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ABSTRACT: Transient liquid-assisted growth (TLAG) is a non-
equilibrium ultrafast method to grow YBa2Cu3O7−x (YBCO)
superconducting films at up to 100 nm/s using chemical solution
deposition. In this work, we study the formation of non-equilibrium
crystalline intermediate phases prior to the growth of YBCO through
TLAG. We analyze the thermal decomposition and microstructural
evolution of a propionate-based fluorine-free solution used as
precursor to YBCO epitaxial films. Thermal analyses (TGA, DSC),
coupled with techniques to monitor the volatiles (TG-IR), were
applied in situ during film pyrolysis in humid O2, while the thermal
evolution of the solid residue was characterized by infrared
spectroscopy and X-ray diffraction, both ex situ and in situ in
synchrotron radiation sources, and by scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy
(EELS) cross-sectional analysis. Unexpected effects, observed during the decomposition of the ternary solution, are the formation of
intermediate non-equilibrium phases: Cu2O or Cu(0) and monoclinic BaCO3. We emphasize that working with anhydrous solutions
and anhydrous deposition conditions promotes the formation of the expected equilibrium phases. Finally, in situ X-ray diffraction
permits monitoring the influence of the non-equilibrium monoclinic BaCO3 phase on the formation of binary oxide phases,
precursors of TLAG YBCO film growth. Understanding the evolution of non-equilibrium phases is shown to be fundamental for the
control of the final YBCO film’s microstructure and performance, since the latter are strongly affected by the film’s thermal history
after solution deposition.

■ INTRODUCTION

YBa2Cu3O7−x (YBCO) is a rare-earth (RE) oxide used to
fabricate second-generation high-temperature superconducting
(HTS) tapes,1−4 which find applications in the fields of energy
transport and electrical power devices, among others.5 One of
the greatest challenges that still limits their applications is the
strong need for cost-effective fabrication methodologies. For
these reasons, chemical methods like chemical solution
deposition (CSD)5,6 have arisen as a low-cost alternative.
Optimization of CSD methods relies on the understanding of
the processes involved in the thermal treatments that the
precursor solution undergoes after deposition. Of particular
importance is the low-temperature stage of pyrolysis, where
many physical and chemical transformations take place as a
consequence of the organic material removed.
Recently, we have developed a non-equilibrium growth

process that combines CSD with the ultrafast growth from
transient liquids, the so-called transient liquid-assisted growth
through CSD (TLAG-CSD),7 which can obtain YBCO
epitaxial films with YBCO growth rates 100-times faster than
the well-known fluorinated precursor route.2,3,8−11 In this
regard, the interest of this work lies in analyzing the fluorine-

free (FF) solutions12 used in TLAG-CSD. Additionally, FF
precursors are more environmentally friendly than fluorinated
precursors, because they do not generate hydrofluoric acid as a
decomposition product. In particular, FF solutions based on
acetate salts dissolved in excess propionic acid13−15 have
gained attention. In these solutions, exchange of acetate groups
for propionates takes place, with formation of the correspond-
ing propionate salts.
With the aim of understanding the processes involved during

the pyrolysis and heating stages, thermal analysis (TA)
techniques coupled to spectroscopic and microstructural
studies are a fundamental tool; however, many studies
concerning the thermal decomposition of metalorganic
precursors such as metal carboxylates16−20 deal with samples
in the form of powders, because the signal-to-noise ratio in TA

Received: April 30, 2020
Revised: June 11, 2020
Published: June 16, 2020

Articlepubs.acs.org/JPCC

© 2020 American Chemical Society
15574

https://dx.doi.org/10.1021/acs.jpcc.0c03859
J. Phys. Chem. C 2020, 124, 15574−15584

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

95
.1

69
.2

37
.1

93
 o

n 
A

pr
il 

20
, 2

02
1 

at
 1

4:
59

:5
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Rasi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laia+Soler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julia+Jaren%CC%83o"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juri+Banchewski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roger+Guzman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristian+Mocuta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Kreuzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susagna+Ricart"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susagna+Ricart"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pere+Roura-Grabulosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordi+Farjas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xavier+Obradors"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Teresa+Puig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.0c03859&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03859?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03859?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03859?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03859?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03859?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpccck/124/28?ref=pdf
https://pubs.acs.org/toc/jpccck/124/28?ref=pdf
https://pubs.acs.org/toc/jpccck/124/28?ref=pdf
https://pubs.acs.org/toc/jpccck/124/28?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c03859?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


is significantly reduced for samples in the form of film. The
possibility of applying TA to films, despite the much smaller
amount of material, has led to the knowledge that powders
behave differently than films21,22 due to slower heat
dissipation23 and gas transport. Following this new interest
in the TA of films, and for metal propionates in particular, it
was found that the thermal behavior is strongly influenced by
the nature of the metal cation.24 Those metals that easily
undergo reduction (Cu, Ag, and Hg) tend to break on the M−
OCO bond,25−27 while for the other class of metals (Ca, Ba,
Y, etc.) the preferable cleavage site is the MO−CO and
MOC(O)−C bond.18,28−30 According to this behavior, in
humid O2, copper propionate (Cu(C2H5CO2)2, abbreviated as
CuProp2) was found to decompose releasing propionic acid
through the hydrolysis path to form CuO.31 Conversely,
barium propionate (shortened as BaProp2) in humid O2
releases mainly acetaldehyde and CO2 via the oxidation
path.32 No propionic acid is observed given the fact that an
oxalate (BaC2O4) is the decomposition intermediate, which
retains both −CO2 groups of the propionate units, impeding
decomposition through the hydrolysis path. Finally, yttrium
propionate (YProp3) in humid O2 exhibits both mechanisms,33

releasing propionic acid via hydrolysis and acetaldehyde and
CO2 to yield an oxycarbonate (Y2O2CO3) before this
decomposes to the oxide, yttria (Y2O3).
We are interested in humid atmospheres, since they can

favor decomposition at low temperatures through the
hydrolysis path. This low-temperature mechanism favors
CuProp2 more than the other two salts, because it decomposes
at sufficiently low temperatures, between 100 and 200 °C in
films. It is followed by YProp3, between 200 and 400 °C, and
finally BaProp2, between 250 and 500 °C. Although the single
components have been fully characterized, a study of the
thermal behavior of this ternary solution is needed to confirm
whether the behavior of a ternary mixture can be
straightforwardly extrapolated from its components.
In this work we report on TA in humid O2 of a propionate-

based FF ternary solution by comparing its behavior with that
of its binary and single-salt solutions. To characterize the
thermal behavior, thermogravimetric analysis (TGA) is
coupled with evolved gas analysis (EGA) via infrared detection
(TG-IR) of the gas species evolved during decomposition.
Solid intermediates and products are characterized by X-ray
diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIR), both ex situ and in situ using synchrotron sources.
Results show that the thermal behavior of the ternary mixture
differs from that expected from the simple sum of its
components (i.e., the single-salt solutions) in terms of products
and crystalline phases formed. We show the undesirable effects
of water content in solutions in terms of microstructure and
crystalline phases formed. In particular, water is connected
with the formation of a non-thermodynamically stable phase of
BaCO3, the monoclinic phase. Finally, some comments on how
to avoid these non-equilibrium phases are presented within the
framework of cost-effective CSD methodologies.

■ METHODS
Materials and Film Preparation. A propionate-based

metal−organic solution was prepared starting from yttrium
acetate (Y(CH3CO2)3, YAc3, Alfa Aesar, 99.99%), barium
acetate (Ba(CH3CO2)2, BaAc2, Sigma-Aldrich, 99.99%), and
copper acetate (Cu(CH3CO2)2, CuAc2, Alfa Aesar, 99.99%)
and dried at 55 °C in a thermostatic vacuum dryer (Vaciotem-

T, from Selecta). Then they were dissolved in propionic acid
(Merck, ≥99%). After complete dissolution of the salts,
methanol (MeOH, VWR, ≥99.8%) was added to reach a 1/1
ratio of solvents with total metal content of 1 M. The ternary
solution was prepared with a molar ratio of Y/Ba/Cu = 1/2/3.
Binary solutions of all three precursors were also prepared for
comparison, based on the same metal ratios and labeled as
Cu−Ba, Y−Ba, and Cu−Y. In all these solutions, due to excess
propionic acid, replacement of acetates by propionates is
expected to take place to yield the corresponding propionate
salts after drying. For the barium salt, the replacement is only
partial, yielding a mixed propionate−acetate complex.32,34

Films were prepared by depositing the solutions on LaAlO3
(LAO) substrates of 1 × 1 cm2 in lateral size, which were then
dried at 80 °C for 2 min on a hot plate. For thin films (<1 μm
of YBCO), deposition was realized through spin-coating; thick
films (≥1 μm) were prepared by drop-casting. The
(approximate) nominal final thickness, h, of the film was
calculated knowing the final oxides and carbonate density (ρ),
and the surface area (A) using the following formula: h = m/(ρ
× A). The anhydrous ternary solution was prepared in the
same way but using anhydrous methanol (Scharlau, 99.9%); it
was kept in a sealed vial filled with argon and used within a
couple of days. Water content in solution was measured by
Karl Fisher titration, with a Crison Tritomatic 1S. In this case,
deposition was performed in a glovebox with a dry nitrogen
atmosphere, to control humidity (<10%). During pyrolysis, a
dry gas flow was used until 120 °C, before switching to a
humid O2 flow.

Characterization Techniques. Thermogravimetric anal-
ysis (TGA) was carried out in a Mettler-Toledo thermoba-
lance, with heating rates of 5 °C/min. The carrier gas was
humidified by bubbling a flow of 55 mL/min high-purity gas
into a water flask, at 25 °C and 1 atm (3% water).35 To avoid
reflux of gaseous species dangerous for the balance, a
protective 15 mL/min flow of high-purity synthetic air was
used. TG-FTIR coupled experiments were performed by
connecting the TG apparatus to an infrared spectrometer by
Bruker Alpha II, equipped with a gas cell kept at 200 °C, by
means of a 30 cm steel transfer line kept at 200 °C. The spectra
were recorded with a spectral resolution of 4 cm−1 and
acquisition time of 30 s/spectra. A background spectrum was
recorded prior to the experiment. The volatile evolution was
plotted choosing a representative wavenumber for each volatile
(1779, 2355, and 2740 cm−1, corresponding to propionic acid,
CO2, and acetaldehyde, respectively).
In situ FTIR spectra of the solid residue were recorded at

the IR microspectroscopy endstation MIRAS, at the ALBA
synchrotron (Spain).36 The end-station was equipped with a
Vertex 70 spectrometer, coupled to a visible/IR microscope
Hyperion3000, which allows for the focus of the IR radiation
on the sample, using a 15× Schwarzschild objective and
matching condenser. A Globar source was used as IR radiation
source, and a nitrogen-cooled MCT detector was used for data
acquisition on a 33 μm2 sample area. The temperature was
controlled using a FTIR600 heating stage (Linkam Scientific
Instruments, UK) using CaF2 windows provided by Crystran
Ltd. (UK), which enable the sample to be measured under a
continuous gas flow (humid O2) in transmission mode. Due to
the cutoff of the CaF2 windows, the useful IR range was limited
to 4000−1200 cm−1. Spectra were recorded by coadding 10
scans (acquisition time of 10 s) at a spectral resolution of 4
cm−1, while heating the sample between 50 and 500 °C at 10
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°C/min. The raw data was subtracted by the substrate
contribution. The absorbance evolution for each species was
plotted as a function of temperature, choosing characteristic
wavenumbers (1550 cm−1 for C2H5CO2

−, 1635 cm−1 for
C2O4

2−, 1373 cm−1 for CO3
2−; see contour map in the

Supporting Information). More details about setup and data
processing are reported in the Supporting Information.
Ex situ X-ray diffraction (XRD) experiments were performed

with two diffractometers: The quenched films subjected to
thermal treatments were analyzed in grazing incidence with a
Bruker-AXS, model A25 D8 Discover, with a Cu Kα anode.
The dry precursor films were peeled off the substrates and
analyzed with a powder diffractometer to enhance the signal of
the salt; the powder diffractometer was a D8 ADVANCE
diffractometer from Bruker AXS, with a Cu Kα X-ray beam,
operating at a 40 kV voltage and with a 40-mA current.
In situ XRD analysis was performed on the 6-circle

diffractometer at the DiffAbs beamline of SOLEIL Synchrotron
(France), using 18 keV X-ray photons. The beamline was
equipped with an area detector (XPAD, X-ray hybrid pixel area
detector) and a furnace (Anton Paar, DHS 1100 model).
Specifically, the film sample was placed on the heating plate of
the DHS 1100 heater, and a graphite dome was used for
confinement. The heater was connected to a gas mixing and
control system prepared to achieve different total pressures
(Ptot) and oxygen partial pressures (PO2

). The system was
operated with vacuum pumps and mass flow controllers. An
oxygen sensor was used to preset the PO2

value. A fixed grazing
incidence geometry was used during in situ experiments, with
respective incident and scattering angles of ω = 4° and δ (=
2θ) ∼ 12°. Using an area detector resulted in the ability to
record, in a single image, extended angular regions of the
scattered X-ray beam (i.e., portions of an XRD ring), with a
range of about 10° in 2θ direction and more than 10° in the
ring azimuth direction (as reported in ref 7). By appropriately
choosing the 2θ range covered by a single XPAD image, this
setup enabled, during in situ annealing, following of the time
evolution of the XRD pattern of all the expected phases with
an acquisition time of 500 ms/data point. The data was
recorded as 2D images for each temperature/time value, which
was then mathematically corrected for the geometry of the
measurement and converted (azimuthal regrouping) to obtain
the intensity versus 2θ curves for each acquisition point. A

significant shift occurs in the 2θ position of the peaks, most
probably due to the temperature variation during the
experiment, including as well thermal expansion of the whole
setup (Figure S3). To represent the evolution of a specific
phase, the peak area of a representative peak is plotted versus
time (or temperature). More details on data analysis can be
found in the Supporting Information.
Ex situ Fourier infrared spectroscopy (FTIR) was carried

out with a Bruker Alpha II spectrometer, operating in
transmission mode. Scanning transmission electron micros-
copy (STEM) and electron energy loss spectroscopy (EELS)
measurements were performed at the Advanced Microscopy
Laboratory in Zaragoza, Spain, with a FEI Titan 60−300
microscope equipped with an X-FEG gun, a CETCOR probe
corrector and a Gatan TRIDIEM 866 ERS energy filter
operated at 300 kV.

■ RESULTS

Thermal Decomposition of (Non-Anhydrous) Binary
Solutions. In this section, binary combinations of the
precursor salts will first be analyzed, and the results will be
used to later understand the complex behavior of the ternary
precursor solution.

Cu−Ba Binary Solution. Films of the binary solution
containing the copper and barium precursors were decom-
posed in humid O2 and the solid residue was analyzed ex situ
at different temperatures by FTIR and XRD; the results are
reported in Figure 1a,b, respectively. Its thermogravimetric
curve is shown in Figure 2. The final mass found
experimentally, 54%, is in agreement with the theoretical
value of 54.0% for the formation of CuO and BaCO3.
After deposition, the solvent was not fully removed; this can

be seen in the thermogravimetric curve between 50 and 100
°C. After solvent evaporation, at approximately 100 °C, from
the infrared analysis of this dry film reported in Figure 1a, we
note the presence of the intense CuProp2 band at 1585 cm−1,
corresponding to the CO stretching mode, next to the
equivalent band for the Ba-Prop-Ac salt which is shifted to
1546 cm−1, higher than the estimated value of ∼1530 cm−1.32

As expected, the acetate groups have been fully replaced by
propionates in the case of the Cu salt,31 because this same
FTIR spectra is very similar to that of CuProp2. For the barium
case, we expect the formation of a mixed Ba-Prop-Ac

Figure 1. (a) FTIR spectra and (b) corresponding ex situ XRD analysis of the solid residue for ∼1 μm films of the Cu−Ba binary solution,
quenched at given temperatures during decomposition in humid O2 at 5 °C/min. The unexpected monoclinic phase of BaCO3 appears
simultaneously with the copper(II) reduction to Cu(I)2O, but it is then converted to the stable orthorhombic phase. FTIR and XRD assignments of
the precursors are based on refs 31 and 32.
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complex.32,34 In our multicomponent solution, it is not
possible to affirm whether this is true through FTIR, since
BaAc2 most intense bands are hidden by the more abundant
CuProp2. However, the IR bands at 933 cm−1 in Figure 1a
could be an indication of the presence of acetate groups. In

addition, the XRD analysis of the powder recovered after
drying the solution, reported in Figure 1b, shows two
reflections at 8.1 and 7.9°, which are in agreement with the
presence of such mixed carboxylate complex. Thus, the starting
conditions in the dry film can be considered to be copper
propionate and a mixed propionate−acetate salt of barium.
The TG curve of this film, reported in Figure 2b, shows that

decomposition starts after solvent evaporation, with two main
steps between 150 and 450 °C. By comparison, with the
isolated precursors (Figure 2a), it is reasonable to assume that
the first mass loss between 150 and 250 °C corresponds to
CuProp2 decomposition to CuO. The FTIR analysis (Figure
1a) at 245 °C confirms the appearance of the CuO IR bands
and the disappearance of the CuProp2 carbonyl band at 1585
cm−1. The heat flow of this first decomposition step is
exothermic (Figure S1).
The second mass loss corresponds to the Ba carboxylate

decomposition: Between 300 and 360 °C, the FTIR band of an
oxalate appears at 1630 cm−1, assigned to BaC2O4, showing
that the Ba-Prop-Ac salt decomposition is taking place with the
expected exothermic signal (Figure S1b). It is followed by
copper reduction to Cu2O, with a maximum intensity at 300
°C, as shown by XRD (Figure 1b). This reduction is surprising,
since it is not observed during decomposition of copper
propionate alone in an oxidizing atmosphere. As soon as
BaC2O4 is formed, it is converted to BaCO3.

32 However, unlike
the single-salt solution of Ba-Prop-Ac, BaCO3 does not
crystallize into its thermodynamically stable orthorhombic
phase but into the monoclinic phase. Thus, at 300 °C, the solid
residue mainly consists of a mixture of monoclinic BaCO3 and
cuprous oxide. Above 350 °C, Cu2O is reoxidized to CuO (see
XRD in Figure 1b), and the monoclinic phase is reconverted to
the stable orthorhombic structure. At 500 °C, this phase and
CuO are the final products observed by XRD.

Cu−Y and Y−Ba Binary Solutions. In the Cu−Y binary
solution, replacement of acetates by propionates takes place as
well, as shown by the FTIR spectrum of the dry film (Figure
3a). This is again expected from the behavior of the separate
salts.31,33 Additionally, the presence of yttrium propionate and
copper propionate is confirmed by XRD in Figure S1a. In the
TG curve of Figure 2, the final mass lies at 37%, very close to
the theoretical value of 37.4% for the formation of CuO and
Y2O3.

Figure 2. TG curves of (a) single-salt,31−33 (b) binary, and (c)
ternary solutions of FF-YBCO films decomposed in humid O2 at 5
°C/min. The symbols on the TG curves indicate when the
corresponding phases appear; reduction of copper to Cu(0) only
occurs in ternary solutions due to the higher amount of carbon. The
presence of the Y precursor does not allow for the monoclinic-to-
orthorhombic conversion.

Figure 3. FTIR spectra of the solid residue of quenched samples of (a) Cu−Y solutions and (b) Y−Ba solutions for thick films (>1 μm). FTIR
assignments of the precursors follow refs 31, 32, and 33.
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In the same TG curve, two steps can be clearly
distinguished: the first one between 100 and 200 °C, and
the second step between 200 and 400 °C, after which the mass
is stable. In the first stage, decomposition of CuProp2 takes
place. Indeed, at 300 °C, CuO is detected by FTIR and XRD
analysis (Figures 3a and S1a), and the heat evolved is slightly
endothermic (Figure S1) as expected in humid O2 at this
temperature.31 Note that in Figure 2b, decomposition of the
copper precursor in Cu−Y films takes place roughly 50 °C
earlier than in the Cu−Ba film. Since the films have similar
thickness, the barium precursor in Cu−Ba films is probably
slowing down the decomposition due to its higher stability.32

In the second stage, YProp3 decomposition occurs, and the
DTA signal is exothermic (Figure S1b). Therefore, no copper
reduction is observed at 300 °C, probably because the whole
organic fraction has decomposed before this temperature. This
fact suggests that CuO reduction in the Cu−Ba solution is due
to the C/CO released during the barium salt decomposition.
The final products consist of Y2O3 and CuO, both identified by
XRD (Figure S1b). Just like the case of yttrium propionate
alone,18,33 residual yttrium oxycarbonate, Y2O2CO3, is detected
only by FTIR (asterisks in Figure 3a), in agreement with the
fact that it decomposes above 600 °C.18

In the binary Y−Ba solutions, acetates are again replaced by
propionates. In fact, the dry film analyzed by infrared
spectroscopy consists of YProp3 (“+” in Figure 3b) and Ba-
Prop-Ac (empty circles in Figure 3b). The most intense IR
band at 1529 cm−1 comprises the CO stretching vibrations
of both the yttrium and barium precursors.32,33 The TG curve
reported in Figure 2 shows one main mass loss step, with the
final mass stable at 59.6%, quite well in agreement with the
expected 59.4% for Y2O3 and BaCO3 formation. Quenched
films at different temperatures during decomposition were
analyzed by FTIR (Figure 3b). The analysis of the solid
residue shows that at 300 °C the BaCO3 is starting to
crystallize. At 500 °C, the final product consists of monoclinic
and orthorhombic BaCO3 and Y2O3. In contrast with the Cu−
Ba film, the monoclinic phase still coexists with the
orthorhombic equilibrium phase at this temperature.
Thermal Decomposition of (Non-Anhydrous) Ternary

Solutions. TG-IR and Ex Situ FTIR and XRD Analysis. The
study of the binary solutions is crucial to unravel the different
decomposition steps hidden in the complex behavior of the
three-component solution. The TG analysis of ternary
solutions is reported in Figure 2c. Despite the fact that it is

hard to separate the initial dehydration from the decom-
position, the final mass percentage found experimentally, 49%,
is in reasonable agreement with the expected value of 50.3%
for the formation of Y2O3, CuO, and BaCO3 (considering
Ba7Prop8Ac6 as precursor). Note that the 100% mass line has
been set with the help of the mass derivative (dTG) analysis.
Just like the binary solutions, the first stage consists of

solvent evaporation, between 50 and 150 °C. This is
reasonable because, especially for drop-cast films, not all
solvent can be removed during the drying stage. Water and
propionic acid absorptions (between 3000 and 4000 cm−1 and
at ∼1708 cm−1) are still visible by FTIR in Figure 4a, at 80 °C.
This step is also observed in other TG curves of the same
solution (see Figure 5).
After solvent evaporation, the propionate reflections are

detected (FTIR in Figure 4a), with the CO stretching band
of CuProp2 visible at ∼1583 cm−1. Those of the yttrium and
barium salts overlap at ∼1530 cm−1.
In the second stage (150−250 °C), from the infrared and X-

ray analysis of quenched samples during decomposition, it is
evident that CuProp2 decomposition between 150 and 250 °C
is the first decomposition to take place; this is confirmed by the
fact that by 250 °C the CuO XRD reflections appear (Figure
4b). The volatiles expected from the CuProp2 oxidation in
humid O2 are propionic acid (below 200 °C), CO2, and
CH3CHO (above 200 °C) coming from the hydrolysis and
oxidative decomposition of the propionate unit. The TG-IR
analysis of a ternary film (Figure 5) confirms that these gaseous
species are indeed detected in this stage, between 150 and 250
°C. In particular, after 200 °C, the heat flow signal is
exothermic, as expected due to the oxidation reactions32,33

responsible for CO2 and acetaldehyde formation.
Between 250 and 350 °C, while decomposition of the other

salts takes place, CuO is first reduced to Cu2O at ∼300 °C, and
then to metallic copper, Cu, at 350 °C (Figure 4). This
suggests that the residual carbon or CO released from the
other two salts pushes toward the reduction of CuO upon CO2
release, according to the following reaction: CuO + CO → Cu
+ CO2. This is followed by a series of CO2 peaks in the EGA
analysis. Although CO2 is being released by the decomposition
of the yttrium and barium salts alone in oxygen,18,29,32,33 part
of this CO2 is actually ascribed in the literature to the oxidation
of the released CO/C. In turn, CO comes from the
decomposition of the intermediate barium oxalate32,37 and
from the oxidation path of yttrium propionate to acetalde-

Figure 4. (a) FTIR and (b) XRD evolution of the solid residue of quenched samples during decomposition in humid O2 at 5°/min of ∼1.5 μm film
of non-anhydrous ternary solution. The reduction of Cu(II) is due to the carbon carried by the other salts. Note the formation of BaCO3
monoclinic in the presence of Cu(0)/Cu2O.
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hyde.33 The carbon comes from the disproportionation of CO
to C and CO2.

37 In fact, as film thickness increases, gas
transport slows down, and CO oxidation is delayed, favoring its
disproportion. This explains the detection of residual carbon at
500 °C for both Y and Ba propionates,32,33 especially in
powders. In the ternary solution of this work, since not just one
but two carboxylate salts are added with respect to a Cu−Ba
binary solution, reduction is pushed all the way to Cu due to
the higher availability of carbon to produce CO2. Simulta-
neously, with copper oxide reduction to Cu2O and to Cu,

BaCO3 starts to crystallize in the monoclinic phase between
300 and 350 °C. No signal from the YProp3 decomposition is
clearly detected, even by FTIR analysis, because its absorptions
are hidden by those of Cu and Ba species, which are present in
greater amounts.
In the last stage, between 350 and 450 °C, copper is

reoxidized to Cu(II), and some orthorhombic BaCO3 phase
appears. The heat flow is exothermic (Figure 2c), as expected
from the single-salt behavior of the barium precursor.32 The
final product consists of a mixture of orthorhombic and
monoclinic BaCO3, along with CuO, while Y2O3 is probably
not observed by XRD due to its small grain size. The ternary
solution seems to follow the behavior of a Ba−Y solution,
where the orthorhombic phase is not fully recovered at 500 °C.
In both binary and ternary solutions, the FTIR analysis of this
specific solution is alone sufficient to distinguish the
contribution of the orthorhombic BaCO3 (peaks at ∼1416
and 856 cm−1) from the monoclinic BaCO3 (peaks at ∼1382
and 872 cm−1), as demonstrated by complementing the FTIR
with the XRD analysis in Figure 4.

In Situ FTIR Spectroscopy. It was also possible to follow in
situ the infrared evolution of the solid residue of a thin (<1
μm) ternary film decomposed in similar conditions to the
previous samples, by FTIR. Measurements were performed at
the infrared microspectroscopy beamline MIRAS of the ALBA
synchrotron facility. The information acquired, reported in
Figure 5b, is limited to a small IR range (4000−1200 cm−1, see
the “Methods” section), but it is complementary to the
information already provided by the quenched samples of
Figure 4. The main processes that can be identified are in good
agreement with the analysis derived from the volatiles and the
mass loss information in Figure 5a. This is not surprising, even
though thinner films are expected to decompose at lower
temperature, because in this case the effect of the film
thickness is compensated by that of a higher heating rate (10
instead of 5 °C/min), which shifts all thermally activated
processes to higher temperatures.38

Between 50 and 150 °C, we observe the presence of the
propionate salts. The gradual decrease observed in film
absorbance can be attributed to a background signal decrease
due to propionic acid evaporation and water. This is in
agreement with the TG analysis of Figure 5a, where mostly the

Figure 5. (a) TG curve, its time derivative (dTG, dotted line), and
TG-IR analysis of a drop-cast 3 μm film of ternary solution, measured
during pyrolysis to 500 °C in humid O2 at 5 °C/min. Compared to
films of the single-salt solutions, the main decomposition volatile is
CO2 and the decomposition process is shifted to higher temperatures.
(b) In situ IR analysis of the evolution of the solid residue of spin-
coated films, performed at the ALBA synchrotron facility in humid O2
and 10 °C/min.

Figure 6. (a, b) High-angle annular dark field (HAADF)-STEM images of spin-coated samples pyrolyzed to 500 °C, with different water content in
solution (wt %). The higher the water percentage, the lower the porosity of the layer. Bar scale = 200 nm. (c−e) O K and Cu L edge EELS
elemental maps of selected areas of images shown in panels (a) and (b), respectively, showing residual metallic copper in the case of the sample
shown in panel (a). Bar scale = 100 nm.
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solvent (propionic acid absorption) is detected around 100 °C.
However, in the thin film of Figure 5b, it is hard to distinguish
the end of evaporation with the beginning of CuProp2
decomposition, which could have already started between
100 and 150 °C.
Between 150 and 350 °C, due to the decomposition of the

propionates, the intensity of the carboxylate vibrations
decreases significantly until it disappears. Meanwhile, the IR
absorptions in the 1600−1700 cm−1 range increase between
300 and 350 °C, which can be attributed to the formation of
the barium oxalate unstable intermediate. Finally, between 350
and 500 °C, we observe an increase of the CO3

2− absorption
band, which we can attribute to the decomposition of the
barium species to form BaCO3, mostly in the monoclinic
phase.
Effects of Additional Parameters on the Pyrolysis

Process. In all the previous sections, the pyrolysis of the
precursor solution was analyzed under non-anhydrous
conditions. However, we observed that the water percentage
in solution, attributed to the hygroscopic nature of precursors
and solvents used, has a crucial influence on the final film
properties; in particular, a detrimental effect on BaCO3
decomposition is observed when the water amount is high.
Some of the causes can be connected to the fact that water
affects both the crystalline phases and the microstructure of the
film formed during pyrolysis. Since it is crucial to ensure
reproducibility throughout the entire CSD processing of
YBCO films, this section will focus on some of these effects
in more detail.
Microstructure of the Pyrolyzed Film: Effect of Water. In

terms of film microstructure, we observed by STEM analysis
(Figure 6), that a high water content in solution is responsible
for a more compact film after pyrolysis (Figure 6a). In
particular, going from 1.6% (Figure 6b) to 7.8% water content
in the initial solution (Figure 6a), the overall porosity of the
processed layer decreases after pyrolysis, and very compact
areas are visible throughout the layer. If we consider that the
water content can change the rheological properties (i.e.,
viscosity, wettability) and the coordination of the metal salts of
the precursor solution, then it is also likely that these
properties in turn affect the way the layer rearranges under
the physical stress caused by evaporation and decomposition.
This compactness may hinder gas transport and, in

particular, slow down oxygen transport through the layer.
This helps us explain, for example, why metallic copper is
found in these compact regions of the bottom parts of the film
(see the EELS elemental maps in Figure 6c). In regions that
are closer to areas with higher porosity, as in Figure 6d, the
EELS maps show a more homogeneous oxygen signal,
indicating the presence of more CuO and less Cu nano-
particles. However, a copper-free area is found toward the film
surface in both Figure 6c,d, suggesting that some Cu precursor
has sublimated in films prepared from solutions with high
water content. Conversely, in areas of greater layer porosity
like in Figure 6b,e, the EELS maps show that the copper and
oxygen signals overlap, indicating that no significant Cu(0) is
detected. In these spin-coated films of Figure 6 (<1 μm),
Cu(0) survives until 500 °C, while in the quenched thicker
films analyzed by XRD in Figure 4, Cu(0) is reoxidized to
CuO before 500 °C. Since thicker films prepared by drop-
casting are more likely to crack during decomposition, this
subsequently higher porosity can favor copper oxidation,
explaining why Cu(0) is not observed by XRD at 500 °C in

Figure 4. Finally, the metallic copper intermediate has a
tendency to coarsen, thus explaining the presence of larger
(>10 nm) CuO grain size observed after pyrolysis of non-
anhydrous solutions (not shown).

BaCO3 Formation and Decomposition: Effect of Water.
The other crystalline phase affected by the presence of water is
the monoclinic BaCO3 phase. This is formed after pyrolysis
only when there is high water content in the initial solution
(>2%wt), which is the case in Figure 6a (XRD analysis in
Figure S4). Conversely, anhydrous conditions during solution
preparation and deposition, such as in Figure 6d, are associated
with the presence of the orthorhombic phase after pyrolysis
(Figure S4). Thus, we observed that irreproducibility issues in
the final YBCO film microstructure and properties may arise
because different BaCO3 decomposition behaviors take place
depending on the BaCO3 crystalline phase (monoclinic, M, or
orthorhombic, O) obtained after pyrolysis. These results are
shown in Figure 7. In these experiments, the BaCO3

decomposition was followed by in situ synchrotron XRD
analysis during the heating ramp of the pyrolyzed samples
toward the YBCO film growth. In particular, Figure 7
compares the decomposition of two pyrolyzed films containing
different M/O ratios (increasing from panel a to b in Figure 7),
treated in a dry atmosphere at PO2

= 10−5 bar and low gas flow.
In this route, the oxides and carbonates are heated up in a
region of the phase diagram below the YBCO instability
line,39,40 to promote the BaCO3 decomposition via the
following reaction path:7 BaCO3 + Cu2O → BaCu2O2 +
CO2. This is followed by a fast oxygen pressure increase to

Figure 7. Evolution of the Ba-containing phases of two pyrolyzed
ternary films (∼700 nm at 500 °C) with different initial ratios of
monoclinic (M) and orthorhombic (O) BaCO3, obtained by in situ
XRD. The number of barium moles is normalized to 1. The amount
of O-BCO3 and BaCu2O2 is obtained from their peak areas whereas
that of M-BCO3 is obtained by subtraction from unity (see the
Supporting Information). Conditions of the in situ XRD experiments:
PO2

∼ 10−5 bar, dry atmosphere and heating ramp of 300 °C/min.
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reach the region above the YBCO instability line. Upon this
PO2

increase, the system is able to form a transient liquid which
enables the ultrafast YBCO growth, via the TLAG route
introduced by Soler et al.7 Therefore, the decomposition of the
carbonate is crucial to achieve subsequent YBCO growth.
Figure 7 reveals two essential aspects: First, M-BaCO3 is

converted to the stable O-BaCO3 phase prior to decom-
position, and second, the initial presence of M-BaCO3 is
associated with a delay of the carbonate decomposition,
revealed by both the slower diminution of the O-BaCO3
content and the slower growth rate of the BaCu2O2 product.
By looking at the phase evolution, the delay in the formation of
O-BaCO3 can be attributed to the time needed for the
reconversion of the monoclinic phase to the equilibrium phase
(O-BaCO3). The subsequent O-BaCO3 decomposition may be
slower because the delay in its formation from the monoclinic
phase favors phase coarsening. Furthermore, the existence of
M-BaCO3 is correlated with non-anhydrous conditions which,
as described in the previous section, result in greater film
compactness that renders CO2 out-diffusion more difficult.
Nevertheless, it is important to mention that the exact time
and decomposition temperatures for BaCO3 reported in Figure
7 are likely to be affected by the specific experimental
conditions in which decomposition is carried out (gas flow,
film thickness, total pressure, and partial oxygen pressure).
Independent of these parameters, avoiding the formation of M-
BaCO3 stands out as a critical objective in order to shorten
processing time and increase film performances.
The connections between the presence of water and the

formation of the monoclinic phase is not yet clear. Some clues
can be found in the way that water was found to affect the
crystal structure and thermal history of the precursors used,
both BaProp2 and Ba-Prop-Ac. In non-anhydrous solutions of
only the barium salt, they retain crystallization water in their
structures (Ba7Prop8Ac6·4H2O,

32 Ba7Prop10Ac4·5H2O,
34 and

BaProp2·H2O)41 up to relatively high temperature. By
differential scanning calorimetry (DSC) analysis, it was
observed in ref 32 that upon dehydration these salts undergo
melting and recrystallization events (endothermic DSC peaks
in Figure S5) prior to decomposition which are not all
reversible. This indicates that the initial structures are not the
equilibrium ones, since they cannot be recovered by simply
reversing the temperature.
We observed that the DSC peak associated with the first

phase change (Figure S5, between 200 and 300 °C) and thus
the original phase could be recovered by redissolving the
barium salt obtained after the phase change (280 °C) in non-
anhydrous methanol and propionic acid, where coordination
with water could again occur. This suggests that the phase
change may be attributable to water in solution.
Interestingly, these transformations alone are not enough to

promote formation of M-BaCO3, since this phase is not
observed after pyrolysis of the single-component solution of
any barium precursors (BaProp2, BaAc2, and mixed propio-
nate-acetate barium salts); it is only observed when another
salt (of yttrium or copper, or both) is present along with the
propionate-based barium precursor. Thus, the presence of
yttrium or copper seed species may influence the recrystalliza-
tion phases of the barium species, especially if melting events
are involved.32

We should therefore expect that barium salts without these
phase changes during the pyrolysis range are more likely to

yield O-BaCO3 at 500 °C. For example, BaAc2 does not show
phase changes (note the straight heat flow signal in Figure S6)
during most of the pyrolysis range, between 50 and 450 °C.
Additionally, BaAc2 is anhydrous already at relatively low
temperatures, above 30−40 °C,42 and the anhydrous form is
crystalline43 and stable in atmospheric air. In fact, a ternary
mixture containing BaAc2 instead of BaProp2 or Ba-Prop-Ac
was pyrolyzed to 500 °C in non-anhydrous conditions, and it
predominantly formed O-BaCO3 (see Figure S6). Although
not much literature data could be found regarding the
crystalline intermediates formed during pyrolysis, this is in
agreement with the behavior of other solutions consisting of
acetates.44,45

Finally, the presence of these unexpected phases might be
independently promoted by other causes too. For example, the
initial degree of crystallinity (or the more amorphous nature)
of the precursor salts after deposition could also affect the final
crystalline phases and grain size.
Overall, the data provided in this section suggest that the

presence of water in our solution can be detrimental to layer
properties, because we identified experimental conditions in
which it causes the formation of non-equilibrium intermediate
phases before YBCO crystallization, with the consequence of
delaying BaCO3 decomposition.

■ DISCUSSION

The analysis of the ternary solution of CSD fluorine-free
precursors of YBCO films used in this work showed that its
behavior during the pyrolysis thermal treatment of pyrolysis is
more complex than the behavior expected from the simple sum
of its components. Still, previous knowledge about decom-
position of the single-component precursor solutions is
fundamental to understand the decomposition of the binary
and ternary solutions. In particular, the decomposition order in
both binary and ternary solutions seems to generally follow the
temperatures for the isolated metal propionate salts in films:
Copper propionate is the first to decompose, while the barium
precursor salt is the last. Nevertheless, other effects arise as a
consequence of the interaction of the three salts that were not
possible to foresee from the study of the single-salt solutions
alone.
One of these unexpected outcomes is the copper reduction

leading to intermediate non-equilibrium phases, even in an
oxidizing atmosphere. Even though copper reduction to Cu(I)
is easily promoted during decomposition of copper propionate
films in inert atmospheres, it is never observed during pyrolysis
in humid O2.

31 In the ternary system, the release of C or CO
from other salts is able to reduce the copper oxide to Cu2O
and even to metallic copper. The other unexpected outcome is
the formation of the non-equilibrium monoclinic phase of
BaCO3, which is never observed from decomposition of single
barium acetate, barium propionate, or Ba-Prop-Ac films in any
atmosphere, where the orthorhombic phase is always the
product recovered in non-anhydrous conditions.32,34 The fact
that the presence of yttrium or copper species is necessary to
promote the formation of the monoclinic phase, indicates that
complex relationships are at play, whose origin could be related
to the presence of unstable barium precursor crystalline
structures. Alternatively, if gas transport is hindered by a very
low layer porosity, then the local atmosphere can also change,
which in turn could be responsible for the phase in which
BaCO3 crystallization occurs.
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The presence of these two phases is not desirable because
they are accompanied by a different microstructure and
because an extra step is then required to reconvert them to
the intermediates from which YBCO can grow. Specifically, the
reduced copper needs to be reoxidized to the equilibrium CuO
phase, and this process depends on the ability to promote gas
transport through the layer. Similarly, M-BaCO3 needs to be
reconverted to O-BaCO3 before its decomposition can begin.
It is upon the reaction of O-BaCO3 with CuO that the Ba−
Cu−O transient liquid forms, giving rise to the ultrafast growth
of YBCO from TLAG-CSD, as discussed in ref 7 from in situ
synchrotron XRD experiments.
Although for our specific solution and furnace setup working

in anhydrous conditions was found to favor the crystallization
of the equilibrium O-BaCO3 and CuO phase, anhydrous
conditions are not always the preferred cost-effective choice.
Thus, other control parameters for these CSD solutions should
be sought that can be used to promote the existence of certain
phases over others. For example, the resulting microstructure
could be tuned by changing the solution’s rheological
properties, or the slow gas exchange could be compensated
for with the use of a higher gas flux and the right furnace
design, which can enable a faster local atmosphere renewal.
Actually, the fact that formation of metallic copper and M-

BaCO3 had also been observed at 360 °C with other ternary
solutions of different precursors such as lactates46 is an
indication that, all in all, these phases may have common and
consistent origins. This origin can be linked to the high
amount of carbon generated by the decomposition of the
metal−organic precursors, the degree of porosity of the layer,
and the competing precursor crystalline structures promoted
by water. Therefore, the metal−organic salts chosen, the water
content of the solution, the rheological properties of the
solution, and the gas flow will all determine the phases
obtained.
Even though this issue will require further investigation, it is

clear that many parameters besides water content are involved
during pyrolysis of these CSD ternary solutions and that
thermal analysis coupled to analytical and structural techniques
are crucial to disentangle them.

■ CONCLUSIONS

In conclusion, we have shown the need to study the
decomposition of the precursor solution and the evolution of
the intermediate phases in the growth of YBCO films from
TLAG-CSD. We demonstrated that the ternary solution based
on propionate fluorine-free precursors of YBCO decomposes
following the theoretical oxidation order of its isolated
component salts. Surprisingly, new effects also arise that are
not observed in the single-component solutions: Cu(II) is
reduced to Cu(0) even in humid O2, while a non-equilibrium
BaCO3 phase, the monoclinic one, is formed, which can be
detrimental to the carbonate decomposition step. While the
presence of copper reduction could be ascribed to carbon or
CO coming from decomposition of the other salts, further
investigation is necessary to disclose the reasons for the
monoclinic phase with certainty. The results suggest that the
two phases might be interlinked and that their origin may
ultimately be connected to the chemistry of the precursors and
to the ability to promote gas transport during the
decomposition step. In our case, the monoclinic BaCO3 and
metallic copper are avoided after pyrolysis by adopting

rigorously anhydrous conditions during preparation and
deposition of the propionate solution.
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Laia Soler − Institut de Cieǹcia de Materials de Barcelona,
ICMAB − CSIC, Campus UAB, E-08193 Barcelona, Spain

Julia Jareño − Institut de Cieǹcia de Materials de Barcelona,
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