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Abstract

Electrochemical water splitting is considered as a sustainable and ecologically
friendly energy storage technology providing clean energy for the future. The materials
containing 3d transition metals, such as Ni-Fe-based compounds, are a worthy alternative
to precious metal-based electrocatalysts, showing promising catalytic activity for the
oxygen evolution reaction (OER) in alkaline media. In this work, Ca-doped Ni/Fe-mixed
perovskites were synthesized using ultrasonic spray pyrolysis technique. A modified
approach of synthesis with sorbitol as fuel and ozone as oxidizer results in chemically
homogeneous hollow spheres with specific surface area as high as ~15 m? g. The crystal
structure and the chemical composition were determined with powder X-ray diffraction,
electron diffraction, aberration-corrected scanning transmission electron microscopy,
energy-dispersive X-ray mapping, °’Fe Mdssbauer spectroscopy, iodometric titration and
X-ray photoelectron spectroscopy. Being employed as a catalyst for OER in 1M NaOH,
the LaoesCaosFeo7Nio3029 perovskite demonstrates a superior specific and mass
activities. The enhanced activity of LaosCao4Feo.7Nio3029 compared to that of undoped
LaFeo7Nio30s was rationalized from a comparison of DFT-calculated electronic
structures. The Ca doping increases Ni and Fe oxidation states, enhances covalency of the
Ni/Fe-O bonds, shifts the center of O 2p band closer to the Fermi level thus decreasing
formation energy of the oxygen vacancies. This provokes faster leaching of A-site cations
and restructuring of the surface layers of perovskite into Ni-Fe (oxy)hydroxides, which
strongly interact with Fe ions in the electrolyte. As a result, the electrocatalytic activity of

the perovskite materials is greatly enhanced. In order to assess the effect of the most
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common impurity in alkaline electrolytes on the stability and activity of perovskite
catalyst, OER experiments were conducted with the deliberate addition of Fe ions to the
electrolyte followed by ex situ studies using transmission electron microscopy. The
restructuring of the perovskite surface layer into NiosFeosOx(OH)2.x was discovered, as a
result of interaction of Fe ions in electrolyte with the perovskite surface after the OER.

KEYWORDS: spray pyrolysis, oxygen evolution reaction, water splitting, perovskite,

lattice oxygen mediated mechanism
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List of Symbols, Abbreviations
Term — definition
ABF-STEM- annular bright field scanning transmission electron microscopy;
AEM - adsorbate evolution mechanism;
AEMWE - anion exchange membrane water electrolysis;
BET- Brunauer—Emmett-—Teller;
BJH — Barrett-Joyner-Halenda;
CVs — cyclic voltammograms;
DFT — density functional theory;
ECSA — electrochemical surface area;
ED — electron diffraction;
GC — glassy carbon;
GDL - gas diffusion layer;
GGA — generalized gradient approximation;
HAADF-STEM - high angle annular dark field scanning transmission electron
microscopy;
HR-TEM - high-resolution TEM;
ICP-AES — inductively coupled plasma atomic emission spectroscopy;
ICP-MS — inductively coupled plasma mass spectroscopy;
LCFEN3 — Lao.7Cao 3Feo.7Nio.303-5s (nominal composition);
LCENS — LaosCaosFeo.7Nio.3O3-5s (nominal composition);

LCFN5_m — Lao.sCao.4Feo7Nio.302.9;
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LCFN5 m S — LCFN5_m soaked in 1M NaOH,;

LFN — LaFeo.7Nio.303 (nominal composition);

LOER - lattice oxygen evolution reaction;

LOM - lattice oxygen-mediated mechanism;

MEA — membrane-electrode assembly;

OER - oxygen evolution reaction;

ORR — oxygen reduction reaction;

PDOS - projected density of states;

PEMWE - proton exchange membrane water electrolysis;
PXRD — powder X-ray diffraction;

RDE - rotating disk electrode;

RHE - reversible hydrogen electrode;

RRDE - rotating ring-disk electrode;

STEM-EDX - scanning transmission electron microscopy energy-dispersive X-ray;
TEM — transmission electron microscopy;

TOFwm —turnover frequency (transition metals);

USP — ultrasonic spray pyrolysis;

VC — Vulcan carbon XC72R;

WE — water electrolysis;

XPS — X-ray photoelectron spectroscopy;
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1. Introduction

Deployment of alternative renewable energy sources will reduce the
anthropogenic impact on the environment and dependence on fossil fuel. The use of
hydrogen as an energy carrier is a very promising direction of alternative energetics. The
production of hydrogen with minimum carbon footprint is possible by water electrolysis
(WE), using energy from solar panels, wind turbines and nuclear power plants. As a
typical electrochemical device, an electrolysis cell consists of three major parts: anode,
cathode and electrolyte. On the anode side, energy efficiency losses are associated with
the sluggish kinetics of the Oxygen Evolution Reaction (OER), which is kinetically more
hindered compared to Hydrogen Evolution Reaction (HER) at the cathode. Currently,
transition metal oxides/(oxy)hydroxides and noble metals are extensively investigated
and used as prototype catalysts for OER. But noble metals are expensive and poorly
suitable for widespread commercial use, while transition metal-based electrocatalysts are
significantly cheaper, yet their intrinsic activity and stability under the electrocatalytic
conditions are still insufficient and require further enhancement as well as the
fundamental understanding of the electrocatalytic mechanisms [1],[2]. In addition, bare
(oxy)hydroxides have poor electrical conductivity, which limits their high efficiency with
a thick electrocatalyst layer due to ohmic losses and, accordingly, it is problematic to
create a high-performance electrolyzer capable of operating at high currents [3],[4] and
therefore (oxy)hydroxides are used in the form of thin films in combination with a
conductive substrate [5],[6],[7]. The perovskite structured transition metal oxides are

among the best model materials for electrocatalytic research and further commercial
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applications, as they are low-cost materials with a promising high catalytic activity, in
addition, their electrical conductivity is higher, which will potentially allow the creation
of high-performance electrolyzers [8],[9],[10]. NiFe-based perovskites are of particular
interest for alkaline water splitting, because NiFe-based compounds have historically
been recognized as good anode reaction electrocatalysts in industrial alkaline
electrolyzers [11],[12],[13]. However, the mechanism of OER on NiFe-based perovskites
is still far from being well-understood, which imposes restrictions on the design of
durable and efficient electrocatalysts. Thus, in this work we focused on obtaining Ni-Fe-
based perovskites, increasing their electrocatalytic properties and studying the active
centers on the surface of an electrocatalyst in controlled electrochemical experiments.
The correct determination of active centers and detailed characterization of the active
surface under the relevant experimental conditions are important for understanding the
OER reaction mechanism and predicting electrocatalytic properties, which will further

help in the development of efficient, low-cost and stable electrocatalysts for WE.

2. Literature review and formulation of the problem

2.1 Water electrolysis: background and motivation

Issues related to sustainable energy sources have arisen in recent decades due to
the increase in greenhouse gas emissions and the persistent ecological footprint of the
fossil fuels such as coal and oil as the main source of energy. The tremendous economic

growth based on fossil fuels in the last decades, accompanied by increased energy
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consumption led to environmental problems, which involve all aspects, from personal to
global. For instance, quality of air in big cities is a lot worse than in suburban areas, and
this is ultimately impacting people’s health and quality of life [14]. In the global aspect,
climate change due to the anthropogenic factor from human actions is decisive for the
growth of the average temperature on the planet [15]. One of the possible adequate
strategies in the current situation is increasing the energy efficiency of technologies based
on renewable resources.

The strategy to reduce harmful emissions and improve living standards through
the introduction of energy-efficient technologies using renewable energy sources is
becoming a determining factor in the plans of leading countries (the Paris agreement). So,
dated August 5, 2021, the Government of Russian Federation (GRF) approved the
«Concept for the development of hydrogen energy in the Russian Federation» which
includes long-term initiatives until 2035. These initiatives include considerations related
to the production of hydrogen fuel from water electrolysis (WE). In the forced scenario of
the development of this strategy, the target price for 1 kg of Ha is expected to be less than
2 US dollars by 2050, which would make the cost of hydrogen produced with renewable
energy competitive with the cost of hydrogen produced from fossil fuels. Today, WE
technologies cannot compete with steam reforming (0.5-1.7 US$/kg H.), due to higher
production costs (4-8 US$/kg H) [16],[17], however, increasing energy efficiency of WE
coupled with drop in the renewable electricity cost are expected to change this trend.

A global strategy to tackle the climate crisis through concrete action and

innovation (including developing efficient WE) was recently presented at Hydrogen Shot
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Summit on June 7, 2021, governed by the U.S. Department of Energy (DOE). DOE
reclaims to reduce the cost of clean hydrogen by 80% - achieving 1 US$/kg [18]. The
European Fuel Cells and Hydrogen Joint Undertaking (FCH JU) shares a similar position
in reduction of cost of hydrogen from WE [19]. Potentially, the implementation of the
global "hydrogen strategy™ will lead to the fact that in 2050 hydrogen will meet 18% of
the total global energy demand [18]. And here, for decarbonization, it is important that
the fraction of hydrogen production by WE occupies a significant part.

WE produces sustainable energy resources such as hydrogen and oxygen.
Hydrogen is perfect for energy conversion and storage technologies, while oxygen is a
useful co-product that can be wused in the medical sector and chemical
production/metallurgy as a strong oxidizer. Alkaline or acidic WE typically produces
high purity gases (H2 and O2), which in some cases can be used without further
purification. Currently, the promising application of hydrogen is the adoption of fuel cell
technology in the transport sector: for electric vehicles, trucks, trains, ships, and even
airplanes. Additionally, hydrogen is now widely used in methanol, ammonia, and steel
production. All these markets can easily adsorb billions of tons of hydrogen. Currently,
about 5% of hydrogen is produced by using alternative processes including electrolysis,
while most of the world's hydrogen supply currently comes from the reformation of fossil
fuels: steam methane reforming, oil reforming and coal gasification, where CO: is a co-

product [17],[20], which aggravates existing ecological risks.
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2.2 Electrochemical water splitting

The WE process in alkaline solution comprises two half-reactions: the HER
2H>0 + 2e" — Hyg) + 20H" at the cathode and the OER 40H™ — 2H20 + Oy + 4e at
the anode. WE was discovered in 1789 by Adriaan van Troostwijk and Johan Deiman,
and in 1888 Pavel Lachinov proposed an industrial method for the production of
hydrogen and oxygen by the electrolytic method [21]. The OER is a critical step (rate-
determining reaction) in the water splitting process due to the sluggish kinetics compared
to that of HER at the same operation conditions [22],[23]. OER is a four-electron transfer
reaction with three reaction intermediates (adsorbed OH*, O*, and OOH¥*), while the
HER requires only two electrons with a single reaction intermediate (adsorbed hydrogen
atom H*). Efficient OER electrocatalysts are needed to increase the overall WE energy
conversion efficiency, reduce the energy losses and lower the associated costs.

The thermodynamic voltage for water splitting is 1.23 V (AEwem) at standard
conditions (25 °C and 1 bar). However, commercial electrolyzers typically operate at
much higher voltages. The typical operational cell voltage for anion and polymer
exchange membrane electrolysis are ~1.85V and ~1.75V for 400 mA cm? current
density at 50-60 °C, respectively [24],[25],[26]. The cell voltage (AE) includes anodic
(77anodic) and cathodic (7cathodic) OVerpotentials, and the ohmic resistance of the electrolysis
cell (IR): AE = AEtherm + anodic + 7cathodic + IR. Thus, (AE) is typically far from the
thermodynamic value (1.23 V). This motivates researchers to search for new approaches
in the structural/chemical design of electrocatalysts to reduce total overpotential and

approach the thermodynamic limit for WE.
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2.3 Electrolyzers for water splitting

Electrolyzers for water splitting operate either in alkaline or in acidic media. The
alkaline water electrolyzers (AWE) are characterized by low cost of the electrode
materials, long-term stability and robust performance, as this technology has been
proposed more than 100 years ago. Electrode materials for AWE are typically in a form
of alloy-plated steel materials based on abundant low-cost transition metals such as Fe,
Ni, Co [27],[28],[29]. The immersed electrodes usually operate in concentrated 20-40
wt.% KOH liquid electrolyte being separated by a thick (up to 2 mm) diaphragm (Figure
1a). Porous materials like ZIRFO PERL UTP 500 (mesh polyphenylene sulfide fabric,
which is symmetrically coated with a mixture of a polymer and zirconium oxide), nickel
oxide or asbestos are used for diaphragms [30],[13],[31]. AWESs typically function in
highly corrosive environments and deliver limited current densities due to high internal
cell resistance and detrimental to energy conversion efficiency crossover of H> and Oo,
which is insufficiently suppressed by the diaphragm [32].

Recently, a zero-gap electrolysis cell design was employed. A zero-gap
electrolysis cell consists of a membrane-electrode assembly (MEA) and includes anode
and cathode layers of catalysts with an ionomer (binder), which are deposited on a gas
diffusion layer (GDL). GDL is typically Ti, Ni, or stainless steel in a form of foam/mesh
on carbon paper [33]. The non-porous ion-exchange membrane, which is selectively
permeable to hydrated protons or hydroxide ions, is placed between the GDL and pressed
to form MEA. This device architecture decreases the distance between the two electrodes

to the membrane thickness and hence reduces ohmic losses (IR) of the cell [34] and
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improves the separation of Oz and Hy, thus providing compact design with higher energy
efficiency.

The AWE with anion exchange membranes in zero-gap cell design are called
Anion Exchange Membrane Water Electrolyzers (AEMWE) [25] (Figure 1c). Such
electrolyzers can operate in low-concentrated alkaline solutions or even with distilled
water as feed, which can be supplied to the anode or to both electrodes [13],[26]. It is
similar to Proton Exchange Membrane Water Electrolyzers (PEMWE, Figure 1b), but
replaces the acidic membrane with a basic one and enables the use of non-platinum group
metal catalysts and cheaper MEA materials in contrast to PEMWES, which use Ir, Pt and

mainly Ti for GDL [35]. Figure 1 shows different types of WE cells.

PEM AEM

Conventional alkaline b
electrolyzer C electrolyzer

a electrolyzer

|

(o) H o) H
Anode (+) Cathode (-) . 4\ /’ 2 e ‘\ r’ 2
+
K SIS
O,+2H,0 = 2H,+ 40H™ O,+ an* 2H, O,*2H,0 2H, + 40H™
> @ @
t H ¢ + BN t BN 1
s g e
i
- B 4H,0 2H,0 £ 4H* 3 £ 4H,0
40H 2 5 £ 40H E 2
= = =
OH
Anode Cathode Anode Cathode
layer (+) layer (-) layer (+) layer (-)

Figure 1. Water electrolysis cells: (a) conventional AWE (b) Proton Exchange
Membrane Water Electrolyzer (PEMWE). (c) Anion Exchange Membrane Water
Electrolyzer (AEMWE). Reprinted from ref. [29]. Copyright 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
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However, PEMWE, which use a proton exchange membrane, exhibit higher
current densities (> 2 A cm™) and higher efficiency due to the lower ohmic loss of the
cell compared to that of AEMWE [36],[37].

To increase the WE efficiency, an increased pressure in the electrolyzer is usually
used, for example, AWE, PEMWE and AEMWE may operate at pressures up to 30, 76
and 30 bar respectively. Operating temperature is also increased ranging from 45 to 90 °C
[26],[38].

Table 1 presents AEMWE, its components, and its characteristics. Clearly, the
electrolyzers based on noble metal oxides and Ni-Fe mixed oxides demonstrate the best

performance.

Table 1 AEMWE components and cell working parameters, adapted from ref. [26].

Anode Membrane Cathode lonomer/ Water feed Cell: Voltage, V/
binder Current density,
Acm™?/
T, °C
IrO2 A-201 Pt black AS-4 Deionized 1.8/ 0.399/ 50
Tokuyama water
NiFe204 Sustainion NiFeCo Nafion 1M KOH 1.9/ 1/ 60
37-50
Nig7sFe22504  Sustainion Pt/C — 1 M KOH 1.8/ 1.3/ 45 ref. [39]
37-50
Ni-Fe (XQAPS) Ni-Mo (XQAPS) Ultrapure 1.85/ 0.4/ 70
water
Ni A-201 Ni — 1M KOH 1.9/ 0.15/ 50
Tokuyama
IrO2 FAA-3-50 Pt/C FAA-3-Br 1M KOH 1.9/ 1.5/ 70
NiC0204 0n Homemade Powder Acta Homemade, Dl-water 1.86/ 0.4/ 60
steel mesh not specified 4030 not specified
CuCoOy on A-901 Ni/(CeO2— 12 1% K,COs3 2.1/ 05/ 50
Ni foam Tokuyama La,0s)/C on
carbon paper
Lip21C027904  From Nickel QPDTB-OH™ 1M KOH 2.05/ 0.3/ 45
Cranfield nanopowders ref. [40]
University
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Commercial manufacturers usually do not disclose the compositions of the
electrode materials which they use in the production of AEMWE. In addition, the number
of manufacturers is currently small, and this does not allow full assessment of the market
for electrocatalytic materials.

One of the currently commercially available AEMWE developed by Enapter uses
CuCoOx (Acta 3030) as the anode and Ni/CeO2-La>03/C (Acta 4030) as the cathode. It
operates at 0.47 A cm current density at an average cell voltage of 2.0 V (voltage loss
0.1 mV h) with a 1% K,CO3/KHCO; electrolyte at 50°C [41],[42]. Another AEMWE
manufacturer, Proton Onsite, with a LiCoO2 anode and a Pt/C cathode demonstrates 0.4
A cm™ at an average voltage of 2.0 V for 1000 hours using 1% KHCOs electrolyte [43].
Thus, the most promising compounds based on Ni-Fe mixed oxides are not yet available
in commercial electrolyzers with an anion exchange membrane, which is probably related
to difficulties in achieving attractive durability and performance [44] due to a rather
complex pattern of degradation of catalytic materials during WE and the OER

mechanism itself.

2.4 Oxide materials as OER catalysts

In general, noble metal oxides such as IrO2 and RuO., as well as compounds
based on them, are considered as the most active OER catalysts both under acidic and
alkaline WE, but they are scarce (0.1 ppb for Ru and 0.05 ppb for Ir in the Earth crust)

and expensive (19000 US$/kg for Ru and 133000 US$/kg for Ir; access 14.12.2021)
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[45],[46], which impedes wide dissemination of the WE technology. The cost of
transition metals is incomparably lower (e.g. metallic nickel costs ca. 24 US$/kg).
Moreover, stability issues related to Ru dissolution is an additional limiting factor in wide
application of precious metal-based WE electrocatalysts [47]. Clearly, cheaper, stable and
more efficient catalysts materials are highly desirable.

Among other materials, oxides with perovskite structure with the general formula
of (A,A’)(B,B*)Os5 (A, A’ — rare-earth or alkali-earth cations, B, B’ — transition metal
cations), have shown promising catalytic activity in alkaline media [48],
[49],[9],[10],[50]. Additionally, their catalytic properties can be tuned by varying
chemical composition through substitutions. The perovskite materials bearing 3d
transition metals have been extensively studied during the last decades as potential OER
catalysts in alkaline media (Figure 2). For lanthanum-based perovskite compositions, the
following sequence of OER activity was established V =~ Cr < Mn < Fe < Co =~ Cu < Nj,
with the nickel-based composition being the most active [51]. However, the A-site metal
can also adjust the catalytic properties. For instance, when Y is at the A-site, YCo0Os3
perovskite has better performance compared to YNIiOs, but still inferior in activity to
LaNiOs. The (Ca/Sr)CoOs and (Ca/Sr)FeOz compounds could provide higher OER
activity compared to LaCoOs or LaFeOs, whereas the activity of CaFeOs and SrCoO3

will be higher than that of LaNiO3 [51],[52] (Figure 2a).
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Figure 2. (a) Specific activities for perovskite oxides at 1.6 V vs RHE in 0.1M KOH.
Reprinted from ref. [51]. Copyright 2018, American Chemical Society. (b) Polarization
curves of LaNiixFexOsz (x = 0, 0.1, 0.2, 0.6). Reprinted from ref. [53] Copyright 2015,
The Royal Society of Chemistry.

Changing the Ni:Fe ratio on B-site also changes the catalytic properties (Figure
2b). Zhang et al. [53] established an optimal Ni:Fe ratio of 8:2 for La-based perovskites,
Figure 2b, which was later confirmed by Wang et al. [54]. It has been demonstrated for
Ni, Fe, and Co-based systems that bimetallic mixed compounds exhibit enhanced OER
activity compared to monometallic oxides [12]. Under certain conditions, Ni-Fe systems
even outperform the compounds based on noble elements, such as Ir and Ru in terms of
mass and specific activity [55],[56],[57],[58]. This synergistic effect for Ni and Fe was
observed in oxides, hydroxides, and perovskites with different Ni:Fe content
[59],[60],[61],[62],[63],[64],[65]. Guo et al. [66] demonstrated enhanced catalytic
activity of the LaNiosFeosO3 perovskite compared to LaNiOs and LaFeOs, which was
further improved by heterovalent Sr doping at the A- site. Wang et al. [67] investigated
the LaosSrosNixFe1xOzs (X = 0.8, 0.5, 0.4, 0.2) system and observed that the nominal
Nio.4Feo6 ratio has the highest OER activity. Li et al. [68] studied a similar system with a
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fixed Ni:Fe stoichiometry: Lai-xSrxNiosFeo20s-5 (x=0, 0.1, 0.3, 0.5), and reported on
significant activity improvement with Sr doping (the lowest OER overpotential was
demonstrated by the sample with a maximal Sr content). However, Sr-doping leads to the
formation of secondary phases, which raises questions on the homogeneity of the
obtained perovskites.

Table 2 collects OER activities of some relevant complex mixed oxides, with
experimental parameters such as mass loading, oxide to carbon ratio in the electrode used
for the electrochemical measurements, electrolyte composition and temperature. It should
be noted that each of these parameters can significantly affect the assessment of the
activity value. Various metrics are used in the literature to determine activity:
overpotential at a specific current density or current density at a given overpotential. The
normalization of these values to the mass loading of the active component and to the
specific surface area makes it possible to better understand the nature of the catalytic
activity of the compounds and evaluate it [69]. It is worth noting, that direct comparison
of activity across various studies is limited and should be taken with care, due to different
experimental conditions and measurement protocols. However, such a comparison still
allows us to assess the potential of the double A/B-site substitution approach in
perovskites as a property tuning method to further enhance the catalyst activity in OER.
As follows from inspecting data from Table 2, mixed perovskites with double

substitution, such as Lao.sSro.sNiosFeos03-5, show the highest activity in OER.
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Table 2. Comparison of the specific and mass OER activities at 1.61 V.
bA
Total 2 ~| 2E| &4 am
mass oxide: = ol E| ] 8°| 2 % 2o .
Catalyst loading |  carbon £ <] 8| E| gE| &% 5o | &
. . [&] ! - = n D — > [a'dd
(ng | weight ratio 2 < w5 g 2 < L e
cm?) - ol BE|l == E¥
(2]
Sibunit-152 | 1M
LaosSrosMnosC00s0s | 30 ! L(T:'l) NeoH | 25 | * |02 013 | ~13 53 | [70]
nitrogen-
doped 01M
LaNiOs 51 mesoporous | . rt. | + 11 1.6 180 42 [71]
KOH
carbon NC
(3:7)
. 0.1M
LaNiOs - 600 408 no carbon KOH rt | + 252 0.02 ~4 84 [72]
LaFeosNiosOs carbon 1M
nanorods 408 powder KOH rt + | 317 | 0.15 47 64 [54]
Ir0; 51 | ve@d) |SeM| e |+ |145| 11 | ~165 | 88 | [73]
Ni-Fe LDH* (Ni:Fe 01M ) _ _
45:55) 51 no KOH, r.t 7 27 2.2 600 37 [61]
Ni-Fe LDH -Bulk 70 No Kl(I;/IH r.t. ? NA NA ~360 67 [74]
LaNiO3/Ni(foam) | 23000 no Klng rt. | + | NA | NA ~1 NA | [75]
LaosSrosNio.4Fe0603-5 400 no K10|\|/|_| r.t + 14.9 0.44 66 NA [67]
. S P 0.1M
LaosSrosNiosFeo20; | 464 ‘(‘f:elr) kon | Tt |+ |58 12 ~68 | NA | [68]
nitric acid-
treated
LaoaSrosNiosFeosOss | 220 | carbon | M | vt | + | 98 | ~38% | ~a75% | 528 | [66]
KOH
black (XC-
72) (1:2)
‘ Acetylene | 0.1M _
Lao.sSro.4Coo2FepsOs-s 50 Black (5:1) KOH r.t + 19 0.1 17 75 [76]

*LDH - layered double hydroxides

2.4.1 Perovskite synthesis

As this thesis is devoted to the electrocatalytic properties of perovskite-type
mixed oxides, in this part of the literature review we discuss methods and synthesis

conditions (Tarying — the temperature of gel drying and Tann — the temperature of powder
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annealing) for Ni- and/or Fe-based perovskites with La®* substitution for Ca®* or Sr?*.

The literature data for the relevant materials are collected in Table 3.

Table 3. Synthesis conditions of Ni-Fe based perovskites, phase purity and surface area.

Sample Method of synthesis and parameters Phase purity BET Ref.
surface
area,
m2 g—l
LaOA6caOA4Fe1- xNixO3 SO|-G€‘| (SG), Tdrying = 250 OC, Tann:700 OC |n X > 07 AZBO4'type 22 - 29 [77]
(0.0<x<1.0) air for 10 h impurities; x=0.5: NiO
impurity; x<0.3: phase pure
LaosCaosFeo7Alos0s | Solid-state: carbohydrate-mechanochemical | Al,Osz impurity 4 [78]
method. Oxides milled for 24 h with ethylene
g|yCO|, Tdrying :300 OC, then Tann 21000 OC / 24
h.
LaNiosFeos03 SG, Tarying = 150 °C, Tann=700 °C / 5h Phase pure 7.10 [79]
x=0.25, 0.5
LaNiosFeo.403 Combustion spray pyrolysis at unknown T, then | Phase pure 8.0 [80]
Tan=800 °C
Lal-xsrxNiOASFeO,ZO?, SG, Tdrying = 260 OC y Tann :900 OC / 5 h X:0.5, 03 NIO and LaerlOA 25 = 5 [81]
(x=0,0.1,0.3,0.5) impurities
Lao.sSrosNixFe1-xOs SG, Tann=850°C/3h NiO and LaSrNiOg4 impurities | 14.2 - | [67]
(x=0.8, 0.5, 0.4,0.2) 15.7
LagsCaoaFeosNip203 | SG, Tann=1000°C 1 h then treatment in 10% Hx>— | Ni impurities N/A [82]
Arat700°C/10h
Lao4CaosFeosC00203 | Citrate pyrolysis method. Taring=200 °C, then | Phase pure 2.6 [83]
Tan=900°C/5h
LagsCagsFeOs Nitrate combustion method Tan= 800 °C under | N/A 1.1-1.8 | [84]
Lao 75Cao 25Fe03 dry air
Lai_xCaxFeOs SG. Tarying=70 then 250°C, Tan=700 °C /6 h. Phase pure for SG 19-38 | [85]
(x=0.0,0.1, 0.2, 0.3, | Co-precipitation of the nitrates, aging at pH 10, | Traces of CaCO; for Co- | 8-21
0.4) 48 h. Tarying=110 °C. Tann =700°C /6 h precipitation x=0.2 and higher
LaosCaosFeo7NigsOs | SG (citrate acid and polyethylene glycol), Taring | trace amounts of CaCOs N/A [86]
=80 °C then 120 °C /24 h. Tarn =750 °C /5 h
LagsCag.sFe;xNixO3 SG: nitrate salts and citric acid were dissolved | Phase pure N/A [87]
(x=0.1,0.2,0.3) in distilled water + ethylene glycol. Taring=70
°C. Tann=600°C /12 h
Lay- xCaxFeosNip2 O3 | SG. Same as above x>0.5: CazFe;Os impurity; | NA [88]
(0<x<0.9) x<0.7: La203 and Ca0
impurities
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It is worth noting, that some of the described materials were used as catalysts in
different electrocatalytic oxidation processes (for oxidation of methanol, ethanol,
dimethyl ether, see ref. in Table 3), which highlights wide possibilities of using Fe-Ni
perovskites as catalysts.

Perovskite synthesis is possible via many synthetic methods including solid-state,
sol-gel (SG), co-precipitation and spray pyrolysis (SP). Soft chemistry methods make it
possible to obtain catalysts powders with a relatively large surface area. For the synthesis,
precursors of the corresponding metal salts/oxides are used, the temperature and
annealing time are in the range from 600 to 1000 °C, and from 3 to 24 hours,
respectively. The BET surface area for the resulting perovskite materials varies from 1.1
to 38.6 m?g™, depending on the synthetic route.

Among the others we can highlight the SP method, which has several advantages
for the synthesis of the electrocatalysts. This method makes it possible to obtain spherical
porous/hollow particles in a controlled manner [89],[90], which exposes more active
surface, compared to rod and cubic morphologies, which results in a higher catalytic
activity [91]. Moreover, the SP method allows obtaining catalyst powders in a continuous
production process, with facile control of the composition due to the good mixing of the
precursors at the molecular level in the spray solution, which is important for obtaining
complex double-substituted perovskite oxides.

Different nebulizers can be used to generate the spray (e.g. ultrasonic, pneumatic

and electrostatic atomizers). The pyrolysis process could occur in a furnace, heating
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plate, or in flame. In this work, we chose the ultrasonic method for SP, due to optimal
droplet size with uniform size distribution and spraying rate.

The ultrasonic SP (USP) method offers a synthesis approach to produce
nanostructured materials with a unique morphology. The formation of liquid droplets
consists of two processes which occur simultaneously: the first one is generation of
capillary waves at the liquid-gas interface, which breaks at the crest of the wave at a
certain amplitude (which is provided by the ultrasonic generator) and form liquid drops.
Another process is cavitation, i.e. the formation of bubbles in a liquid that can grow to
tens of pum, and then implosively collapse [92],[93]. After the collapse (periodic
hydraulic shocks) the stored energy is released in a very short time, which ruptures the
liquid-gas interface and the liquid micron-sized droplets are formed on the surface of a

liquid (Figure 3).
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Figure 3. Scheme of spraying with the formation of a capillary wave is presented without
cavitation bubbles in the solution for simplicity. However, cavitation bubbles periodically
explode and cause hydraulic shocks that break the liquid-gas interface, causing additional
spraying (left) reprinted from ref.[94]. Copyright 2019, The Royal Society of Chemistry,
and photograph (right) of an ultrasonic fountain and mist produced at 1.7 MHz. Reprinted
from ref. [95]. Copyright 2005, American Chemical Society.

Typically, a piezoelectric generator is used to atomize a liquid, which creates
oscillations of a certain frequency. The resulting mist is then carried by the gas flow to
the hot zone of the furnace, where the aerosols are thermally decomposed and eventually
a solid phase is formed. The simple model process involves the following steps: droplet
generation, evaporation of solvents, diffusion of solutes, precipitation, decomposition,
and densification [96].

The size of droplet which detached from liquid surface can be described by the

Lang equation, which establishes the relationship between the ultrasonic frequency and

the diameter of droplets [97]:
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where D is the diameter of the droplet (m), y is the surface tension (N m™), p is the
solution density (kg m), v is the ultrasonic frequency (MHz).

For example, spherical water particles with an initial diameter of ~ 5 um are
obtained at a frequency of ~ 2 MHz. In the hot zone of the furnace, the solvent evaporates
and contracts, and further heating leads to phase formation (supersaturation on the
surface of the droplet). The porosity and morphology in the SP synthesis method depends
on the nature of the precursors as well as the pyrolysis temperature, since at higher
temperatures the evaporation rate of a solvent is fast and droplet shrinks rapidly, which
leads to dense solid particles [98]. The formation of dense solid particles or hollow shells
depends on the rate of solvent evaporation and on the solubility of the precursor, which,
in turn, depend on the viscosity and surface tension [93]. Additionally, methods based on
the decomposition of organic substances, such as sucrose, glucose, etc., with CO, COy,
H>, H20 being released, can be applied to change the morphology of the particle. The
volatile species create holes and pores in the particles [99].

Moreover, USP synthesis allows to obtaining porous carbon powders, that have
comparable electrocatalytic performance with the well-known Vulcan Carbon XC-72,
which is actively used in conjunction with metals and oxides in the reaction of oxygen
evolution and reduction. As well as mixtures of porous transition metal oxide particles
with carbon can be obtained in one stage using USP with sucrose as a carbon source and
metal salts pyrolyzed in the H2/N2 gas stream [100]. Although such features of spray

pyrolysis method as obtaining a mixture of a catalyst with carbon are not considered in
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this thesis, they can be used in the future to simplify preparation of highly efficient

catalysts.

2.5 Kinetics and mechanisms of oxygen evolution reaction on oxide surfaces

In recent literature, it was established that the OER can proceed through two
different mechanisms: the conventional adsorbate evolution mechanism (AEM) and the
lattice-oxygen-mediated (LOM) mechanism [101],[49]. AEM s typically assumed to
involve four concerted proton-electron transfer (CPET) reactions centered on the active
sites (metal cation), as described in equations below for acidic (2.1)—(2.4) and alkaline
(3.1)—(3.4) conditions, respectively [101],[48]:

M* + H,0 > M-OH* + H" + ¢~ AG1  (2.1)
M-OH* <> M-O* + H* + &~ AG:  (2.2)

M-O* + H20 <> M-OOH* + H +¢~  AGs (2.3)

M-OOH* <> M* + 02+ H* + e AGs  (2.4)
M* + OH" <> M-OH* + e AG:  (3.1)
M-OH* + OH >M-O* +H20 +e" AG:  (3.2)
M-O* + OH" <> M-OOH* + e AGs (3.3)

M-OOH*+OH <& M*+ 02+ H,.O +e” AGs (3.4)
Every reaction step involves a kinetic energy barrier with the slowest step being referred

to as the rate-determining step (RDS).
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In AEM, in alkaline solution, OH" first adsorbs on the surface and forms OH*
intermediate (eq. 3.1). The adsorbed OH* species then undergoes subsequent
deprotonation to form O* (eq. 3.2). The following O-O bond formation step allows O* to
react with another OH" to form the HOO* intermediate (eq. 3.3). In the final step, Oz is
evolved through the deprotonation of HOO* with the regeneration of the surface metal
active site (eq. 3.4).

Each elementary step requests ideally 1.23 eV to form the next intermediate, as
shown in Figure 4 for ideal catalysts, but real catalysts usually have a higher energy

barrier for a certain step.

OOH,,q O,+4H"+4e"
+3H* + 3e~
H,0 + Ofyq) —_——
a AG
+2H* + 2¢" -
H,O + OH 4y
+H* + e AG, EE°

2H,0

m—-—ﬁ_ ————————————

| E,E°

tAG

R
Real catalyst

ideal catalyst

Reaction coordinate

Figure 4. Gibbs free energies (vertical axis) of reactive species and intermediates versus
reaction coordinate, for ideal (red) and real (blue) catalyst at different electrode potentials
(E1<E2<Es); (E° = 1.23 V standard OER potential). Reprinted from ref. [102]. Copyright
2010, Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.
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The OER might be limited by any of these four reaction steps. The most positive Gibbs
free energy determines the overpotential. At the potential Ei- E all steps are uphill and
the reaction is unfavorable. At the potential Eo- E° red dashed line shows that for an ideal
catalyst there is no uphill in free energy at equilibrium potential = 1.23V, while for a real
catalyst (blue line) the step AGs is uphill i.e. additional overpotential is needed to
overcome this energy barrier and launch the reaction. At a higher potential Es- E° all

reaction steps are downhill in free energy and the reaction proceeds freely.

2.6 Descriptors of activity in OER

It is worth noting that there were a lot of attempts to find appropriate specific
descriptors, which correlate with the activity in OER. In 1955, the pioneers Riietschi and
Delahay observed a correlation between the OER activity and the energy of the bond
strength (M-OHadsorbed) for metals [103], which was confirmed later by Subbaraman et al.
for (oxy)hydroxide systems, where activity follows the order Ni > Co > Fe > Mn, with
increasing strength of the M-OHagsorbed interaction [104]. In early work, Trasatti reported
the enthalpy change of the transition of the oxide from a lower to a higher oxidation state
as a descriptor, where the smaller overpotentials were demonstrated by the oxides of Ir,
Ru, and the higher by transition metals [105].

Other descriptors are related to electronic structure (for complex oxides), like the
number of d electrons on transition metal. This descriptor was proposed by Bockris and

Otagawa in 1984, as they found a correlation between the OER activity and the electronic

34



structure for ABOs perovskite materials (Figure 5a) [106]. They observed an increase in
the OER activity with changing the B-site cations in the following order: V< Cr < Mn <
Fe < Co < Ni. Additionally, substituting La®" for Sr?* was shown to provide a positive
effect on the OER activity, due to the increased number of oxygen vacancies (adjusting
B-OH bond strength). For Sr-doped mixed oxides, Matsumoto and Sato also highlighted
the importance of degree of overlapping between the d-orbitals of the transition metal and
oxygen p-orbitals [107].

In 2011 Norskov and Rossmeisl groups analyzed large range of complex oxides
through calculation of scaling relations between the adsorption free energies of different
adsorbates (intermediates): O*, OH*, and OOH* for certain crystal plane orientation
[48]. They assumed, that all intermediate steps are described as single proton transfers,
coupled with single electron transfers with four intermediate steps, and found that the
difference of binding energies AG on the free energy diagram (similarly to Figure 4)
between OOH* and OH* species (AG%oon+ - AG%mH+) on the various oxides e.g.
perovskites, rutiles, anatase, is approximately constant and equals ~ 3 eV on average, and
it does not depend on where the binding energy of O* level is located relative to OH* or
OOH*. While for the ideal catalysts the difference should be 2.46 eV (i.e. 3.69-1.23 eV),
it is not feasible in the real catalysts, and implies the impossibility of creating a catalyst
with 100% efficiency. This relationship leads to volcano-shaped curve, in terms of OER
overpotential, determined by the O* adsorption energy, and allows predicting the
electrocatalyst activities for a large range of oxides (Figure 5b). The OER kinetics for the

materials on the left leg of the volcano in the Figure 5b (strong oxygen binding and the
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O* energy level is placed closer to OH*, see Figure 4) are limited by the transformation
of O* into OOH*, while the kinetics on the right leg (weak oxygen binding, the O*
energy level is placed closer to HOO*) are limited by the transformation of OH* into O*.
Based on this analysis, the steps AG2 or AGz act as the potential RDS for most OER
electrocatalysts, hence the difference AG%= - AG%mn~ or AG%on+ - AG%0+Was proposed as

a universal descriptor to predict the activity of a material in OER.
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Figure 5. (a) OER current density on perovskites at 0.3 V overpotential vs number of d-
electrons of B-cations in perovskites (left). Electronic structure, d-electron configuration
of transition metal ions (M) at the surface of perovskites, the eq levels split into d, 2,
d,z2, the tog — into dyy, dx;, dy, (right). Reprinted from ref. [106]. Copyrights 1984, ECS -
The Electrochemical Society. (b) Volcano plot of the calculated overpotential (n) with the
AG%+-AG%o+~ parameter as a descriptor. Reprinted from ref. [48]. Copyright 2011,
Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim. (c) Relationship between OER
specific activity and eq electron occupancy on B site transition metal for various
perovskite catalysts. Reprinted from ref. [108]. Copyright 2011 by the American
Association for the Advancement of Science.
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Later, motivated by the success of the d-band theory as the activity descriptor for
metal surfaces proposed by Bockris and Otagawa, descriptors based on the eq electron
occupancy were proposed (Figure 5c¢). For this purpose, the electronic configuration
(t“29€%g) is first determined based on the formal oxidation state of the transition metal at
the B-site and their spin state. So, in the work ref. [108], the optimal value of the eq
electron occupancy was determined as ~ 1.2, which should lead to optimal binding of the
OER intermediates to the oxide surface and facilitate RDS (presumably 2 or 3 step). The
determination of eg orbital occupancy for oxides with two different B-site ions was based
on a more active surface transition metal cation, under an assumption that the less active
cation contributes negligibly. The analysis of the ey orbital occupancy was chosen
specifically [108], because the o-bonded eq orbitals have a stronger overlap with the O 2p
orbitals of the oxygen-related adsorbate than the z-bonded tyg orbitals. Presumably, it
promotes more directly the electron transfer between surface cation and adsorbed
reaction intermediates, which greatly influences the binding of oxygen-related
intermediate species on B-sites and thus the OER activity [108]. In addition, for a more
accurate prediction of the OER electrocatalytic properties based on the electronic
structure, Shao-Horn’s group also proposed descriptors such as 2p-band position relative
to the Fermi level [10],[109], and metal-oxygen covalency (the energy difference
between the metal 3d and oxygen 2p-band centers, also referred to as the charge-transfer
energy [110]). These approaches simplified the whole complexity of OER process and do
not consider real change in the surface of the electrocatalyst during the OER and the

binding strength of reaction intermediates with the surface, just assuming some
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correlation between catalytic activity for transition metal oxides and surface adsorbate
binding energy of intermediates. In addition, it has also been shown that reducing the
metal-oxygen covalency can reduce or even eliminate the energy barrier for electron
transfer at the oxide-electrolyte interface, which facilitates the kinetics of OER [110].
Thus, such approaches make it possible to partially establish a connection between the
bulk electronic structure and catalytic activity. They can be useful if the surface of
electrocatalysts is stable (or has minor surface changes) during the OER and other
comprehensive methods of analysis are used to evaluate and interpret electrochemistry. It
was experimentally demonstrated that Ni-based lanthanum perovskite materials have the
highest OER activity (Ni > Co > Mn > Fe > Cr). The wide application of DFT
computational methods to rationalize the OER thermodynamics allowed establishing
correlations between the activity and the electronic structure, and metal-oxygen
covalency was proposed as one of the most appropriate activity descriptor (among the
analysis of the bulk electronic structure) [51],[109],[110],[111],[112]. Yet, these
approaches presume stable surface structure and do not account for possible surface

structure evolution during OER, which might change the nature of the active sites.

2.7 Lattice oxygen mediated mechanism

The OER mechanism involving the oxygen atoms of the oxide crystal lattice is
referred to as lattice oxygen-mediated mechanism and denoted in literature as

LOM/LOER (lattice oxygen evolution reaction). In contrast to AEM, this mechanism
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assumes that at least one of the four OER steps is not a concerted proton-electron transfer
(CPET) (Figure 6a). This mechanism was first discussed for OER on perovskite materials
in alkaline solution in 2016 for LaBOs (B is Ni, Fe, Co, Mn) by Rong et al. [113], for Sr-
doped LaCoOs by Mefford et al. [9] and later in 2017 by Grimaud et al. [49]. It was
suggested that the activation of the LOM mechanism occurs due to a decrease in the
enthalpy of O vacancies formation, which depends on the nature of the B atoms and their
nominal oxidation state. Thus, oxygen vacancies that are formed after the heterovalent
substitution of La®>" for Sr?* in Co-based perovskite make it possible to switch the
mechanism from AEM to LOM. The increase in the degree of substitution was
demonstrated to have a positive effect on the OER activity. This was rationalized by
higher covalency of metal oxygen bonding (i.e. smaller energy difference between metal
3d-band and O 2p-band center, when oxidation state of Co is increased) and decreasing
the O vacancies formation energy in Sr-substituted perovskite materials. Previously,
Deml et al. in 2014 demonstrated the strong correlation between the oxygen vacancy
formation energies (Ev) and the position of the O 2p band center relative to the Fermi
level for the compositions Lai xSrxMnyAl1yOs, where an increase in the degree of Sr-
substitution led to a shift in Er closer to O 2p-band and a decrease in Ev, and an increase
in Ev with increase in the Mn-substitution, when Sr-substitution is constant and x(Sr) >
X(Mn), which leads to an increase in the position of Er relative to the O 2p-band center.
No change in Ev was observed with increasing Mn-substitution when x(Mn) > x(Sr) and
Er changed negligibly [114]. Studies on other perovskite compounds such as SrCo0Os-;,

BaosSrosCoo.sFen20s3-5 also showed that a high content of oxygen vacancies, together
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with close O 2p-band center to the Fermi level and high M-O covalency are typically
associated with a higher OER activity, which was suggested to be a signature of LOM for
these perovskite catalysts [109],[115]. The LOM mechanism implies a reversible
formation of the surface oxygen vacancies associated with high surface exchange kinetics
that results in a significant enhancement of catalytic activity in the OER [9],[73]. Thus,
the primary role of heterovalent substitution of A-site cations (cations in lower oxidation
state, e.g. +2) stems from decreasing the electron donation ability of the transition metal
cations and implementing oxygen vacancies as a charge compensation mechanism. This
leads to a shift of the O 2p-band towards the Fermi level and decreasing oxygen vacancy
formation energy, which has positive effect on catalytic activity [109],[9].

The distinction in the LOM and AEM mechanisms was suggested to be rooted in
the details of the complex oxide electronic structure. When the transition metal 3d band is
located above the oxygen 2p band, the metal center of the oxides acts as the adsorption
site and redox center, allowing water oxidation to follow AEM, with reaction
intermediates originating from the electrolyte (eq 2.1-3.4). In the LOM mechanism, when
the metal-oxygen covalency in the material is increased, the energy of the 3d band of the
transition metal (see red projected density of states (PDOS) in Figure 6c) is shifted down
into the O 2p-band (blue PDOS), resulting in the formation of a bond between the
adsorbed intermediate —O* with the lattice O, followed by the release of OO and the
generation of O-vacancies in the lattice (Figure 6¢). This configuration has a lower Gibbs
free energy compared to generally proposed adsorbed —O intermediate in AEM (eq. 3.2),

thus LOM pathway is energetically favorable [113],[9]. Importantly, it is assumed that
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lattice oxygen is reversibly refilled with the OH 5 from the electrolyte and the perovskite
surface is preserved [9],[49],[116].

One of the notable experimental observations in favor of LOM is the pH-
dependence of the OER activity (on the RHE scale), which suggests the non-CPET steps
during OER, compatible with LOM. Such pH-dependence of the catalytic activity was
observed by Grimaud et al. (Figure 6b) for Lai1xSrxCoOs-s (x > 0.4), ProsBaosC00;-5 and
SrCo0s-35, for which up to 37 monolayers of oxide (~14 nm) were suggested to be
involved in the LOER process (as confirmed by 20O released from isotope labeled
perovskites in the OER via online electrochemical mass spectroscopy) [49]. For undoped

LaCoOs3, the OER activity was pH-independent, which suggests an AEM [49].
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It is worth noting that later research provided serious implications against LOM,
as a major factor determining the enhanced electrocatalytic activity of Sr-doped
perovskites. Recent work by Markovic group on the electrocatalytic activity of Lai-
xSrxCo03 (x = 0.3) materials demonstrated that pH dependence of OER activity (on the
RHE scale) is not related to the difference in OER mechanisms (CPET vs. non-CPET
steps). The OER currents were shown to depend not on the solution pH directly, but
primarily on the concentration of Fe ions in the alkaline electrolyte, which are a typical
impurity in commercial KOH and NaOH solutions for water electrolysis [117],[118]. For
purified Fe-free electrolytes or the same iron content across the different pH, no
dependence of the OER activity on pH was observed for Lag7Sro3Co0z on the RHE scale
(Figure 7a).

It was further suggested that the Fe impurities form active sites, which result in
electrocatalytic activity enhancement [119]. A crucial point of this study is that the
catalytic surface is not the Sr-doped LaCoOs surface itself, but the restructured
(oxy)hydroxide surface layer (CoOxHy) formed during the OER. This restructured layer
interacts with the trace amounts of Fe ions in the electrolyte, which creates dynamically
stable active sites. The DFT data revealed that Fe adsorption energy on the perovskite
surface is less negative compared to Fe adsorption energy on perovskite-supported
CoOOH monolayer. This study seriously challenges the notion of LOM as a mechanism,
which occurs on the pristine perovskite surface. Clearly, cation leaching, surface
restructuring, and changes of the nature of the catalytically active site should be carefully

considered before any conclusions about the electrocatalytic mechanisms can be drawn.
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Inset shows the increase in currents for pre-cycled sample compared to the initial
currents, due to the presence of Fe ions. (¢) Fe-induced OER improvement factor (ratio
between the current density with and without Fe ions in the electrolyte at 1.7 V) as a
function of cycle number for La;xSrxCoOs (x = 0.1, 0.2, 0.3). Reprinted from ref. [119].
Copyright 2021, American Chemical Society.

Thus, an increase in the metal-oxygen covalency, O 2p shift relative to the Fermi level
and decrease in the energy of vacancy formation due to the substitution of La®>" for Sr?* in
the perovskite structure, as noted in the above works, seemingly correlates with the rate

of irreversible perovskite surface reconstruction (which apparently always takes place)
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due to leaching of the A-site cation and the formation of an (oxy)hydroxide layer based
on the B-site cation, which leads to a stronger interaction with Fe ions in the electrolyte.
After all, as it turned out, even LaCoOs3 with a sufficiently large separation of the O 2p
band from the Fermi level (~2.5 eV) [109] is able to change the surface during cycling
(see further section 2.9). The continuous process of Fe (and B-site cations)
dissolution/redeposition during OER on restructured perovskite surface prevents deeper
amorphization of the electrocatalyst material and maintains high activity in OER.
Markovic group demonstrated that the activation of Sr-doped Lai-xSrxCoOsz depends on
the synergy between the presence of trace amounts of Fewq in the electrolyte and the
degree of Sr doping in the A-site. In the electrolyte purified from Fe ions, all samples,
regardless of Sr doping amount, show essentially the same OER activity (notably, after
longer cycling the differences will become noticeable due to irreversible surface structure
changes). A significant difference in the OER activity is observed only in the presence of
Fe@g) ions in the electrolyte, Figure 7b. Moreover, after more than 2000 cycles in the
electrolyte with Fe(q) ions, regardless of the doping level, the activity of all the catalysts
La1-xSrxCo0Os (x = 0.1, 0.2, 0.3) became the same (Figure 7c). These results highlight the
importance of factors such as the number of cycles and concentration of trace Fe ions for
an accurate analysis of the electrocatalytic mechanisms.

The fact that small amounts of Fe adsorbed from the electrolyte strongly affect the
OER activity and stability of electrocatalysts has also been reported for the
(oxy)hydroxides systems like (Ni,Fe,Co)OxHy. For these electrocatalysts, enhanced

activity can also be attributed to the formation of dynamically stable active centers
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[120],[121]. Markovic's group carried out controlled experiments with Feg) ions in the
electrolyte and emphasized that for perovskite catalysts the Fe species in the electrolyte
are an essential component, since these species provide the dynamically stable active
sites [120],[119]. Additionally, it should be noted that perovskites as
Bao 5Sro.5C00.8F€0.203-5 [122],[123], SrTio.1Feo.ssNio.osO3-5 [124] and LaNiOs [125],[126]
with a surface modified by (oxy)hydroxides demonstrated better catalytic properties and
stability than bare perovskites without (oxy)hydroxide modification. Earlier in 2017
Fabbri et al. proposed a similar idea with dynamic reconstruction of the perovskite
BaosSrosCoo.8Fe02035 surface during the OER, which is accompanied by the A-site
cation dissolution and B-site cations dissolution/redeposition, which results in the growth
of a self-assembled (Co/Fe) (oxy)hydroxide active layer [127]. Based on the knowledge
available today, we can suggest that the LOER on perovskites is a part of an irreversible

surface reconstruction process, which can be described by the following equation [127]:

ABO;_5+ OH > BO(OH) + A% + (1- 8/2)02 +3¢". (4)

After this initial surface reconstruction, the active surface is the formed B-site cation

(oxy)hydroxide. This new active surface can be dynamically stable if the concentration of

Fe species in electrolyte is sufficiently high (close to saturation limit, overwise, with Feaq

<< Fesaturation cations will be leached/dissolved during OER and not redeposited).
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2.8 (Oxy)hydroxides as active OER surface in alkaline media

As (oxy)hydroxide layers are presumably responsible for the OER activity
enhancement under the alkaline conditions, it is essential to properly understand their
electrochemical behavior. Investigation of nickel (oxy)hydroxides electrocatalytic
properties is particularly important for revealing the nature of the electrocatalytic surfaces
of Ni-based compounds. For instance, it was reported that pure metallic nickel surface
becomes covered by thin layers of NiO or Ni(OH)2 instantaneously upon immersion into
IM KOH electrolyte. On the anodic scan the peak labeled ‘a’ corresponds to the
formation of a-Ni(OH), (subsequent reduction corresponds to the cathodic peak ‘a”),
which is further irreversibly converted into B-Ni(OH). (region B along the abscissa,
Figure 8) [128]. B-Ni(OH): is further oxidized to B-NiOOH, which is accompanied by the
change in Ni oxidation state from 2+ to 3+. During the electrochemical cycling involving
Ni%*(OH)2/Ni**OOH redox (region C in Figure 8) the thickness of the surface hydroxide

and inner oxide layers (NiO between the hydroxide and the Ni substrate) increases [129].

48



0.24 a

159 00 _—
I o /7
1.0 ~04{ bf/\} a'

0.6+
12 <10 08 06 04 02

0.54
< A
- 0.0 -.-..““' ...... ; 3 1”503”
SN[ e 2" scan
0.5 Cl
104 | | | ° |
J A I B I'c 1 Region

o T X T \/ T hd L] v L] v T v T . T
12 <10 08 -06 -04 -02 00 02 04 06
E/ V (versus Hg/HgO)

Figure 8. Cyclic voltammograms of Ni (1 1 1) in 1 M KOH. From ref. [128]. Copyright
2005, Elsevier B.V.

With an increase in the potential, B-NiOOH can transform into the y-NiOOH.
Such a chemical formula (y-NiOOH) is widely used in the literature, however this
designation is used for simplicity because y-NiOOH structure has a large interlayer
distance, and water molecules and alkali ions can intercalate into the (oxy)hydroxide,
making it difficult to determine the exact composition. A more accurate representation to
take into account the variable stoichiometry of the compound would be y-
NiOOHxAy+z(H20) (where A - alkali metal cations and the nickel oxidation state reaches
+3.66 when x = 0, y = 0.33, z = 1), which indicates the existence of a significant number
of nickel centers in the formal oxidation state of +4 [130],[131],[132]. Thus, the available
experimental data indicate that the surface of metallic Ni is transformed into nickel

oxide/hydroxide and further into (oxy)hydroxides upon cycling in alkaline solutions. Ni-
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based perovskites are presumed to undergo similar surface transformations under the
alkaline OER conditions [133],[134].

Ni-M double hydroxides (DH) (where M can be Cr, Mn, Fe, Co, Cu, and Zn)
demonstrate enhanced OER activity when appropriate dopants are introduced. Diaz-
Morales et al. found that the difference between the adsorption energies of O* and OH*
for NiO model is slightly shifted by -0.1 eV from the optimal thermodynamic value and
by +0.24 eV for NiOOH model, which opens wide possibilities for OER enhancing via
doping, from the point of the difference in the adsorption energies of AG%« - AG%mu~
[135]. They assumed two cases for DFT analysis of Ni-M DH, first when the second
transition metal site was the active site, not Ni, the authors found that doping 50 at.%
with Mn, Fe, Co results in optimal thermodynamic value of AG%s= - AG%pw~ for the
increased OER activity, while Cr, Zn, Cu doping demonstrates less optimal AG%o«-
AG%n+and should result in a higher overpotential (Figure 9a). The second case, when Ni
itself was the active site, doping with Cr should lead to optimal adsorption energies
AG%-~ - AG%w~ and, correspondingly, to an increase in the OER activity, while other
elements provide less favorable AG% - AG%on. Further, electrochemical experiments are
generally consistent with DFT analysis of adsorption energies (AG% - AG%4) and
demonstrated that doping Ni DH with 50 at.% of Cr, Mn, and Fe enhances activity in
OER, while doping with Co, Cu, and Zn results in an increase of the overpotential
(Figure 9b) [135]. The Ni(OH)2 (or equivalently NiOOH) doped samples demonstrated
the following increasing trend in OER activity (50 at.% of doping element): Zn-Ni(OH):

< Co-Ni(OH)2 < Cu-Ni(OH)2 < undoped Ni(OH)2 < Mn-Ni(OH)2 < Cr-Ni(OH); < Fe-
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Ni(OH). (Figure 9b). Another study by Burke et al. [136] reported the following trend in

OER activity for (oxy)hydroxides: MnOxHy < NiOxHy < CoOxHy < FeOxHy < Co-FeOxHy

< Ni-FeOxHy (Figure 9c). In both studies, the best performance was established for Ni-Fe

compositions. Similar observation is also valid and for mixed LaNixFe1.xO3 perovskites,

which have a better performance compared to LaNiO3 and LaFeO3 [66],[79].
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Figure 9. (a) Sabatier-type volcano plot for NiOOH doped with Cr, Mn, Fe, Co, Cu, and
Zn. (b) CVs of nickel-based DH immobilized on Au in 0.1 M KOH. Reprinted from
[135]. Copyright 2015, American Chemical Society. (c) Steady-state activity trends as a
function of potential for (oxy)hydroxides on Au (solid) and Pt (open) quartz crystals.
TOFm is calculated from the total number of metal cations based on in situ mass
measurements. Reprinted from [136]. Copyright 2015, American Chemical Society.
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Some differences in trends reported by Diaz-Morales et al. and Burke et al. can be
attributed to the different trace amounts of Fe ions in the electrolyte, as Burke et al. used
a thoroughly purified from Fegq) electrolyte. Later Chung et al. [120] confirmed that in
Fe-purified 0.1 M KOH the order in the (oxy)hydroxides activity in OER is as follows:
NiOxHy < CoOxHy < FeOxHy. It was found that Fe (oxy)hydroxide is the most active
electrocatalyst, but also the most unstable one, due to high metal leaching rate. Once 0.1
ppm Fe was introduced into 0.1 M KOH electrolyte, the incorporation of Fe* into the Co-
and Ni- (oxy)hydroxides was observed, which changed the OER activity trend: FeOxHy <
Fe*-CoOxHy < Fe*-NiOxHy and led to increased stability. DFT results revealed the

correlation between the Fe* coverage and higher OER activity [120].

2.9 Electron microscopy study of electrocatalytic surfaces after the OER

High-resolution transmission electron microscopy (HR-TEM) studies allow for an
unprecedented detailing of the surface changes of the electrocatalytic materials. Figure 10
shows surface changes of La1-xSrxCoOs (x=0, 0.3) perovskites after cycling up to 1.7 V in
alkaline solution [119]. In the purified electrolyte after initial 50 CV cycles, the Las-
xSrkCo03 (x=0, 0.3) perovskites, remains crystalline to the surface, with formation of
oxygen vacancies (red arrows), Figure 10b,g, while further cycling (50 CV) in the
electrolyte with Fegq) ions additionally to oxygen vacancies, surface becomes amorphous

on the edge for the both pristine and Sr-doped sample Figure 10c,h. Note that the
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captured area in Figure 10h for x = 0.3 is not at the edge, but there is clearly a much
larger surface reconstruction (compared to x=0) after cycling with the formation of

ordered oxygen vacancies and voids.
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Figure 10. Surface reconstruction after cycling LaixSrxCoOs (x = 0, 0.3) materials in
alkaline media. Identical location STEM images (a) of pristine LaCoOs, (b) after 50
cycles up to 1.7 V in Fe-free 0.1 M KOH, and (c) after an additional 50 cycles in KOH
containing 0.1 ppm of Fe. STEM images (f) of pristine Lao7Sro3Co0O3 (inset: high
magnification showing the lattice fringes indicative of the initial perovskite structure), (g)
after 50 cycles up to 1.7 V in Fe-free 0.1 M KOH, and (h) after an additional 50 cycles in
KOH containing 0.1 ppm of Fe. The circles represent the same area on the particle after
different processing. The red square in “f” means the area that is zoomed in and pasted in
the corner in the same figure. Figure “g” shows the same area for the cycled sample, but
the zoomed area from the square is shown separately for illustration “h”. The arrows
point to the oxygen vacancies in the crystal structure. Reprinted from ref. [119].
Copyright 2021, American Chemical Society.
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The formation of oxygen vacancies was observed due to cycling in the OER region for
x=0, 0.3 samples, and not due to the presence of Fe in the electrolyte. Since these images
were taken ex situ, all conclusions about the dynamically restructured layer in this work
were made in conjunction with the electrochemical behavior of the samples and the
documented isotope exchange between °’Fe in the perovskite sample and >®Fe that was
present in the electrolyte [119].

Nikolla et al have observed the similar pattern, with the formation of a surface
amorphous layer in Lag25Sro75C003 after 100 OER cycling up to 1.7 V. The ICP-MS
studies and EDX analysis corroborates the Sr-deficient and Co-rich nature of the
restructured surface shell, due to irreversible dissolution of alkaline-earth-metal cations
[137]. This surface restructuring was observed in the Fe-free (<1 ppb Fe) electrolyte
(Figure 10), yet also led to an increase in the electrocatalytic activity. It may seem that
this contradicts the conclusions from Refs. [119] (Figure 7b), where no activity changes
were observed for LaixSrxCoOs (x = 0, 0.3) samples in the Fe-free electrolyte. However,
these two studies: [119],[137] used different Sr-substitution in the perovskite, i.e x = 0.3
and 0.75, and activity was reported after a different number of OER cycles in the Fe-free
electrolyte (50 and 100). Thus, from these two works, it can be emphasized that when
studying the surface of the OER electrocatalyst, it is important to consider the influence
of the doping level on the rate of surface restructuring, as well as the influence of the
presence or absence of Fe ions on the activity and stability of the restructured layer.
Previously, it was reported that Fe greatly slows down the leaching of other metal cations

during OER [120], which affects the restructuring of the surface itself. With a sufficient
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amount of Fe, a dynamic active layer is formed and the rearrangement of the surface
layer of the initial catalyst is completed. Whereas, when Fe is absent, the dynamic layer is
not formed, which provokes further leaching and the growth of an amorphous layer on

the perovskite surface.

Figure 11. Surface structure of Lao.25Sro.7sC00s3 after cycling (a) HAADF-STEM and (b)
atomic resolution HAADF-STEM images indicating the formation of a near-surface
amorphous shell on the crystalline perovskite core, after 100 cycles in Fe-purified KOH.
The amorphous shell is represented between the two white curves in (b). The thickness of
the amorphous shell was found to be 6.5£0.5 nm. Reprinted from [137]. Copyright 2021
The Authors. Published by American Chemical Society.

Another example of Fe-based perovskites (Figure 12) [138] demonstrates surface
restructuring immediately after the deposition of the catalyst on the electrode surface
(Figure 12b, e, h). An amorphous layer (~5 nm) was formed, most likely, at the stage of
preparation of catalysts inks. Further deeper amorphization was observed after 100 OER

cycles in case of Ca/SrFeOs resulting in a decreasing of OER activity, while
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CaCuszFesO12 material retained the initial thickness of the amorphous layer after cycling
and showed an increased OER activity (Figure 12i). This emphasizes that with an
identical B-site cation, and with a similar pattern of surface amorphization after
deposition, further electrocatalytic OER properties still depend on the atomic and

electronic structure of the host perovskite structure.

As-synthesized As-cast After 100 cycles

SrFeO,

CaFeO,

CaCu,Fe,O,,

Figure 12. HRTEM and fast Fourier transform (FFT) images from surface regions of
10x10 nm? of perovskite oxides before (a, d, g), after the deposition (b, e, h) and after the
OER measurements (c, f, i). The boundaries between the crystalline and amorphous
regions are divided by orange lines. Scale bar: 5 nm. Reprinted from ref. [138] licensed
under a Creative Commons Attribution 4.0 International License.

The above images (Figures 10-12) clearly show the possibilities for characterizing
the surface of electrocatalysts. By combining the capabilities of HR-TEM with
electrochemical data, where changes on the surface of the electrocatalyst usually are
reflected in the behavior of voltammograms, we can accurately identify the active sites

and understand the nature of the catalytic activity.
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2.10 Conclusions from the literature review

The OER activity of transition metal oxide-based materials, such as perovskites or
oxyhydroxides can be quite successfully rationalized using such activity descriptors as
M-O covalency, AG% - AG%n energy difference, M-OHadsorbed adsorption energy, eg
electron occupancy, etc. Each activity descriptor implies a specific electrocatalytic
mechanism. However, most of the oxide surfaces are not stable under the aggressive
conditions of alkaline OER. Surface structure changes may change the mechanism of the
OER, which ultimately determines the activity and stability of the electrocatalyst.
Currently, La1xSrxCoOs perovskites as OER catalysts have been studied in detail. Two
OER mechanisms for these compounds have been hypothesized: AEM and LOM.
Initially, the LOM mechanism was thought to be controlled by the nature of the A-site
cation, which seemed to offer ample opportunity to tune OER activity. However, later it
was shown that the perovskite surface undergoes restructuring regardless of the degree of
Sr substitution, which is accompanied not only by the release of oxygen from the crystal
lattice of the catalyst, but also by the leaching of cations from the perovskite structure.
The presence of trace amount of Fe ions in the electrolyte turned out to be of extreme
importance for both the activity and stability of the perovskite-based electrocatalysts.
Current view is that the restructured surface is a thin layer of oxyhydroxides, which
forms active sites once Fe is adsorbed onto it. This dynamically stable and active layer
determines the OER activity of the perovskite electrocatalysts. Importantly, the timescale

associated with the activity evaluation is also very important for an accurate mechanistic
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analysis, as it is necessary to characterize both the long-term activity and the long-term
stability of the electrocatalysts.

In this work, we focused on evaluating the electrocatalytic properties of a NiFe-
based perovskite with heterovalent substitution of La®** for Ca?*, (since Sr-doped
perovskites were mainly studied in the literature, which demonstrated ambiguous
stability). In addition, this system is very promising for commercial use as an OER
catalyst (because Ca is cheaper than Sr), but the reaction mechanism still remains poorly
understood. In particular, it is not clear whether the same trends of surface restructuring
and Fe adsorption would be important for the activity and stability of the chosen model
material (La-Ca-Fe-Ni). As it was necessary to synthesize a homogeneous crystalline
perovskite phase with relatively large specific surface area for correct analysis and
interpretation of the nature of catalytic activity and stability, we employed a new USP
synthesis method to obtain a material with high surface area and a unique hollow sphere

morphology.
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3. Methodology

3.1 Synthesis of perovskite catalysts (basic method)

The perovskites were synthesized using the ultrasonic spray pyrolysis (USP)
method. The nitrates La(NO3)3-6H20 (Neva Reactive, >99.0%), Ca(NOz3)2-4H2O (Neva
Reactive, >98.5%), Fe(NO3)3-9H20 (Alfa Aesar, >98.0%) and Ni(NOz)2-6H20 (Sigma
Aldrich, >97.0%) were dissolved in deionized water (MilliQ, 18.2 MQ*cm) in the
La:Fe:Ni = 1:0.25:0.75 molar ratio for LaFeo2sNio7503; 1:0.7:0.3 molar ratio for
LaFeo7Nio303 (LFN); La:Ca:Fe:Ni = 0.5:0.5:0.7:0.3 and 0.7:0.3:0.7:0.3 molar ratio for
LaosCaosFeo.7Nio 3035 (LCFN5) and Lao.7CaosFeo.7Nio 3035 (LCFN3), respectively, to
achieve the total concentration of 10 wt.%.

The solutions were ultrasonically sprayed using a household ultrasonic humidifier
at v = 2.64 MHz and transferred with an air flow (Vair fiow = 172 mL s) into a tubular
furnace pre-heated to 1100 °C with the hot zone length of 360 mm. The resulting powders
were collected with a Schott funnel with a glassy G4 filter. Then the powders were
additionally annealed at 300, 450, 600, 800 and 1000 °C for 10 hours in air and furnace-

cooled.

3.1.1 Synthesis of perovskite catalysts (modified method)

In order to prepare a homogeneous LCFN5 sample with large specific surface area
(further denoted as LCFN5_m), the USP technique was further modified by adding

sorbitol CsH1406 (Sigma Aldrich, >99.0%) to an aqueous solution of nitrates in 0.78 wt.%
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concentration. Spray pyrolysis was conducted following the above-mentioned procedure,
except for lower temperature of the tubular furnace of 850 °C and adding ozone Oz to the
air flow with the rate of 400 mg h™. The lower temperature of the furnace was chosen
because of the exothermic reaction of sorbitol in an oxidative atmosphere of Os. Final

annealing of the powder was conducted at 600 °C for 5 hours in air.

3.1.2 Perovskite surface treatment

LCFEN5_m S is the LCFN5_m sample, which was soaked for different periods of
time in 1M NaOH solution in Teflon vial and further washed 3 times with water, where
the soaking duration was selected based on the sensitivity of the applied analytical

methods (see the description of the experiments).

3.2 Powder X-ray diffraction

Phase purity and the lattice parameters were determined by powder X-ray
diffraction (PXRD) using a Huber G670 Guinier camera (transmission geometry, curved
primary Ge (111) monochromator, Co K radiation, A = 1.78896 A, image plate detector)
and Bruker D8 Advance diffractometer (Bragg-Brentano geometry, Cu K1 radiation, A
= 1.54184 A, LYNXEYE XE detector). The Rietveld refinement was performed with the

JANA2006 software [139].
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3.3 Electron microscopy

Particle morphology was investigated using a FEI Helios NanoLab 650 scanning
electron microscope. The samples for transmission electron microscopy (TEM) were
prepared by grinding the powders with an agate mortar and pestle in ethyl alcohol and
depositing drops of suspension onto a carbon film supported by a copper grid. Electron
diffraction (ED) patterns, high-resolution TEM (HR-TEM) images, high angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) images, annular
bright field STEM (ABF-STEM) images and energy-dispersive X-ray STEM-EDX
compositional maps were acquired on a probe aberration-corrected FEI Titan Themis Z
transmission electron microscope at 200 kV equipped with a Super-X system for EDX

analysis.

3.4 Surface area analysis

Nitrogen adsorption analysis was performed with a Quantachrome Instruments
NOVA 2000 high-speed surface area analyzer at 77 K. Prior to the measurements, the
samples were degassed in dynamic vacuum for at least 12 h at 120 °C. The specific
surface area was calculated using the Brunauer—-Emmett—Teller (BET) method from the
nitrogen adsorption data in the relative pressure range (P/Po) from 0.05 to 0.30. For the
LCFN5_m sample, the pore size distribution was calculated in the relative pressure range
(P/Po) from 0.4 to 0.98 by using the Barrett-Joyner-Halenda (BJH) method. Only the

adsorption branch of the isotherm was used for the analysis.
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3.5%Fe Mossbauer spectroscopy

The °Fe Mbossbauer spectra were collected using a constant acceleration
spectrometer MS1104 (Rostov-na-Donu, RF) in a transmission mode with a >’Co/Rh y-
ray source. Calibration of the spectrometer was performed using a standard o-Fe
absorber. All isomer shift values (IS) are referred to o-Fe at room temperature. Spectra
evaluation was performed using “UnivemMS” (Rostov-na-Donu, RF) and custom

least squares fitting software with Lorentzian—Gaussian line shapes.

3.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) experiments were performed using PHI
500 VersaProbe Il spectrometer with spherical mirror analyzer. Al K, monochromatic X-
ray source with 1486.6 eV X-ray energy was utilized. Survey and high-resolution spectra
with pass energy of 117.4 eV and 46.95 eV were recorded with 1.0 eV and 0.1 step size,
respectively. High-resolution XPS spectra were processed to obtain atomic
concentrations, following a common procedure for spectra quantifications. Photoelectron
background was subtracted from the high-resolution spectra using Shirley function
approximation. All spectra were calibrated to the same adventitious carbon C 1s binding

energy position of 284.8 eV.
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3.7 Oxygen content analysis

The oxygen content was measured using iodometric titration. 15-20 mg of
perovskite were added to a flask containing 25 mL of 2M KI solution under Ar
atmosphere and allowed to disperse for 3 min. Then 3 mL of 1M HCI were added to
dissolve the perovskite. This solution was then titrated to a faint golden color with a
23.28 mM solution of Na»>S,03, which has been pre-standardized with the titration using
0.0222 M solution of K,Cr.O7. After that, starch was added as an indicator and the
solution was titrated until the color of the solution changed from transparent blue to
almost colorless.

The sample LCFN5_m dissolves in HCI and reacts with Kl as follows:

2Fe3 + 21" —2Fe®" + 15, (B)
Fed + 2" »Fe? + Iy (6)
2Ni** + 27 -52Ni** + I, (7)
Ni** + 2I- ->Ni%* + [,. (8)

The liberated iodine (I2) is determined by titration with a standard Na2S»0s

sodium thiosulfate solution:

25203% + I — 21" + 5406%. (9)

3.8 Catalyst ink deposition

Oxide powders were deposited onto glassy carbon (GC) disk electrodes as thin

films. GC electrodes were polished with 0.05 um Al2Os slurry on a polishing cloth,
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rinsed with distilled water several times, and then dried under an air stream. In order to
prepare catalysts inks, powders (perovskite + carbon) with minimum loading 60 mg were
mixed for 5 min in a stainless steel vial (SPEX 303, 2.5 mL) with ca. 200 uL of
isopropanol in SPEX mill 6000 to obtain a homogeneous paste. Then the paste was dried
at 75 °C for 30 min. Then the appropriate amounts of perovskite powder and Vulcan
carbon XC72R (VC) (at least 2.5 mg in total), were added to a water/isopropanol solution
(4:1 by volume), which contained 0.06 wt.% of Na-substituted Nafion (Sigma Aldrich,
117 solution) to reach ca. 1 gnafion g catatyst. The resulting mixture was sonicated for 30
min to obtain a homogeneous ink. To deposit uniform catalyst layers, three portions (~3.9
uL each for a 3 mm diameter electrode) were subsequently drop-cast onto the GC disk
electrode using a micropipette with intermediate drying under a weak N2 gas stream. The
total catalyst (perovskite + carbon) loadings ranged from 12.7 to 59.5 ug cm™ and the

VC-to-perovskite ratios were 0/100, 30/70, 50/50 and 70/30.

3.9 Electrochemical measurements

Electrochemical measurements were performed using a Metrohm Autolab
PGSTAT302N bipotentiostat equipped with a linear scan generator module. The working
electrode was a Metrohm rotating GC disk electrode (RDE) with a 3 mm diameter.
Rotating ring-disk electrode (RRDE) measurements were carried out with an RRDE (5
mm diameter GC disk, 7.5 mm outer diameter and 6.5 mm inner diameter gold ring, Pine
Research Inst.). All the electrochemical measurements were performed in a single-

compartment three-electrode PTFE cell filled with 1M NaOH at 25 °C with temperature
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control by the water-cooled thermostatic bath. The reference electrode was Hg/HgO (1M
NaOH, Pine Research Inst.), GC plate or platinum wire were used as counter electrodes.
All potentials reported here were recalculated to the reversible hydrogen electrode (RHE)
scale via the equation: E(RHE) = E(Hg/HgO in 1M NaOH) + 0.930 V. 1M NaOH
solution was prepared from 50 wt.% NaOH aqueous solution (Sigma-Aldrich).

In order to record the electrochemical data for the LCFN5_m S sample, the GC
electrode with already prepared catalyst film of LCFN5_m was stored in 1M NaOH in
the PTFE cell and then used for the electrochemical measurements without rinsing with
water.

In order to evaluate the electrochemically active surface area (ECSA) before and
after soaking in 1M NaOH, the Ni cathodic peak areas for LCFN_m and LCFN_m_S
samples during OER were used (see Appendix).

In order to evaluate the catalyst’s performance in the electrolyte after the addition
of Fe ions (Feaq), agueous solution of Fe(NOz)3*9H.O was added to the 50 wt.% NaOH
solution (Sigma-Aldrich) to reach Fesq concentration of 1 ppm in the 1M NaOH
electrolyte.

For the OER kinetic measurements, cyclic voltammograms (CVs) at 10 mV s
were recorded in Nx/Ar-saturated 1M NaOH solution at a 1600 rpm rotation rate. The
uncompensated ohmic resistance values (10-20 Q) were determined from the high-
frequency intercept of electrochemical impedance hodographs of RDE electrode recorded
at OER potentials in the 0.1 - 100 kHz frequency range (5 mV amplitude). All the

reported RDE voltammograms were IR-corrected, if not stated otherwise.
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3.9.1 Reference electrode calibration

Electrochemical deposition of spongy black Pt on a Pt rotating disk electrode (Pt-
RDE) was carried out in a two electrode cell with Pt mesh as a counter electrode. First,
Pt-RDE was polarized galvanostatically in 0.1M HCI for 10 min at 2.94 mA (anodic
polarization). Then, the electrode was polarized in 0.05M H2SO4 for 10 min at -2.94 mA
(cathodic polarization). Further, H2PtCls solution was added to the cell, and Pt black was
deposited at -0.588 mA for 4000 sec on the Pt-RDE. After deposition, the platinized Pt-
RDE was polarized in 0.05M H>SOg4 at -2.94 mA for 10 min. The solution was further
saturated with hydrogen and the potential difference was measured between the prepared
reversible hydrogen electrode and 1 M NaOH Hg/HgO electrode. The open circuit

potential of the Pt-RDE stabilized at -0.92956 V ~ -0.930 V vs Hg/HgO electrode.

3.9.2 Rotating ring disk electrode calibration

For the RRDE calibration, Pt/C HiSPEC 4000 (24.5 pg cm™ Pt loading) catalyst
was deposited on the RRDE disk. Firstly, the Au ring electrode was cleaned by cycling
the ring potential within the range -0.90 — 0.60 V vs Hg/HgO (0.03 - 1.53 V vs RHE) at
200 mV st in 1M NaOH electrolyte. After that, the cell was filled with 1M NaOH + 10
mM Ks[Fe(CN)g] solution. CVs were registered at 10 mV/s within the range 0.05-0.62 V
at 400, 900, 1600, and 2500 rpm. The Au ring potential was set to +0.55 V vs Hg/HgO
(1.48 V vs RHE), Figure 13a. The RRDE collection efficiency N (~25% at 900 rpm) was

determined from the ring (lring) and disk current (lqisk) ratios, Figure 13b.
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Figure 13. (a) CVs of disk (Pt/C HiSPEC) and ring (Au) electrodes at 10 mV s? at
different electrode rotation rates in No-saturated 1M NaOH + 10 mM Kj[Fe(CN)g]
solution. (b) The ratio of ring current to disk current at the disk potential 0.05 V vs
Hg/HgO.

3.10 Inductively coupled plasma mass spectroscopy/atomic emission spectroscopy

For the inductively coupled plasma mass spectroscopy/atomic emission
spectroscopy (ICP-MS/AES) experiments, the 1M NaOH solution was collected after the
electrochemical measurements of LCFN5_m catalyst film on GC electrode (total mass
loading 51 pg cm™; without VC). The potential was cycled between 0.93 — 1.65 V vs
RHE at a scan rate 10 mV s (30 cycles). Aliquots of the solution were taken for ICP-
MS analysis (Agilent Technologies). Additionally, the LCFN5_m sample was soaked for
4 days in 1M NaOH solution (~13 mg in 10 mL), and the resulting solution was analyzed
by ICP-AES (Perkin Elmer Optima 5300) to determine the concentration of the leached

lanthanum.
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Aliquots of the solution were taken for ICP-AES analysis from 50 wt.% Sigma-
Aldrich NaOH aqueous solution to determine the concentration of Fe in the reagent used

for the electrolyte preparation.

3.11 DFT details

All density functional theory (DFT) calculations were performed in the VASP
program by Prof. Dmitry Aksyonov [140] using the SIMAN package for high-throughput
calculations [141]. The generalized gradient approximation (GGA) to exchange-
correlation functional with spin polarization and standard PAW PBE potentials [142]
with minimum number of valence electrons were employed. To take into account the
strongly correlated character of d-electrons, a Hubbard-like correction is added within the
Dudarev scheme [143]. The U values of 4.0 eV and 6.2 eV were used for Fe and Ni,
based on works ref. [144] and [145] respectively. These U values reproduce electronic
structure in good agreement with previous theoretical methods and experiment. In
particular, the chosen U value for Fe reproduces experimental band gap and local
magnetic moment of Fe in LaFeOs. The chosen U value for Ni is very close to the self-
consistent U value of 5.8 eV in LaNiOz. The slightly larger value used in our study is due
to reasons of compatibility with our previous calculations. Overall, the U=6.2 eV is used
for Ni-based oxides in Materials Project, which we also adopt in most of our calculations.
The energy cut-off was fixed at 400 eV. The 40-atom pseudocubic supercell and gamma-
centered k-point 6x6x6 were used. Gaussian smearing with a smearing width of 0.1 eV

was used for Brillouin-zone integrations. The optimization of atomic positions was
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performed using a quasi-Newton algorithm until the maximum force permitted for any

vector component was less than 0.05 eV AL,
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4. Results and discussion

4.1 Optimization of spray pyrolysis synthesis

The LaFeo.25Nio.7503 perovskite was used as basic composition from which we started the
optimization route for the ultrasonic spray pyrolysis (USP) method. After ultrasonic spray
pyrolysis, the powders were collected and annealed at 300, 450, 600, 800, and 1000°C for
10 hours in air. Morphologically the annealed powder mostly consists of solid spherical
particles (Figure 14a-c), except for the sample annealed at 1000 °C (Figure 14d), where
high-temperature annealing distorted initial spherical morphology by forming numerous
links between the particles resulting in high sintering degree. Sample, annealed at 600 °C

has similar morphology to those obtained at 300 and 450°C (Figure S1).

Figure 14. SEM images of spherical particles of LaFeo 25Nio.7503 sample annealed at
(a) 300, (b) 450, (c) 800, and (d) 1000 °C.
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The spheres annealed at 800 °C demonstrate homogeneous elemental distribution. The
EDX analysis (Figure 15) gives the average cationic composition of Lag.ggFeo.24(1)Nio.7s()
which corresponds to LaFeo 2sNio.7503 phase (Figure 16). All diffraction peaks in PXRD
pattern of the sample annealed at 800 °C correspond to the perovskite structure, while for
the samples prepared at 600 °C and lower annealing temperatures there are impurity
diffraction peaks. Such impurities as La>O3, NiO and small undefined peaks at ~24.5° and
28.0° (26) are observed (Figure 16, S2). The diffraction peaks at ~29.5° (26) are also
visible in the PXRD pattern of well-crystallized sample annealed at 1000 °C. These peaks

originate from traces of Cu Kg radiation.

2 |

Figure 15. HAADF-STEM image of spherical particles in the LaFeo25Nig7503 sample
annealed at 800 °C, along with the La, Fe, Ni STEM-EDX maps and a mixed color-coded
compositional map.
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The PXRD pattern of the sample annealed at 800 °C has the rhombohedral R-3c
perovskite structure with the unit cell parameters a =5.4847(2) A, ¢ =13.2164(4) A and
unit cell volume V=344.30(2) A3, as refined by the Rietveld method. The BET specific

surface area amounts to 3.3 m?g™.
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Figure 16. PXRD patterns of the LaFeo2sNio7s0s samples annealed at different
temperatures: 300, 450, 600, 800, 1000 °C. The red lines indicate the PDF 01-088-0636
positions for LaFeo2sNio7s03 (Cu Kqio radiation, diffractograms are normalized by
maximum intensity).

We found that the optimal powder annealing conditions for LaFeo.2sNio7503 is
800 °C for 10 hours, since this allows us to obtain a homogeneous perovskite phase
without impurities and preserve spherical morphology. These conditions were applied for
the synthesis of the Ca-doped Lai-xCaxFeo2sNio7503 (x= 0.1, 0.2) samples. However, the

formation of secondary phases such as CaO, NiO and the Ruddlesden-Popper phase was

72



encountered, which was also previously observed for similar systems, see Section 2.4.1.
It is worth noting that additional annealing at 1000 °C for 8 hours in oxygen flow of
20 ml Lt did not allow obtaining the pure perovskite phase (Figure S3). In order to study
the electrocatalytic properties of perovskite without the contribution of impurity phases,
we tried to change the Ni:Fe ratio and synthesized the following compositions: Lai-
xCaxFeo7Nio303 (x=0, 0.3, 0.5). The system Lai-xCaxFeo2sNio7503 (x= 0, 0.1, 0.2) will
not be considered further.

The results presented further in sections 4.2-4.5 are based on the following
publication: Porokhin, S. V., Nikitina, V. A., Aksyonov, D. A., Filimonov, D. S,
Pazhetnov, E. M., Mikheev, I. V., & Abakumov, A. M. Mixed-Cation Perovskite
LaosCansFeo7Nio3029 as a Stable and Efficient Catalyst for the Oxygen Evolution

Reaction. ACS Catalysis 11.13 (2021): 8338-8348.

4.2 Synthesis of Lai-xCaxFeo7Nio.3035 (X =0, 0.3, 0.5) samples

The PXRD patterns of the as-prepared LFN, LCFN3, LCFN5 and LCFN5 _m
(modified USP method) samples are shown in Figure 17. Major diffraction peaks
correspond to the perovskite crystal structure. The undoped LFN sample is single-phase
and adopts an orthorhombically distorted perovskite structure with the Pbnm space group
and unit cell parameters a = 5.5482(2) A, b = 5.5285(2) A, ¢ = 7.7813(4) A, V =
238.68(2) A3, as revealed with the Rietveld refinement. The unit cell parameters of the

perovskite phases in all the synthesized samples are listed in Table 4.
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Figure 17. PXRD patterns of the LaixCaxFeo.7Nio3035 (x = 0, 0.3, 0.5) samples (Co Kai
radiation).

Table 4. Unit cell parameters of the perovskite phases in the synthesized samples.

Sample a, A b, A c, A v, A8 S.G.
LFN 55482(2)  5.5285(2) 7.7813(4) 238.68(2) Pbnm
LCFN3 5.4922(3) 13.4229(5) 350.65(3) R-3c
LCFN5 5.4751(1) 13.4013(5) 347.91(1) R-3c
LCFN5_m* 5.4798(8) 13.337(4) 346.8(1) R-3¢
LCFN5_m S** 5.4833(8) 13.337(4) 347.28(9) R-3¢

*m - modified USP synthesis **S - soaked 4 weeks in 1M NaOH solution to check stability

Increasing the Ca content results in a growing amount of CaO and NiO impurities
in the LCFN3 and LCFN5 samples (Figures 18, 19) that is probably related to difficulties
in stabilizing Ni** at the relatively high spray pyrolysis temperature of 1100 °C (collected
powders were annealed at 800 °C for 10 hours) used for these samples. Employing a
modified USP technique with sorbitol as fuel and ozone as oxidizer reduces the pyrolysis
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temperature to 850 °C (collected powders were annealed at 600 °C for 5 hours) and
allows obtaining the LCFN5_m sample with only traces of CaO (4.4(5) wt.% from the
Rietveld refinement, while with the basic USP method the amount of impurities is higher:

CaO - 7.3 wt.%, and NiO - 5.6 wt.%, (see further Table 5).

Figure 18. HAADF-STEM image of spherical particles in the LCFN3 sample along with
the La, Ca, Fe, Ni STEM-EDX maps and a mixed color-coded compositional map.

The PXRD pattern of the LCFN5_m sample was indexed with the rhombohedral R-3c
perovskite structure with the unit cell parameters a = 5.4797(9) A, ¢ = 13.338(4) A, V =
346.8(1) A® (Table 4). The perovskite subcell volume decreases from 59.67 A% in the
LFN sample to 57.80 A% in the LCFN5_m sample, in agreement with the difference in
ionic radii between La®* (r=1.36 A, CN = 12) and Ca?* (r=1.34 A, CN = 12) [146].
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Figure 19. HAADF-STEM image of spherical particles in the LCFN5 sample along with
the La, Ca, Fe, Ni STEM-EDX maps and a mixed color-coded compositional map.

Morphologically the Ca-doped samples LCFN5 and LCFN3 obtained by
conventional USP technique (Figure 18,19) without sorbitol/ozone and with high-
temperature annealing consist of solid spherical agglomerates. Clear exsolution of NiO is
also observed, in agreement with the PXRD data. In contrast the LCFN5_m sample
consists of porous hollow spherical particles with the diameters ranging between 200 and
1200 nm (Figure 20). The particle wall thickness is ca. 25 nm and the pore diameter
varies from 1.5 to 140 nm. The morphology of the LCFN5_m sample demonstrates clear

advantages compared to LCFN5 and LCFN3 obtained by conventional USP technique.
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Figure 20ﬁAADTEM image of spherical hollow articles in the LCFN5_m sample
along with the La, Ca, Fe, Ni STEM-EDX maps and a mixed color-coded compositional
map.

The spheres demonstrate mostly homogeneous cation distribution, although crystallites
with apparent Ca excess were also observed (Figure 20). The EDX analysis with the
spectra integrated over the entire spherical particles revealed the average cationic
composition of Laoso)Caosa@)Feo7ow)Nios1r), in agreement with the molar ratio of
nitrates used for the synthesis. However, the EDX spectra integrated over certain areas,
which do not demonstrate Ca excess (presumably corresponding to the perovskite phase
without CaO impurity) reveal the Laoss@)Cao.as@)Feoro@)Niosz@) composition which
corroborates La excess and Ca deficiency observed in the Rietveld refinement (see
occupancy factors in Table 7). The LCFN5_m spheres are the agglomerates of primary
crystalline perovskite-structured nanoparticles (Figure 21).
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Figure 21. HAADF-STEM images of perovskite nanoparticles constituting spherical
hollow agglomerates in the LCFN5_m sample.

The striking difference in morphology is also reflected in BET specific surface
area, which is explained by the extensive gas evolution during the USP process due to
intense sorbitol burning in the highly oxidizing atmosphere. For the LCFN5_m sample it
is 5-7 times higher (15.1m?g"?) than for the samples prepared with the conventional USP
technique (3.4, 2.2 and 2.3m?g™* for the LFN, LCFN3 and LCFN5 samples, respectively).

The phase compositions and surface areas are listed in Table 5.

Table 5. List of samples, their composition, preparation conditions and BET surface area.

Sample Phase composition, Surface area, m?g
wt. %

LFN 100% - *LaFeg7Nio.303 34

LCFN3 92.3% - *Lao_7Cao_3Feo,7Nio_303.5 2.2
4.5% - CaO 3.2%-NiO

LCFN5 87.1% - *Lao_5Cao_5Feo,7Nio_303.5 2.3
7.3% - Ca0 5.6%-NiO

LCFN5_m 95.6% - Lao_ecao_4Feo,7Nio_302_g 15.1

4.4% - CaO
LCFN5_m S 100% - Lao,ecao,4Feo,7Nio,302,g 171

* nominal composition, phase fraction determined by semi-quantitative PXRD method
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Additionally, the LCFN5_m sample was soaked for 4 weeks in 1M NaOH
solution to check the stability without polarization (denoted as LCFN5_m S). The PXRD
pattern of LCFN5_m S does not reveal noticeable changes in the reflections of the
perovskite phase (Figure 17), and the change in the unit cell volume amounts to 0.14%
only (Table 4). The Rietveld refinement of the perovskite structure in the LCFN5_m S
sample does not demonstrate noticeable changes exceeding two standard deviations
(Tables 6-8) indicating high stability of the bulk Lao.eCao.4Feo.7Nio.302.9 structure towards
alkaline solution. As a positive effect of soaking, one can also notice dissolution of the
CaO impurity, as reflected by the disappearance of the admixture reflections in the PXRD
patterns of the soaked sample (Figure 17).

The crystal structure of the perovskite phase in the LCFN5 _m and LCFN5 m S
samples were refined from PXRD data with the Rietveld method. The occupancy of the
A perovskite site (the 6a position) with La and Ca was refined whereas the Fe and Ni
contents at the B site (the 6b position) were fixed to their nominal values because low
difference in their atomic numbers impedes the refinement of the occupancy factors. The
partial occupancy of the oxygen position was fixed according to the non-stoichiometry
index of § = 0.1 determined from combined iodometric titration and °’Fe Mdssbauer
spectroscopy results (see further Figure 24). All atomic positions were refined with the
common atomic displacement parameter. The refinement resulted in the

Lao.sCao.4Feo.7Nio3029 chemical composition, in agreement with the CaO impurity in this
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sample and with the results of EDX analysis (Figure 20). The crystallographic parameters

for the Laop.sCao.aFeo.7Nio302.9 structure are listed in Tables 6-8.

Table 6. Crystallographic information from Rietveld refinement for the pristine
(LCFN5_m) and soaked 4 weeks (LCFN5_m_S) Lao.sCao.aFeo7Nio 3029 perovskite.

LCFN5_m LCFN5 m S
Space group R-3c R-3c
a, A 5.4798(8) 5.4833(8)
c, A 13.337(4) 13.337(4)
v, A3 346.8(1) 347.28(9)
z 6 6
p,gcm? 5.76 5.89
Radiation Co K1, A =1.78892A Co Kq1, A =1.78892A

2 0 range, deg.

Rr, Rp, Rwp

20 - 100
0.021, 0.017, 0.022

20 - 100
0.023, 0.017, 0.021
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Table 7. Fractional atomic coordinates for the pristine (LCFN5_m, first row) and soaked

4 weeks (LCFN5_m_S, second row) Lao.sCao.4Feo7Nio302.9 perovskite.

Atom Position Occupancy x/a y/b zlc Uiso, AZ

LaCal 6a 0581(9)La O 0 1/4 0.0113(8)
0.419(9)Ca
0.630(8)La O 0 1/4 0.0054(7)
0.370(8)Ca

FeNil 6b 0.7Fe 0 0 0 0.0113(8)
0.3Ni
0.7Fe 0 0 0 0.0054(7)
0.3Ni

01 18e 096670  0.4452) 0 1/4 0.0113(8)

0451(22) 0 1/4 0.0054(7)

Table 8. Main interatomic distances (A) for the pristine (LCFN5_m) and soaked 4 weeks

(LCFN5_m S) Lag.sCao.sFeo7Nio.302.9 perovskite.

LCFN5_m LCFN5_m S
LaCal — O1 2.437(7) x3 LaCal — O1 2.470(7) x3
LaCal — O1 2.745(7) x6 LaCal - O1 2.742(7) x6
FeNil - O1 1.957(9) x6 FeNil - O1 1.953(9) x6
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The experimental, calculated and difference PXRD patterns are shown in Figure 22.

1.04

Relative intensity

Relative intensity

300 400 500 600 700 8.0  90.0
20, deg.
Figure 22. Experimental, calculated and difference PXRD profiles after Rietveld
refinement of the (top) Lao.sCao.aFeo.7Nio.3O02.9 perovskite LCFN5_m after synthesis with
the CaO admixture 4.4(5) wt. % and (bottom) LCFN5_m S sample (soaked 4 weeks).
The ticks indicate the Bragg reflection positions.
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Since the LCFN5_m sample showed the most homogeneous element distribution
and high BET surface area among all doped samples, we focused on the detailed
characterization of this sample using TEM and °’Fe Méssbauer spectroscopy, for further

interpretation of the OER electrocatalytic properties.

4.2.1 Characterization of Lag gCapsFeo.7Nip302.9

The crystal structure of LaosCaosFeo7Nio3O29 has been confirmed with
transmission electron microscopy. The brightest spots in the ED patterns can be indexed
with a pseudocubic perovskite subcell with a = 3.9 A (Figure 23a). Weak superlattice
reflections corresponding to the k = [, Y4, '4] propagation vector are visible in the [110]
ED pattern. These reflections indicate the aaa” octahedral tilting distortion and
corroborate symmetry reduction from Pm-3m to R-3c [147], in agreement with the PXRD
data. HAADF-STEM and ABF-STEM images (Figure 23b-¢) provide direct visualization
of a well-ordered perovskite structure. In the HAADF-STEM images (Figure 23b,d) the
brightest dots stand for the columns of the A cations (A = LaosCao.4), whereas less bright
dots indicate the B-cation columns (B = Feo.7Nio3). The oxygen atoms do not show up in
these images due to their low atomic number, but become visible as faint grey dots in the
ABF-STEM images (Figure 23c,e), because of less steep dependence of the contrast on

the atomic number. Neither segregated nor ordered oxygen vacancies are observed.
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Figure 23. (a) Electron diffraction patterns of LCFN5 m. The perovsklte subcell
reflections are indexed, the superlattice reflections of the k = ['4, Y4, 4] propagation
vector due to the a'a'a” octahedral tilting distortion are marked with arrowheads. (b, c)
[100] and (d, e) [110] (b, d) HAADF-STEM and (c, €) ABF-STEM images of the atomic
structure of LCFN5_m. The perovskite AO (A = LaosCaos) and BO2 (B = Feo.7Nio3)
layers are marked.

The nickel oxidation state in the LCFN5_m sample was estimated as +3.4 by
iodometric titration taking into account the Fe oxidation state of +3.1 as determined by
>Fe Mbssbauer spectroscopy (Figure 24left, Table 9; due to significantly simpler
spectrum, the Fe** fraction determined at 298 K was used for calculations) that provides
the oxygen non-stoichiometry index &6 = 0.1, resulting in the LagsCaosFeo.7Nio3029

formula.
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Figure 24. °'Fe Mdssbauer spectra at (a) T = 298 and (b) 78 K. (left) LCFN5_m sample
and (right) LFN sample modeled with a description of the magnetically split components
using hyperfine field (HF) distributions.

The refined *’Fe Mossbauer hyperfine parameters for Ca-doped and pristine LFN
sample are listed in Table 9. At room temperature, the spectrum of LCFN5 m is
paramagnetic. The main component is doublet d11 with isomer shift § = 0.27 mm s?
which is consistent with Fe3* in Ni-substituted LaFe:1xNixOs-s solid solutions at high x
[148]. The minor component d21 with § = 0.11 mm s is consistent with Fe** (~10%).
Another component di31 (~10%) corresponds to strongly broadened magnetic Fe** in

perovskite cation-mixed phase.
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Table 9. °"Fe Mossbauer hyperfine parameters for the LCFN5_m and LFN samples.

LCFN5 m
Component 8§ (mms?)  AEQ (mms?) H(T) A (%) T (mms?) Comments
298K
dil 0.27 0.36 - 79 0.53 Fe3*
di31l 0.26 0.00 <10-45> 12 - Fe¥*
d21 0.11 0.11 - 9 0.28 Fe**
78K
dil2 0.46 0.00 <5-55> 85 - Fes*
512 0.19 0.00 24.2 15 1.13 Fet
LFN
Component & (mm s?) AEQ (mm s?) H (T) A (%) T (mms?) Comments
298K
dill 0.38 -0.06 <7-55> 77 - Fe¥
Fe3+
dil 0.31 0.29 - 23 0.41 superparamag
78K
dil2 0.46 -0.06 <0-60> 100 - Fe®

& (mm s) - isomer shift

AEQ (mm s?) - quadrupole splitting
H (T) - hyperfine magnetic field

A (%) - relative area

I’ (mm s?) - linewidth

For the LFN sample, the oxidation state of iron is +3 (Figure 24, Table 9). At
room temperature the major components of the spectrum consist of a strongly broadened
component of the dill magnetic sextet which corresponds to Fe®* (~ 77%) and the d11
doublet, which also corresponds to Fe**. Thus, Ca doping provokes major increase in the

Ni oxidation state whereas the Fe oxidation state is less significantly affected.
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4.3 Electrochemical performance in the OER

To test the electrochemical behavior of the LaixCaxFeo7Nio303s (x = 0, 0.3,
0.5)/VC compositions in alkaline solution, cyclic voltammograms (CVs) were registered
within the potential limits of 0.93 — 1.66 V vs RHE for the LFN, LCFN3, LCFN5, and
VC samples and of 0.93 - 1.63 V vs RHE for the LCFN5_m, and LCFN5_m S samples.
Figure 25a compares the IR-corrected CVs with the current densities normalized to the
geometric surface area of the disk electrode. The current density increases concomitantly
with the degree of Ca doping. Notably, the LCFN5 _m sample demonstrates higher
currents if prior to the measurements the electrodes were soaked in alkaline solution. The
current at 1.61 V for the LCNF5_m S sample is at least two times higher than the current

for pristine LCFN5_m (Figure 25a).
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Figure 25. (a) CVs of LFN, LCFN3, LCFN5, LCFN5_m, LCFN5_m S (soaked for 48 h
in 1M NaOH solution), and VC. (b) CVs of LCFN5_m in a narrow potential region
(pristine and soaked electrodes). (c) Specific and mass activities at 1.61 V vs RHE. (d)
Tafel plots for the catalysts. N saturated 1M NaOH solution at 10 mV s and 1600 rpm.
Total mass loading is 51 pg cm™, 30 wt.% VC.

To understand the origin of the electrocatalytic properties enhancement, we
inspected the CVs of LCFN5_m at the potentials before the onset of O2 evolution. In the
1.30 — 1.55 V range, the CVs demonstrate a pair of peaks at 1.49 and 1.39 V (Figure
25Db). According to the analysis by Kuznetsov et al. [149] this is a surface redox transition

associated with the activity of the Ni®**/Ni** redox couple, and consistent with the in situ

soft X-ray absorption spectroscopy results reported by Drevon et al. [150]. However, in
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some works this redox transition in perovskites is referred to as Ni?*/Ni** [133]. When
cycling in alkaline solution, both anodic and cathodic peak’s heights increase. Rough
estimate of the number of Ni redox centers at (110) surface of the catalyst results in a
surface charge density of 16 pC cmoxide for a one-electron transfer, while integration of
the cathodic peak area at the first polarization cycle of the LCFN5 m sample gives 17 uC
cm2oxide, Which is close to the expected value for the surface monolayer redox transition.
Calculation of charge density is described in Appendix, Figure S4. At the fifth
polarization cycle the charge for the Ni redox peak is 38 pC cm™. After that, the sample
was kept in the PTFE cell for 48 hours in 1M NaOH and then cycled again (denoted
LCFN5_m S). For the LCFN5_m S sample, the surface charge density reaches ca. 100
nC ecmoxide (Figure 25b). Notably, the increase in the surface charge density in the region
of Ni**/Ni** redox transition was observed for LCFN5_m-based electrodes with different
total mass loadings and catalyst-to-VC ratios (see further Figure 26a,b).

Such an increase in the charge density associated with surface redox would imply
a surface reconstruction process, i.e. transformation of terminal layers of perovskite to
(oxy)hydroxide-type (NiFe)OxHy layers. This is in a reasonable agreement with the recent
observations of the formation of a Ni-(oxy)hydroxide layer for stable under the OER
conditions perovskite LaNiOs [133]. Additionally, enhanced electrocatalytic activity after
soaking Ni-based materials in alkaline electrolytes was reported previously
[61],[28],[121] and attributed to the incorporation of Fe impurities present in the
electrolyte (Feaq) into Ni-(oxy)hydroxide layer. Recent work also demonstrated that even

small amount of Feqq can create dynamically stable interfaces with 3d transition metal
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from (oxy)hydroxide layer [119],[120]. The active sites at the interface between Feaq and
(Ni-Fe)OxHy layer can be responsible for the enhanced OER activity in this case.
Correspondingly, high catalytic activity is to be expected for the Fe-rich materials
reported in this study, where the Fe dissolution/redeposition process is likely to occur.

Relying on these considerations, the observed increase in the OER activity could
be explained by such a plausible surface reconstruction and an increase in active surface
area. The measured BET surface area for the soaked catalyst increases by ca. 14% from
15.1 to 17.1 m? g%, while the electrochemically active surface area (ECSA) increases by
ca. 5 times (changes in ECSA were evaluated from the Ni®*** cathodic peak areas).
However, much higher ECSA compared to BET surface area can be rationalized by the
fact that the surface layers can be partially dissolved/detached from the surface or/and
decomposed during the stages of sample preparation before BET measurement
(washing/heating/drying). We assume that it is the interplay of these factors, which
causes the increase of the electrocatalytic activity for the soaked samples.

Among all the samples, the electrode soaked in 1M NaOH solution prior to the
measurements (LCFN5_m S) shows the highest electrocatalytic activity in OER. For this
sample, the current density at 1.61 V vs RHE is roughly 17 times higher than that for the
same composition prepared with the conventional USP method (LCFN5). For the
LCFN5_m and LCFN5 samples, the mass activities equal to 134 and 23.6 A gloxide.,
while Tafel slopes are 51.0+2.6 and 70.0+3.5 mV dec™, respectively (Figures 25¢ and
25d). The difference in the Tafel slopes might be explained by the much more

homogeneous elemental distribution for the samples produced by the modified USP
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technique. It should be noted however that correct experimental determination of the
Tafel slope is often impacted by the insufficient conductivity of oxide-based
electrocatalysts and the ensuing ohmic drop in the catalytic layer which is not easy to
account for. In this context, high (close to 70 mV dec™) Tafel slopes of LFN, LCFN3 and
LCFN5 samples (Figure 25¢) may be attributed to their lower specific surface areas and
thus poor mixing with carbon resulting in a higher ohmic resistance of the catalytic
layers. Note that the highest Tafel slope (98+4.9 mv dec?) was observed for the
LCFN5_m sample without VVC addition. The details on the activities and Tafel slopes for
all the studied compositions are summarized in Table 10. The soaked LCFN5 m S
sample shows the highest mass (ca. 400 A g ~loxide) and specific (ca. 2.4 mA cm2oxige/ 0.5
MA cm2ecsa) activities and a low 52+2.6 mV dec™ Tafel slope. Clearly, the observed
trend in the increase of the specific activity implies the higher electrocatalytic activity of

the Ca-doped samples.

4.3.1 Effects of catalyst loading and oxide/carbon ratio

The effect of catalyst loading (with a fixed oxide-to-carbon ratio of 70:30 wt.%)
was examined for the most catalytically active LCFN5_m sample, without taking into
account the soaked sample (Figure 26¢,d). Currents at 1.61 V vs RHE for 12.7, 25.5 and
51 pg cm™ total (oxide + VC) loadings equal to 102, 170 and 134 g loxice respectively,
with the sample with a relatively low loading (25.5 pg cm?) showing the best

performance (Figure 26c,d).
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Figure 26. (a) CVs of the LCFN5_m electrodes before and after soaking for 48 hours
(notation S) in 1M NaOH. Total loading 35.7 ug cm?/50 wt.% oxide:50 wt.% VC; (b)
total loading 59.5 ng cm™?/30 wt.% oxide:70 wt.% VC. N, saturated 1M NaOH solution,
scan rate 10 mV s, 1600 rpm. (c) Specific and mass activities of the LCFN5 m
electrodes at 1.61 V vs RHE. The labels denote the total mass loading/oxide content. (d)
Tafel plots for the studied compositions.
It can be speculated that the catalyst loading of 12.73 ug cm? is too low to obtain a
homogenous film, while for much higher loading of 51 ug cm the involvement of all the
catalytic centers might be problematic due to the higher thickness of the film and
blocking of the pores by oxygen bubbles.

At the next step, the optimal oxide to VC ratio was established. Apart from 70:30

wt.% ratio of perovskite to VC, we studied the electrode compositions at 50:50 and 30:70
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wt.% ratios and 35.7, 59.5 ug cm total mass loadings. The Tafel slopes were found to
slightly increase from 48 to 53 mV dec when increasing the carbon content, yet the
currents normalized to the BET surface area of the oxides are the highest for the
30:70 wt.% oxide:VC composition, which points to the higher utilization of the catalyst
surface in the electrode compositions with high carbon content. For the soaked samples
specific and mass activities do not show a clear correlation with the amount of VC and
are approximately the same within the experimental error (15 and 10 %, respectively).
We can speculate that with the increase in VC amount the problems of particle
detachment from the electrode surface during prolonged soaking and poor adhesion
aggravate, which inhibits direct quantitative comparison of the activities of soaked and
pristine samples. Relying on the performed electrode composition optimization (Table
10, Figure 26), we conclude that the maximal activity of 420 A g~loxice and 2.45 mA cm
Zoxide at 1.61 V vs RHE can be reached for the 50:50 oxide:VC composition for the
LCFN5_m S sample, which is higher than the activity reported for other perovskites with
similar composition, such as Lao4SrosNiosFeosOz-s (=375 A gloide) [66],
LaosSrosNiosFeo 6035 (66 A gloxice and 0.44 mA cm2oxige) [67], LaosSrosNiosFeo20s.
(68 A gloxice and 1.2 mA cm2oxice) [68], and IrO2 (~165 A g loxide and 1.1 MA cm2oxide)

[71]. Table 2 in Section 2.4 collects the reported OER activity values for other catalysts.
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Table 10. OER current densities at 1.61 V vs RHE and Tafel slopes for the perovskite
samples measured in different experiments.

Sample Loading | Oxide to VC -~ = =
(ug cm™) ratio 2 b(\% S ’é\ 2 E/ﬁgg e F":
Wwt%) |32E |8+ £2¥5| 33
o o 9 5 25 L| g >
2 1 &2 g EISE
1.61V vs RHE
LFN 51 70-30 0.22 7.55 0.28 75+3.8
LCFN3 51 70-30 0.70 15.5 0.56 75+3.9
LCFN5 51 70-30 1.03 23.6 0.85 70+3.5
LCFN5_m S* 51 70-30 2.37 404 14.45 52+2.6
LCFN5_m 51 70-30 0.89 134 4.77 514£2.6
VC 41.65 0-100 0.00084 1.80 0.075 NA
LCFN5_m 35.7 100-0 0.20 30 1.10 98+4.9
Different mass loadings
LCFN5_m 25.5 70-30 1.13 170 3.03 49+2 4
LCFN5_m 12.7 70-30 0.68 102 0.91 6043
Vulcan carbon content increasing at a fixed perovskite loading
LCFN5_m 35.7 50-50 1.37 206 3.68 4842.4
LCFN5_m 59.5 30-70 1.67 252 4.49 534+2.6
Soaked in 1M NaOH
LCFN5_m S* 35.7 50 - 50 2.45 420 7.47 44422
LCFN5_m S* 59.5 30-70 2.18 373 6.65 49425

*S - soaked ca. 48 h in 1M NaOH solution

4.4 Catalyst stability

In section 4.2 we demonstrated the bulk stability of LaosCao.sFeo7Nio3029 using
PXRD after soaking in alkaline solution for 4 weeks, without polarization. In order to
check surface stability and to better understand the surface transformations, that are
indirectly revealed in the shape of the electrochemical curves, we examined the sample
LCFN5_m without VC, which was soaked for 1 week in 1M NaOH solution without

polarization, with XPS. Additionally, the electrolyte after soaking was studied with 1CP-
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AES for detection of the dissolved degradation products. The detected amount of
dissolved La in 1M NaOH solution equal to 0.017+0.003 mg L™, which corresponds to
ca. 0.25% of dissolved lanthanum from one surface monolayer, which is in line with the
PXRD pattern of the soaked sample, where noticeable changes in the reflections and cell
parameters of the perovskite phase were not observed (Figure 17, Table 6). Another
LCFN5_m sample was soaked for 2 weeks with the addition of VC in the amount used
for the electrode preparation (~1-2 mg) and investigated with STEM-EDX mapping
(Figure 27, 28). STEM-EDX mapping also did not reveal noticeable compositional

change within the sensitivity and spatial resolution limits.
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Figure 27. HAADF-STEM image of spherical particles in the LCFN5_m_S (soaked for 2
weeks) sample mixed with Vulcan carbon along with the La, Ca, Fe, Ni and a mixed
color compositional STEM-EDX maps. The green line in the mixed compositional map
indicates the direction for plotting the EDX signal profile. The profile does not show any
cation segregation at the edges of the spherical agglomerates. Higher EDX signal at the
edges of the spherical agglomerates corroborates their hollow nature.
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Figure 28. HAADF-STEM image of the zoomed area of a spherical particle in the
LCFN5_m_S (soaked for 2 weeks) sample mixed with Vulcan carbon along with the La,
Ca, Fe, Ni STEM-EDX maps and a mixed color-coded compositional map. The green
line in the mixed compositional map indicates the direction for plotting the EDX signal
profile. The profile does not show any cation segregation at the edge of the spherical
agglomerate.
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However, some changes were observed in the XPS spectra (Figure 29, 30) for the
LCNF5_m S sample compared to that of the LCFN5 _m. The Fe2ps2 spectrum is not
noticeably affected by soaking. The main Fe2ps. peak “a” is located at 710.0 eV, this
position is in the range of binding energy (BE) of FezO4, Fe2O3 and FeOOH which can be
found in National Institute of Standards and Metrology (NIST) references at the BE of
710.5 eV and 711.0 eV, respectively. But the Ni2py2 spectrum demonstrates slight
increase of intensity at 873.2 eV (Ni2p1. photoelectron line has been chosen for analyses,

because of the overlap between the more intense Ni2ps2 with La3dzs. lines).

La 3d
NiZp

OKLL

Intensity (a.u.)

1200 1000 800 600 400 200 0
Binding energy (eV)
Figure 29. XPS survey spectra were taken from the LCFN5_m and LCFN5_m_S (soaked
1 week) samples. Spectra were shifted in Y-axis for presentation. NIST X-ray
photoelectron spectroscopy database has been used for reference.
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The position of the main peak “a” maximum of Ni2p. is at 873.2 eV which correspond
to BE of NiO, Ni(OH)2 and NiOOH in the same range, according to NIST. This is
indicative of the formation of (oxy)hydroxides on the surface of the material soaked in
alkaline solution, in conjunction with the increase of the intensity at 531.2 eV in the O1s

spectra after soaking [151] (Table 11) and increased Ni redox charge density on CVs.

a Cis a O1s

—— LCFN5_m
—— LCFN5_m_S1w ~ LCFN5_m_S1w b

— LCFN5_m

Intensity (a.u.)
Intensity (a.u.)

293 292 291 290 289 288 287 286 285 284 283 282 281 535 534 533 532 531 530 529 528 527 526 525
Binding energy (eV) Binding energy (eV)

—_LCFN5_m Ni2p1s2 — LCFN5.m Fe2ps2
—— LCFN5_m_Stw a —— LCFN5_m_Stw 8

Satellite
Satellite

Intensity (a.u.)
Intensity (a.u.)

885 884 883 882 881 880 879 878 877 876 875 874 873 872 871 870 869 721 719 717 715 713 711 709 707 705
Binding energy (eV) Binding energy (eV)

Figure 30. High-resolution XPS spectra (Al K, ~ 5 nm information depth) taken from the
LCFN5_m and LCFN5_m S (soaked 1 week) samples.
The Ols peak “a” centered at 528.6eV can be attributed to the “O?” ** anions of the oxide
crystalline framework. The second broader peak “b” at 531.1eV can be assigned to
oxygen atoms incorporated in wide range of species, such as carbonates, bicarbonates,

hydroxides. Additionally, the NaOH soaking reduces the height of most prominent C1s

peak “a”, which comes from adventitious carbon (C-C, C=C, C-H), thus NaOH treatment
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cleans the surface of the material from aliphatic carbon contamination and decreasing the
hydrophobic character of the surface. An additional wide peak “b” centered at 288.9 ¢V

can be assigned to HCOz3™ anions.

Table 11. The element concentrations on the surface of materials calculated from the
XPS spectra.

Atomic concentration at.%

Sample C @) Fe Ni La Ca
LCFN5 m 32.4 47.7 5.9 4.1 5.7 4.2
LCFN5_m S* 27.7 51.7 5.8 4.5 5.9 4.4

* S —soaked 1 week

The fact that this (oxy)hydroxide-like layer is not observed in extensive TEM
analysis indicates that it is very thin and comprises only several monolayers. Moreover,
quantification of the surface cation composition (information depth ~ 5 nm) reveals no
change in the Fe/Ni ratio within the experimental accuracy (Table 12) and no change in

the (La,Ca)/(Fe,Ni) atomic ratio indicating that the core-perovskite structure is preserved.

Table 12. The average stoichiometry of the cations on the surface.

Sample Fe Ni La Ca
LCFN5 m 0.6 0.4 0.6 0.4
LCFN5_m S* 0.6 0.4 0.6 0.4

* S —soaked 1 week. The total number of cations is taken as 2 to compare with bulk
perovskite stoichiometry ABO3

Thus, the analysis of the XPS spectra suggests that the NaOH-soaking cleans the surface
from carbon contamination and reconstructed terminal layers which, however, does not

lead to deep perovskite degradation.
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4.4.1 Catalyst stability under potentiostatic and galvanostatic measurement
conditions

RRDE cyclic voltammetry was performed to verify that the measured OER
current is not perturbed by the side reactions and corrosion of the electrode material.
RRDE CVs were registered for the LCFN5_m catalyst (30 wt.% VC). The total mass
loading was 25.5 pg cm to minimize the effect of extensive bubble formation during the
OER. The Au ring was poised at 0.3 V vs RHE and the O generated at the disk was
reduced at the ring electrode. A typical synchronous increase of the disk and ring currents
with increasing the disk potential is observed in all RRDE CVs for catalysts (Figure 31a).
To accurately evaluate faradaic efficiency (FE) and to minimize capacitive contributions,
RRDE experiments were performed under potentiostatic conditions at the potentials

between 1.53 and 1.63 V. FE was calculated from ring and disk currents as follows:

Iring(n 2 )
FE = —"0RR_ (10)

Nlgisk

where norr = 2 (is the number of electrons for the reaction at Au ring electrode).

At all potentials (except 1.53 V where background currents interfere with the low
faradaic currents) the FE is close to 100% (Figure 31b), which confirms that the
registered current relates to the OER process, within the 4% accuracy of the RRDE

measurements.
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Figure 31. (a) RRDE CVs (not IR-corrected) of the GC-supported LCFN5_m catalyst
(total mass loading 25.5 ng cm™, 30 wt.% VC) at 10 mV s and 1600 rpm in Nz-saturated
1 M NaOH. (b) Faradaic efficiency measured under potentiostatic conditions at potentials

ranging from 1.53 to 1.63 V. Ering = +0.3 V vs RHE. Ring currents are corrected to
background ring currents.

To further examine the compositional and morphological changes under the OER
conditions, two electrodes consisting of the LCFN5_m catalyst mixed with 30 wt.% of
VC were polarized potentiostatically at 1.53 - 1.63 V vs RHE for 2 h (Figures 31b) and

galvanostatically at 10 A g~oide for 8 h (Figure 32).
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Figure 32. Constant current test of LCFN5_m at 10 A g loxice. Mass loading 25.5 pg cm™,
30 wt.% VC. Nz-saturated 1 M NaOH solution, 1600 rpm.

HAADF-STEM imaging and STEM-EDX maps of the LCFN5_m spherical particles
reveal neither noticeable changes in the elemental distribution nor preferential
segregation of the La, Ca, Fe or Ni cations at the surface of the particles within the
experimental detection limit indicating that massive leaching of these cations from the
perovskite structure and re-depositing in a form of another phase at the surface does not

occur (Figure 33, 34).
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Figure 33. HAADF-STEM image along with the La, Ca, Fe, Ni STEM-EDX maps of the
LCFN5_m sample mixed with Vulcan carbon after electrochemical measurements for 2
hours in chronoamperometric regime (at 1.53-1.63V vs RHE). The green line in the
mixed compositional map indicates the direction for plotting the EDX signal profile. The
profile does not show any cation segregation at the edges of the spherical agglomerate.

An additional ICP-MS analysis of the electrolyte (after 30 cycles from 0.93 to
1.65 V, electrode with 51 pg cm loading) was performed for the LCFN5_m sample. The

revealed La concentration in the electrolyte after cycling is < 0.08 pg L™, which is equal
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to ca. 0.5% of dissolved La from the total amount in perovskite and corresponds roughly
to half of monolayer. These data are in line with the suggested
transformation/restructuring of the surface with the formation of a thin (oxy)hydroxide
layer as observed for the perovskites and other systems [133],[152]. Such surface
restructuring could be driven by shallow A-site dissolution. Similar surface
transformation, which only involves a few monolayers, was demonstrated for LaNiO3
[153]. In clear contrast, catalysts like BaosSrosCoosFeo203-5 form a thick amorphous
oxide layer which is several nm thick [115]. The shallow amorphous layer is, however,
visible at the surface of the sphere in Figure 34. The nature of this layer was clarified
from thorough TEM investigation of the potentiostatically polarized LCFN5_m electrode.
The STEM-EDX maps and corresponding EDX signal profiles across the layer (indicated
with an arrow Figure 34) demonstrate absence of cations composing the LCFN5 m
perovskite (La, Ca, Fe and Ni), but merely the presence of C and F as the main
constituents that are the components of Nafion covering the catalyst particles. No cation
segregation and/or preferential leaching are observed at the surface of the particles. Thus,
extensive TEM imaging and compositional mapping of the samples treated with and
without polarization at different conditions in combination with the ICP-AES/MS data
suggest that the LaosCao4Feo.7Nio3029 perovskite undergoes only minor surface changes

under the electrocatalytic conditions.
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Figure 34. HR-TEM and HAADF-STEM images of the LCFN5_m catalyst polarized
galvanostatically at 10 A g~oxice for 8 h. Amorphous layer is clearly visible at the surface
of a spherical particle.

Electrochemical tests of the catalyst operation in the galvanostatic conditions
(10 A gloxise) Show a slight increase in overpotential (Figure 32), which may be
associated with two factors: blocking of the catalyst surface by oxygen bubbles or/and
slight leaching of cations and loss of active sites, which, however, is not detected by HR-
TEM (due to the fact that this leaching is insignificant and the surface layer of Nafion
hides changes in the perovskite surface). After stopping measurements and rinsing the

electrode, a low overpotential is again attained, which indicates some reversibility of the
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process of increasing the overpotential, and this requires further detailed research. In the
light of recent data, emphasizing the importance of Feq) for the activity and stability of
catalysts during OER [119],[120], in the Section 4.6 we will consider electrochemical

experiments with the most common impurity in alkaline electrolytes — Fe ions.

4.5 DFT+U calculations

To understand the origin of higher catalytic activity in the case of the Ca-
substituted LaoeCao.sFeo.7Nio.302.9 compared to that of the LaFeo 7Nig303 counterpart we
calculated spin-polarized PDOS using the DFT+U method. We used pseudocubic cells
with 40 atoms for both structures and adopted experimental lattice vectors a; = [7.733,
-0.01,-0.032], a» = [-0.022,7.733,-0.032], a3 = [0.0,0.0,7.733] while allowing full
optimization of atomic positions. As the reasonable models of the Lao.sCao.aFeo.7Nio.302.9
and LaFeo7Nio30s solid solutions, we wused Laos2sCaosrsFeo7sNio2s03  and
LaFeo.7sNio2s03 ordered phases, respectively. At the first step, the most favorable Ni
positions were found by enumerating all possible non-equivalent symmetry
configurations. The lowest energy structure is shown in Figure 35a. Then, using this

geometry the most favorable arrangement was found for Ca atoms (Figure 35b).
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Figure 35. (a) The pseudocubic 40 atom supercells used as computational models for
LaFeo.75Nio.2503 (Pbnm) and (b) Laos2sCaos7sFenrsNio2s03 (R-3c). La, Ca, Fe, Ni, and
oxygen are shown with green, blue, brown, grey, and red spheres, respectively.

The calculated local PDOS for d and p orbitals for the described models are
shown in Figure 36. Focusing first at LaFeo.7sNio.2s03 (Figure 36a), both Fe and Ni have a
non-zero density of states at Fermi level emphasizing the metallic behavior of this
compound. The 2p orbitals of oxygen strongly hybridize with 3d orbitals of Ni and Fe.
The DOS at Fermi level comes predominantly from O 2p orbitals. The partial filling of O
2p states shows that LFN can be considered as an O 2p metal with holes in the valence
band practically not associated with Ni ions. This is in line with earlier LDA+U results
obtained for nickelates [154]. By moving from LaFeOs, which is an insulator, to LFN the
d-PDOS at the Fe atoms remains almost the same, while the main difference is due to the
shifting of the Fermi level to lower energies. Overall, our local PDOS for Fe and Ni are

in line with that calculated for LaFeO3[145] and LaNiOs [154],[155].
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Figure 36. Local spin-polarized PDOS for (a) LaFeo7sNio2s03,  (b)
Lao.625Ca0.375F€0.75Ni0.2503 for O 2p and Fe, Ni 3d orbitals. The PDOS O 2p-orbitals is
provided on the six oxygen atoms that form an octahedron around the corresponding Fe,
Ni atom (normalized). The solid vertical line shows the Fermi level. The dashed vertical
line shows the 2p-band center: (a) —2.46 and —2.30 ¢V, (b) —2.36 and —2.20 eV.

The partial replacement of La with Ca results in concurrent oxidation of Fe, Ni
and O, causing the following changes (Figure 36b): (i) diminishing of PDOS at the Fermi
level, (ii) downshift of the Fermi level relative to the O 2p-band center (dashed vertical
line), (iii) increase of the number of empty states above the Fermi level and overall
broadening of the band around the Fermi level. The two latter changes can explain the
higher catalytic activity of LaosCao.4Feo7Nio302.9. Shifting the center of O 2p-band closer
to the Fermi level is a direct indicator of decreasing energy of oxygen vacancy formation

AEv(o) as a strong correlation is established between AEv() and Er - Eozp energy

difference in perovskites [114].
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Figure 37. Local spin-polarized PDOS for (a) Laoe2sCansrsFeo7sNio2s03 and (b)
Lao.e25Sr0.375F€0.75N1i0.2503 for O 2p and Fe, Ni 3d orbitals. The PDOS of O 2p-orbitals is
provided on the six oxygen atoms that form an octahedron around the corresponding Fe,
Ni atom (normalized). The solid vertical line shows the Fermi level. The dashed vertical
line shows the 2p-band center: (a) —2.36 and —2.20 ¢V, (b) —2.11 and —1.81 eV.

It is worth noting that Sr-doped perovskites have a similar electronic structure (Figure
37b). However, the Sr for La substitution shifts the 2p-band center even closer to the
Fermi level that can lead to enhanced cation leaching and surface amorphization [109],
while the position of the 2p-band center in the Ca-substituted perovskites provides an
optimal compromise between the stability and catalytic activity. Being combined with
notable oxygen deficiency in LaosCao.aFeo.7Nio302.9, decreasing AEv(o) results in faster
lattice O, evolution accompanied with cation dissolution process which results in the
surface restructuring [113]. Thus the primary role of Ca?* doping stems from decreasing
oxygen vacancy formation energy by shifting of the O 2p band towards the Fermi level,

which provokes (seemingly) faster perovskite surface reconstruction with A-site cation
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leaching and (oxy)hydroxide layer formation based on B-site cation, which results in
stronger interaction with active Fe species the in electrolyte [119]. Additionally, the
increase of the bandwidth around the Fermi level should facilitate electron exchange at
the catalyst interface and, according to the Gerischer—Marcus model of the charge
transfer, improve the rate of redox reactions [9],[156]. A significant lowering AEv(o)
compromises the stability of the perovskite catalyst as exemplified with the BaixSrxCoi-
yFeyOs.s perovskites when the rate of cation leaching can exceed with the rate of
redeposition, which raises a question about durability of catalysts under certain
conditions [115],[127],[119]. Thus, increasing catalytic activity by adjusting AEv(o) and
metal-oxygen covalence is always a compromise with catalyst stability. It seems that
LaosCaosFeo7Nio3029 provides a reasonable compromise, since no massive
amorphization and degradation were observed after electrochemical testing with and

without polarization.

4.6 Catalyst activity and stability in the electrolyte with trace amounts of Fe

The results presented in this Section are based on the following publication:
Porokhin S. V., Nikitina V. A., Abakumov A. M. Enhancement of Catalytic Activity and
Stability of LaopeCaoaFeo7Nio3029 Perovskite with ppm Concentration of Fe in the
Electrolyte for the Oxygen Evolution Reaction. Materials 14.21 (2021): 6403.

The OER activity of LCFN5 m was evaluated in Ar-saturated 1M NaOH

solution. CVs were registered within the potential limits of 0.93 — 1.66 V vs RHE. The

111



IR-corrected CVs in Figure 38a,b compare the current densities normalized to the
geometric surface area of the RDE. A much higher current density (12.9 mA cm? at
1.61V vs RHE) was observed with adding Fe ions to the electrolyte in 1 ppm
concentration, compared to the as-prepared pristine electrolyte (3.0 mA cm? at 1.61 V vs
RHE). The Tafel slope in the Fe-modified electrolyte is significantly lower (44.0+2.4 mV
dec™) indicating faster reaction kinetics compared to 52.0+2.6 mV dec™ in the pristine

electrolyte (Figure 38c).
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Figure 38. (a) CVs of the LCFN5_m perovskite in as-prepared pristine electrolyte and
with the addition of 1 ppm Feaq. Currents are normalized to the geometric area of the
electrode. (b) Enlarged regions of the CVs. (c) Mass activities at 1.61 V vs RHE of
LCFEN5_m+Feaq and comparison with other OER catalysts [125],[126],[157],[66],[158].
(d) Tafel plots for LCFN5 m in the as-prepared electrolyte and with the addition of
1 ppm Feaq. Ar-saturated 1M NaOH solution, scan rate 10 mV s, rotation rate 1600 rpm,
total mass loading 35.7 pg cm, 50 wt.% VC.
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The LCFN5_m perovskite demonstrates a superior OER catalytic activity of
706£71 A gloxice at 1.61 V vs RHE, which is comparable to that (assuming 10%
uncertainty) for LaNiOs covered with amorphous Ni-Fe (oxy)hydroxide after post-
treatment by FeCls (755+76 A g loxide) [125], pristine (Ni-Fe) hydroxides (600+60 A g
Loxige) [61], and outperforms other top perovskite catalysts, such as ProsBag3Cao2C003-s
(85£9 A gloxide) [157] and Lao 4Sro.sNiosFeos0s-5 (375+38 A g oxide) [66] (Figure 38d).

We also measured the initial amount of Fe ions in aqueous 50 wt.% solution of
NaOH (Sigma-Aldrich) by ICP-AES and observed 1200 pg L™ concentration that
corresponds to 63.4 pg L' (~0.063 ppm) in the as-prepared pristine 1M NaOH
electrolyte. Therefore, 1 ppm of Fe is a significant addition which substantially improves
the OER activity. Moreover, the potentials of the Ni**/** redox peaks were slightly shifted
after immersion in 1 ppm Feqq electrolyte (Figure 38b) [121],[159],[37] evidencing that
Fe incorporates/adsorbs on the surface, increasing the capacity of the cathodic peak,
which is related to the formation of thicker or more redox active Ni-Fe (oxy)hydroxide
layer [37],[133]. The LCFN5_m sample demonstrates an improvement factor (ratio of
current values in the 1 ppm Feaq electrolyte and in the pristine electrolyte) equal to 3.9.
Such improvement, however, was not achieved immediately, but after 20 hours of
soaking the LCFN5 electrode in the pristine electrolyte. If the measurements were
performed without preliminary soaking or additional cycling, the improvement factor was
2.5 for few very first CV cycles, suggesting that the enhancement depends on

pretreatment history, which in turn affects the surface composition [133]. For instance,
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improvement of OER activity in the LaixSrxCoOs (x = 0, 0.3) system steadily rises with
cycling in KOH-based electrolyte deliberately containing 0.1 ppm of Feaq compared to
Fe-free solution, reaching after 1000 cycles the improvement factor of ~4 [119], similar
to 3.9 in our case. Additionally, the NiO catalyst has also been tested under similar
conditions with added Fe(NOs)s into electrolyte, demonstrating an increase in OER
activity by ~2.3 times [160].

To test the effect of Fe addition on the long-term stability of LCFN5_m, the
electrode consisting of perovskite catalyst mixed with 50 wt.% VC was polarized
galvanostatically in a stepwise mode with the 32.6, 56.0, 78.0, 56.0 and 32.6 A gloxie
current densities at least for 14 h (Figure 39a,b). The lower mass loading compared to CV
tests was used to maximize the homogeneity of catalyst utilization, i.e. particle wetting
and connectivity in the working environment. The relatively low current densities for the
stability test were chosen to avoid high overvoltages, causing VC corrosion and oxygen

bubble formation during OER.
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Figure 39. (a) Constant current test on LCFN5_m in 1 ppm Fesq electrolyte at stepwise
changes of the current density from 32.6 to 56.0, 78.0 and back to 56 and 32.6 A g ™ oxie.
(b) Enlarged regions of the first 3900 seconds of the test. Ar-saturated 1M NaOH
solution, 1600 rpm, mass loading of 18 pg cm?, 50 wt.% VC.
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The potential slope slightly increases during the constant current test in a stepwise
mode at short experimental times (up to 3900 seconds, Figure 39b). Further, the slope
continues increasing and finally stabilizes at ~15500 seconds, which suggests the shallow
A-cation leaching and restructuring of the surface at the initial stage [161] and then the
formation of dynamic equilibrium between Fe dissolution rate from perovskite during
OER and redeposition rate promoted by Feaq in the electrolyte [120],[119]. After 21000
seconds overpotential starts decreasing continuously and this suggests the increase in the
number of surface-active centers which enhances the OER activity.

A completely different behavior with a sharp increase in overpotential during
continuous galvanostatic polarization for 40 000 seconds was observed for LCFN5 m
without the addition of Fe to the electrolyte. In the electrolyte without the intentional
addition of Fe ions the potential steadily rises reaching saturation at 40 000 s. This
behavior can be associated with the dissolution of Fe from perovskite during OER, which
does not redeposit from the electrolyte due to the very low concentrations. Under these
conditions, the restructured surface layers are unable to provide sufficient amount of
active sites [117],[120], which results in an increase of the overpotential and VC

corrosion provoked by high overpotentials [162].
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Figure 40. Constant current tests on LCFN5 m in the electrolyte containing ppm
amounts of Feaq (dark line) and in the as-prepared electrolyte (bright line). Ar-saturated
1M NaOH solution, 1600 rpm, mass loading 35.7 pg cm™, 50 wt.% VC.

In order to obtain a deeper insight into the changes of the perovskite surface, the
LCFN5_m sample was collected directly from the electrode after constant current test.
The electrode was rinsed with deionized water, then with isopropanol, and then thin

catalyst film was scraped off with a micropipette and further transferred onto the TEM

grid.

116



250

200

150

Intensity, counts

100 —

Position, nm

Figure 41. (a) HAADF-STEM image of the near-surface area in the LCFN5_m sample
after 14 h constant current test in 1 ppm Feaq electrolyte. The LCFN5_m particle is
visible by traces of the {110} crystal planes of perovskite subcell with d = 2.73 A.
Restructured surface layer with the thickness of 1-2 nm is visible. (b) Enlargement of the
001-oriented (Ni,Fe) (oxy)hydroxide nanoparticle in the restructured layer. (c,d) EDX-
STEM compositional map and intensity profiles demonstrate that the surface layer
(marked with arrow) is Ni, Fe —enriched and La, Ca — depleted.

117



On the very surface of the perovskite particles after the constant current test, a
thin restructured layer is observed (Figure 41a). The layer is 1-2 nm thick; it is not
entirely amorphous and contains ordered nanoparticles. One of the nanoparticles
(outlined in Figure 4la and enlarged in Figure 41b) demonstrates a hexagonal
arrangement of cationic columns with variable intercolumn distance with the average
value of 2.9(3) A. This corresponds well to the 001 projection of the P-3m1l crystal
structure of Ni(OH). layered hydroxide [163]. In fact, the measured projected distance
between the cationic columns is in between of those in Ni(OH)2 (3.13 A) and in NiOOH
(2.81 A) that reflects that the actual structure is in between of hydroxide and
oxyhydroxide. EDX-STEM compositional maps and intensity profiles demonstrate that
the surface layer contains both Ni and Fe (Figure 41c,d) with the Ni:Fe ratio of
54(3):46(3). Thus the restructured surface layer can be classified as a mixed
NiosFeos0x(OH)2-x (oxy)hydroxide with variable O/OH ratio. Additionally, to date the
isotope labeled Ni-FeOxHy systems have not revealed signs of the LOM during OER
[164], hence, the restructuring of the perovskite surface with the dissolution of A-site
cations and the formation of a Ni-Fe(oxy)hydroxide layer, due to the interaction of B-site
cations and Fe ions in the electrolyte suggest that the LOM process does not properly
describe the OER mechanism in Ni-Fe perovskite. Thus, the OER mechanism for La-Ca-
Fe-Ni perovskite, after the restructuring of the surface perovskite layers, occurs according
to AEM (without involving the oxygen atoms of the oxide crystal lattice during reaction).

In conclusion, the Ni-Fe-based perovskite obtained by spray pyrolysis competes

with the best catalysts among perovskites and iridium oxides, however, for its stable
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long-term operation, the presence of Fe ion impurities in the electrolyte is necessary. This
is not a strict restriction for the further design of an electrolysis cell prototype (for
example AEMWE) and potential commercial use, since conditions for anode
electrocatalyst are now known that will allow to establish high activity and long-term
stability. The next stage of optimization should include the selection of a suitable reliable
membrane and operating regimes of the electrolyzer (voltage range, temperature,

pressure, etc.).
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5. Conclusions

1) Perovskite material LaosCao.aFeo7Nio3029 with surface area as high as
15 m?g* was successfully synthesized using modified ultrasonic spray pyrolysis,
with sorbitol as the fuel and ozone as the oxidizer.

2) Analysis of the OER activity of LaixCaxFeo7Nio3035 (x=0, 0.3, 0.5)
materials allowed concluding that Ca doping results in an enhancement of the
perovskite materials performance in OER, which correlates with a decrease in the
oxygen vacancy formation energies for Ca-doped samples. Ca doping provokes
major increase in the Ni oxidation state whereas the Fe oxidation state changes to
a lesser extent.

3) Lao.sCaosFeo7Nio3029 material (supported on 30 wt.% of VC) with
hollow spherical particle morphology, soaked in 1M NaOH, demonstrated record
specific and mass activities in OER: 2.4 mA cm?uice and 400 A g oxide,
respectively, at 1.61 V vs RHE and a low Tafel slope of 52.0+2.6 mV dec™.

4) Electrochemical, XPS, ICP-AES/MS, and HR-TEM data indicate that the
enhanced OER activity of Lai-xCaxFeo7Nio3Oszs materials is caused by the
formation of catalytically active mixed NiosFeosOx(OH)2-x (oxy)hydroxide layer
on host-perovskite structure under electrocatalytic conditions.

5) The presence of Fe in the electrolyte stabilizes the dynamically active
OER sites in (oxy)hydroxides and prevents deep structural changes of the
perovskite particles through the formation of stable interface with the perovskite

catalyst, which ensures the stability of the electrocatalyst during OER.
120



Appendix

Figure S1. SEM imags of spherical particles of the LaFeo.25Nio.7503 sample annealed at
600 °C.
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Figure S2. Juxtaposing sample annealed at 1000 and 600 °C. The red lines indicate the
PDF 01-088-0636 positions for LaFeo.25Nio.7503 (Cu Ko 2 radiation).
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Figure S3. PXRD diffractograms (Co K, radiation) of the Lai.xCaxFeo.25Nio.7503-
(x = 0.2) sample after 10-hour annealing at 1000 °C (red), and after additional annealing
at 1000 °C for 8 hours in an oxygen flow (green).
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Calculation of charge from redox transition

To estimate the charge from CV, we integrated the cathodic part of the first scan

(Figure S4) and normalized to 10 mV s (scan rate), which gives the charge equal

6.35 uC.
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Figure S4. Integration of charge from redox transition, cathodic part of the first scan.

The normalized charge from CV was calculated as:
Q = 6.35 uC/(Mass loadingperovskite * Ar€aclectrode * Sper) = 17 nC cm™;
The charge was calculated via the equation:

Q=2zxFxp/Ny;

where z = 1 is the number of electrons transferred,

F =96 485.3 C mol %,

p — Ni (110) surface density, atoms cm?,
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Na= 6.022*10%,
Q = 23.3 uC cm?, and if multiplied by 2/3 (to convert from volume charge

density to surface charge density), Q =16 pC cm™.

Calculation of ECSA from redox transition

The ECSA was calculated via the equation from cathodic peak:

Q . .
Skcsa = N—A/(MaSS 1Oadmgperovskite * Areaglectrode * F * p);

where Q = 6.35 pC charge from CV.
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