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Abstract

The effect of triethanolamine (TEA) on single-salt propionate-based solutions used
to prepare YBayCusO7.5 (YBCO) has been studied through thermal analysis, for film
and powder samples. Decomposition has been followed by thermogravimetry (TG)
coupled to differential scanning calorimetry (DSC) and evolved gas analysis (EGA-MS
and TG-FTIR), while chemical characterization has been carried out by FTIR, XRD and
EA. The addition of TEA has little effect on the decomposition of the barium salt.
Conversely, the thermal behavior of the copper and yttrium propionate salt with
TEA becomes more gradual and less affected by a change of atmosphere than the
TEA-free case. This is explained by the fact that the decomposition mechanism is
driven by the formation of an ester between the propionate groups and the TEA’s
OH groups, which is promoted by inert atmospheres and temperatures above 200°C.
Just like the single salt precursors, the films of the barium and yttrium salts show
residual organic material at 500°C in thick films decomposed in O,.

Keywords: Triethanolamine complexes; thermogravimetric analysis; metal
propionates, EGA-MS; TG-FTIR.

¢ |ntroduction

Chemical solution deposition (CSD) methods [1] of metalorganic compounds
have attracted attention due to their easy accessibility and low costs when
compared to physical methods used to fabricate coated conductors (CCs) [2]. CSD
methods are based on the design of a solution that can be deposited on a surface to
undergo two main thermal steps: pyrolysis, during which all the organic material is
removed and intermediate inorganic phases are formed; and growth, at higher
temperatures, during which the oxide layer crystallizes from these intermediates.

In the case of advanced oxides that involve more than one metal precursor,
such as the case of superconductive tapes, one of the main challenges of CSD
methods is to achieve a homogeneous distribution of all starting species by avoiding
phase segregation, buckling and cracks [3] during the thermal treatments, since they
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can induce low current percolation [4,5], leading to a drop in the final properties of
the superconductor. Therefore, achieving good control of the final properties of the
film depends on having a good control of the deposition and pyrolysis stages, since
these defects arise from the shrinkage of the film during decomposition. In fact,
thermal treatments are normally long in order to reduce tension and obtain stress-
free films. However, time constitutes a crucial process parameter in an industrial
context. Therefore, to ensure stability in the deposited layer, additives [6] such as
triethanolamine (TEA) are added, since they help to reduce stress and improve
rheological properties by increasing the viscosity of the initial solution.

In particular, besides being used for preparation of cosmetics, surfactants,
cement and nanostructures, TEA is of special interest because of its chelating
properties [7,8]. In fact, as an aminoalcohol, its properties lie between those of
amines and alcohols, allowing it to act as both N-donor and O-donor thanks to the
three OH groups. Therefore, while increasing viscosity, TEA is expected to form
complexes and to increase the stability of the metal carboxylate salts in solution. It is
known that copper can form stable complexes with nitrogen and oxygen donors
[9—-11]; similarly, Y3* has been reported to form complexes with TEA [8], while Ba%* is
not expected to coordinate with TEA [12,13].

Regarding TEA thermal decomposition during pyrolysis [14,15], the aspect
ratio of the sample being treated is expected to play a role [16]. When in the form of
a film, TEA is likely to evaporate before reaching its decomposition temperature
(250-300°C), thanks to the high surface to volume ratio. When it is placed inside a
crucible, evaporation is significantly slowed down; thus, it can be heated to higher
temperatures (above 300°C) where it decomposes, releasing acetaldehyde
(CH3CHO), CO,, ammonia (NH3) and ethylene oxide (CH,OCH,) [14,16]. On the other
hand, metalorganic complexes of TEA are expected to decompose following several
decomposition steps [17], which start with the loss of small TEA units and end with
the metal salt decomposition.

Metal propionate salts have been shown to decompose following a radical
path in inert atmosphere and high temperatures, releasing a symmetrical ketone (3-
pentanone) and CO; [18-23] and forming the corresponding oxides (for yttrium
propionate) or carbonates (for barium propionate) by 500°C. In O,, oxidative
degradation of the ligand is expected to occur at low temperature, releasing
propionic acid, acetaldehyde, CO, and water, but without changing the final phases
[24-26]. Conversely, for copper propionate, propionic acid is expected to be the
main volatile, independently of the atmosphere [25], followed by acetaldehyde and
CO,, while the solid product is the corresponding oxide in films, and metallic copper
in powders.

In this work, we will apply thermal analysis (TA) to films, despite the
limitation of the small precursor amount in films, which pushes TA techniques to
their limits. We will provide a closer look at the pyrolysis of FF-YBa;Cu307.5 (YBCO)
films [27,28], a high temperature superconductor (HTS)[29,30], by studying in-situ
the effect of TEA on each of the three metalorganic salts used for the fabrication of
YBCO with chemical methods: yttrium propionate (YProps) [22,24,31,32], copper
propionate (CuPropz) [20,33-35] and a mixed barium propionate-acetate salt
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(BasPropsAce, also labelled as Ba-Prop-Ac) [18]. Humid O, atmospheres will be
studied in comparison to inert atmospheres, as the former are normally used during
YBCO pyrolysis. Evolved gas analysis (EGA-FTIR and EGA-MS) coupled to TG-DSC will
be used to reveal the gas species evolved during decomposition. XRD, FTIR and EA
will be used to characterize ex-situ the solid residue at different stages of the
thermal degradation. We will show that TEA changes the decomposition mechanism
of the carboxylate salt, and that it can affect the final products in terms of amount
of carbon. Finally, we will use TA to discuss decomposition in the context of the
nature of TEA interaction with the metalorganic salt.

e Materials and methods

2.1 Sample preparation

Three separate solutions were prepared starting from metal acetate
precursors. Y(CHsCO3)s (YAcs, Sigma Aldrich, 0.25M), Ba(CH3CO3), (BaAcz, Sigma
Aldrich, 0.5M) and Cu(CHsCO;), (CuAc,, Alfa Aesar, 0.75M) were separately dissolved
in a 1/1 mixture of propionic acid (Merck, =99%) and MeOH (VWR, >99.8%).
Replacement of acetate groups by propionate is expected to take place in these
solutions [18,24-26,36,37], in particular a complete replacement for the Cu and Y
salts and partial for the Ba salt. Note that the Y/Ba/Cu metal ratio from the three
solutions is of 1/2/3 (sol. A, B and C, respectively). A 5% v/v of triethanolamine (TEA,
Merck, >99%) was added to each solution so that the final molar proportions
Y/Ba/Cu/TEA were close to 1/2/3/1.5. For comparison, solutions without propionic
acid were prepared from the corresponding metal propionate salts (MPropy)
obtained by drying the previous solutions (A and C); these MPropyx salts were
dissolved in MeOH with 5% TEA, maintaining the same stoichiometric ratio: A’
(YProps/TEA in MeOH) and C’ (CuProp,/TEA in MeOH). Films were prepared from
these solutions by drop casting over 10x10 mm LaAlOs (LAO) substrates. They were
dried at 80°C for a few minutes to remove most of the solvent while avoiding TEA
evaporation. After this stage, for the Y/TEA and Ba/TEA case the film has a gel-like
aspect, while the Cu/TEA sample is drier. Some of these films were then
decomposed in humid O, during thermal analysis experiments, while others were
peeled off and the material was placed in a 70-ul alumina pan to study its
decomposition in inert atmosphere. The latter will be referred to as “powders” to
differentiate their geometry from that of the films. The film thickness (H) was
estimated with the following equation: ), where m is the film mass after
decomposition, d is the particle density of Y,03, CuO or BaCOs;, and A is the
substrate area.

2.2 Characterization methods

Thermogravimetric (TG) analyses were performed in a Mettler-Toledo
thermobalance, model TGA/DSC1, at 5°C/min. Experiments performed in humid O,
atmosphere were carried out with a 55-ml/min flow of reactive gas (humid O,) and
15 ml/min of protective gas (air). The reactive gas was humidified by bubbling it in a
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water flask at standard temperature and pressure (25°C, 1 atm). Under these
conditions the water vapor partial pressure is 3.1% [38] . Experiments run in N3
atmosphere were performed with flow rates of 70 ml/min of the dry inert gas.

TG-FTIR experiments were carried out connecting the gas outlet of the TG
equipment to the gas inlet of an infrared (IR) spectrometer with a 30-cm steel tube.
The IR analyzer was a Bruker Alpha Il spectrometer equipped with a gas cell. Both
gas cell and steel tube were kept at 200°C to prevent volatile condensation.
Experiments were recorded with an acquisition time of 30 seconds/spectrum and a
spectral resolution of 4 cm™. Identification of gaseous infrared spectra is based on
refs. [16,39].

EGA-MS experiments were run placing the film on an alumina holder inside a
quartz tube closed on one end. This quartz tube extremity is surrounded by a low-
inertia furnace. A type K thermocouple was in tight contact with the film substrate
and used to control the temperature program. The open end of the quartz tube was
connected to the vacuum system and to a quadrupole mass spectrometer (MS-Q)
analyzer by MKS instruments, model Microvision Plus. The vacuum was reached by
pumping the system to Pit~107 bar with the aid of a turbomolecular pump in series
with a rotative pump. Identification of the volatiles from the MS analysis is based on
[40].

Elemental analysis (EA) was performed with a Perkin Elmer EA2400 series
elemental analyzer. Detection limits are in the range of 0.72% for C and 0.2% for H
values. X-ray diffraction (XRD) measurements were carried out with a Cu-Ka X-ray
beam of a D8 ADVANCE diffractometer from Bruker AXS, with a voltage of 40 kV and
a 40-mA current. XRD patterns were identified based on refs. [26,41]. Infrared
spectra of solid samples were collected with an ALPHA spectrometer from Bruker, in
attenuated total reflection (ATR, model Platinum), and the species identified
according to [24-26,39].

* Results

e Thermal decomposition of Ba-Prop-Ac/TEA (sol. B)

The Ba-Prop-Ac/TEA solution (sol B) exhibits the simplest behavior of the
three under study, and for this reason is discussed first. The FTIR spectra in Fig. 1a of
the dry films show characteristic TEA vibration bands, and the partial replacement of
acetate groups by propionates [42] with formation of a mixed Ba-Prop-Ac complex
[18,26]. The XRD of the dry film (Fig. 1b) is in agreement with that of the mixed
carboxylate salt, Ba;PropsAcs, found in [26], suggesting that no new TEA-Ba complex
is formed.

The thermogravimetric curve shown in Fig. 2 displays three main mass-loss
steps: the first, between 50 and 200°C, corresponds to water and propionic acid
evaporation; the second, between 150 and 300°C, corresponds to the loss of TEA
groups; and the third, between 300 and 500°C, is the decomposition of Ba-Prop-Ac.

The second TG step has a 27.7% mass loss, very close to the theoretical value
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for TEA removal (29.28% starting from Ba;PropgAcs). In the 150-210°C range a
gradual mass loss takes place while the FTIR curve of the solid residue at 210°C (Fig.
1) reveals that during TEA evolution, an IR band at 1735 cm™ emerges. This band can
be assigned to an ester bond between propionic acid and TEA’s OH groups. Indeed,
this band also appears in a solution of only TEA and propionic acid (see Supp. Info,
Fig. S1).

Since the decomposition study relative to the barium carboxylate salt [26]
revealed that propionic acid from the solution can evolve up to 150-200°C, it is
reasonable to believe that the propionate units involved in the esterification come
from the solvent. In fact, if they came from the salt, the mass after the loss of TEA
would be smaller than that of Ba-Prop-Ac, in contradiction to the experimental
results (Fig. 2). An endothermic DSC signal centered at 220°C (Fig. 2) is also
consistent with some TEA evaporation, in agreement with the temperature range
observed for TEA evaporation in films in ref. [16]. However, it was not possible to
identify the TEA by TG-FTIR analysis in the gas phase due to the small amount
evaporating, which was further reduced by its condensation along the path, a
phenomenon already noted in ref. [16]. Additionally, between 210 and 300°C, the
high temperatures promote TEA decomposition and, in fact, the infrared analysis of
the gaseous species shows TEA’s decomposition products: ammonia and
acetaldehyde (TG-FTIR in inset of Fig. 2).

Between 210 and 280°C, the XRD curves (Fig. 1b) show a shift in the peaks
between 5 and 10 deg., indicating a change in the barium carboxylate structure
which takes place during TEA removal. As expected, its carboxylic stretching bands
have also shifted from 1512 cm™ to 1549 cm™ between 210 and 280°C before
oxidative degradation begins (Fig. 1b). Both effects observed before 300°C by XRD
and FTIR analysis were also noticed for the barium propionate-acetate salt alone,
and attributed to dehydration, recrystallization and melting of the salt [26]. The
main TEA absorptions and the ester peak disappear after this stage, leaving an FTIR
spectrum at the beginning of the third stage (280°C) that is identical to that of the
barium carboxylate salt at this temperature [26].

The third TG step in Fig. 2 corresponds to the decomposition of Ba-Prop-Ac
to BaCOs, with a characteristic DSC exothermic peak [26] and with a mspo:c/M300°c
ratio of 71.2% for this step (theoretical of 72.7% starting from BasPropsAcs).
Acetaldehyde, CO,, methane and CO are detected in humid O, in agreement with
[26].

The expected final mass with respect to the initial dry film considering a
simple addition of all components in solution (Ba-Prop-Ac + TEA) is of 51.41%, in
agreement with the thermogravimetric curve which lies at 51%. EA results in Table 1
at 500°C shows a C% value slightly above the expected one for BaCOs, which might
indicate that the gray color of the final product (expected to be white) is due to
residual carbon remaining, just as in the case of Ba-Prop-Ac alone. With respect to
Ba-Prop-Ac alone (see Supp. Info, Fig. S4), the thermogravimetric behavior is very
similar, as well as the final decomposition temperature. Also, the EGA-MS analysis of
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a film of solution B decomposed in vacuum (See Supp. Info, Fig. S8) yields identical
results to the EGA-MS of Ba-Prop-Ac without TEA [26], confirming that TEA
evaporation in vacuum takes place before the salt decomposition.
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Fig. 1: (a) FTIR analysis and (b) XRD pattern of some quenched films during
decomposition of sol. B (Ba/TEA) in humid O, at 5°C/min.
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Fig.2: TG-DSC analysis of Ba-Prop-Ac/TEA film (~5 um from sol. B) decomposition in
humid O at 5°C/min. Inset: Infrared spectra of gas species detected from TG-FTIR
analysis. Horizontal dashed lines: theoretical final mass of the indicated species.

Compound

Found (expected), mass %

wt%C wt%H




A (Y/TEA, 600°C) 1.3 (0) -(0)

A (Y/TEA, 500°C) 2.6 0.4
B (Ba/TEA,500°C) 6.7 (6.09) -(0)
C (Cu/TEA, 500°C) -(0) -(0)

Table 1: Elemental analysis results for the decomposition products of metal
carboxylate/TEA solutions in humid O,. (-) values inferior to detection limits.
Expected values correspond to yttria, barium carbonate and copper oxide.

e Thermal decomposition of CuProp, /TEA (sol. C)

Decomposition in oxidative atmosphere

The FTIR analysis of the dry film from solution C (Fig. 3a) shows the
appearance of the TEA IR bands and of CuProp; vibrations [20,25,43], in agreement
with the expected replacement of acetate groups by propionates of the solvent
when this is in excess [42] (details in Fig. S2). However, the XRD pattern is
significantly different from that of CuProp; [25] (see Fig. S2), suggesting a possible
coordination of TEA with CuProp,.

The TG analysis in humid O, reported in Fig. 4 shows that, after solvent
removal and dehydration, which occur below 150°C, four overlapping steps
centered at 155, 210, 245 and 328°C take place. They correspond to exothermic
processes (DSC signal in Fig. 4, top). The gas species evolved consist of propionic
acid, acetaldehyde, CO, and NHjs (Fig. 4). Since only NH3; can be easily assigned to
TEA decomposition, while all other gas species are the expected volatiles for both
TEA and for CuProp, decomposition, interpretation of the TG-FTIR results is not
straightforward.

The four mass steps can be grouped into two main stages. During the first
stage, between 100 and 230°C, CuProp, decomposes to Cu and Cu;0, and some TEA
is released. During the second stage, from 230 to 360°C, the remaining TEA
decomposes.

Concerning the first stage, CuProp, decomposition and TEA removal are
revealed by XRD and FTIR analysis (Fig. 3). The FTIR (Fig. 3a) of the solid residue
quenched at 185°C shows that the main TEA vibrational band at ~1082 cm™ is
decreasing; simultaneously, the CuProp, reflections appear in the XRD of the solid
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residue (Fig. 3b) [25,44] and as CuProp, decomposes in this stage they disappear
around 230°C. The FTIR curve at 230°C still reveals the presence of TEA and some
CuPropz (Fig. 3) but the latter is residual since it is not observed by XRD.
Decomposition of CuProp, occurs according to the expected hydrolysis and
degradative oxidation path [25] through the formation of propionic acid and CO;
(TG-FTIR analysis in Fig. 4). Between 95 and 185°C, an IR band at 1735 cm™ appears
in the solid residue, Fig. 3a, which may be assigned to the TEA/propionate ester
bond, although a similar absorption band was observed for the CuProp;
decomposition in correspondence with its reduction to Cu(l). At 230°C, the only
phases observed by XRD are Cu and Cu;0. Reduction of Cu(ll) to Cu(l) and Cu(O0) is
favored by the presence of TEA, and the peak relative to CO; evolution at ~210°C
(Fig. 4) could be an indication of the redox reaction between Cu(ll) and carbon left
by TEA.

Concerning the second stage, TEA experiences an oxidative decomposition
which produces CO,, acetaldehyde and NHjs as volatiles, detected between 210-270°
C (Fig. 4). Since a CuProp: film without TEA is fully decomposed at 250°C in O; (see
Fig. S4), the last evolution of CO, centered at 328°C is directly attributable to TEA
oxidation. In fact, a TG-FTIR experiment run on TEA alone (Fig. S9) reveals that the
degradation of TEA in oxygen continues above 300°C. Finally, the temperature range
of this second TG stage is also in agreement with the decomposition temperatures
found for other Cu-TEA complexes [9,17,45,46]. The residual CuProp; at 230°C,
observed by FTIR in Fig. 1a, disappear during this stage, most probably between
230-250°C; in fact, part of the acetaldehyde and CO; detected by TG-FTIR between
230-250°C can also be attributed to this process.

The final product consists of CuO, as shown by XRD and FTIR in Fig. 3, and no
carbon or hydrogen is detected by EA (Table 1). The experimental final mass lies at
32%, slightly above the expected value of 28.9 %. A solution of CuProp, with 5% TEA
in only MeOH (sol. C’) yields the same TG-FTIR behavior and for comparison it is
shown in Fig. 4.
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Decomposition in inert atmosphere

It is known that both CuProp, [25] and TEA independently exhibit a strong
tendency to evaporate at low total pressure. However, when decomposition of
solution C is carried out in vacuum CuProp,, evaporation is considerably reduced. In
fact, unlike the case of CuProp; alone in the form of film, with the addition of TEA,
CuProp, does not condensate along the quartz tube, and the mass loss is very
similar to the expected value. The final product at 500°C consists of a shiny metallic
copper film, indicating that CuProp, evaporation is definitely reduced in vacuum
when TEA is added.

In the EGA-MS analysis (Fig. 5), only a low-temperature stage is observed.
The most intense peak still shows the evolution of propionic acid (m/z=45, 29, 28,
27) at 200°C coming from CuProp, decomposition. However, an excess of m/z=28
(CO, N2 or CyH4) with respect to the case without TEA is observed. This may be an
indication that TEA is present up to 200°C, and consequently that also its
evaporation is reduced when CuProp; is added, due to the coordination between
TEA and the Cu?" of the carboxylic salt. To better understand the thermal
decomposition of sol. C in inert atmosphere, the effect of evaporation should be
minimized by studying decomposition i) in powder instead of film and ii) at the
atmospheric pressure of an inert gas, such as Na, instead of in vacuum.

The TG behavior during decomposition in N, of the powder obtained from
solution C is reported in Fig. 5. Exothermic events are still observed in the first stage,
before 230°C, in correspondence with propionic acid and CO; release coming from
the beginning of CuProp, decomposition in N,. The main difference from the humid-
0O, case lies in the formation of a TEA-propionate ester evolving at 260°C, in the
second stage. This ester is ethyl propionate, detected among the volatiles by TG-
FTIR (inset in Fig. 5) along with some TEA, while the CH3CHO and NHj3 that would
come from TEA decomposition alone are no longer detected.

This ester (ethyl propionate) comes from a decomposition process. Thus, it is
different from the ester observed by FTIR (band at 1735 cm™) in the solid residue at
low temperatures in sol. B (Fig. 1a) and in sol. A, (see later in section 3.3), which
instead comes from the esterification between TEA and propionic acid as solvent
(see also Fig. S1). This difference will be further discussed in section 3.3, for the case
of sol. A. Indeed, ethyl propionate can be ascribed to the decomposition path
described by the following reaction scheme:

N(C2H4OH)3 + M(CszCOz)x XC2H5C(=O)—OC2H5+ MOX + Nz (I)
Where M is the metal cation (Cu or Y).

Note that, in vacuum, formation of ethyl propionate is probably disfavored
by the low decomposition temperature (200°C - Fig. 5, bottom) and the tendency for
both TEA and CuProp; to evaporate at low total pressures. Note also that, in N,
CuProp; in powder form without TEA decomposes with a sharp mass loss followed
by the reduction of copper to Cu(0) (see Fig. S4 and [25]). In contrast, the
overlapped decomposition of TEA and the carboxylic salt, which results in the
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occurrence of reaction scheme (i), makes decomposition of sol. C smoother.

Finally, note that, according to reaction scheme (i), the generation of ethyl
propionate as a volatile is consistent with the formation of CuO instead of Cu.
Indeed, in the same decomposition conditions (powders in N2) only Cu and Cu,0 are
observed during decomposition of CuProp, without TEA [25] at 360°C. Conversely,
during decomposition of CuProp, with TEA, CuO is also detected at 360°C (sol. C, see
Fig. S3 in supp. Info), indicating that less reduction occurs at intermediate
temperatures. It is reasonable to believe that when TEA and CuProp, decompose
simultaneously, forming the ester (stage Il of Fig. 5) instead of propionic acid, the
occurrence of reaction scheme (i) prevents Cu(ll) reduction in N,.

Once formed, this copper oxide is eventually reduced to Cu(0) in inert
atmosphere, further aided by the residual carbon, which evolves as CO,. CO; is
indeed detected between 480-500°C (see inset in Fig. 5). The final mass lies at
29.6%, higher than the expected value for Cu, indicating presence of residual
carbon, just as found for the case of the thermal decomposition of powders of
CuPropz in N [25].

Thus, the formation of ethyl propionate requires higher temperatures than
the low-temperature range (100-200°C, Fig. S4 in Supp. Info) where CuProp; is
expected to decompose in O3, and for this reason, its contribution to decomposition
in humid O is minor (and propionic acid remains the main volatile). Due to the fact
that an increase in CuProp; film thickness causes a shift of decomposition to higher
temperatures [25], some ethyl propionate is in fact detected even in humid O;
above 200°C, for CuO films thicker than 4 um (see Fig. S7). This suggests that even
for films thinner than 4 um, in humid O,, the ethyl propionate path could occur
above 200°C, but it is inhibited by the humid atmosphere, probably resulting in the
formation of the second propionic acid peak of Fig. 4, above 200°C. Finally, even
increasing the TEA/Cu ratio in solution to 1/1 in order to push the equilibrium
towards the ester instead of towards propionic acid is unsuccessful: the main
volatile in humid O3 is still propionic acid (not shown).
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Fig.5: (top graph) TG-FTIR analysis of 25-mg powders from sol. C decomposed in N;
at atmospheric pressure (details in Supp. Info, Fig. S6); (bottom graph) EGA-MS
analysis of a film from sol. C showing the main fragments coming from
decomposition in vacuum of CuProp,/TEA at 5°C/min.

® Thermal decomposition of YProps /TEA (A)

Decomposition in oxidative atmosphere

As deduced from the TG curve of Fig. 6, solution A is hard to dry at low
temperature, since evaporation and decomposition overlap. After drying at 80°C,
the film is still a colorless, viscous liquid; the FTIR spectrum of Fig. 7a shows the TEA
IR bands and those of YProps ([24] and Fig. S2). To remove the contribution of the
solvent and for clarity, the time-resolved evolution of the volatiles reported in the
TG-FTIR analysis of Fig. 6 (dotted lines) is relative to solution A’. In fact, A’ is
prepared by dissolving YProps in MeOH, while A is prepared by dissolving YAcs3 in a
mixture of propionic acid and MeOH. For both A and A’, the expected final mass for
the mixture of YProps and TEA to yield Y,03 is 21.2%, which is in agreement with the
experimental value of 24.5% of Fig. 6, considering that the FTIR analysis (Fig. 7a) of
the solid residue at 600°C reveals the presence of residual Y-oxycarbonate, Y,0,COs.

Three main stages can be identified when decomposition is carried out in
humid 02.

The first stage, between 50 and 150°C (Fig. 6), involves the dehydration and
evaporation of the solvent (propionic acid). In fact, in the solid residue (Fig. 7a) the
main propionic acid and H,O IR absorptions decrease as temperature rises from 90°
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C to 150°C. In particular, the disappearance of the broad band between 2500-400
cm? is a sign of solvent removal, but the general intensity decrease in the
1300-1700 cm™ region (where the YProps bands are found) is due to the solvent as
well. This step also corresponds to the appearance of an ester band at 1736 cm™in
the FTIR of the solid residue, the same band also noticed for sol. B. This band
probably arises because the temperature increase promotes esterification between
TEA and propionic acid. In B this was explained by the fact that no coordination took
place between TEA and Ba ions, thus all TEA (Ba/TEA=2/1.5) is free to react with the
solvent (prop. acid). In sol. A, there is always some free TEA since TEA is in excess
with respect to Y3* (Y/TEA=1/1.5). Conversely, esterification of the solvent in C is
minor, because Cu is in excess with respect to TEA, and TEA is coordinated to
CuProps.

The second stage, between 150-300°C, corresponds to a 37% mass loss. The
main volatiles detected are propionic acid and ethyl propionate, but TEA’s
vibrational bands [16] are observed as well. The propionic acid comes from YProps
decomposition in humid O,; ethyl propionate, already observed also for solution C,
originates from the simultaneous decomposition of both TEA and YProps according
to reaction scheme (i). In fact, the IR bands in the solid residue (Fig. 7a) relative to
yttrium propionate decrease monotonously up to 240°C. The FTIR analysis of the
solid residue, in Fig. 7a, also reveals that the contribution of TEA disappears
somewhere between 240 and 340°C. The fact that TEA’s vibrational bands are also
observed among the volatiles is in agreement with the fact that evaporation takes
place in films before 200°C and that there is an excess of TEA with respect to Y
(1.5/1, respectively).

The last stage of Fig. 4.9, between 300-600°C, mostly includes YProps
decomposing to Y,0s3, since most TEA has been previously consumed.

First, between 300 and 400°C, the remaining YProps decomposes to Y,0,COs3,
observed by FTIR in Fig. 7a and in agreement with previous studies [21,24,31,32].
This process occurs upon release of CO;, acetaldehyde and 3-pentanone (TG-FTIR in
Fig. 6, top). Note that the CO, peaks between 300-330°C could also be ascribed to
the end of TEA decomposition, since at higher temperatures its oxidative
degradation takes place [16], releasing CO, (Fig. S9). However, the X-ray analysis
reported in Fig. 7b shows the presence of amorphous species in this last stage
(300-600°C), between YProps decomposition and when Y,0s3 crystallization takes
place. Finally, between 400 and 500°C, Y,0,CO3 decomposes to Y,03 (identified by
XRD, Fig. 7b) with CO; release. The EA results in Table 1 confirm the presence of
carbon in the final product, due to residual Y.0,COs3, similar to what occurs in the
case of YProps without TEA [24].

Note that, the ester band in the solid residue (¥1736 cm™, Fig. 7a) disappears
before 230°C, while ethyl propionate is detected among the volatiles between
200-350°C. As previously mentioned, these two esters are attributed to different
processes. Ethyl propionate is ascribed to reaction scheme (i). In fact, the boiling
point of ethyl propionate is just below 100°C; thus, as soon as it is formed, it is
expected to evaporate. Therefore, ethyl propionate cannot correspond to the ester
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IR band of the solid residue at 1736 cm™. This band may arise majorly from the
esterification of propionic acid (solvent) in the low-temperature region before its

evaporation is completed.
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Fig. 6: TG-DSC analysis of YProps/TEA film from sol. A (solid lines) during
decomposition in humid O; at 5°C/min, with the relative time-evolution of the main
volatiles detected by TG-FTIR analysis from sol. A’ (dotted line; the relative FTIR
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Decomposition in inert atmosphere

In inert atmosphere of N,, decomposition of the powder sample from sol. A
(Fig. 8) follows the same general behavior as films in humid O,: TEA still evolves in
the low-temperature stage at 250°C while CO; is detected at higher temperatures,
namely 310, 340, 430°C, along with ethyl propionate.

However, the EGA-FTIR analysis of Fig. 8 (top, inset) shows that the ethyl
propionate contribution increases in N,. In fact, this ester becomes the main
volatile, while the contribution of TEA and 3-pentanone decreases with respect to
the film decomposition in humid O, (the only propionic acid detected seems to
come from solvent evaporation below 200°C) and no ammonia coming from TEA
decomposition can be detected. This is probably related to three facts. First, the lack
of oxygen delays precursor decomposition, resulting in a major overlap of TEA and
YProps decomposition, which, in turns, favors esterification. Secondly, the powder
form prevents TEA volatilization, which results again in a major overlap of TEA and
YProps decomposition. In fact, the two TG curves of sol. A (hum. O, and N;) that are
compared in Fig. S4, are quite similar, but the first mass loss (due to loss of TEA) is
shifted to lower temperatures in films in humid O, since in films volatilization is
enhanced with respect to decomposition. Third, reaction scheme (i) occurs through
a radical reaction, which is favored by inert furnace atmospheres.

Therefore, reaction scheme (i) summarizes the driving reaction for
decomposition of TEA/MPropy species in Na.

The EGA-MS analysis in the bottom panel of Fig. 8, performed on a film of
sol. A decomposed in vacuum, supports the TG-FTIR results. It shows the presence
of at least 2 stages of decomposition between 250-400°C, while for the YProps alone
only one stage is present (at 360°C) [24]. The two peaks, centered at 280 and 360°C,
include fragments that can be related to both ethyl propionate (m/z=29, 57) and 3-
pentanone (m/z=57,29); however, they both show the evolution of CO, (m/z=44), a
signature of the occurrence of the 3-pentanone decomposition path typical of
YProps in vacuum [21,24]. Then, at 400°C, the m/z=28 fragment is detected, which
could be assigned to C;H4, N2 or CO. This excess of m/z=28 is not detected during the
decomposition of YProps without TEA in vacuum. Thus, it is an indication that less
evaporation of TEA occurs at these low total pressures as a consequence of its
coordination with the metal carboxylate salt. The FTIR of the final product shows
residual -C=0 bands (probably from Y,0,CQOs), and is very similar to that of the
isolated YProps decomposed in vacuum [24].
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enlargement of inset can be found in Fig. S6.

e Discussion

Thermal analyses provide useful information to understand the effect of
adding TEA to the three different metalorganic solutions studied here.

In the case of Ba-Prop-Ac, the well-defined TG mass losses, the detection of
TEA or its decomposition products among the volatiles, the endothermic signal of
the TEA evaporation step and the same TG, EGA-MS behavior, and final
decomposition temperature with and without TEA, all suggest that there is no
coordination with TEA, as predicted in [12].

Conversely, TEA changes Cu and Y decomposition pathways, partly because
of TEA coordination with Y and Cu, and partly because of the overlap of the
decomposition of the metalorganic salt and the decomposition of TEA (the barium
salt decomposes at higher temperatures), which results in less separable mass
losses.

The decomposition mechanism derives from the tendency to break either
the Cu—0C=0 bond to form the corresponding acid, or the YO—C=0 bond for the
esterification reaction. In fact, for the copper case, the low-temperature mechanism
with propionic acid formation is still faster and preferred in humid O, thus CuProp,
decomposition is almost over when TEA decomposition begins. On the other hand,
in Ny, CuProp, can survive to higher temperatures (260°C) for the ester to be
produced. For the YProps case, since its decomposition temperature is higher than
that of CuPropz in humid O,, esterification is more significant. This ester is not
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observed in TEA decomposition alone [16], nor is it formed in the TEA-free solutions
of the three metalorganic salts [24,25]. The oxidative degradation of the barium salt
relies on the preferred cleavage of the MOC(=0)—C bond, as it tends to form BaC;04
and BaCOs which only later (T>>600°C) decomposes to BaO [18,47]. This, and the
fact that its decomposition temperature and TEA’s are so far apart, makes it difficult
to form the ethyl propionate ester.

It follows that the atmosphere has a different effect on decomposition when
TEA is added to the carboxylate salt, since it changes the decomposition
temperature range of the carboxylate salt, while it has no effect on the evaporation
of TEA; i.e., it controls the overlap of the two processes (decomposition of TEA and
of the salt) which eventually affects the degree of esterification and the
decomposition pathway. Similarly, the sample geometry, film or powder, can
promote or impede, respectively, evaporation of TEA, and thus control the overlap
of the two processes.

However, the change in decomposition temperature due to a change of
atmosphere is more significant for the pyrolysis of the single-salt solutions without
TEA than for those with TEA. This is probably a consequence of the fact that the
esterification path can also partly take place in humid O, although in dry N3 it is the
predominant decomposition path.

In the framework of CSD methods used to prepare oxide films, some effects
need to be acknowledged when TEA is added. A shift of 100°C and 50°C for the Cu
and Y case, respectively, can be observed in the final decomposition temperature
with respect to the metalorganic salt without TEA; a slightly higher amount of
residual carbon may remain at 600°C for the Y case, in humid O,. The use of higher
gas flows and targeted temperature profiles with slower heating ramps or isotherms
is recommended to help complete decomposition at lower processing
temperatures, of typically 400-500°C. Additionally, the presence of TEA causes an
unexpected redox-reaction pattern not observed for the CuProp; alone [25]. In fact,
reduction of Cu(ll) occurs during decomposition in humid O; for sol. C
(CuProp>/TEA), due to the residual carbon from TEA; but this copper is eventually
oxidized to CuO, which is the final product at 500°C in humid O,. Conversely, in N,
more Cu(ll) reduction is expected during decomposition, but instead reaction
scheme (i) generates CuO during pyrolysis; eventually this CuO undergoes reduction
to Cu, which is the final product at 500°C.

Although only a fixed TEA amount was studied in this work, the M/TEA molar
ratio may also play a role, influencing the amount of decomposition overlapping. In
a combined solution of all the three salts analyzed, we would expect the TEA to
influence the copper and yttrium carboxylate decomposition most of all. Perhaps
the key aspect emerging from the thermogravimetric analysis is that, when TEA and
the metal carboxylate display similar decomposition temperatures, the additive can
provide smoother mass losses which translate into a gradual gas release. This is also
reflected in the smaller effect of a change of atmosphere on the TG curves, unlike
the case of the isolated salts. This smooth behavior justifies TEA application as a
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solution stabilizer in thin film fabrication, based on the need to contrast the abrupt
film shrinkage due to rapid decomposition. Likewise, the effect of switching from
films to powders is less pronounced than for the isolated salts, although it is still
evident from the fact that films in O, decompose earlier than powders, due to gas
(i.e. O2) depletion in the inter-particles voids of the bulk in the latter [48] (Fig. S10).

In the context of chemical solution deposition methods, where long-chain
additives are used as stabilizers, the final decomposition temperatures and
intermediate phases can play an important role in the final properties of the film,
even when the final phases might not differ from the additive-free case.

® Conclusions

In conclusion, we have shown that thermal analysis can be used to study
complex solution behavior even in the form of films. In a FF-YBCO precursor
solution with 5%TEA, TEA is expected to affect decomposition. Decomposition
results in the formation of ethyl propionate in inert atmosphere, for both yttrium
propionate and copper propionate. This reaction path prevents CuO reduction to
Cu(0) in Nz. In humid atmosphere, the different behavior of the two metal
carboxylates is revealed through the formation of the ester for yttrium propionate
and the formation of the corresponding acid for copper propionate, as a
consequence of the preferred cleavage of the M—OC=0 bond.

Although TEA is responsible for smoother mass losses when its
decomposition temperature overlaps with that of the metal carboxylate, or when it
is coordinated in a metalorganic complex, other effects need to be taken into
account. For example, the presence of TEA shifts the final decomposition
temperature to higher values for the copper and yttrium case in O,, but not for the
barium case. Residual carbon at 500-600°C might be more important when
compared to metal carboxylate solutions without TEA. Additionally, if less “carbon”
is added to the solution in the form of long chain additives, less Cu(ll) reduction (in
the form of Cu and Cu;0) will take place in humid O, during decomposition.

Clearly this study deals with relatively thick films (>1 um), but it can provide
general guidelines for the study of YBCO obtained from CSD methods although they
are based on thinner films (<1um).
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