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ABSTRACT: The product properties of mixed oxide nanoparticles generated via spray-flame synthesis depend on an intricate
interplay of solvent and precursor chemistries in the processed solution. The effect of two different sets of metal precursors, acetates
and nitrates, dissolved in a mixture of ethanol (35 Vol.%) and 2-ethylhexanoic acid (2-EHA, 65 Vol.%) was investigated for the
synthesis of LaFe,Co;_,O; (x = 0.2, 0.3) perovskites. Regardless of the set of precursors, similar particle-size distributions (d, = 8—
11 nm) were obtained and a few particles with sizes above 20 nm were identified with transmission electron microscopy {TEM)
measurements. Using acetates as precursors, inhomogeneous La, Fe, and Co elemental distributions were obtained for all particle
sizes according to energy dispersive X-ray (EDX) mappings, connected to the formation of multiple secondary phases such as
oxygen-deficient Las(Fe,Co;_,);Og brownmillerite or La,(Fe,Co,_,);0,, Ruddlesden—Popper (RP) structures besides the main
trigonal perovskite phase. For samples synthesized from nitrates, inhomogeneous elemental distributions were observed for large
particles only where La and Fe enrichment occurred in combination with the formation of a secondary La,(Fe,Co,_,)O, RP phase.
Such variations can be attributed to reactions in the solution prior to injection in the flame as well as precursor-dependent variations
in in-flame reactions. Therefore, the precursor solutions were analyzed by temperature-dependent attenuated total reflection Fourier-
transform infrared (ATR-FTIR) measurements. The acetate-based precursor solutions indicated the partial conversion of, mainly La
and Fe, acetates to metal 2-ethylhexanoates. In the nitrate-based solutions, esterification of ethanol and 2-EHA played the most
important role. The synthesized nanoparticle samples were characterized by BET (Brunauer, Emmett, Teller), FTIR, Mossbauer,
and X-ray photoelectron spectroscopy (XPS). All samples were tested as oxygen evolution reaction (OER) catalysts, and similar
electrocatalytic activities were recorded when evaluating the potential required to reach 10 mA/cm” current density (~1.61 V vs
reversible hydrogen electrode (RHE)).

1. INTRODUCTION

Received: September 15, 2022
Revised:  March 1, 2023
Published: March 10, 2023

Hydrogen is envisioned to play a pivotal role in the
decarbonization of the global economy as a strategy to

mitigate the emission of greenhouse gases and related climate

change effects.” Since 2017, many of the world’s strongest

economies introduced hydrogen initiatives' that involve the
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sustainable generation of hydrogen from electrochemical water
splitting (e.g., alkaline water electrolysis).

Electrochemical water splitting requires active catalyst
materials that enable the evolution of H, and O, at high
rates. From both reactions, the main bottleneck is the anodic
oxygen evolution reaction (OER) that has been associated
with sluggish kinetics caused by the transfer of four protons
coupled to four electrons, requiring potentials higher than the
theoretical value of 1.23 V at pH = 0. In recent years, several
classes of materials (e.g., noble metal oxides, perovskite oxides,
spinel oxides, sulfides, hydroxides, selenides) have been
investigated and proposed as potential active catalysts for
OER.” When considering a balance of aspects such as catalytic
activity, durability, cost, and sustainability, perovskite oxides
stand out as promising OER catalysts for alkaline elctrolysis.”
Perovskite-based materials (ABO;) incorporating lanthanides
(A site) and 3d transition metal ions (B site) have been
identified as such promising alternatives as their electronic
structure and surface defects can be tuned by substituting/
doping the A and B sites.” The LaFe,Co,_,O; perovskite is an
interesting material system in which synergistic effects of the
Fe/Co substitution on the OER performance have been
already identified for x = 0.3—1.%” However, challenges related
to the synthesis of phase-pure cobalt-rich (x < 0.3)
LaFe,Co,_,O; structures by conventional methods (e.g,
coprecipitation synthesis) have limited the understanding of
the OER activity of these Co-rich perovskite structures.
Additionally, for conventional synthesis methods (e.g.,
mechanochemistry, sol—gel), the production of perovskites
with high specific surface areas (SSAs) has proven to be
challenging. This is due to the several processing steps
required, typically involving high-temperature calcination,
which is required to reach a phase-purity target at the expense
of specific surface area. In contrast, perovskites with both high
phase purity and large SSA have been successfully obtained via
spray-flame synthesis (SFS).*” However, this milestone has
not been a simple task, since obtaining high-quality materials
from spray-flame synthesis requires the selection of the right
metal precursors in combination with the right solvents, as not
only the nanoparticle formation processes but also the
chemistry and decomposition of the precursor solutions play
crucial roles.

LaCoOj and LaFeOj perovskites, with SSAs higher than 85
m?/g, were successfully spray-flame-synthesized using metal
nitrates as precursors and mixtures of ethanol (EtOH) and 2-
ethylhexanoic acid (2-EHA) as solvents.® Here, it was shown
that the EtOH/2-EHA mixtures, previously identified as a way
to generate droplet microexplosions and unimodal particle-size
distributions,'”"" can be efficiently used to limit the hydrolysis
of metal nitrates, especially in the case of iron nitrate. Such
hydrolysis processes lead to the early formation of metal
hydroxides in the solution (i.e., in droplets), which might cause
the formation of large particles from the so-called droplet-to-
particle mechanism.” This process can be especially relevant in
large droplets coming from unusual time—temperature profiles
as a result of flame pulsations, as it has been previously
identified.'” It was identified that the reaction of EtOH and 2-
EHA can lead to the formation of ethyl 2-ethylhexanoate and
water, which then promotes the further formation of
hydroxides. It was proposed and later shown'® that transition
metal nitrates catalyze this esterification, especially in iron
nitrate-containing solutions.
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Acetates have been investigated as precursors for the spray-
flame synthesis of LaFe,Co;_,O; (x = 0—0.6) perovskites,
using 1-propanol/propionic acid/DI water’ or l-propanol/
octanoic acid/DI water'* mixtures as solvents. Besides in the
main perovskite phase, oxygen-deficient brownmillerite and
lanthanum-rich Ruddlesden—Popper phases were identified in
the product powder. The use of acetates led to the formation
of unimodal particle-size distributions, as it has been related to
the gas-to-particle mechanism in spray-flame synthesis," but to
inhomogeneous cation elemental distributions in the particles.
The latter aspect has not been understood so far and is
analyzed in this work.

Using a solvent mixture of ethanol and 2-ethylhexanoic acid,
this work explores the use of two different precursor sets,
acetates and nitrates, for the spray-flame synthesis of
LaFe,Co,;_,0; (x = 0.2, 0.3) perovskite materials. The iron
concentrations (x) of 0.2 and 0.3 were selected as the
conventional synthesis of such perovskite structures has been
challenging in the past.” The morphological, crystallographic,
and surface properties of the synthesized materials were
analyzed and compared using transmission electron micros-
copy (TEM)/energy dispersive X-ray (EDX), BET (Brunauer,
Emmett, Teller), XRD, Fourier-transform infrared (FTIR),
Mossbauer spectroscopy, and X-ray photoelectron spectrosco-
py (XPS) measurements. Furthermore, the precursor solutions
used for the synthesis of the materials were analyzed via
temperature-dependent FTIR measurements, allowing one to
correlate the chemical reactions in the precursor solutions with
the final materials’ characteristics. All synthesized materials
were evaluated as OER electrocatalysts using rotating-disk
electrode (RDE) measurements.

2. METHODS

2.1. Spray-Flame Synthesis. LaFe,Co,;_,O; (x = 0.2, 0.3)
perovskite materials were spray-flame synthesized using the in-
house-developed SpraySyn reactor that has been previously
described.'*™"® Using a total metal-ion concentration [La + Fe
+ Co] of 0.2 mol/L, metal acetates[La(CH;CO,);«H,0
(99.9%, Sigma-Aldrich), Fe(CH;CO,), (95%, Sigma-Aldrich),
Co(CH;CO0,),-4H,0 (ACS reagent, >98%, Sigma-Aldrich)]
or metal nitrates [La(NO;);x«H,0 (99.9%, Sigma-Aldrich),
Fe(NO;);9H,0 (ACS reagent, >98%, Sigma-Aldrich), Co-
(NO,;),-6H,0 (ACS reagent, >98%, Sigma-Aldrich)] were
dissolved in a mixture of 35 Vol.% ethanol and 65 Vol.% 2-
EHA to prepare the precursor solutions with a ratio of iron and
cobalt that mirrors the desired elemental composition of the
product. For spray formation, each solution was supplied to the
burner using a syringe pump (2 mL/min) and put in close
contact with a continuous flow of oxygen (6 slm, standard
liters per minute) using an external-mixing atomizing nozzle,
which is positioned at the center of a porous sintered bronze
plate. The combustion of the spray was supported by a flat
premixed methane/oxygen pilot-flame (3 slm CH,/S slm O,)
stabilized on the surface of the bronze plate. The pilot flame
was shielded by a surrounding flow of sheath-gas (compressed
air, 140 slm). The pressure in the reactor chamber was
maintained in the 960—980 mbar abs. range. Downstream of
the reactor zone, a quenching gas flow of compressed air (230
slm) was supplied to control the temperature of the particles
and off-gases. At the end of each synthesis, the corresponding
sample was collected using a membrane filter. After the
synthesis, all samples were heat-treated at 300 °C for 1 h under
air flow at atmospheric pressure using a Nabertherm L 1/12/
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R6 mufle furnace to remove adsorbates from the surface of the
materials and to prepare the nanoparticle powder for the
electrochemical tests.

2.2. Characterization of the Materials. X-ray diffraction
patterns were recorded in a PANalytical X'Pert PRO device
operated with Cu Ka radiation (0.15406 nm, 40 kV, 40 mA).
The diffractograms were recorded at 26 = 10—60° with a step
size of 0.05°. Particle size, morphology, and the elemental
distribution of the cations were analyzed from the images
acquired in a JEOL JEM 2200FS transmission electron
microscope (TEM) equipped with energy dispersive X-ray
spectroscopy (EDX mapping). The specific surface areas of the
samples were generated by evaluating nitrogen adsorption
(Quantachrome, Nova2000) measurements using the BET
(Brunauer, Emmett, Teller) theory.

Particles and precursor solutions were studied by Fourier-
transform infrared spectroscopy (FTIR) from 400 to 4000
cm™' using a Bruker Vertex 80 device (attenuated total
reflection (ATR) sample holder, KBr beam splitter, DigiTect
DLaTGS detector). X-ray photoelectron spectroscopy (XPS)
measurements were carried out in a ULVAC-PHI Versaprobe
I (Chanhassen, USA) with Mg Ka (hv = 1253.6 V) as an X-
ray source and a pass energy of 11.75 eV. The C 1s
adventitious carbon C—C binding energy at 284.8 eV was used
to calibrate the recorded spectra, analyzed by CasaXPS
software. Thermogravimetric analysis (TGA) measurements
were performed using a Netzsch 449 F1 Jupiter device at a
temperature range between 35 and 800 °C with a heating rate
of 7.5 K/min under the flow of synthetic air (250 mL/min).

For Mossbauer spectroscopy, ca. 20 mg of sample powder
material was mixed with ca. 250 mg of boron nitride (BN) and
pressed into a cylindrical disk of 13 mm in diameter and
roughly 1 mm in thickness. Spectra were recorded at room
temperature (293 K) in transmission geometry. A *’Co(Rh)
radiation source, mounted on a constant-acceleration driving
unit, was utilized while data evaluation was performed via the
“Pi” program package.

2.3. Characterization of the Solutions of Precursors.
To analyze for potential nonreversible chemical transitions in
the solutions of precursors, the metal acetates [La(CH;CO,)5:
xH,0 (99.9%, Sigma-Aldrich), Fe(CH,CO,), (95%, Sigma-
Aldrich), Co(CH;CO,),-4H,0 (ACS reagent, >98%, Sigma-
Aldrich)] or the metal nitrates [La(NO;);«H,0 (99.9%,
Sigma-Aldrich), Fe(NO;);-9H,0 (ACS reagent, >98%, Sigma-
Aldrich), Co(NO;),-6H,0 (ACS reagent, >98%, Sigma-
Aldrich)] were dissolved in a mixture of ethanol (35 Vol.%)
and 2-EHA (65 Vol.%) in the required molar ratios (e.g,
La:0.2Fe:0.8Co, La:0.3Fe:0.7Co). Each solution was heated in
a temperature-controlled oil bath from room temperature (23
°C) up to 70 °C. FTIR measurements of the solutions at both
temperatures (23 and 70 °C) were conducted as previously
described. Before the measurement, an aliquot of each solution
was extracted with a micropipette and placed on the ATR
holder of the FTIR device.

2.4. Electrochemical Measurements. Electrochemical
measurements were performed in a three-electrode cell using
an Autolab PGSTAT bipotentiostat/galvanostat (Metrohm)
using a catalyst-coated electrode, a platinum mesh, and an Ag/
AgCl (3 mol/L KCl) electrode as working, counter, and
reference electrodes, respectively. The counter electrode was
positioned in a compartment separated from the bulk
electrolyte by a glass frit. A 1 mol/L KOH solution was
purified over Chelex 100 and used as electrolyte. Catalyst inks
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(5 mg/mL) were prepared by dispersing each synthesized
sample in a volumetric mixture (49/49/2) of ultrapure water/
ethanol/Nafion solution (~5 Wt.% of Nafion in water and
lower aliphatic alcohols, ~0.9 g/cm®) to obtain a Nafion/
Catalyst ratio (N/C) of 0.186 on the electrode surface. After
1S min of sonication, the corresponding ink was used to form
the catalyst film by drop-casting it on a polished glassy carbon
(GC) electrode.

2.4.1. Rotating Disk Electrode Experiments. In the RDE
measurements, a catalyst mass loading of 210 ug/cm® was
used. Several steps and techniques were used during the
electrochemical characterization. Initially, an electrochemical
impedance spectrum was collected at open-circuit potential
using a frequency ranging from 50 kHz to 10 Hz using a 10
mV AC (RMS) amplitude to determine the uncompensated
resistance (Ry). After, a conditioning step was conducted by
performing ten cyclic voltammograms in a potential window of
—0.040 to 0.410 V vs Ag/AgCl (3 mol/L KCl) with a scan rate
of 100 mV/s without rotation. Following the conditioning step,
a linear sweep voltammetry (LSV) was recorded in the
potential window from 0.0 to 0.8 V vs Ag/AgCl (3 mol/L
KCl) with a scan rate of S mV/s at a rotation speed of 1600
rpm, and this was used to evaluate and compare the
electrocatalytic activity of all materials. All measured potentials
were converted to the reversible hydrogen electrode (RHE)
scale and corrected for the iR-drop according to eq 1.

Expie = Eag/agct/amal/ixa + 0207 + 0.059pH — IRy,

(1)
where Epyy is the potential of the working electrode referenced
to the RHE scale, Exg/aci/3 mol/L ka1 iS the measured potential of
the working electrode referenced to 3 mol/L KCI, 0.207 is the
value corresponding to the formal potential of the Ag/AgCl (3

mol/L KCI) reference electrode, I is the current, and R, is the
uncompensated resistance.

3. RESULTS AND DISCUSSION

3.1. Characterization of Spray-Flame Synthesized
LaFe,Co,_,0; (x = 0.2, 0.3) Nanoparticles Using
Acetates or Nitrates as Precursors. Solutions containing
either organic (La-, Fe-, Co-acetate) or inorganic (La-, Fe-, Co-
nitrate) metal precursor salts dissolved in ethanol (35 Vol.%)
and 2-EHA (65 Vol.%) were used for the spray-flame synthesis
of LaFe,Co;_,0; (x = 0.2, 0.3) nanoparticles, as described in
Section 2.1. After synthesis, all samples were heat-treated at
300 °C for 1 h under air flow at atmospheric pressure to
remove adsorbates originating from the synthesis process. The
removal of adsorbed species (e.g., carboxylates) was evidenced
with FTIR measurements of the as-synthesized and heat-
treated samples presented in Figure S9. Additionally,
thermogravimetric analysis (TGA) measurements of the as-
synthesized samples (Figure S10) indicate that >95 Wt.% of
the adsorbates are removed when the samples are heated at
300 °C. The heat-treatment process did not affect the phase
composition/concentration or the crystallite sizes of the
samples as it can be seen in the Rietveld refinements presented
in Figures SS to S8 and Tables S1 and S2. Consequently, only
the heat-treated samples, which were characterized by TEM,
XRD, EDX, XPS, and Mossbauer spectroscopy, were analyzed
and compared in the manuscript.

Particle-size distributions (i.e., histograms fitted to log-
normal size distributions) obtained from the analysis of TEM
images are presented in Figure 1 for the acetate- and the

https://doi.org/10.1021/acs.jpca.2c06601
J. Phys. Chem. A 2023, 127, 2564—2576


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c06601/suppl_file/jp2c06601_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c06601/suppl_file/jp2c06601_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c06601/suppl_file/jp2c06601_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c06601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
a.) Acetate-synthesized
dp=8nm x=0.3
o= 3nm
n =690
T
R x=0.2
-:i'- s=6nm
!: n = 662 -
AN 4l -
AN MY # b 4 { T, 2o

b.)

10 20 30 40 50 60 70 80 90 100 110 120 F
Particle size / nm

Nitrate-synthesized

AR

[prrrrsris o

rrrzssmrsssy=:)

20 30 40 50 60 70 80 90 100110120
Particle size / nm

Figure 1. TEM particle-size distributions of LaFe,Co,_,O; (x = 0.2, 0.3) samples spray-flame synthesized using (a) acetate or (b) nitrate
precursors. TEM images of a region of small particles are presented on the left and identified large particles, on the right.

nitrate-based samples. The two acetate-based samples
exhibited a similar average particle size (d,"™™) of 8 nm as
presented in Figure la. An example of these small particles is
presented on the left TEM picture in Figure la. In the
histograms, identified large particles (>20 nm), which are out
of the log-normal distributions, are indicated with arrows, and
an example of a 113 nm particle from the x = 0.2 sample is
presented on the right TEM image from Figure la. It is
important to mention that the x = 0.2 sample does not
necessarily have a higher number of large particles than the x =
0.3 sample; a statistically representative account of these
particles cannot be obtained solely from the obtained TEM
images.

Compared to the samples synthesized from acetates, nitrate-
based samples (Figure 1b) show a slightly larger average
particle size (d,"™) of 9 and 11 nm for x = 0.2 and 0.3,
respectively. An example of these small particles (<20 nm) is
presented on the left of Figure 1b. Large particles were also
identified and indicated with arrows in the figure. A 57 nm
particle is presented on the right TEM image from Figure 1b.

Even though similar particle-size distributions (up to 20 nm)
were obtained for all samples (Figure 1), BET-specific surface
areas of the x = 0.3 samples deviated from those of the x = 0.2
samples produced from both acetate and nitrate precursors
(Figure 2).

Regardless of the metal precursor type, the x = 0.2 samples
present a similar BET SSA (~100 m’/g). Samples with a
higher iron concentration (x = 0.3) present lower BET SSAs,
61 and 88 m?/g for the nitrate- and acetate-based samples,
respectively (Figure 2). Assuming monodisperse and spherical
particles, the BET-derived particle sizes (dPBET) were calculated
to be ~8.5 nm for both nitrate- and acetate-based x = 0.2
samples, ~14 nm for the nitrate-based x = 0.3 sample, and
~9.5 nm for the acetate-based x = 0.3 sample. The dPBET values
of the x = 0.2 samples closely match the values (d,"™)
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Figure 2. BET-specific surface areas (SSA) of LaFe,Co,_,O5 (x = 0.2,
0.3) samples spray-flame synthesized using acetates or nitrates as
metal precursors.

obtained from the TEM particle-size distributions (Figure 1),
indicating a low content of large particles in both samples. This
is not the case for the x = 0.3 samples in which the dPBET
values, when compared with the dPTEM values, indicate a higher
content of the large particles, especially for the nitrate-based
sample.

The phase composition of the samples was analyzed by X-
ray diffraction (XRD), and the corresponding patterns are
presented in Figure 3. The region between 30° and 35° was
amplified in the diffractograms to better present the qualitative
phase analysis. For all cases and regardless of the precursor
type, the trigonal LaFe Co;_,O; perovskite phase with space
group R3cH was indexed (ICSD 190099: LaFe,,Co0,505).
This phase shows two high-intensity reflections at ~32.9° and
~33.2° that are more clearly separated in the diffractograms
from the nitrate-based samples (inset in Figure 3b).
Furthermore, when increasing the content of iron from 20%
to 30%, the diffractogram shifted to lower 6 values, indicating
the expansion of the unit cell as the ionic radius of Fe** (0.645

https://doi.org/10.1021/acs.jpca.2c06601
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Figure 3. XRD patterns of LaFe,Co,_,O; (x = 0.2, 0.3) samples
spray-flame synthesized using (a) acetates or (b) nitrates as
precursors.

A) is higher than that of Co®* (0.610 A)"” and the Fe—O bond
energy is lower than that of Co—O in the perovskite
structure.”’ This shift was not observed in the acetate-based
sample containing 30% Fe (Figure 3a).

Besides the main peaks of the stoichiometric perovskite
phase, additional features were identified in all diffractograms.
For the acetate-based materials (Figure 3a), the shoulders at
~46.8° and ~22.8° indicate that two substructures are present
in low concentration: (1) the monoclinic La;(Fe,Co;_,);Os
brownmillerite phase with space group P1211 (ICSD 51198:
La;Co;03 or LaCoO,q,;), which is an oxygen-deficient
perovskite-related structure missing one-ninth of the oxygen
atoms, and (2) the monoclinic La,(Fe,Co,_,);0;, Rud-
dlesden—Popper (RP) perovskite-type phase with space
group C12/ml (ICSD 51177: La,Co;0,,). Depending on
the cobalt oxidation state and the amount of iron, this phase
can develop a deficiency or excess of oxygen. The main
reflections (~32.4° and ~33.1°) of these two secondary phases
overlap with the main reflections (~32.9° and ~33.2°) of the
rhombohedral perovskite structure. Comparable results are
also found in the nitrate-based materials. The reflections at
~32.4° and ~33.1° presented in the inset of Figure 3b hint at
the presence of the La,Co;0;, and/or La;Co;04 secondary
phases in low concentrations, especially in the x = 0.3 case.
Additionally, another substructure was identified (Figure 3b):
the tetragonal La,(Fe,Co,_,)O, Ruddlesden—Popper (RP)
phase with space group I4/mmm (ICSD 16404: La,CoO,),
whose main peak is located at ~31.3°.

The presence of lanthanum-rich structures (e.g, La,Co;0;,
or La,CoO,) indicates the possibility of counting with
lanthanum-deficient perovskite-related structures and/or iso-
lated cobalt and/or iron oxides. Even though single oxides
were not identified in the XRD patterns (Figure 3), the
presence of such structures cannot be ruled out, as they might
be present in the samples in low concentrations and as small
particles. Regarding the lanthanum-deficient structures, the
decrease of lanthanum in the perovskite-related structures
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Figure 4. TEM images of the acetate-based (a) x = 0.2 and (b) x = 0.3 LaFe,Co,_,O; samples. [La]/[Co + Fe] and x = [Fe]/[Co + Fe] ratios
calculated from EDX measurements of (c) selected large particles (dP > 20 nm) and (d) regions of small particles of the acetate-based x = 0.2
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sample.

would also generate a decrease of the unit cell volume of the
structure(s), causing the shift of the XRD peaks to higher 26
values as it has been observed for La;,CoO; and for La,CoO;
(w=0.7,0.8,09,1, 1.1) perovskites.m’22 As mentioned above,
the acetate-based samples did not show peak-shifting (Figure
3a), an effect that might not be due to a lack of proper iron
doping but to an averaging effect of high-unit-cell-volume La-
stoichiometric/La-rich structures and low-unit-cell-volume
lanthanum-deficient structures. This is underlined by the fact
that the XRD signals are less sharp as in the case of the nitrate-
based materials. To verify the presence of such La-rich/La-
deficient structures and to analyze the atomic distribution of
iron and cobalt in the different samples, energy-dispersive X-
ray spectra (EDX) were taken from selected areas and particles
and the atomic ratios of lanthanum to the sum of the transition
metal jons ([La]/[Co + Fe]) were calculated along with the
atomic fraction of iron in relation to the total content of iron
and cobalt (x = [Fe]/[Co + Fe]). For the acetate-based
samples, TEM images with EDX results are presented in Figure
4 for the x = 0.2 and = 0.3 samples. The lanthanum-to-
transition metal ratio and the atomic ratio of iron are presented
for the x = 0.2 sample analyzing two cases, identified large
particles (dp > 20 nm) (Figure 4c) and selected regions of
small particles (Figure 4d).

The acetate-based x = 0.2 sample presented single large
particles with lanthanum-to-transition metal ratios ([La]/[Co
+ Fe]) from 1 to 1.6 and iron ratios with respect to the total Fe
and Co amount (x = [Fe]/[Co + Fe]) ranging from 0.2 to 0.26
(Figure 4c). A 56 nm particle is presented in Figure 4a with a
lanthanum-to-transition metal ratio of 1.3 and an iron ratio (x)
of 0.22. This indicates La and Fe enrichment in the large
particles. The enrichment was also identified in regions
consisting of small (<20 nm) nanoparticles (Figure 4d) with
lanthanum-to-transition metal ratios up to 1.5 (average of 1.3
as in the La,(Fe,Co,_,);0;o RP phase) and iron ratios (x) up
to 0.25. Nevertheless, these regions presented mainly low

2569

ratios of iron (x), in the range from 0.10 to 0.20, with
lanthanum-to-transition metal ratios as low as 0.9 as presented
as well in Figure 4a and as expected based on the XRD analysis
from Figure 3a. As references, inductively coupled plasma mass
spectrometry (ICP-MS) measurements of the acetate- and
nitrate-based x = 0.2 samples, presented in Table S3, indicate
that the samples have practically the same global elemental
composition. Regarding the acetate-based x = 0.3 sample
(Figure 4b), large particles, as well as regions containing small
particles, show an enrichment of lanthanum (lanthanum-to-
transition metal ratios up to 1.5) and a slightly higher iron
amount than what is stoichiometrically expected. In the
acetate-based samples, the Fe and La enrichment is not an
exclusive feature of large particles, since this can also be
observed in the regions containing small nanoparticles.
Nevertheless, low concentrations of lanthanum and especially
of iron were more frequently found in the regions of small
particles.

Regarding the nitrate-based samples, the x = 0.2 sample
presented lanthanum-to-transition metal ratios ranging be-
tween 1.1 and 2.5 and iron ratios (x) between 0.11 and 0.37 in
the large particles as it can be observed in Figure Sa,c. In
contrast, the measurements in regions of small nanoparticles
presented a homogeneous elemental distribution, with
lanthanum-to-transition metal ratios of ~1 (or slightly lower,
~0.9 in some regions) and iron ratios (x) of ~0.18. Similarly,
as presented in Figure Sb, the x = 0.3 sample contains La- and
Fe-rich large particles, while the regions of small nanoparticles
have homogeneous lanthanum-to-transition metal ratios of ~1
or ~0.9 in some regions and iron ratios of ~0.28, to
compensate the enrichment in the large particles. Compared
with the acetate-based samples in which the lanthanum-to-
transition metal ratios and the iron ratios are highly variable in
both large- and small-particle regions, the nitrate-based
samples show a strong enrichment of La and high variability
of the Fe concentration only in the large particles. Considering
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that the acetate- and nitrate-based x = 0.2 samples have similar
particle-size distributions (Figure 1) and BET-specific surface
areas (Figure 2) and based on the XRD patterns from Figure 3
as well as on the EDX results (Figures 4 and ), it is identified
that the acetate-based sample has a higher La, Co, and Fe
elemental disorder than the nitrate-based sample, represented
in the presence of a variety of phases (most likely oxygen-
deficient phases according to the XRD results from Figure 3)
deviating from the stoichiometric perovskite structure. As the
structural differences in the acetate- and nitrate-based samples
might create differences in the local environment and
coordination of the transition metal ions with oxygen,
Mossbauer spectra were recorded at room temperature (RT,
293 K) (Figure 6) and measured for all samples to analyze the
oxidation state and coordination of iron ions and the magnetic
environment of the samples.

(a) Acetates (b) Nitrates
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Figure 6. Room temperature Mossbauer spectra of (a) acetate- and
(b) nitrate-based spray-flame synthesized LaFe,Co,_,O (x = 0.2, 0.3)
samples.

As it can be observed in the Mossbauer data obtained at
room temperature (RT) (Figure 6), all samples display doublet
spectra with isomer shifts close to 0.34 mm/s relative to a-Fe,
usually indicative of Fe** with a high-spin (HS: S = 5/2)
configuration.”” The doublets exhibit a quadrupole splitting of
ca. 0.47 mm/s for x = 0.2 and 0.51 mm/s for x = 0.3. The
spectra show no clear evidence of further subspectra;
contributions from low fractions of Fe**-bearing byphases of
similar spectral structure identified in XRD may be super-
imposed by the main doublet. They would thereby only result
in very minor variations in the extracted hyperfine parameters
of the perovskite phase, as discussed further in the following in
regard to Fe coordination and structural information from
XRD analysis.

FeO; oxygen-defect configurations (trigonal/square bipyr-
amidal coordination with RT isomer shifts typically between
~0.2 and ~0.3 mm/s)24 as found in the Mo-substituted
Sr;Fe, 0, 5 most likely occur in the identified
La,(Fe,Co,_,);0,, Ruddlesden—Popper (RP) phase,” espe-
cially in the acetate-based samples. On the other hand, FeO,
oxygen-defect configurations (tetrahedral coordination with
RT isomer shifts typically between ~0.1 and ~0.3 mm/s)**
most likely happen in brownmillerite-type structures (e.g, the
identified Lay(Fe,Co,_,);03 phase), in which tetrahedral
oxygen-deficient BO, (B: transition metal ion) layers alternate
with octahedral BOg layers.26 The FeOq configurations (for
perovskite-type structures at room temperature with isomer
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shifts usually ranging between ~0.3 and ~0.4 mm/s)**
correspond to structures without oxygen vacancies as in the
identified LaFe, Co,_,O; perovskite phase in both acetate- and
nitrate-based samples.””**

As indicated above, the Mossbauer results suggest the
presence of iron with a predominant oxidation state of 3+
(Fe*") in the different analyzed samples and regardless of the
metal-precursor type. This observation is supported by the Fe
2p XPS spectra results presented in Figure S1, in which Fe¥* is
also identified as the main oxidation state of the surface iron
ions.'” Thus, the precursor type does not seem to affect the
oxidation state of iron. Similarly, the oxidation state of cobalt
was not affected by the use of acetate- or nitrate-based metal
precursors as presented in the Co 2p XPS spectra (Figure
§2).73" Nevertheless, the Co oxidation state was affected by
the iron content of the prepared materials. The x = 0.2 samples
(acetate- and nitrate-based) show a Co®*/Co?" ratio of 2, while
the x = 0.3 samples have a higher Co®" content (Co*"/Co*" =
1.2). Contrary to the Fe and Co results, the C 1s XPS spectra
(Figure S3) of the acetate-based samples present clear
variations with respect to the nitrate-based samples. The
acetate-based samples exhibit a higher relative content of C=
0/0-C—O surface species’>** as indicated by the peak at
binding energies (B.E.) of ~288.5 eV, while the nitrate-based
samples show a higher relative content of surface metal
carbonates (B.E. ~ 289 eV).*** Congruently, the La 3d XPS
spectra (Figure S4) of the nitrate-based samples present,
besides the characteristic La 3ds,, multiplet splitting of
perovskite-like structures (4.2 eV)’® also found in the
acetate-based samples, an additional La 3d;,, multiplet splitting
of 3.6 €V related to lanthanum carbonate species.” In order to
further investigate the catalysts, ATR-FTIR spectra of the
samples were recorded and are presented in Figure 7a.

Infrared bands at 843, 1050, 1367, and 1480 cm™" were
assigned to the characteristic 7, v(C—0;) + v(C—0y), v(C—
Oy) + v(C-0y), and v(C—0y) vibrations of unidentate
carbonates (Figure 7a), respectively.”” These bands are more
intense and, hence, point to a higher content of unidentate
carbonates in the nitrate-based samples than in the acetate-
based ones as similarly identified with the XPS results. The
formation of unidentate carbonates on the surface of La,O; or
LaCoO; materials’®*” has been related to the adsorption of
CO, on medium strength Lewis basic sites as O*” anions
which are bonded to metal ions.”” Compared to the nitrate-
based samples, the lower content of carbonates in the acetate-
based samples might be related to the presence of a higher
concentration of oxygen (O>7)-deficient phases as identified
with the XRD analysis (Figure 3), also related to a possible
lower iron—oxygen coordination as indicated in the Mdssbauer
spectroscopy data analysis (Figure 6). Besides the metal
carbonate bands, asymmetric (v,, 1636 cm™") and symmetric
(vy 1346 cm ™) carboxylate (COO) bands were also identified
in all materials (Figure 7).*** An approximation to the
possible coordination mode of the carboxylate groups can be
done based on the separation of the carboxylate bands (v,; —
v,).* In this case, a separation of 290 cm™! indicates a metal-
carboxylate unidentate coordination mode.

A detail of the FTIR spectra between 400 and 750 cm™" is
presented in Figure 7b. The infrared bands in this region are
related to M—O (M: transition metal ions) vibrations in the
perovskite-like structures. Two strong infrared bands were
identified at 536 and 600 cm™!, which have been related to
low-spin (LS) and higher spin (e.g,, intermediate-spin (IS) or
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Figure 7. (a) ATR-FTIR spectra of acetate- and nitrate-based
LaFe,Co,_,0; (x = 0.2, 0.3) samples with (b) an amplified region
between 800 and 400 cm™.

high-spin (HS)) states of cobalt ions, respectively.**> The
acetate-based samples present a slightly higher relative
intensity of the IS state band than the nitrate-based samples
as it can be observed in Figure 7b, which can be related to the
favored IS state of Co ions near oxygen (O?”) vacancies,"**’
also supporting the finding regarding a higher content of
oxygen-deficient phases in the acetate-based samples.

In summary, the use of acetates or nitrates as precursors in
the spray-flame synthesis of LaFe,Co,_,O; materials mainly
influences the elemental distribution of La, Fe, and Co in the
final particles. The acetate-based samples present a random
and inhomogeneous distribution of metal ions regardless of the
particle size. In contrast, the nitrate-based samples present an
enrichment of La and Fe mainly in the few encountered large
particles (d, > 20 nm), while the small particles (average size
of ~10 nm§ contain a homogeneous elemental distribution of
La, Fe, and Co. Especially in the acetate-based samples, the
strong variation in elemental distribution causes the formation
and stabilization of (oxygen-deficient) perovskite-like secon-
dary phases (e.g., brownmillerite, RP phases) with a lower Fe—
O/Co—0 coordination than in the nitrate-based samples.

The materials’ properties of the perovskite-like catalysts can
be finely tuned with the selection of the metal precursor type.
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Still, the understanding of how the metal acetates/metal
nitrates cause the mentioned variations is not clear. While the
acetate group acts as a reducing agent probably influencing the
formation of oxygen-deficient perovskite-like phases in the
spray-flame process, the nitrate group acts as an oxidizing agent
causing the contrary effect. Additionally, when compared to
metal nitrates, the use of metal acetates represents an
additional energy source coming from the exothermic
oxidation of the acetate group, which might further increase
the local flame temperatures, although this effect is probably
small given the low precursor concentration. Nevertheless, the
high variation in the La, Fe, and Co elemental distribution in
all particles of the acetate-based samples and in the large
particles of the nitrate-based samples cannot be explained with
the already mentioned effects. To estimate effects that still
occur in the liquid phase prior to complete droplet combustion
(e.g, during heating and evaporation of droplets) on the
elemental distribution in the synthesized particles, an ATR-
FTIR study regarding the chemical stability of the precursor
solutions was performed and is presented in the following
section.

3.2. Temperature-Dependent ATR-FTIR Analysis of
Precursor Solutions. The ATR-FTIR (attenuated total
reflection Fourier-transform infrared) analysis of precursor
solutions was performed as explained in Section 2.3. The
solutions were prepared by dissolving the corresponding
precursor(s) in a mixture of ethanol (35 Vol.%) and 2-EHA
(65 Vol.%) with a total precursor concentration of 0.2 mol/L.
Magnetically agitated vials containing 20 mL of the prepared
solutions were heated in an oil bath from room temperature
until 70 °C, and at both initial and final temperatures, ATR-
FTIR spectra of aliquots of the solutions were analyzed to
detect possible variations in the precursors and solvents.

3.2.1. Acetates as Precursors. The recorded ATR-FTIR
spectra of a solution containing La(CH;CO,);-H,O in a
mixture of 35 Vol.% ethanol and 65 Vol.% of 2-EHA are
presented in Figure 8a. At 23 °C, the characteristic vibrations
of the acetate ion were identified: asymmetric COO~
vibrations at 1552 and 1530 cm™, (C—C) at 960, 950, and
942 cm™!, §(OCO) at 667 cm™, and 7(COO~)/z(CH) at
610 cm™".*** Heating the solution up to 70 °C caused a
significant decrease in the intensity of all acetate bands while
the intensity of the band at 1589 cm™" increased together with
a shoulder at 1550 cm™. These bands are attributed to the
formation of lanthanum(III) tris(2-ethylhexanoate),”””" sug-
gesting a ligand-exchange reaction between lanthanum acetate
and 2-EHA to form 2-ethylhexanoate and acetic acid. The use
of acetates and long-chain carboxylic acids has been extensively
investigated for the formation of metal (Cu, Ru, Mo, Rh) 2-
ethylhexanoates.>”

ATR-FTIR spectra of solutions containing iron acetate or
cobalt acetate in 35 Vol.% ethanol and 65 Vol.% 2-EHA were
also recorded. In the iron acetate solution case (Figure 8b), the
band at 1591 cm™ corresponds to the v, (COO™) vibration of
an iron carboxylate,” suggesting the formation of iron(II)
bis(2-ethylhexanoate). The intensity of this band increased
with the modification of the temperature of the solution from
23 to 70 °C, indicating a higher concentration of the
carboxylate. In the cobalt acetate solution case (Figure 8c),
the bands at 1613 and 1550 cm™ correspond to the
asymmetric COQO~ vibrations’* of a cobalt carboxylate,
indicating the formation of cobalt bis(2-ethylhexanoate).
Nevertheless, the intensities of the cobalt carboxylate bands
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Figure 8. ATR-FTIR spectra at 23 and 70 °C of (a) lanthanum acetate, (b) iron acetate, (c) cobalt acetate, and (d) La-/Fe-/Co-acetate in a

mixture of 35 Vol.% ethanol and 65 Vol.% 2-EHA.

did not increase with a higher temperature and were not as
strong as those from lanthanum (Figure 8a) and iron
carboxylates (Figure 8b). Besides the carboxylate vibration
bands, three bands at 1732, 1222, and 1197 cm™' were
identified in all cases (Figure 8c), corresponding to the
asymmetric C=0 (1732 cm™) and symmetric C—O (1222
and 1197 cm™) ester vibrations.”
the esterification reaction of ethanol and 2-EHA forming ethyl
2-ethylhexanoate and water."”

To analyze the interaction of the three metal acetates in
solutions of ethanol and 2-EHA, ATR-FTIR spectra (Figure
8d) of solutions containing 10 or 15 mol % Fe(CH,;CO,),
(corresponding to the Fe/(Fe + Co) ratio of 0.2 or 0.3), 40 or
35 mol % Co(CH;CO,),, and S0 mol % La(CH;CO,); were
recorded. The spectra presented in Figure 8d were recorded at
70 °C and are compared with the previously analyzed spectra
of the single acetate solutions at 70 °C (Figure 8a—c). With a
concentration of iron acetate of 10 mol %, the conversion of
lanthanum acetate to lanthanum tris(2-ethylhexanoate) was
slowed down as evidenced by the presence and intensity of the
asymmetric COO™ vibrations at 1552 and 1530 cm™'. The
lanthanum carboxylate band at 1589 cm™" overlaps with the
iron carboxylate band at 1591 cm™, and the carboxylate band
of cobalt bis(2-ethylhexanoate) at 1613 cm™' was not
identified. As presented in the inset from Figure 8d, increasing
the concentration of iron acetate to 15 mol % caused the
shifting of the asymmetric carboxylate band from 1589 to 1591
cm™} suggesting the formation of iron carboxylate, that was
also verified with the decrease of the intensities of the bands at

PR N
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1552 and 1530 cm™". These results hint to the preferential
ligand-exchange reaction of iron acetate with 2-EHA to form
iron carboxylate over the lanthanum carboxylate. Furthermore,
the formation of a cobalt carboxylate was not encountered
when iron acetate was present in solution.

3.2.2. Nitrates as Precursors. ATR-FTIR spectra of
solutions containing La(NO;);-«H,0/Fe(NO;),9 H,0 or
La(NO,;);-«H,0/Co(NO;),:6 H,O in mixtures of 35 Vol.%
ethanol and 65 Vol.% 2-EHA were analyzed separately in a
previous publication.® As background information, it was
identified that the characteristic asymmetric COO™ vibrations
of metal carboxylates were only present in solutions containing
iron nitrate. Furthermore, it was also identified that 2-EHA is
useful to limit the hydrolysis of iron and the low temperature
formation of iron hydroxides. Additionally, it was proposed
that iron nitrate is possibly acting as a catalyst in the
esterification reaction between ethanol and 2-EHA.

For the sake of completeness and for comparison in the
current study, ATR-FTIR measurements were carried out here
regarding the interaction of lanthanum, iron, and cobalt
nitrates in a solution of 35 Vol.% of ethanol and 65 Vol.% of 2-
EHA at 70 °C. The recorded spectra are presented in Figure 9
and correspond to solutions containing 10 or 15 mol %
Fe(NO;); (corresponding to the Fe/(Fe + Co) ratio of 0.2 or
0.3), 40 or 35 mol % Co(NOs;),, and 50 mol % La(NO;);. As
ATR-FTIR measurements of the two solutions at room and
other temperatures did not present appreciable variations, they
are not included in Figure 9.
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Figure 9. ATR-FTIR spectra at 23 and 70 °C of La-/Fe-/Co-nitrate
in a mixture of 35 Vol.% ethanol and 65 Vol.% 2-EHA.

In the solution containing 10 mol % of iron nitrate, the
vibration bands at 1504, 1423, and 1294 cm™! were identified
and assigned to protonated 2-EHA.>” The protonation of the
carboxylic acid has been associated with the first step of the
general esterification mechanism.”® The increase of the
concentration of iron nitrate caused the decrease of the
intensity of the Erotonated carboxylic acid and a slight increase
of asymmetric>> COO~ vibration intensity at 1591 cm™ as
presented in the inset from Figure 9, which corresponds to a
slightly higher concentration of iron 2-ethylhexanoate in
solution. The low formation of iron carboxylate might be a
source of the required initial protons for the catalytic
esterification reaction. The formation of water derived from
this reaction might also lead to the hydrolysis of iron and the
subsequent formation of iron hydroxides at low temper-
atures.”

Comparing the ATR-FTIR results of the acetate-based
solutions to those of the nitrate-based solutions, the formation
of iron and lanthanum (only from La-acetate) carboxylates is
taking place more effectively when acetates are used as metal
precursors. While a low-temperature ligand-exchange reaction
of cobalt acetate was not identified, the heating of the acetate-
based solutions generates two different La and Fe precursors
(acetates and 2-ethylhexanoates), indicating a variety of
precursors in the spray droplets. The formation of these two
types of precursors (acetates and 2-ethylhexanoates) most
likely influences the inhomogeneous elemental distribution of
the metal ions in the final particles based on different
decomposition kinetics of acetate and 2-ethylhexanoate
precursors. A comparison of the thermal decomposition of
(La, Fe, Co) 2-ethylhexanoates with the corresponding acetate
precursors cannot be directly done due to the scarcely reported
data of the decomposition of (La, Fe, Co) 2-ethylhexanoates.
Nevertheless, reported data of cerium acetate and cerium 2-
ethylhexanoate can provide an approximation of the
decomposition temperatures and events of both precursor
types. The main mass loss in the thermal decomposition of
cerium acetate under an inert atmosphere (He) occurs in a
temperature range between 200 and 500 °C.>” In contrast,
temperatures between 250 and 650 °C are required to cause
the main mass loss in the thermal decomposition of cerium 2-
ethylhexanoate.”” Without generalizing, this example is useful
to point out the expected requirement of higher temperatures
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to decompose 2-ethylhexanoate-based precursors when
compared with acetate-based precursors. As the results suggest
that the formation of La and Fe 2-ethylhexanoates proceeds at
different rates and the formation of Co 2-ethylhexanoate was
not identified, different ratios of (La, Fe, Co) precursors
(acetates and 2-ethylhexanoates) are expected in the liquid
phase (e.g., solutions and generated droplets). Together with
the concentration variations, the differences in thermal
decomposition of the acetate and 2-ethylhexanoate precursors
would potentially cause the preferential decomposition of the
acetate precursors leading to the mentioned nonhomogenous
elemental distributions in the synthesized particles. Thus, the
variation of the (La, Fe, Co) elemental distribution in the
acetate-based samples can be related to the formation of the
different identified RP, brownmillerite, and perovskite-type
phases as found with the XRD analysis (Figure 3) and the
associated diverse iron—oxygen coordination as identified in
the Mossbauer analysis (Figure 6).

Contrary to the acetate-based cases, a high variation of the
La, Fe, and Co elemental distributions in the small particles
synthesized using nitrates as precursors was not identified
(Figure 5). The liquid-phase FTIR results (Figure 9) hint only
to a weak formation of iron 2-ethylhexanoate when nitrates are
used as precursors, indicating a higher chemical stability (e.g.,
low degree of ligand-exchange reactions) of the nitrate-based
solutions, which is most likely reflected in the high-elemental
homogeneity of the produced small particles, having mainly
the perovskite-type phase (Figure 3). Nevertheless, in the few
encountered large particles (Figure S), an enrichment of La
and Fe is evident. The use of iron nitrate has been previously
linked to the formation of large particles through the droplet-
to-particle route in the spray-flame synthesis process, in which
iron hydroxides, formed from the hydrolysis of iron in the
liquid phase at low temperatures, precipitate to form such
particles."”” Furthermore, the content of iron nitrate in
solutions of ethanol and 2-EHA has been related to the
catalytic esterification of these solvents to form ethyl 2-
ethylhexanoate and water, increasing the potential of the
hydrolysis of iron and the formation of large particles."> This
effect can be evidenced in the BET-specific surface area (SSA)
results (Figure 2), in which the nitrate-based x = 0.3 sample
presented a significantly lower SSA (61 m*/g) than the x = 0.2
sample (100 m’/g). When one assumes spherical and
monodisperse particles, the lower SSA of the x = 0.3 sample
is related to a higher number concentration and size of large
particles.

3.3. Performance of the Materials in Oxygen
Evolution Reaction (OER). To analyze if the precursors
used during the synthesis, in this case acetates and nitrates,
influence the oxygen evolution reaction electrocatalytic activity
of the resulted materials, RDE measurements were conducted
and the recorded LSVs are presented in Figure 10.

Overall, the LSVs indicate a similar electrocatalytic activity
for LaFe,Co,_,O; (x = 02, 0.3) obtained using the two
different types of precursors. To reach a current density of 10
mA/cm?, potentials around 1.6 V are required, with the
acetate-based x = 0.2 requiring a slightly lower potential
(~1.59(5) V), while for the x = 0.3, 20 mV higher potential
was required. For the nitrate-based samples, the iron
concentration does not influence the recorded current
densities at all. Furthermore, lower slopes of the voltammo-
grams in the linear region from 1.6 to 1.7 V are observed for
the acetate-based samples in comparison with the nitrate-based
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Figure 10. OER linear sweep voltammograms (LSV) of the acetate-
and nitrate-based LaFe,Co,_,O; (x = 0.2, 0.3) samples with a scan
rate of S mV/s and a rotation speed of 1600 rpm. Electrolyte: 1 mol/L
KOH.

samples. This effect might be related to a lower electrical
conductivity®"** of the oxygen-deficient structures, favored in
the acetate-based samples in comparison with the oxygen-
stoichiometric structures that are predominantly present in the
nitrate-based samples.63 The comparison of the LaFe,Co,_,O;
(x = 0.2, 0.3) materials with similar compositions from the
literature shows that the catalysts prepared in this study exhibit
a medium-high electrocatalytic activity close to the state-of-
the-art performance level (Table S4). Based on the findings of
this study, an improvement of the homogeneity of La, Fe, and
Co elemental distribution in the particles should be considered
as a way to improve the activity of the catalysts. Additionally,
better OER activities might be reached by further changing the
Fe concentration (x) as it has been explored in the literature
(Table S4). For example, targeting smaller step sizes (Ax),
LaFe,Co,_,0; (x = 0—1, with Ax = 0.01 instead of Ax = 0.1),
would help identify promising compositions. Nevertheless, this
kind of mapping is time-consuming and challenging, making
the use of high-throughput methods at different levels
(synthesis, characterization, and electrochemical testing)
mandatory. Furthermore, parameters related to the electrode
preparation such as the Nafion-to-catalyst ratio, the type of
substrate, or the coating technology can be explored to further
improve the overall OER performance.

4. CONCLUSIONS

In this paper, we demonstrated that reactions in the precursor
solution used for nanoparticle synthesis in spray flames
influence the product composition and that the cations
(nitrates vs acetates) affect the underlying reactions. Temper-
ature-dependent ATR-FTIR measurements of the precursor
solutions showed that, when metal acetates are used, ligand-
exchange reactions lead to the preferential but incomplete
formation of lanthanum and iron 2-ethylhexanoates. The
practical consequence of this finding for the spray-flame
synthesis is that, in the liquid phase, acetates and 2-
ethylhexanoates coexist as precursors, and as these species
have different decomposition temperatures, preferential
decomposition of acetates over 2-ethylhexanoates is expected,
thus influencing the product composition and structure and
causing inhomogeneous La, Co, and Fe elemental distributions
regardless of the size of the final particles. In contrast, when
nitrates are used as precursors, the main effect observed is
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related to the esterification reaction of ethanol and 2-EHA to
form 2-ethylhexanoate and water. The occurrence of water in
the solution has been linked to hydrolysis reactions leading to
the formation of metal hydroxides. This effect was found to be
especially strong in the case of iron, causing precipitation of
metal hydroxides in the precursor solution already at low
temperatures leading to large particles. For materials
synthesized from nitrates, inhomogeneous elemental distribu-
tions were encountered predominantly in the large particles.

For all samples, similar OER activities were identified,
independent of the type of precursor used during the synthesis,
requiring a potential of around 1.60 V vs RHE to reach a
current density of 10 mA/cm”. However, lower slopes of the
voltammogram region from 1.6 to 1.7 V for the acetate-based
samples hint to lower electrical conductivities of these samples
in comparison to the nitrate-based samples.
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