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Introduction

Generation of hydrogen with renewable electricity is
a key technology toward renewable and sustainable
energy production. For this purpose, alkaline (AEC),
proton-exchange membrane (PEMEC) electrochemi-
cal cells have been developed for water electrolysis
[1, 2]. In these systems, the anodic oxygen-evolution
reaction (OER) is the bottleneck reaction due to the
involvement of a four-electron transfer process and a
high number of intermediate species of surface
adsorbates, which increases the overpotential
requirement and thus, the cost of the electrolysis
process [3, 4]. Additionally, the high cost and scarcity
of the benchmark catalysts IrO, and RuO, has trig-
gered investigations of transition metal-based oxide
catalysts to develop earth-abundant, cheap, OER-ac-
tive and stable electrocatalysts [5, 6]. Materials
selection for these oxide catalysts are based on critical
OER descriptors some of which include the bonding
strength of metal hydroxide/oxyhydroxide [7], the
concentration of oxygen vacancies [8], the number of
3d electrons at the surface transition metals with eg
symmetry [9], as well as the elastic strain [10] and
surface metal-oxygen coordination [11]. More
recently, different kinds of machine learning strate-
gies have also been developed to predict OER
descriptors and suitable catalysts for water oxidation
catalysts [12, 13].

Transition metal-based perovskite oxides (.e.,
ABO; compositions with A being rare-earth ions and
B being transition-metal ions) are promising materi-
als as water oxidation catalysts owing to their high
ionic and electronic conductivity, structural stability,
and chemical versatility [14]. A recent report on
intrinsic OER activity of different perovskite oxides
shows that the semiconducting LaCoO; is one of the
most active catalysts, having more than one order of
magnitude higher OER activity compared to metallic
LaNiOs; [15]. The report emphasizes that near-Fermi-
level d-orbitals in cobaltite perovskites have an
important effect on enhancing electron conduction
and OER catalysis. The spin-state configuration of
trivalent cobalt ions in LaCoO3 determines the degree
of e, filling, and Co’* ions in intermediate spin states
show the highest OER activities as they lead to higher
charge transfer rates [14]. Substitutional doping of A-
and B-site cations in LaCoOj;-type structures is also
widely used to tailor their electronic properties for
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OER [16]. For instance, partial substitution of La3t
ions by Sr** jons in La;_Sr,CoOs perovskites
induces a notable increase in their OER activities with
increasing Sr concentrations. These perovskites show
OER activities comparable to those of IrO, bench-
mark catalysts due to increasing bond covalency of
Co-O, and high diffusivity of oxygen ions with Sr
substitution [17]. On the other hand, the substitution
of Co with Fe or Cr increases the overall density of
Co 3d states near the Fermi-level, thereby enhancing
the charge transfer between transition-metal ions and
adsorbates during OER catalysis [15]. A low con-
centration of these B-site substitutes is considered
beneficial to improve the OER activity of LaCoO;,
while not drastically reducing the perovskite’s elec-
tronic conductivity. Similarly, A-site substitution at
low concentrations is beneficial in terms of keeping
structural stability of LaCoO; during OER and
reducing surface segregation of A-site cations [18].
Thus, it is of interest to investigate 0-20 at% A- and
B-site substituted LaCoOj; as promising catalysts for
OER.

Pristine and substituted perovskite cobaltites have
been prepared as electrocatalysts for water oxidation
by numerous techniques. Most recently, 3d inverse
opal non-stoichiometric LaCoO5_s was prepared by
colloidal template techniques [19], and PrysBags
CoO;_;s perovskites were deposited on NdGaOj; sub-
strates using pulse-layer deposition [20]. Also,
LaCop7Mng 305 particles were previously prepared
by hydrothermal synthesis [21], while LaCo;_,Fe,O;
and La;_,Sr,CoO; particles were synthesized by sol-
gel and molten-salt synthesis processes [22, 23].
Lately, gas-phase synthesized perovskite cobaltites
have been shown as promising OER catalysts in our
reports [24, 25]. Lab-scale spray-flame synthesis
enabled the production of nanosized LaCoO; and
LaCo;_.Fe,O; particles with enhanced OER activities
compared to the other Co-based catalysts in the lit-
erature [26]. Owing to its high temperature and low
residence time, spray-flame synthesis enables a scal-
able synthesis of crystalline, high surface-area
nanoparticles. The gas-phase nucleation process
provides an ideal mixing of dopant metal ions in
perovskite nanoparticles and allows the synthesis of
various cation-substituted perovskite cobaltites.
Spray-flame synthesized La;_,Sr,CoO; perovskites
have not yet been studied as OER catalysts. However,
considerable amounts of unburned organic combus-
tion residuals are typically adsorbed on the as-
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prepared high surface-area perovskites, and mild
annealing at ~ 250 °C is necessary to clean them
from these carbonaceous residues. For the direct use
of the catalysts, it would be advantageous if such a
post-annealing can be avoided.

In the present work, we report the preparation of
pristine, Fe- and Sr-substituted LaCoO3; nanoparticles
as OER catalysts in a single step through spray-flame
synthesis. The influence of cation substitution on the
crystallographic and electronic structure as well as
the surface composition of LaCoO; perovskites was
elucidated through structural, spectroscopic and
thermal characterization techniques. The perovskite
substitutions that led to the highest OER activity
were determined.

Experimental section
Materials

The metal precursors of lanthanum(ll) acetate
hydrate  (La(CH3;COO);xH,O, 99.9%, Sigma-
Aldrich), cobalt(Il) acetate tetrahydrate (Co(CHj;
COO0),-4H;0, > 98%, Sigma-Aldrich), strontium(II)
acetate (Sr(CO,CHaj),, 99%, Sigma-Aldrich), and
Fe(I) acetate (Fe(CO,CHs),, > 99%, Sigma-Aldrich)
were used to synthesize Sr- and Fe-substituted
LaCoOj3; nanoparticles. Propionic acid (> 99%, Sigma-
Aldrich) and 1-propanol (anhydrous, 99.7%, Sigma-
Aldrich) were used as solvents. TGA measurement
was used to calculate the total amount of crystal-
lization water in lanthanum(IIl) acetate hydrate, and
La(CH3COO)5-1.13H,0 was determined as its chem-
ical formula.

Synthesis of catalysts

A homemade spray-flame reactor allowing full con-
trol of gas flows and pressure was used to synthesize
perovskite nanoparticles. The reactor setup was
illustrated in our previous reports [26-29], and a
representative photographic image of the spray flame
observed during the synthesis of LaCoOj is shown in
Fig. S1 in the supplemental material. For the prepa-
ration of the precursor solutions, a mixture of
1-propanol and propionic acid was initially stirred in
a glass flask for 5 min at room temperature. The total
metal concentration of La-Sr-Co and La-Co-Fe was
adjusted to 0.2 M, and the La-, Co-, Sr- and Fe-
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acetate-based precursors were then added to the
solvent mixture. The solution in the flask was set
inside a thermalized silicon oil bath (60 °C). The
precursor salts were then stirred for at least 1 h until
all precursors were fully dissolved. The nominal
atomic ratios of Sr/(Sr + La) were selected as 0, 0.1,
and 0.2, while Fe/(Fe + Co) ratio was adjusted to 0.2.
Table S1 summarizes the precursor solution charac-
teristics used for the syntheses.

For the spray-flame synthesis process, CH, and O,
were premixed and supplied through a sintered plate
into the reactor chamber to form a stable flat pilot
flame, which is used to ignite and stabilize the spray-
flame [30] located in the center of the pilot flame
(burner nozzle). Sheath and quench gases (com-
pressed air) were used to stabilize the flame and to
cool the reactor off gas. The precursors (lan-
thanum(Ill) acetate hydrate, cobalt(Il) acetate
tetrahydrate, strontium(Il) acetate, Fe(Il) acetate)
were dissolved in propionic acid and 1-propanol
mixture at 60 °C, and the solution was kept at this
temperature during the synthesis. The solution was
transferred to two syringe pumps that were con-
nected to a capillary (0.4 mm inner diameter and
0.7 mm outer diameter) in the center of the burner
nozzle. Spray formation was achieved by atomization
with the dispersion gas (O,) fed through an annular
gap surrounding the capillary. The pressure inside
the reactor chamber, volume flows of dispersion O,,
sheath and quench gases were then adjusted to sta-
bilize the spray-flame and reactor gas flows. During
the syntheses, a filter sheet inside the filter house
connected to the reactor chamber was used to filter
particles from the particle-laden exhaust gas. After
the synthesis, the filter house was kept under low
pressure to remove physisorbed water. Then, the
filter house was dismantled, and nanoparticles were
harvested from the filter sheet. Table S1 shows the
process parameters used for the syntheses.

Catalyst characterization

X-ray diffraction (XRD) patterns were measured with
a PANalytical X'Pert PRO X-ray diffractometer
operated at 40 kV and 40 mA using Ni-filtered Cu-K,
radiation and a linear position sensitive X’'Celerator
detector in combination with a monochromator. A
silicon single crystal was used as sample holder, and
the diffraction data of as-prepared nanoparticles
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were measured in 20 from 15-65° with a step size of
0.03° and a scan speed of 0.05° min™".

The whole profile fitting of XRD patterns was per-
formed using GSASII [31]. Microstrain values obtained
from Williamson-Hall plots in our previous study [32]
were used and not further refined. For the Fe20, the
lattice strain of 0.0047 was calculated from the Wil-
liamson-Hall plot based on the peak broadening of its
XRD pattern. Polynomial background function, scale
factor, lattice parameters and crystallite sizes were
refined, and the results are tabulated in Table S2.

Raman spectra were measured using a He:Ne
Laser with 633 nm and with a Power of ~ 0.85 mW.
Each spectrum was obtained with 100 scans, and the
measurement spot size is ~ 15 pm. The Raman sig-
nals were calibrated with respect to the reference
signals of a silicon wafer around 520 nm.

High-angle annular dark field scanning transmis-
sion electron microscopy HAADEF-STEM), and
energy-dispersive X-ray spectroscopy (EDX) were
performed at a JEM-2200FS (JEOL, Akishima, Japan).
As-prepared nanoparticles were ultrasonically dis-
persed in ethanol for 5 min, and a droplet from the
dispersion was dropped on a carbon-coated copper
grid for TEM measurements.

Simultaneous thermal analysis (STA) measure-
ments coupled with mass spectrometry (QMS) were
performed on a NETZSCH STA 449F1 with a built-in
QMS. Approximately 40 mg of the powder samples
in Al,Oz crucibles were heated between 37 and
1200 °C with a heating rate of 10 K min~" under Ar.

A VersaProbe II (Ulvac-Phi, Chanhassen, USA) was
used to measure XPS spectra of the nanoparticles. Al
K, light (hv= 1487 eV) with a pass energy of 12.3 eV
was used to obtain the regional XPS spectra of Co 2p,
La 3d,5r 3d,C 1s,and O 1 s. For the measurement of
Fe2p and Co2p in the Fe20 sample, Mg K, light
(hv= 1254 eV) was used to measure the atomic ratio of
Fe/(Fe 4+ Co). A Shirley background function was
used to fit the background of all the spectra. The
binding energies of all spectra were corrected to Cls at
284.8 eV. The deconvolution of Ols and Sr3d spectra
was carried out referring to previous reports [33-35].
The deconvolution of Co2p peaks was done with
respect to the detected XPS signals.

XAS data were collected at the SAMBA beamline of
the SOLEIL synchrotron. The beamline uses a Si (220)
double crystal monochromator for selection of the
incident beam energy. The data were collected at room
temperature in transmission mode using gas ionization
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chambers. Samples were prepared as pellets by mixing
the nanoparticles with boron nitride to approximately
1% Co concentration and covered with 38 um Kapton
tape. The incident energy was calibrated by setting the
first inflection point of the Co K-edge XAS spectra to
7709.0 eV for a Co foil. Data were collected at room
temperature. XANES and EXAFS data were processed
with the Athena program and analyzed using Artemis
with the IFEFFIT software package [36]. The baseline
correction of the pre-edge was done using the XAS
viewer from the Larch package [37].

Electrochemical tests

The electrochemical measurements were performed
in a three-electrode cell set-up using an Autolab
PGSTAT bipotentiostat/galvanostat (Metrohm). Cat-
alyst inks (5 mg mL™") were prepared by dispersing
the catalyst powder in volumetric mixtures of ultra-
pure water, ethanol, and Nafion® solution
(~ 5 wt%, ~ 0.9 g cm ) in the ratio of 49:49:2. After
15 min sonication, the ink was drop cast on polished
glassy carbon rotating disk electrodes to obtain a
catalyst mass loading of 210 pg cm ™2 The catalyst-
coated electrode, a platinum mesh, and an Ag/AgCl
(3 M KCl) electrode were used as working, counter,
and reference electrodes. The counter electrode was
separated from the bulk electrolyte using a separated
compartment equipped with a glass frit.

A 1M KOH solution was purified over Chelex®
100 and wused as electrolyte. To determine the
uncompensated resistance (Ry), electrochemical
impedance spectra were collected at the open-circuit
potential within a frequency range from 100 kHz to
100 Hz and using a 10 mV (RMS) AC amplitude.
Prior to the activity measurements, a conditioning
step was conducted by ten cyclic voltammograms in
a potential window of 0.0 to 0.40 V vs. Ag/AgCl 3 M
KCl) with a scan rate of 100 mV /s without electrode
rotation. Then, activity measurements were done by
linear sweep voltammetry in the potential window of
0.0 to 0.8 V vs. Ag/AgCl (3 M KCl) with a scan rate
of 5mV s~ at a rotation speed of 1600 rpm. All
experiments were performed three times for each
catalyst. The OER stability was determined from
chronopotentiometric measurements after collection
of the impedance spectra and the conditioning step as
described above. The modified electrodes were held
at 10 mA cm ™ for two hours at a rotation speed of
1600 rpm. The recorded potentials were converted
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from the Ag/AgCl (3 M KCl) scale to the reversible
hydrogen scale (RHE) using Egs. 1 and 2.

EruE = Emcasured + EOAg/AgCl(SMKCl) + OO59PH —i-R,
(1)
pH =14+ log ([OH]) + log (y) (2)

Erye is the working electrode potential with refer-
ence to RHE, Ecasured 1S the measured potential at
the working electrode with reference to Ag/AgCl
(3 M KCD), EOAg /AgCl 3 M kc is the formal potential
of Ag/AgCl (3 M KCD) vs. RHE, pH denotes the pH
value, which was obtained considering the OH™
concentration and using an average value of y = 0.766
[38—40] for the activity coefficient of KOH in water
(Eq.2), i is the measured current and R, the
uncompensated resistance.

The electrochemical active surface area (ECSA) for
each catalyst was estimated from the electrochemical
double-layer capacitance (Cpp). Cyclic voltammo-
grams were recorded in the OCP + 0.05 V potential
window using different scan rates (v): 0.005, 0.01,
0.02, 0.025, 0.03, 0.04 and 0.05 V/s. 10 s waiting time
was used between the anodic and the cathodic scans.
The measurements were performed triple for each
catalyst. The double-layer charging current ic was
plotted against the scan rate (v), and the electro-
chemical double-layer capacitance was obtained by
extracting the slope of the resulting line using Eq. (3).
The charging current ic was calculated from the
average of the absolute currents from the anodic and
the cathodic scan of the CV for a given potential in
the non-Faradaic region at the respective scan rate.

Ic
Co=— (3)

The corresponding Cpy, value was used to calculate

the ECSA, using Eq. (4).
ECSA = P (4)
Cs

where Cs is the specific capacitance in alkaline solu-
tion, which is approximately 0.04 mF cm ™2 [41].

Results and discussion
Catalyst characterization

Pristine, Fe-/Sr-substituted LaCoO; nanoparticles
were synthesized by spray-flame synthesis and
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characterized in the as-prepared state. LaCoOj;
nanoparticles were labeled as LCO, while the molar
fractions of Sr and Fe precursors were used for
denoting the substituted LCO; i.e., Sr- and Fe-con-
taining perovskites were labeled as Sr10, Sr20, and
Fe20.

The phase composition of as-prepared nanoparti-
cles was determined by XRD measurements shown in
Fig. 1. The crystalline nature was identified by the
intense and narrow diffraction peaks and confirmed
by STEM measurements showing highly crystalline
perovskite crystals (Fig. S2a). The surface morphol-
ogy of all the perovskite crystallites shows a similar
crystalline structure, and no notable change is
observed in the surface structure of LCO after Fe- or
Sr- substitution (the inset in Fig. S2a). All XRD pat-
terns predominantly match with those of the rhom-
bohedrally distorted cubic structure with the space
group of R 3 ¢ [42]. It is noteworthy to mention that
the observed XRD patterns can also have relevance to
the diffraction peaks of oxygen-deficient LaC00O; o037
with the space group of R 3 ¢ H (ICSD: 153995) as
stated in our previous report [32]. The most intense
diffraction peak of LCO at 20 ~ 32.8° and the broad
peak at 20 ~ 47.3° show an increase upon Sr sub-
stitution while decreasing upon Fe substitution
(Fig. S2b). To clarify the changes in the peak shapes,
the whole pattern refinements were done, and the

Sr20 i
Sr10 NV/\\W
——LCO ;
Fe20 m/\\w_
LaCoO, -—~/A\MM~
ICSD153995 S N

Intensity / a. u.

42 44 46 48 50 52

16 20 24 28 32 36 40 44 48 52 56 60 64
20 /°

Figure 1 XRD patterns of as-prepared pristine, and Fe-/Sr-
substituted LaCoO; perovskite nanoparticles.
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lattice parameters and crystallite sizes were calcu-
lated (Table S2). Accordingly, the lattice parameters
of LCO in the a and c axis show a marginal increase
with Sr substitution. With Fe substitution, the lattice
parameter of LCO in the a axis increases pro-
nouncedly, while that in the c axis shows a
notable decrease. These results suggest that com-
pared to Sr substitution, Fe substitution into LCO
creates a significant change in their lattice constants.
In addition, the crystallite sizes calculated from pure
and substituted LCO show an increasing trend in the
order: Fe20 < LCO < Sr10 < Sr20. The crystallite size
order is mainly in agreement with the TEM particle
sizes of the samples as indicated in Table S2. These
results also suggest that the differences in XRD peak
intensities of Sr10, Sr20, Fe20, and LCO at 20 ~ 32.8°
and ~ 47.3° are most likely originating from the
differences in the peak broadenings. It should be
noted that such broadening can be not only due to
different crystallite sizes but also to lower micros-
trains of Sr10 and Sr20 than in LCO as calculated
from Williamson-Hall analysis in our previous report
[32].

The inset in Fig. 1 gives more insight into the
crystal structures of the perovskite samples. Sr sub-
stitution results in higher diffraction peaks at
20 ~ 46.8°, shown by the black arrow, next to the
main diffraction peak of R 3 c at 20 ~ 47.3°. These
findings indicate the presence of another crystal
structure or local structuring in Sr-substituted LCO
crystallites. Thus, the crystalline symmetry of the
perovskites was further investigated using Raman
spectroscopy measurements to explain the observed
changes in the XRD patterns, and the results are
shown in Fig. 2.

The Raman spectrum of LCO shows sharp bands
at ~ 147 and 678 cm™" together with the minor bands
at 400, 472, 608 cm™'. The band at ~ 147 em™ is
associated with Eg La stretching vibration, while that
at ~ 678 cm™' corresponds to the breathing Ay,
mode of oxygen ion cage [43]. Although the band
at ~ 678 cm™' is Raman-inactive for rhombohedral
perovskites, they show high scattering intensity due
to strong electron-phonon interactions [43]. These
bands can be associated with breathing A,, mode in
monoclinic [2/a symmetry [44]. Alternatively, these
bands can be also related to local Jahn-Teller (JT)
distortions in the semiconducting phases of cobaltite
perovskites [45]. The band at ~ 400 cm™' can be
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—Sr20
147 472 608 ——5r10
i 400 678 —LCO

i Fe20

Intensity / a.u.

_./_/_/w

200 400 600 800 1000 1200 1400 1600
Raman Shift / cm™

Figure 2 Normalized Raman spectra of the pristine and Fe-/Sr-
substituted LaCoO; perovskite nanoparticles.

associated with intermediate spin state (IS) in
LaCoO; [44]. The band at ~ 472 cm™ can be related
to the E; bending vibrations in the non-JT distorted
phase [45]. The broad band between ~ 550 and
650 cm™! shows a peak at ~ 608 cm™. This band can
be assigned to the bending-type vibrations of A, and
B, symmetry in the JT distorted phase.

Upon Fe substitution, broadening of the band
at ~ 678 cm™! toward lower wavenumbers is visible,
and no splitting of the bands at ~ 608 cm™ appears.
Higher broadening and smaller splitting of phonon
bands were previously detected in infrared reflec-
tivity spectra of LaFeO3; compared to that of LaCoOj3
[46]. These findings suggest the broadened bands
between ~ 600 and 670 cm™' may be associated with
orthorhombic distortions in Fe20, as these distortions
are mainly related to rigid rotation of the octahedra,
and thus, have little influence on the splitting of
phonon bands [46]. Furthermore, the band intensity
at ~ 400 cm™" decreases significantly, and this find-
ing can be attributed to a lower content of IS states in
Fe20 compared to LCO. Besides, the multi-phonon
scattering bands are visible at ~ 343 and 1586 cm™
in Fe20 and they likely appear due to much higher
Raman signals detected for Fe20 compared to other
samples (i.e., approximately six times more intensity
in Fe20).

Upon Sr substitution, the scattering intensity of the
bands at ~ 147 cm™" appears higher relative to those
between ~ 450 and 800 cm™'. Higher intensities
at ~ 147 cm™ correspond to the increasing E,
stretching vibration of La upon Sr substitution.
Compared to LCO, Sr10 and Sr20 do not show
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intense features at 608 cm™!, and this finding can be
associated with lower degree of JT distortion in Sr-
substituted LaCoQOs.

Monoclinic distortions in the crystal structure of
cobaltite perovskites were previously associated with
the presence of the intermediate spin state of Co>*
ions [47]. Thus, for a more detailed analysis, the
electronic structure of Fe-/Sr-substituted LCO sys-
tems was further investigated using X-ray absorption
spectroscopy (XAS).

The Co K-edge XAS spectra of powder samples
measured in transmission mode are shown in Fig. 3.
The spectra are fairly similar with some subtle dif-
ferences in the pre-edge and white line regions. The
pre-edge features originate from the quadrupole-al-
lowed, dipole-forbidden 1s—3d transitions. For the
Co>" ion in these perovskites, the 3d levels are anti-
bonding tzg* and eg* orbitals. The lowest energy con-
figuration expected for the Co’* is a low-spin (LS)
(t25°) configuration, which should have only one pre-
edge feature (from 1s — e,). Nevertheless, inter-
mediate-state (IS) (t2g5 egl) and high-spin (HS)
(trg' e,”) configurations have been shown to be
accessible at room temperature [48]. The pre-edge of
the LCO shows two features separated by 2 eV,
indicating that the Co ions are partially in the IS and/
or HS configuration. In addition to the transition to
the partially filled t,, orbitals from the HS and IS
configurations, there are several additional mecha-
nisms that would explain the intensity of the low
energy feature (7709.5 eV) of the pre-edge. Based on
the analysis of XPS satellite features in Fig. 53, Co2p
spectra show that the Co*" content in Sr10, Sr20 and
LCO is slightly higher than in Fe20, and this more
reduced fraction would contribute to the low energy
region of the pre-edge. Additionally, it has been
described that for cobaltite perovskites, ligand to
metal charge transfer (LMCT) plays an important
role, increasing the amount of ligand holes and oxy-
gen vacancies [49, 50].

The LCO has the highest intensity in the pre-edge
region, which could be explained by a higher oxida-
tion state (more d-holes), a decreased separation
between the f,; and e orbitals or higher JT distortion.
The position of the rising main edge (corresponding
to 1 s — 4p transitions) is also sensitive to the oxi-
dation state of the absorbing ion. In Fig. 3, the posi-
tion of the edge does not significantly change among
the samples. When determined from the first
derivative maximum, the LCO edge is slightly shifted
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Figure 3 a Normalized Co K-edge XAS of the pristine and Fe-/
Sr-substituted LCO. The inset shows the pre-edge region in detail.
b The magnitude part of the Fourier transform of the EXAFS.

to higher energy (~ 0.1 eV), which is in agreement
with the pre-edge intensity and position and indi-
cates a small decrease in valency for the Sr- or Fe-
containing perovskites. A previous report by Haas
et al. regarding a series of Sr-substituted lan-
thanum cobaltite perovskites (x5, =0.3 and 0.5)
showed a decrease in the high-energy feature of the
pre-edge upon Sr loading, which the authors attrib-
uted to increased LMCT contributions upon Sr
loading as a result of oxygen vacancies [49].
Another interesting feature of the XAS spectra is
the decrease in the maximum intensity at the
absorption edge (white line), also observed by Haas
et al. [49], and assigned to a decrease in covalency,
LMCT-induced shake down processes, and increase
in the disorder in the structure. The introduction of Sr
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induces distortion and disorder, which results blur-
ring the absorption process along the energy axis and
therefore lowering the intensity of the white line. We
can see that the effect is absent for the Fe-substituted
perovskite, since the Fe>™ ion does not induce as
much distortion at the Co. The extended X-ray
absorption fine structures (EXAFS) also support this
point. Figure 3b shows the Fourier transform (FT) of
the k>-weighted EXAFS data. These spectra indicate
that the overall structure of the cobaltite perovskite is
maintained upon substitution with Sr or Fe. The most
intense peak R =1.5 A corresponds to the Co-O
scattering path, while the rest of the features arise
from several single and multiple scattering paths,
e.g.,, Co-La, Co—Co-5r, Co-O-0O, Co-O-Co. Addi-
tionally, one should also consider that the samples
contain mixtures of rhombohedrally distorted cubic
and monoclinic structures. As a result, the EXAFS
fitting and interpretation of the full R-space is very
complex. Nevertheless, the first shell Co-O peak can
be accurately fitted. We used this fitting to obtain
accurate Co-O distances, which can be related to the
valence state of the Co, as well as the coordination
number to interrogate oxygen vacancies. Although
the different perovskite structures can have some
Jahn-Teller distortions which results in several dif-
ferent distances for the Co-O, the resolution of the FT
EXAFS does not allow unambiguous determination
of three different Co-O distances. We did two types
of fits, one where the coordination number (CN) was
allowed to float and another where it was fixed to 6.
For both fittings protocols, the amplitude reduction
factor (S3) was set to 0.9 and the Co-O distance, edge
energy correction (AEy) and the Debye-Waller factor
(6%) were allowed to float. The R-factor gives a frac-
tional misfit (not scaled by the data uncertainty).
The results shown in Table S3 and Table 54 show
very small variations for the Co-O distance, and
almost identical values for both fittings. The shortest
Co-O distance was fitted for the LCO sample, in
agreement with the slightly higher oxidation state
indicated by the edge position and the pre-edge
intensity. The variations among the other samples are
within the error limit. As mentioned above, a higher
o” indicates a more disordered structure for the Sr10
and Sr20 perovskites, and it is also reflected by the
intensity decrease in the features at R =3 A, indi-
cating a long-range disorder beyond the first coor-
dination sphere. The fitting of the coordination
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number indicates that the maximum oxygen vacan-
cies are present in the Sr20 sample, while the other
three have similar values (Table S3). This result is
consistent with the expectation that Sr** substitution
of La®* ions must be balanced by ligand holes.

Besides the structural analysis of the Fe/Sr-substi-
tuted perovskites, the temperature response was also
investigated by heating the as-prepared nanoparticles
in a controlled atmosphere to determine organic
species released from the samples. For this purpose,
the samples were heated under Ar from 37 to
1200 °C, and the total weight loss and the nature of
the released species were determined by STA cou-
pled with mass spectrometry (QMS) as shown in
Fig. 4a. The STA curves of all samples show a mass
loss of about 4.7 wt% until 300 °C, which can mainly
be attributed to the release of adsorbed H,O and CO,
originating from burning residuals as identified in
the mass spectrometry graphs shown in the inset. On
top, the STA curves indicated that LCO, Sr10, and
5r20 have higher mass losses between 300 and 620 °C
compared to Fe20 (~ 3.0 wt% vs. 1.3 wt%), and this
result can be correlated with more intense QMS sig-
nals for H,O and CO, as demonstrated in the inset
and in Fig. 4b. The sharp signals at ~ 325 °C can be
associated with H,O desorption of surface-bound
La(OH); while those at 380-390 °C can be related to
CO, desorption of surface-bound SrCO; and La,O,
CO; [51]. The mass losses of LCO, Sr10 and Sr20
between 500 and 800 °C correlate with increasing
QMS signals of CO,. Signals at ~ 700 °C were pre-
viously observed for the CO,-TPD profiles of Sr-, Co-,
and Fe-based perovskites [52], and they suggest the
thermal decomposition of bulk CO; species, ie.,
SrCO;5 and La,O,COs.

Overall, Fe-substituted LaCoO; perovskites mostly
impede incorporation of carbonate ions into per-
ovskites and their mass loss is mainly due to the
release of adsorbed water and CO, from burning
residuals. On the other hand, pristine and Sr-substi-
tuted LaCoO; perovskites have much higher mass
losses due to the bulk CO; species decomposed from
S5rCO; and La,0O,CO; at high temperatures.

While the B-site (Fe vs. Co)-substituted LaCoO;
perovskites typically show homogeneous substitu-
tional doping, A-site-substituted La;_,Sr,CoO; per-
ovskite crystals often lack from an inhomogeneous
distribution of Sr atoms with excess Sr at the surface
[18]. Thus, the materials were investigated by XPS
measurements. Mg-K, radiation (E = 1254 eV) was
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used to eliminate the Auger peaks of cobalt on Fe2p
spectra for the quantification of Fe and Co XPS sig-
nals. The integral areas of the La3d, Sr3d, Co2p and
Fe2p spectra were calculated, and the results are
summarized in Table 1. In case of Fe20 (Fig. 54), the
ratio Fe/(Fe + Co) indicating the degree of Fe sub-
stitution was found near 0.21, being close to the
intended ratio of 0.25, and indicating homogeneous
distribution of Fe atoms in Fe20. La/(Co + Fe) of 0.95
and O/(Co + Fe) atom ratios of 2.93 also confirm
that, the surface composition of Fe20 is close to the
stoichiometric perovskite composition. In LCO, the
La/Co ratio of 0.95 is similar to those of Fe20, but an
O/Co ratio of about 2.78 suggests a higher surface
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Figure 4 a STA measurement of pristine and Fe-/Sr-substituted
LaCoO; and QMS measurement of H,O (inset). b QMS
measurement of CO, released from the same measurement.
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oxygen deficiency in this sample, in agreement with
the EXAFS fittings shown above.

For Sr10 and Sr20, SrCO; could be identified from
the regional XPS Sr3d spectra (see Fig. S5) as also
assumed from the STA analysis. For the composi-
tional analysis, the integral area of Sr originating
from SrCOj; was subtracted from the integral area of
the Sr3d spectra to determine the Sr atoms associated
with perovskites (see Sr/(Sr + La) and (La + Sr)/Co
in the parentheses). Sr/(Sr + La) ratios correspond-
ing to 20 and 33 at% of Sr were obtained for Sr10 and
5r20 and confirm the excess amount of Sr atoms. The
(La + Sr)/Co ratio of 0.92-0.97 and O/Co of 2.80 in
Sr10 is close to those of LCO and Fe20. In Sr20, the
A-site surface atoms are slightly more concentrated,
and the reduction in the (La + Sr)/Co ratio near 1.00
(after subtracting the SrCOj; signals from Sr3d spec-
tra) implies an excess of A-site atoms due to the
formation of SrCOs;. Also, the surface O/Co ratio of
S5r20 was higher than for the other samples, in con-
trast to what was observed in EXAFS. This excess
oxygen can also be assigned to surface SrCO; and/or
Sr(OH), species. To summarize, Sr atoms are enri-
ched at the surface of Sr10 and Sr20, which can be
primarily attributed to the surface formation of
SrCO;. This effect is more pronounced at higher Sr
substitutions.

Segregation into multiple phases is also observed
when heating as-synthesized Sr20 for 5 h at 250 °C
under oxygen. The comparison of its diffraction
pattern with that of as-prepared Sr20 shows that after
the heat-treatment SrCO;, Co30, and La,CoO, pha-
ses appear (Fig. S6). These results suggest some
metastability of the as-prepared material, which is
supported by the findings from EXAFS which
demonstrated a long-range disorder beyond the first
coordination sphere, especially for Sr20.

Table 1 Surface composition of pristine and Fe-/Sr-substituted
LaCoOj; perovskites determined by analyses of regional XPS
spectra of La3d, Sr3d, Co2p, Fe2p, and Ols

Catalyst Fe20 LCO Srl0 Sr20
Fe/(Fe + Co) 021 - - -

(La+ Sr/(Co + Fe) 095 095 097 (0.92) 1.09 (1.00)
Sr/(Sr + La) - - 0.20 (0.15) 0.33 (0.25)
O/(Co + Fe) 293 278 280 3.20
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Next to the physical characterization of the as- (a)
prepared perovskite samples, their OER catalytic 160 -
activities were investigated by linear sweep voltam- 140
metry using the rotating disk electrode technique. o E/Vvs. RHE at 10 mA cm?
The recorded polarization curves normalized to the 5 Ly
geometric and the determined electrochemical sur- E 100{ LCO: 1.627 =0.002
face area (ECSA) are shown in Fig. 5a and b, — 80+ Sﬂoi 1.583 = 0.002
respectively. Partial substitution of the LaCoO; per- _& 60- 5222(1 :g;g : ggg?
ovskite with Fe or Sr has an evident influence on the 40 : ’
OER activity. While LCO requires 400 mV overpo-
tential to produce O, with a current density of 201
10 mA cm 2, lower overpotentials of 0.35, 0.34, and 04 . ; .
0.37 V are required for Sr10, Sr20, and Fe20, respec- 1.0 12 14 16 18
tively. Sr20 shows the highest OER activity, followed b) Erne/V
by Sr10 and Fe20. Still, the differences between the
three samples are relatively small. The ECSA, calcu- 104
lated based on the capacitive currents recorded with ECSA / cm?
different scan rates (Fig. S7), highlights an increased ‘?E 84 =
electrochemically active surface area for Sr20 fol- © LCO: 1513 +0.191
lowed by Sr10, Fe20, and LCO. Therefore, normal- E 61 sr10: 2043+ 0.072
ization of the current recorded during the linear < Sr20: 2273 +0.171
sweep voltammetry (LSV) was performed. The data £ 4 Fe20: 1.903+0.247
are shown in Fig. 5b. However, in this case, too, the
substituted samples show an increased activity 21
compared with LCO. Sr20 again offers the highest 0l
activity, but this time, the differences between 5Sr10, 10 2 e 16 18
S5r20 and Fe20 are less pronounced. It is here note- ) ' ’ ' ‘
worthy that the OER activity of Sr20 is comparable to (© Erue/V
or superior to the other OER catalysts based on 18
cobaltite perovskite structures in the literature
(Table S5). The stability of Sr10 and Sr20 catalysts was 71
evaluated by chronopotentiometry performed at 16 e = = -
10 mA cm ™2 for 2 h (Fig. 5¢). For Sr10 and S20, a 2 =
constant potential is recorded during the 2 h gal- g 151 5r10.at 10 mA em? (electrode 1
vanostatic electrolysis conducted at a current density w - 5:1 0 :t 10 : A 2$2 ::l:ct;g d: 2;
of 10 mA cm ™2 Two measurements were performed 1.4+
for the two catalysts to confirm the results. During —— 5120 at 10 mA cm? (electrode 1)
the 2 h electrolysis, no significant increase in the 131 5120 at 10 mA em™2 (electrode 2)
potential is recorded, indicating that the catalysts
show a stable electrocatalytic performance at mod- 12 0 20 40 80 80 100 120

erate conditions.

To be able to relate the OER activity trends with the
analyzed material properties of the catalysts, the
characterization results in this study and our previ-
ous study upon Sr-substituted LaCoO; [32] are
summarized in Table S6. Accordingly, the ECSA
values directly correlate with the OER activity trends
and thus, can be considered the major factor affecting
the OER activity of Sr20, Sr10 and Fe20. After nor-
malizing the recorded currents to the ECSA, Sr20 still

Time / min
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«Figure 5 Comparison of the electrocatalytic OER activity of
pristine and Fe-/Sr-substituted LaCoO; catalysts in 1 M KOH at a
scan rate of 5mV s~' and 1600 rpm. Current densities are
calculated by normalization of the recorded currents to a the
geometric area of the electrode or b the electrochemical active
surface area (ECSA) calculated from double-layer capacitance.
¢ Electrocatalytic OER stability of Srl0 and Sr20 catalysts
determined by 2 h chronopotentiometric measurements at
10 mA cm™2 in 1 M KOH at 1600 rpm.

had a slightly higher OER activity than the other
substituted catalysts. This could be related to the
combined effect of the lower coordination number of
Co-O and the more disordered structure (i.e., rela-
tively high Debye-Waller factor) in Sr20. The lower
coordination number of Co-O in Sr20 can originate
from a relatively higher oxygen vacancy concentra-
tion as well as a more disordered and complex per-
ovskite structure allowing several Co-O distances. To
illustrate such structures, the atomic structure of a
single crystallite of 30 at. % Sr-substituted LaCoOj3
was already shown in our previous study to
demonstrate the oxygen vacancy ordering and dis-
ordered atomic structure in Sr-substituted per-
ovskites [32]. On the other hand, LCO clearly had a
lower OER activity than the other catalysts and this
could be due to its lower structural stability under
OER conditions owing to the combined effect of high
microstrain and low crystallite size. The other chan-
ges in the bulk and surface properties of these cata-
lysts in Table S5 do not show a direct correlation with
their OER activity trend.

Conclusions

Spray-flame synthesis was successfully applied to
produce phase-pure pristine, Fe- and Sr-substituted
LaCoOj perovskite nanoparticles as potential OER
catalyst materials. The as-prepared nanoparticles
have a crystalline structure and essentially belong to
the rhombohedrally distorted cubic structure. Raman
and XPS spectra analyses suggest that A-site substi-
tution by Sr leads to a lower JT effect in the per-
ovskite phase while having comparable surface Co*"
concentration with pristine LCO. On the other hand,
B-site substitution by Fe results in an orthorhombic
distortion and a lower content of IS states in the
perovskite phase, while increasing the concentration
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of surface Co®". XAS analyses indicate that the per-
ovskite structure of LaCoO; is maintained upon Fe
and Sr substitution. EXAFS fittings of the first shell of
Co-O peaks show that substitutional doping with Sr
induces a more disordered structure together with
long-range disorder. Fittings of the coordination
number indicate a lower Co-O coordination number
in Sr20 compared to other samples. Fe substitution
does not result in considerable changes of the per-
ovskite structure. Simultaneous thermal analysis
(STA) coupled with mass spectrometry measure-
ments reveals higher mass losses occurring in Sr-
substituted La;_,Sr,CoO; compared to the other
perovskites. This finding can be associated with the
thermal decomposition of these compounds into
other perovskite-like structures, formation of cobalt
spinel phases and decomposition of carbonates. The
results from survey XPS measurements point out
near-stoichiometric surface compositions of the cata-
lysts except for LaggSrg>CoO5; on which Sr segrega-
tion was found. In accordance with the STA results,
the nature of the Sr segregated groups in as-prepared
particles could be attributed to Sr carbonates on
perovskite crystals. The catalytic activity measure-
ments of the perovskite nanoparticles indicate a
higher activity of the Fe-/Sr-substituted perovskites
compared to phase pure LCO. The 20 at% Sr-substi-
tuted catalyst shows the highest OER activity with an
overpotential of only 0.34 V, and a good catalytic
stability at least for 2 h under a current density of
10 mA cm 2. The higher activity of Sr20 could be
attributed to its higher ECSA and is possibly influ-
enced by a lower coordination number in Co-O as
well as a higher degree of long-range disorder.
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