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HIGHLIGHTS

® SrCo03.5 thin films deposited by chemical bath deposition.

e Co excess improves OER activity, Ti doping enhances durability.

e Best sample shows nopset = 284 mV and Tafel slope = 59 mV dec™?.
o Ti reduces Sr leaching, stabilizing perovskite electrocatalysts.

ARTICLE INFO ABSTRACT

Keywords: Here, we report the deposition of SrCo0O3. perovskites thin films by chemical bath deposition, employed as
Perovskites electrocatalytic layers for oxygen evolution reaction (OER) in alkaline water splitting. The effect of Co excess and
OER

Ti-doping on the crystalline structure, composition and electrochemical performances was investigated. The
former had effect only on electrochemical performance whilst Ti-doping, above 3 %, induced the formation of a
secondary phase. Among all the investigated samples, SrCoO3.5:Co304 (SCO:CB) sample showed the best elec-
trochemical performance toward OER in 1 M KOH aqueous solution, reporting an onset overpotential, Nonset, Of
284 mV and a Tafel slope of 59 mV dec ™. In contrast, Ti-doping (i.e. 3 %, SCT:CB 3 sample) drastically improved
stability of the electrocatalytic layer, enabling 24 h of continuous operation, demonstrating the effectiveness of
doping strategy to enhance SrCoOs.5 perovskites durability. XPS analyses revealed that degradation of electro-
chemical performance of thin films is related to Sr leaching, even if Ti-doping decreased leached Sr amount
improving layers stability.

Water electrolysis
Ti doping
Strontium cobaltite

1. Introduction carbon economy and the growth of new technologies to generate green

energy are needed. In this context, green hydrogen could have a pivotal

The growing of global population, combined with the accelerating role for decarbonizing multiple sectors, including transportation, in-
impacts of climate change and the rising CO, emissions, are leading to a dustry, and power generation [1].

growing demand for sustainable and green energy sources. As the world Green hydrogen can be produced by electrolysis of water, an elec-

is trying to reduce the dependence on fossil fuels, a transition to a low trochemical process in which water is split by applying electrical energy,
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obtaining gaseous oxygen at the anode and gaseous hydrogen at the
cathode, respectively. This process is considered completely green, and
carbon neutral, when it is coupled with renewable electricity, produced
for example by solar or wind sources. Furthermore, the versatility of
hydrogen offers a path to get the global goals, since it could be used in
various applications, from powering fuel cells in vehicles, to storing
energy for grid stabilization [2,3].

Electrolysis principle itself is relatively simple, but it needs advanced
technologies to achieve commercial viability at scale. Deployed water
electrolysis technologies are alkaline water electrolyzers (AWEs) and
proton exchange membrane water electrolyzers (PEMWEs). PEMWEs
are efficient but they use electrocatalysts based on critical raw materials
(CRMs) such as iridium at the anode, which is one of the rarest metal on
Earth, and platinum at the cathode. AWEs work with a KOH-rich elec-
trolyte, so they can operate without platinum-group metal (PGM) elec-
trocatalysts but they suffer of electrodes stability issues, due to the very
harsh environment at the anode, and low efficiency. However, this
second process is more mature on an industrial point of view, and has
been used in industrial settings for decades [4,5]. The overall efficiency
of the device is also limited by the anodic oxygen evolution reaction
(OER), which exhibits slower kinetics compared to the hydrogen evo-
lution reaction (HER). This highlights the need for highly active and
stable electrocatalytic materials. The benchmark material for OER is Ir
oxide but it is CRM-based and expensive, limiting its large-scale appli-
cation, being mostly used in acidic environment. In alkaline environ-
ment non-precious metal-based catalysts (NPMCs), particularly
transition-metal compounds, have emerged as the most promising al-
ternatives, due to their abundance, low-cost, and nontoxicity [6,7].

In this context, perovskites have been considered as significant
candidates as electrocatalytic materials for OER, being a versatile class
of materials with a specific crystal structure, and chemical formula
ABOg, where A is typically an alkaline earth metal, and B a transition
metal. They have been widely studied for their remarkable catalytic
activity, and tunable chemical compositions. By optimizing their
composition and structure, it is possible to improve their stability and
catalytic performances, making them an attractive solution for next-
generation electrolysis systems [8,9]. Several compositions have been
proposed to develop eligible catalysts for OER. Among these,
Bag 5Srg.5Cog gFeg.203_5 (BSCF) perovskite [10], is considered the state
of the art perovskite material for OER performances because, thanks to
the occupancy of the eg orbitals, it can surpass the performances of RuO2
and IrO5 [11]. However, it faces serious stability issues, in fact it un-
dergoes a phase transformation at relatively low temperatures, leading
to the formation of new phases which present lower performances
respect to the original compound [12].

Double perovskite PryBa; ,CoOs3s (PBCO) [13] exhibits good elec-
trochemical performances in terms of overpotential and shows higher
stability than BSCF, although its durability is not among the best re-
ported for perovskites [14]. Indeed it has been demonstrated that,
during the OER, the catalyst structure undergoes a transition to an
amorphous state due to the chemical leaching of the A-site cation [12].

One of the state of art perovskite is BaCog 9gTip.0203-5:C0304 [15], in
which starting from BaCoOj3 [16] perovskite, a cobalt excess Co304 is
added, and it is doped with Ti, creating in that way a material that
present high current densities for the OER, and a very stable behaviour
compared to the previous examples, thanks to the reduction of oxygen
vacancies into the crystal structure.

Other studies have explored perovskite activity toward the OER by
means of DFT calculations, considering several compositions. These
investigations demonstrated that SrCoOs (SCO) exhibits among the
highest OER activities [17]. Therefore, several Sr-based perovskite ox-
ides have been studied, like Lag sSrg5CoO3 (LSCO), or SrFeOs3 (SFO)
[18], presenting very good OER activity, thanks to the good adsorption
and desorption capabilities of reaction intermediates. Anyway, LaSr-
CoO3 and BaSrCoOs also face the problem of segregation and phase
separation of Sr at high temperatures. This drawback can be mitigated
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by doping these perovskite materials with stable and high valent metal
cations (V, Nb, Ti, Zr, Hf, Al) [15,19].

In this study, SrCoO3.s perovskites, in form of thin films, were studied
as electrocatalytic materials for OER carried out in alkaline environ-
ment. SCO were synthesized by a chemical solution deposition method.
The latter provides a highly controlled and reproducible thin films
deposition, ensuring uniform composition, well-defined thickness, and
excellent adhesion to the substrate. Working with thin films allowed to
decouple extrinsic factors (e.g., binder effects, conductivity additives,
random agglomeration) from the fundamental electrocatalytic proper-
ties of the active phase. The effect of the cobalt excess on the crystalline
structure of SrCoOs3 s+Co0304 and on the electrochemical performances
was studied, as well as the effect of Ti doping to improve the long-term
stability. Electrochemical measurements in aqueous solutions of 1 M
KOH at 75 °C were used to assess the electrocatalytic activity and
durability of the electrodes, in operating conditions close to the indus-
trial ones. The durability of our electrodes was also assessed through an
Accelerated Life Test (ALT), following the dynamic test protocol of EU
technical report for testing of low temperature water electrolyzers,
through a continuous cycling [20]. Findings highlight the potential of
these highly active and durable electrodes for alkaline water electrol-
ysis, free from platinum group metals (PGMs), and fabricated with a
simple manufacturing process compared to methods usually employed
for thin film production [21,22].

2. Materials and methods
2.1. Thin films synthesis

Chemical solution deposition method (CSD) has been used for thin
film preparation [23]. A modified [12,13,15] propionic acid-based route
[24] was applied for the deposition of SrCoO3. (SCO) and SrCoOs 5:
Co304 (SCO:CB) materials. Co(OOCCH3)2, Sr(OOCCH3), were sus-
pended in a mixture of propionic acid and propionic acid anhydride 1:5,
removing the constitutional water of the acetate. Co304 admixture was
realized by reducing Sr/Co ratio down to 0.75 in the precursor solution.
To achieve different levels of Ti doping in the SrCo;TixO3.5:C0o304
(SCT:CB X), titanium (IV) oxide bis(2,4-pentanedionate) was added to
the precursor solution. These solutions were adjusted to a final con-
centration of 0.3 M for the cobalt compound and refluxed for 1 h at
140 °C. Platinized Si (100) was used as a substrate, undergoing a pre-
heating at 700 °C for 15 min to obtain textured film growth.
Spin-coating was performed at 3000 rpm for 30 s, then pyrolyzed on a
hotplate at 350 °C for 2 min. This coating and pyrolysis process was
repeated 5 times, followed by a thermal treatment at 800 °C for 15 min
in the air atmosphere. Samples with 1 at.%, 2 at.%, 3 at.%, 4 at.% and 5
at.% of Ti doping are named SCT:CB 1, SCT:CB 2, SCT:CB 3, SCT:CB 4
and SCT:CB 5, respectively.

2.2. Morphological characterization

2.2.1. Scanning electron microscopy

Samples’ morphology was studied by using a FEI Quanta 200 Field
Emission Gun Scanning Electron Microscope (FEG-SEM) coupled to EDX
(X-ray Energy Dispersive system) to have information about the
composition of the investigated thin films.

2.2.2. X-Ray Diffraction

Characterization of SCT:CB thin films was performed using Grazing
Incidence X-Ray Diffraction (GIXRD) method to avoid substrate’s
contribution. Identification was done on Philips X’PERT diffractometer
with Cu Ka radiation (40 kV, 40 mA). Data were obtained in 26 range of
10°-65° with a step size of 0.02°.

2.2.3. XPS
To track the chemical state of the catalyst surface with degradation
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an X-ray Photoelectron Spectroscopy (XPS) method was applied. The
data were obtained with Phi 5000 VersaProbe II, ULVAC-Phi Inc. All
spectras were corrected to C 1s signal with binding energy (BE) of 285
ev.

2.3. Electrochemical measurements

Electrochemical measurements were performed in a self-constructed
and membrane-free electrochemical cell (see Fig. 1), designed for thin
film electrodes, using a EC-Autolab 204 potentiostat (Metrohm), with a
three-electrode configuration.

The electrolyte was an aqueous solution 1 M KOH, temperature was
set at 75 °C, controlled by an automated thermostat, to emulate the
operating conditions of a real electrolyzer. Prior to each measurement,
the electrolyte was purged with Ny. The counter electrode was a gold
plate, while the reference electrode was a Hg/HgO/1 M KOH. Reported
electrode potentials, measured vs Hg/HgO, were then converted by
referring to Reversible Hydrogen Electrode (RHE), following:

Erug = Epgjugo + 0.1 V + 0.059 pH @

To study electrocatalysts performances, in terms of Tafel slope and
overpotential values, Linear Sweep Voltammetries, LSVs starting from
0.9 V RHE to 1.9 V RHE and EIS spectra at 1.72 V RHE (a.c. signal
amplitude = 10 mV, frequency range: 0.1-10° Hz), were recorded. The
impedance spectra were then modeled with ZSimpWin software with a
suitable equivalent electric circuit to study the electrocatalytic activity
of the electrodes. All the results were already corrected with a 95 % iR
compensation. Tafel slope values were estimated with a steady state
method. In particular, each value of potential was applied for about 10
min, until the steady state value of current was reached.

Electrocatalysts durability was assessed by an ALT, conducted by
continuously cycling the sample at a scan rate of 100 mV s~ between 1
V and 2 V RHE.

Reference
electrode

_éa;i llary

g) Working
Counter ~~J __electrode:
Electrode: | sSCO
GOLD ——
Warm
water
heating

Fig. 1. Cell configuration used for electrochemical measurements.
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3. Results and discussion
3.1. Morphological characterization

Fig. 2a) shows SEM micrograph related to platinized Si substrate
whilst SEM image related to SCO sample is reported in Fig. 2b).

As it is possible to note, no particular features are present before and
after the deposition of perovskite thin films by CSD method. Surface
roughness was assessed to be between 1 and 10 nm in previous works
[12,13,15]. It is noteworthy to mention that surface morphology did not
change by changing deposition conditions, both adding Co excess (i.e.
SCO:CB sample) and by Ti doping (i.e. SCT:CB samples).

Fig. 2c shows x-ray diffractograms related to SCO:CB sample and all
SCT:CB samples, varying Ti doping between 1 at.% and 5 at.%., whilst
view on the SCO:CB structure along the [210] direction is shown
Fig. 2d). All the samples were identified as 6R structure in trigonal
symmetry (R3, Nr. 148) reported by Sun et al. (ICSD N2 81312) [25].
Co3*’** ions form CoOg chains oriented along [001] direction, being
separated by trigonal prisms. Main diffraction peaks can be found at 26
= 18.67°, 28.63°, 32.64°, 43.82°, 55.69°. SCT:CB lattice parameters
change from a = 9.49 A and ¢ = 12.41 A for 0 % Ti-doping to a = 9.49 A
and ¢ = 12.49 A for 2 % Ti-doped samples. At 3 % Ti-doping the for-
mation of additional planes is observed, which is assumed to be related
to a new polymorph, with a decreased c-parameter (c = 12.41 A) and the
presence of two new peaks at 20 = 31.3° and 38.6° (although their in-
tensity appears reduced due to the scaling of the graph). However, due
to a low crystallinity, we are unable to accurately interpret this poly-
morph. 2 % of Ti is the limit concentration up to which the 6R structure
is preserved, and a low crystallinity at 2 % is observed due to the lattice
strains caused by ionic radius (Ti* vs Co®+/4) mismatch; with 3 % and
above of Ti*", the lattice relaxation results into a new phase formation.
All the samples presented contain Co304 (ICSD N2 27497) collateral
phase, indeed it is possible to recognize the characteristic peaks at 20 =
36.97° and 44.96°.

3.2. Electrochemical characterization

Electrochemical measurements were carried out to evaluate the
electrocatalytic behavior of synthesized perovskites, by recording LSVs
and impedance spectra. LSVs recorded at a scan rate of 10 mV s~ are
reported in Fig. 3a), considering a 95 % iR drop correction.

To evaluate OER activity of investigated perovskite thin films, we
estimated the onset overpotential, Nonset, defined as the overpotential
value obtained when the current density reaches 1 mA cm™2, and the
overpotential at 10 mA cm ™2, 11o. These values are reported in Table 1
for all the samples.

As it is possible to notice, B-type substitution, i.e. the excess of cobalt
(SCO:CB sample), improves the electrocatalytic activity of SCO sample
showing both a reduction of nepset and 1o values, 284 mV and 343 mV
respectively for SCO:CB sample, and 298 mV and 357 mV respectively
for SCO sample. This result is in accordance with the data reported in
literature for BCO perovskite system, where authors reported improved
electrocatalytic performances but worse long-time stability behaviour
[15]. Indeed, the excess of cobalt could lead to the formation of extra
active sites and, at the same time, can influence oxygen stoichiometry,
by increasing the number of oxygen vacancies, which enhances con-
ductivity, diffusion and oxygen release [9]. These effects could be in
contrast, taking into account the peculiar reaction mechanism for OER
on perovskite materials. It is commonly accepted that OER on perovskite
can occur through two different mechanisms: the conventional mecha-
nism, or Adsorbate Evolution Mechanism (AEM), and the Lattice Oxygen
oxidation Mechanism (LOM) [26,27]. In the AEM mechanism, O, for-
mation occurs through the adsorption of intermediate species (OH*, O*,
OOH¥) on the catalyst surface. In the case of LOM mechanism, the lattice
oxygen of the perovskite actively participates in the reaction, leading to
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Fig. 2. a), SEM micrograph related to platinized Si substrate (magnification: 20000x) and b) SEM image related to SCO sample (magnification: 20000x). ¢) GIXRD
patterns of the SCO, SCO:CB and SCT:CB samples and d) view on the SCO:CB structure along the [210] direction.

the consequent formation of oxygen vacancies and the recombination of
hydroxyl species to generate O,. This second process is favored by an
high mobility of lattice oxygen and a low energy vacancy formation [9].
For SrCoOs.5 perovskite, the dominant OER mechanism is usually
considered the LOM, thanks to its electronics band structure, and the
presence of a high number of oxygen vacancies, which enhance oxygen
mobility within the structure [28]. When the material is subjected to
anodic potentials during OER, lattice oxygen can be directly oxidized,
rather than following the conventional pathway with adsorbed inter-
mediate. On the other hand, a high vacancy concentration can also lead
to Sr ions diffusing out of the lattice. A strategy to mitigate this issue can
be, for instance, the Ti doping [19]. In fact, Ti presence could lead to a
change in oxidation level of Co species in SCO structure, namely Co?"
and Co®" that are replaced by Ti** species. This process can be expressed
according to Kroger-Vink notation as:

2C0%, + V;5(SrCo0s_s)—22,2Tiy, + OF + Co,05 ©)

resulting in a decrease in oxygen vacancies concentration. Moreover,
as reported in literature, Ti*" substitution at the B-site has been shown
to reduce oxygen deficiency by forming strong Ti-O bonds and thus
suppressing the formation of oxygen vacancies [29,30].This can cause a
decrease in overall perovskite conductivity due to the reduction of ox-
ygen possible pathways but, at the same time, it could help in limiting
degradation phenomena of the crystalline structure (see below) and the
possibility to have evolution of lattice oxygen from the crystal [31].

Averagely, the presence of Ti doping led to worse electrochemical
performance than SCO:CB, both in terms of ngpser and 11 values. In fact,
lowest onset potential was registered with SCT:CB 5 sample (i.e. 1.533 V
RHE meaning 303 mV as overpotential) whilst the highest one was
recorded by using SCT:CB 4 sample (i.e. 1.566 V RHE meaning 336 mV
as overpotential). Anyway, these onset potential values are comparable
to those recorded for PBCO samples and are lower with respect to BSCF
samples, whose onset potential is about 1.6 V RHE [12].

Between 1 and 3 % of Ti doping the electrocatalytic behaviour is
similar, estimating n;( values between 372 and 379 mV, whilst with 4 %
of Ti doping in SCO:CB sample there is a worsening in the activity of the
catalyst, reaching 10 mA cm~2 with an overpotential of 402 mV. A
further increase in Ti doping, i.e. 5 %, led to an improvement in elec-
trochemical performances (i.e. n10 = 362 mV), even if this result is not
highly reproducible, since performances decreased by repeating elec-
trochemical measurements. This behaviour has been already observed
with high level of Ti doping in a BCT:CB system [15]. Therefore,
although a reduction in the catalytic activity of our sample has been
observed, the simultaneous presence of Co excess and Ti doping may
help achieve a balance between activity and stability of our material.
Comparing Nonset and 1nip values obtained by using SrCoOss and
SrCo1 4xTixO3.x perovskites with those reported in literature, it is worth
noting that SCO:CB sample outperformed many of the perovskites ma-
terials, and obtained with both A-site and B-site doping [32,33],
considering that samples studied in this work had no binder, as typically
used in literature for improving electrochemical performances.

Tafel plots (overpotential n vs. log(i)) are shown in Fig. 3b). These
plots were obtained by taking into account the current density value
recorded by applying electrode potential values until a steady state
current density value was reached.

The linear portion of the Tafel plot can be matched with the given
equation:

n=a+ b-log(i) 3

where a is directly proportional to the logarithm of the exchange current
density, meaning that a quantifies intrinsic electrocatalytic properties of
the material and b is known as the slope of the Tafel line. Other than its
relationship with electrocatalytic activity of the material, since a lower b
value means a lower overpotential to increase of a decade the current
density value, Tafel slope value can be related to the reaction mecha-
nism. Given a reaction and assumed a reaction mechanism, b can be
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Fig. 3. a) Current density vs. potential curves, b) Steady State Tafel plots and c) Electrochemical impedance spectra recorded at 0.8 V Hg/HgO (1.72 V RHE) for all
the investigated electrodes. Inset: equivalent electrical circuit used for spectra fitting procedure. Continuous lines: fitting data.

Table 1

Nonset and 11 values estimated from LSV reported in Fig. 3a).
Sample Nonset [MV] N1o [mV]
SCO 298 357
SCO:CB 284 343
SCT:CB 1 322 372
SCT:CB 2 327 379
SCT:CB 3 323 376
SCT:CB 4 336 402
SCT:CB 5 303 362

directly related to the rate determining step. The value of Tafel slope
from SCO to 3 % of doping is between 60 mV dec™! and 70 mV dec™?, in
the usual range for OER with perovskite [14]. SCT:CB sample with 4 %
of Ti doping presents a very high value of Tafel slope, in agreement with
the lowest recorded electrocatalytic performance. Notably, Tafel slope
values are comparable with data reported for perovskites used for OER
[32,33].

EIS was performed at 0.8 V Hg/HgO (i.e. 1.72 V RHE), and Nyquist
plots related to all the investigated samples are reported in Fig. 3c).
Electrochemical behaviour of all electrodes was modeled by considering
the equivalent electric circuit (EEC) shown in the inset of Fig. 3c). EEC
involves only one time constant, i.e. a series between Rs, that is the
resistance of the electrolyte, and a parallel between Rcr, the charge
transfer resistance, and Qpy, |, the constant phase element (CPE) used for
modelling the non-ideal electric double layer capacitance of the elec-
trode. Low Rcr values indicate better electrocatalytic performances,
therefore it is possible to compare electrochemical performances by
looking at these values. Fitting parameters of EIS spectra are reported in

Table 2
Fitting parameters of EIS spectra recorded at 0.8 V Hg/HgO (i.e. 1.72 V RHE)
(see Fig. 3¢)). Ry =7 Q cm?.

Sample Rer [Q em?] Qorel [Ss" em™?] n s

SCO 2.1 2.8 x 1072 0.79 2.5 %1074
SCO:CB 1.3 2.7 x107* 0.94 3.5x107*
SCT:CB 1 1.5 1.2x1073 0.98 3.4 x107*
SCT:CB 2 1.8 2.5 x 1072 0.79 3.1x107*
SCT:CB 3 1.4 9.1 x107* 0.99 39 x107*
SCT:CB 4 2.3 1.2x1072 0.86 3.8 x107*
SCT:CB 5 1.2 23x1072 0.89 2.7 x 107°

Table 2. Lowest Ry values were found for SCO:CB and SCT:CB 5 sam-
ples, i.e. 1.3 and 1.2 Q cm?, respectively, in agreement with LSVs shown
in Fig. 3a). Highest Rt values were found for SCO and SCT:CB 4 sam-
ples, almost twice with respect to those found for best samples, whilst
similar R¢y values were estimated for the other investigated samples.

Using SCO:CB sample, the lowest values of Tafel slope and R¢y were
estimated, consistently with a predominant contribution of LOM
mechanism [34]. Ti doping led to worse performances, as evidenced by
an increase of Tafel slope and R¢r values. However, up to the 3 % of
doping, these values remain relatively constant and comparable to re-
sults reported using perovskites for OER [27].

To investigate the electrochemical stability of the electrocatalytic
materials, an ALT was carried out by continuously cycling the sample
[35-38] at a scan rate of 100 mV s~ within the potential range 1-2 V
RHE. Stability test for all the investigated samples is reported in Fig. 4
where current density value recorded at 2 V RHE for each cycle is re-
ported. The drop in current density value was considered as the end of



V.M. Volanti et al.

60
50
., 40
5
< 30 —sco
£ scocB '
= 20 | —SCTCB1
SCTCB2
SCTCB3 l
10 | SCTCB4
SCTCB5 Lﬁ'\
0 1
0 5 10 15 20 25

t[h]

Fig. 4. ALT related to all the investigated electrodes using the current density j
at 2 V RHE during CV sweeps at 100 mV s~ and 75 °C in 1 M KOH.

the test due to the complete degradation of the electrocatalytic layer.
As noted from LSV, SCO:CB demonstrated the best electrocatalytic
initial performance, showing the highest current density value at the
beginning of the stability test. It is worth noting that SCO:CB is also the
sample with the lowest stability, demonstrating that Ti doping improved
electrocatalyst lifetime, regardless on the specific thin film composition.
In particular, SCT:CB 3 sample showed the best stability performance,
reaching 24 h before the complete failure, related to the complete
leaching of the thin film. Comparing the durability of our samples to
some of the best perovskite OER catalysts reported in the literature (i.e.
PBCO and BSCF [15]) it is noteworthy to mention that SCT:CB perov-
skites demonstrated greater stability and retain its electrocatalytic per-
formances for a longer time. In fact, although BSCF initially achieves
higher current density, i.e. 68 mA cm?, its performance decreases quite
rapidly after only 200-300 cycles. PBCO samples, on the other hand,
maintains a current density of about 48 mA cm? for about 11 h, i.e. a
similar stability performance with respect to that assessed for SCT:CB 4
sample, that is the worst sample. As it was mentioned in previous sec-
tion, the replacement of Co with Ti ion, reduces the formation of oxygen
vacancies, limiting the mobility of Sr inside the framework [31].

3.3. XPS characterization

To track the surface chemical changes in initial structure of SCT:CB
under operation, XPS data were collected within Sr 3d, Co 2p3,» and Ti
2p regions (see Fig. 5). Samples’ composition, related to most per-
forming sample, i.e. SCO:CB, and Ti-doped samples, up to 3 % of doping
(most stable sample), obtained by XPS measurements are reported in
Table 3.

Related to samples composition reported in Tables 3 and it is
important to mention that Pt presence is only related to the substrate (i.
e. platinized Si). Regarding Sr 3d core levels, four distinct peaks can be
observed (see Fig. 5a) indicating doublets for both the Sr 3ds,» (BE =
134.0 eV and 135.8 eV) and Sr 3ds,2 (BE = 132.9 eV and 134.6 eV)
levels, which correspond to Sr2* state [39]. Moreover, based on what
reported in literature, it is possible to assign the peak at lower binding
energy to Sr within the lattice (Sriattice) and the peak to higher binding
energy to Sr on the surface (Srgyrface) [40]. After Ti doping (see Fig. 5b
and c), an increase of Sriagice contribution can be observed, suggesting a
more difficult Sr leaching from the lattice. Electrochemical cycling, i.e.
aging process, led to a single doublet in XPS spectrum (see Fig. 5a—c))
remaining with Sr 3ds,» peak positioned between 133.5 eV and 133.1 eV
and Sr 3d3 /2 peak positioned between 135.2 eV and 134.8 eV, depending
on Ti doping level, therefore with a higher BE with respect to as-formed
samples.

Surface cobalt ions are presented as the mixture of Co?*/Co>*
oxidation states, referred to the data of Co304 (BE = 779.6 eV [41]) and
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ZnCo204 (BE = 780.4 eV [42]). Indeed, it is possible to estimate
Co®*/Co®" ratio by taking into account at.% of CosO4 and Co>" species,
derived from Co 2p3/5 XPS spectrum fitting. Considering that Co3O4
spinel structure is composed by CoO (i.e. C02+) and Co503 (i.e. C03+)
with tetrahedral and octahedral geometrical sites, respectively, in a ratio
1:2 [29,43], Cot/Co?* ratio can be easily calculated. In particular,
SCO:CB sample presented the highest Co®*/Co®" ratio before cycling, i.
e. 3.11, whilst, for Ti-doped samples, Co3t/Co®* ratio was about 2. This
aspect results particularly relevant because Co®t species can be seen as
the precursor state that can be further oxidized under anodic potentials
to form electrocatalytically active Co** species. In this regard, the excess
of Co>" with respect to Co" species in SCO:CB sample provides a larger
amount of species that can undergo the Co3*/Co*" transition during
OER. Indeed, the lowest overpotential observed for SCO:CB sample can
be rationalized by taking into account its higher initial Co>* content,
which enhances the ability of the material to reach and sustain the
Co%*/Co** redox equilibrium under reaction conditions.

As mentioned, Ti doping causes partial reduction of Co>* ions with a
BE shift (upon doping with 2 % Ti) [44], identifying all the dopant ions
as Ti*" species (BE = 458.2 eV for TiO [45]) having a splitting energy A
=5.7 eV.

After cycling, for all the Ti doping levels, ratio between Co>*/Co?*
surface species increases, from 2 to 6.76 for SCT:CB 1 sample and from 2
to 2.2 for 3 % Ti-doping, indicating cations with higher oxidation state
to be responsible for the stability and being in agreement with studies
reported [46]. Ti surface species keep initial splitting energy and shift
towards higher binding energies, indicating change in the ion’s coor-
dination. Splitting into two doublets is suggested to indicate an
agglomeration of remaining Ti species in the vicinity of leached Sr cat-
ions. Moreover, Sr/Co ratio increases by increasing Ti doping content,
from 0.056 for SCO:CB sample to 0.079 for SCT:CB 3 sample, demon-
strating that electrochemical stability of SCT:CB 3 sample can be related
to higher Sr content during cycling and confirming the role of a dopant
Ti** with the highest oxidation state as a stabilizer of A-sites in perov-
skites [15].

4. Conclusions

SrCo03.s and SrCop.4Tix03.5 perovskites thin films were successfully
deposited by chemical bath deposition method to be used as electro-
catalytic layers for OER carried out during water electrolysis in alkaline
environments. SrCo0O3.s perovskites thin films were prepared inducing
an excess of Co in the perovskite structure, and by doping with Ti in
order to induce a substitution in B-site of perovskite.

All the investigated perovskites can be used as electrocatalytic layers
for OER, but sample with Co excess (i.e. SCO:CB) demonstrated the best
electrochemical performance, in terms of nonset and Rer values (284 mV
and 1.3 Q cm?, respectively), assessing a Tafel slope of 59 mV dec™?,
measured in 1 M KOH aqueous solution at 75 °C. Ti-doping did not have
a direct beneficial effect on electrocatalytic activity but Ti-doped pe-
rovskites had a higher durability with respect to base SrCoO3.s perov-
skite and SCO:CB sample. In fact, SCT:CB 3 sample showed a 24 h stable
electrochemical performance, compared to a 10 h stable performance of
SCO:CB sample. Moreover, it was assessed that the main degradation
mechanism was surface Sr leaching and Ti-doping was effective in
reducing it, confirming the role of a dopant Ti*" as a stabilizer of A-sites
in SrCo0s3.5 perovskites.
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