
2d). In particular, remark that treated Powder D still remembers its origin from small droplets
(Fig.2d). In the inset, the hollow shape of the particles, typical of this drying process, is
highlighted.

Before leaving this section, let us have a last look at the TG/DTA plot of Powder D
(Fig.3b). The high-temperature portion of the DTA curve has been expanded to show the low-
enthalpic endothermic peaks involved in the formation of GdABCO. When the sample of this
TG experiment has been heated again, to check the completion of the reaction, these peaks
have disappeared. This means that the reaction has reached completion during the first heating

ramp (and subsequent cooling) that, at 20 K/min, lasts 5 min above 900°C.

4. Discussion

4a. Formation of BaCOj3

With precipitation from an aqueous solution of metal nitrates with PEG, we expected to get
two advantages with respect to the ceramic Powder A: first, avoiding the BaCOs3 phase thanks
to nitrate precipitation and, second, obtaining a better mixing of cations thanks to precipitation
inside a viscous polymer.

With the precursor Powder B we chose a ratio of positive charges (of metal cations) to
polymer units (13/4) close to the optimum value (4/1) for polymer assisted deposition process
found by Giilgun et al. [13]. However, PEG or its products of decomposition reacted with
Ba(NO3), giving BaCOs3, and this reaction presumably occurred during a combustion process

inside the glass reactor resulting in a high content of Ba carbonate. According to the diffraction



curve of the precursor Powder B (Fig.1) Ba carbonate is more abundant than Ba nitrate. One
arrives to the same conclusion when the TG curve (Fig.3a) is analyzed.

The drastic reduction of PEG content during preparation of the precursor Powder C
precludes combustion, and allows the thermal decomposition of PEG to occur before Ba nitrate
decomposition. The result is a carbonate-free precursor powder. Thus, the question is what is
the origin of the carbon atoms leading to carbonate formation during Ba nitrate decomposition
when Powder C is heat-treated? The simpler explanation is the carbonaceous residue left
behind by PEG.

We performed an additional experiment to reveal the amount of residual carbon formed
due to PEG decomposition. We heated two binary powders with the same composition as
powders B and C but without copper. Since, in contrast with the dark color or CuO, the powders
of Gd203, Ba(NOs)2 and BaCOs are white, the brighter aspect of the “binary Powder C” at
370°C and 600°C (Fig.9) tells us that it contains much less carbonaceous residue.

In both powders B and C the amount of BaCOs is lower than in the ceramic Powder A.
So, it is surprising that Powder A transforms quicker to GABCO (i.e. its transformation reaches
completion at 900°C for 1 h — Fig.1). In fact, the main problem of powders B and C is not the
amount of Ba carbonate but their reaction path leading to non-equilibrium phases like
Gd2BaCuOs (Figs.5 and 6). When the composition of GdBCO is compared to that of
Gd2BaCuOs, one is led to think that, during precipitation, some cation segregation has occurred
as already observed by other authors with PVA [4], with Gd-rich zones, where nucleation of
Gd2BaCuOs has been favored. So, the easiest formation of GABCO from the spray-dried

precursor D, when compared with powder C, seems to be related with a better cation dispersion.

4b. Formation of GABCO

The formation mechanism of YBCO through intermediate liquid phases has been suggested to
occur since long time ago by several authors [19,20,21]. The rationale was to propose that,
after decomposition of Ba carbonate, BaCuO> is formed and that, once above the eutectic
temperature, Tk, the BaCuO,-CuO liquid phase reacts with Y>Os. This growth mechanism has
been kept, however, controversial since strong discrepancies have been detected concerning
the temperatures where YBCO is formed. Although Chu et al. [19] published a phase diagram
for films shifted to lower temperatures with respect to the bulk phase diagram [22], our own

measurements on powders and films indicate a possible temperature downshift by only several

tens of Celsius [23].



Since the mechanism involving a liquid phase seems to be acceptable when thermal
annealing is made above Tk (around 890°C in air [24]), it can be in principle directly translated
to GdABCO powder formation. During our experiments, we can know when melting occurs
thanks to the DTA signal. For both Powder A and Powder D three endothermic peaks are
detected above 800°C (Fig.3). The peak labelled “a” is due to the orthorhombic to hexagonal
phase change of Ba carbonate [25, 26], whereas peaks “b” and “c” correspond to the eutectic
melting and to the liquidus line of the BaCuO;-CuO phase diagram. When the sample of
Powder D used in the TG/DTA experiment of Fig.3b was heated again, all these peaks
disappeared indicating that full reaction to GdABCO was reached during the 5 minutes the
sample had been partially melted at the first heating ramp. In contrast, in Powder A, peak “a”
was still detected (although much less intense) at the second heating ramp. These DTA results
agree with the XRD measurements carried out at 900°C for 5 min (Figs.4 and 8) and indicate
that fast reaction occurs in Powder D thanks to the liquid.

Below the eutectic temperature (e.g. at 800°C), GABCO was already formed in all
powders. Since the XRD curves at 800°C in Figs.4-5-6-7 already discussed above were
measured after an isothermal period of 1 h, no information can be extracted about the reaction
rate. For this purpose, we did an additional experiment on Powder C. It was heated at 10 K/min
up to 700°C, where Ba nitrate was completely decomposed (Fig.3a), and it was cooled down
quickly. The corresponding XRD curve (Fig.6) reveals an important amount of GdBCO
(approx. 35%). If one takes into account that the temperature of this experiment was much
lower than for the reaction above Tk, one can conclude that formation of GdBCO is very fast
between 630 °C (the end of Ba nitrate decomposition) and 700°C or that it has been formed
during Ba nitrate decomposition. Formation of YBCO films from fluorine-free metalorganic
solutions at temperatures below 700°C has also been reported at oxygen partial pressures below
that of air. In that case, it coincided with the process of Ba carbonate decomposition [21]. So,
we are tempted to draw the conclusion that GABCO (or YBCO) is formed as soon as Ba

carbonate or Ba nitrate begin to decompose, allowing its synthesis at very low temperature.

5. Summary and conclusion

PEG has been used to prepare precursor powders for GABCO synthesis by spray-drying
aqueous solutions of the metal nitrates. Preliminary studies involving precipitation inside a
glass reactor have served to analyze the role of PEG on precursor formation and its evolution
with temperature. A high PEG to metal ratio of 4/1 led to combustion during precipitation and,

consequently, a high content of Ba carbonate appeared in the precursor powder. With less PEG



(0.3/1), combustion did not occur and a suitable carbonate-free precursor was obtained.
However, the carbonaceous residue, left behind by PEG during precipitation, reacted during
Ba nitrate decomposition to form Ba carbonate. Although Ba carbonate was fully decomposed
after 1 h at 900°C, the GdBCO phase was accompanied by the non-equilibrium Gd,BaCuOs
phase, probably due to Ba segregation during the precipitation step.

When the solution with less PEG was spray-dried, Gd and Cu atoms remained in an
amorphous precipitate of nitrate and hydroxynitrate, respectively. Apparently, the higher
degree of cation dispersion, usually related with amorphous phases, was at the origin of the fast
reaction leading to almost 100% GdBCO after 5 min at 900°C. At this temperature, coexistence
with the BaCuO,-CuO eutectic liquid also enhanced the reaction rate.

Our study has shown that spray-dried precursor powders are a good alternative to the
common mechanical mixture of precursor oxides for the synthesis of GABCO powder. It also
makes clear that eutectic melting enhances GABCO growth; a result that is relevant in view of
the present interest to develop suitable methods for preparing REBCO films from fluorine-free

precursors [27].
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Figure 1.- XRD curves of the as-prepared precursor powders.
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Figure 2.- SEM microphotographs of the ceramic Powder A after grinding (a) and after 5 min
at 900°C (b). Idem for the the spray-dried Power D after drying (c) and after 5 min at 900°C

(d).



100 PowderA /DTA L
(a) €l
| Powder B
0.95 -
§ Powder C
2090+ -
n
n
m -
= 0.85 -
0.80 - -
air, 10 K/min
075 T T T T T T T T T T T
400 500 600 700 800 900
T (°C)
24 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
- (b) ————————————————— all nitrates +PEG spray-dryed Powder D |
air, 20 K/min
22 i -
20 oo Ba Gd nitrates+Cu hydroxynitrate+PEG -

mass (mg)
»
1

144 Cu, Gd oxides+BaCO;
,,,,,,,,,,,,,,,,,,,,,,, e, DTAX20 [
12 4 DTA ~ Sk
GdBCO -7
a b |
10 g

T T T T
100 200 300 400 500 600 700 800 900
T(°C)

Figure 3.- a) TG curves measured on Powders A, B and C. The mass is normalized at the value
at 450°C. DTA curve of Powder A is also plotted. When heated again, peak “a” was still
detected but much less intense. b) TG/DTA curves (solid/dashed) measured on Powder D. The
value of the absolute mass is represented. Above 800°C the DTA signal has been expanded
(x20) to show the small endothermic peaks leading to formation of GdABCO. When heated

again, all these peaks disappeared.
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Figure 4.- XRD of Powder A after heat-treating at 850 and 900°C for 1 h.
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Figure 5.- XRD of Powder B after heat-treating at several temperatures.
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Figure 6.- XRD of Powder C after heat-treating at several temperatures. The curve labelled

“700°C TG” was measured after heating at 10 K/min without any isothermal stage.
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Figure 7.- FTIR spectrum of the spray-dried precursor Powder D.
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Figure 8.- XRD of Powder D after heat-treating at several temperatures.
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Figure 9.- Optical aspect of the “binary” (without copper) precursor powders B (4/1) and C
(0.3/1) as precipitated (left) and after heating them at 600°C for 1 h in air (right). The brighter

aspect of the powder with less PEG indicates that less carbonaceous residue is produced.



